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Abstract

Purpose To clucidate mechanisms of renal excretion of pudexacianinium (ASP5354) and evaluate renal impairment effects
on pharmacokinetics, safety, and tolerability of pudexacianinium.

Methods Transcellular transport and transporter-mediated uptake of pudexacianinium were investigated in cells expressing
human renal drug transporters P-gp, BCRP, OAT1, OAT3, OCT2, MATE1, and MATE2-K. A Phase 1, open-label, parallel-
group study (N=28) was conducted in 6 participants each with mild, moderate, and severe renal impairment; 10 with normal
renal function. Participants received a single intravenous dose of pudexacianinium 3 mg. Plasma and urine were collected
post-dosing for pharmacokinetics.

Results In vitro, pudexacianinium was not a substrate of the drug transporters tested. In humans, mean maximum concentra-
tion of pudexacianinium in plasma was comparable across study groups regardless of renal impairment. Systemic exposure
was highest with severe renal impairment and decreased in parallel with renal impairment severity. Geometric least-squares
mean ratios for area under the plasma concentration—time curve from time 0 to time infinity were 1.53, 2.30, and 3.69,
respectively, for mild, moderate, and severe renal impairment, versus matched participants with normal renal function. Dur-
ing the 48-h collection, 64% of pudexacianinium was recovered unchanged in urine in the severe renal impairment group
versus>90% recovered in other groups. Mean renal clearance was comparable with estimated glomerular filtration rate of
unbound drug. Pudexacianinium was well tolerated, with an acceptable safety profile.

Conclusion Pudexacianinium elimination occurs primarily through glomerular filtration. Renal impairment significantly
affected pudexacianinium pharmacokinetics. Single intravenous doses of pudexacianinium were generally tolerable in all
participants, regardless of renal impairment.

Trial registration.
ClinicalTrials.gov identifier: NCT05495581, registered August 9, 2022.
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Introduction

Intraoperative ureteral injury (IUI) is an infrequent but sig-
nificant complication of abdominopelvic surgery that can
lead to serious complications, especially if left unrecog-
nized and untreated [1]. Intraoperative identification of the
ureters may be difficult, and abdominopelvic surgeries carry
increased risk of IUI due to their close proximity to the ure-
ters. Preoperative ureteral catheterization or stenting may
be utilized in these high-risk, invasive procedures, but their
effectiveness is controversial, and usage rates remain low
[2, 3]. Intravenous (IV) and retrograde pyelography or uro-
logic computed tomography can be utilized preoperatively
to help avoid IUI, but these imaging techniques do not allow
intraoperative ureteral identification [4, 5]. Image-guided
surgery using near-infrared fluorescence (NIR-F) imaging is
a promising technique that offers real-time visual informa-
tion for surgeons and potentially reduces risk of IUI during
surgery [6].

Methylene blue (MB) and indocyanine green (ICG) are
two commercial products that can be used to aid ureteral
identification during surgery, but neither are approved by
the US Food and Drug Administration for this indication
[6]. When MB is used as a fluorescent dye for NIR-F imag-
ing, its excitation peak limits the depth of tissue penetra-
tion; therefore, MB is not optimal for ureteral identification
[7]. As for indocyanine green, owing to its exclusive clear-
ance by the liver, it can be used only with retrograde ureteral
injection [8, 9]. Pudexacianinium chloride (ASP5354) is a
novel imaging agent under clinical investigation for intraop-
erative anatomical visualization of ureters in adult and ado-
lescent patients undergoing minimally invasive and open
abdominopelvic surgery. It is an iodine-free chemical entity
that exhibits unique hydrophilic properties through conju-
gation with cyclodextrin while retaining NIR-F character-
istics. The chemical structure of pudexacianinium has been
reported elsewhere [10]. Use of pudexacianinium has been
assessed in nonclinical studies and subsequently in Phase 1
and Phase 2 clinical studies [10-12].

In a nonclinical study in minipigs, pudexacianinium
was almost completely (95%) excreted into urine as the
unchanged drug up to 6 h after administration [10]. In a
Phase 1, double-blinded, randomized, placebo-controlled
study (NCT03698305) conducted in healthy participants in
the USA, manageable safety and tolerability profiles were
demonstrated with single IV doses of pudexacianinium
of up to 24 mg; urinary excretion was rapid and nearly
complete, with almost all pudexacianinium (76.8—100%)
excreted unchanged into urine [11]. Mean renal clearance
(CLy) was in the range of 3.57-4.92 L/h, which was nearly
equivalent to the mean total clearance (CL; 4.38—6.01 L/h).
No metabolites were found in plasma and urine samples

@ Springer

(data on file). Similar pharmacokinetic (PK) and safety pro-
files were obtained in a Japanese Phase 1 study in healthy
participants (NCT04878471) (data on file). Results from an
analysis of covariance (ANCOVA) assessment of PK with
the potential covariates of body weight, age, sex, and indi-
vidual estimated glomerular filtration rate (¢GFR) showed
no significant difference in exposure (maximum plasma
concentration [C,,,, ] and area under the concentration—time
curve [AUC]) between healthy American and Japanese par-
ticipants (data on file).

A randomized, open-label, dose-ranging, Phase 2 study
(NCT04238481) in adults undergoing laparoscopic colorec-
tal surgery demonstrated that a single administration of
pudexacianinium provides ureteral visualization for the full
duration of minimally invasive, laparoscopic colorectal pro-
cedures at doses of 1 mg and 3 mg [12]; however, fluores-
cence intensity was stronger and more consistent at the 3 mg
dose. Phase 3 studies (NCT05754333 and NCT05999747)
using pudexacianinium 3 mg were completed in 2025.

Nonclinical and clinical data suggest that pudexacianin-
ium is almost exclusively excreted unchanged into urine
through the kidneys. Therefore, impaired renal function
would likely impact both plasma and urine PK of pudexa-
cianinium: compared with those without renal impairment,
theoretically plasma concentration would be higher, urinary
excretion would be lower, and urine concentration would
be lower in participants with renal impairment. In general,
renal clearance of drugs is determined by the combined
effects of glomerular filtration and tubular secretion and
reabsorption via renal drug transporters. Prior to the pres-
ent study, the contribution of glomerular filtration and renal
drug transporters to the CL of pudexacianinium had not
been clear.

Owing to the exclusive excretion of pudexacianinium
into the urine after IV administration, detection of excre-
tory flow of pudexacianinium from the kidneys to the blad-
der using NIR-F imaging technology could facilitate ureter
identification during surgery. In theory, ureter visualization
would depend on the urine concentration of pudexacianin-
ium in the ureter; therefore, real-time urine concentration
of pudexacianinium is considered a good surrogate pharma-
codynamic marker for visualization. Thus, if manageable
safety and tolerability profiles are demonstrated in humans
with renal impairment and sufficient urinary excretion is
observed, surgical patients with renal impairment may be
included as part of the target indication, given the preva-
lence of moderate to severe renal impairment of~10% [13,
14]. In a nonclinical study using a rat model of renal impair-
ment, in vivo ureteral imaging was successfully performed
after pudexacianinium administration [15].

The objectives of the present study were to elucidate
the mechanism of renal excretion of pudexacianinium and
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to evaluate the effect of renal impairment on the PK of
pudexacianinium. First, we conducted in vitro experiments
using cells expressing major human renal drug transport-
ers to investigate whether pudexacianinium is a substrate
of these transporters. Subsequently, we conducted a dedi-
cated renal impairment study in humans to assess the effect
of renal impairment on the PK, safety, and tolerability of
pudexacianinium.

Methods
In vitro study

To assess whether pudexacianinium is a substrate for efflux
drug transporters, transcellular transport across pig kidney
epithelial (LLC-PK1) cells expressing human P-glycopro-
tein (P-gp) and breast cancer resistance protein (BCRP)
was examined and compared with that across control cells.
After the solution in either the apical side or the basal side
was spiked with ['*C]pudexacianinium in the presence or
absence of typical inhibitors, cells were incubated at 37 °C
for 0.5, 1, and 2 h. After incubation, an aliquot was collected
from the receiver side and radioactivity was measured using
liquid scintillation counting. The permeated amount trans-
ported across cells was calculated from the radioactivity.

To assess whether pudexacianinium is a substrate for
organic anion transporter 1 (OAT1), organic anion trans-
porter 3 (OAT3), organic cation transporter 2 (OCT2),
multidrug and toxin extrusion 1 (MATE1), or multidrug
and toxin extrusion 2-K (MATE2-K), transporter-mediated
uptake of ['*C]pudexacianinium by human embryonic
kidney 293 cells expressing human OAT1, OAT3, OCT2,
MATE]1, and MATE2-K was compared with that by control
cells. Cells were incubated with ['*C]pudexacianinium in
the presence or absence of typical inhibitors at 37 °C for
1, 2, 5, and 10 min. After incubation, cells were washed
and lysed, and radioactivity of the cell lysate was measured
using liquid scintillation counting. Cleared volumes were
calculated from the radioactivity.

Details of the in vitro study methods are described in the
Supplementary Information.

Clinical study
Study design

The study (NCT05495581) was a Phase 1 open-label, mul-
ticenter, single-dose, parallel-group study conducted at
three sites in the USA and one site in Japan. A schematic
of the study design is shown in Fig. S1. Renal impair-
ment was expected to lead to clinically relevant increases

in pudexacianinium exposure; therefore, a full PK study
design was selected. Participants’ individual estimated GFR
(eGFR) values, calculated with equations shown below
based on the Modification of Diet in Renal Disease (MDRD)
formula and individual body surface area (BSA) [16, 17],
were used for assignment to four groups (mild, moderate,
and severe renal impairment and normal renal function):

eGFR <mL/mm/1.73m2 =175

, . —1.154
x (standardized serum creatinine)

x (age) "% x (0.742if female)

x (1.212if Black/African American) )

BSA (m2) =0.007184 x wez’ght(149)0'425 x height(cm)’ ™°
Individual eGF R (mL/min) = eGFR (mL/min/1.73m* by MDRD) x BSA/1.73

An eGFR>90 mL/min was considered normal renal func-
tion, 60 to<90 mL/min was considered mild renal impair-
ment, 30 to<60 mL/min was considered moderate renal
impairment, and 15 to <30 mL/min without requiring dialy-
sis was considered severe renal impairment [18].

Healthy participants with normal renal function were
enrolled to be demographically matched (1:1) by age
(£10 years), sex, and body mass index (BMI;+20%) to the
participants in the mild, moderate, and severe renal impair-
ment groups. One participant with normal renal function
served as a matched control for multiple participants with
renal impairment, as long as the renal impairment partici-
pants were in different impairment groups.

Eligible participants were admitted to a site on the day
before dosing and received a single IV dose of pudexa-
cianinium after an overnight fast of>10 h. Participants were
allowed to consume water ad libitum throughout the study,
including before and after pudexacianinium dosing. Par-
ticipants remained on-site for 4 days/3 nights and returned
for an end-of-study visit 5-9 days after the last sample
collection.

All participants received a single dose of pudexacianin-
ium 3 mg, which was the planned clinical dose. The dose
was given as an IV bolus injection over approximately 10 s.
The planned clinical dose is generally recommended as
the appropriate dose to characterize PK of drugs in renal
impairment studies [18]. Although renal impairment was
expected to affect pudexacianinium PK, dose reduction was
considered unnecessary in participants with renal impair-
ment, given no change in C,, of the drug was anticipated
with decreasing GFR owing to the IV bolus administration
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and the manageable safety profile of pudexacianinium dem-
onstrated up to a dose of 24 mg, as observed in the first-in-
human Phase 1 study [11].

Study participants

Eligible participants were aged 1875 years at screening for
sites in the USA and 20-75 years at the time of consent for
the site in Japan. A BMI in the range of 18.5-40.0 kg/m?* and
a body weight of>50 kg at screening were required for sites
in the USA, and a BMI in the range of 17.6-30.0 kg/m? and
a body weight of>50 kg for men and>40 kg for women at
screening were required for the site in Japan.

Participants with normal renal function were required
to be in good health according to medical history, physical
examination, 12-lead electrocardiogram (ECG), and clini-
cal laboratory tests, and to not have used any prescribed or
nonprescribed drugs in the 2 weeks before pudexacianinium
administration, except for occasional use of acetaminophen,
topical dermatological products, hormonal contraceptives,
and/or hormone replacement therapy. Participants with renal
impairment were required to have stable renal impairment
and to be without any clinically significant illness other than
renal disease and conditions related to renal disease. Par-
ticipants with a renal disease secondary to malignancy were
excluded.

Participants who had received any moderate or strong
inducers of cytochrome P450 3 A in the 3 months before
admission were excluded. In addition, participants were
required to abstain from using inhibitors for transporters
P-gp, BCRP, OAT1, OAT3, MATE1, and MATE2-K during
the study. Participants with renal impairment were allowed
to use concomitant medication for their underlying condi-
tion, but a change in dose regimen of medically required
medication during the study was not allowed, except for
minor dose changes that were agreed upon between the
investigator and sponsor.

Pharmacokinetics

Blood samples for plasma PK were collected before dosing
on Day 1 and at 5, 15, 30, 45, and 60 min and 1.5, 2, 3, 4,
6, 8, 12, 16, 24, 36, and 48 h after dosing on Day 1. Urine
samples were collected before dosing on Day 1 and at inter-
vals 0-2, 2-4, 4-8, 8-12, 12-24, 24-36, and 3648 h after
dosing on Day 1.

Plasma and urine concentrations were measured at CMIC
Pharma Science Co., Ltd (Hyogo, Japan) using validated
high-performance liquid chromatography—tandem mass
spectrometry assays as previously described [11]. In brief,
for plasma and urine assays, sample purification used Oasis
HLB pElution solid-phase extraction plates (Waters™,
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Milford, MA, USA). Chromatographic separation utilized a
CAPCELL PAK ADME 2 pm, 2.1 x20 mm column (Osaka
Soda Co., Ltd, Osaka, Japan) at 60 °C. The elution profile
was a gradient of acetonitrile and water containing formic
acid. A QTRAP 6500 mass spectrometer (Sciex, Framing-
ham, MA, USA) with TurbolonSpray source in positive ion
mode was used to perform multiple reaction monitoring of
the mass transitions 1015 — 325 m/z (pudexacianinium)
and 1019 — 717 m/z (internal standard). The lower limit
of quantification was defined as 1.00 ng/mL for plasma
concentrations and 20.0 ng/mL for urine concentrations.
All samples were analyzed within established stabilities.
Inter-assay precision was<10.6% for plasma and<14.1%
for urine. Inter-assay accuracy (percentage relative error)
ranged from—2.5% to 3.5% for plasma and from 2.0% to
0.0% for urine.

The following PK parameters were calculated by non-
compartmental analysis using Phoenix WinNonlin software,
version 8.3 (Certara, Princeton, NJ, USA): C,,.; AUC from
time 0 to time infinity (AUC;,;); AUC from time 0 to time of
last measurable concentration (AUC,,,); CL; volume of dis-
tribution during the terminal elimination phase; amount of
administered dose excreted (Ae) from time 0 to time infinity
(Ae;,); Ae from time O to time of last measurable concen-
tration (Aey,); percentage of Ae;, ¢ percentage of Aey,; and
renal clearance (CLy).

Protein binding

To assess the protein binding of pudexacianinium, blood
samples were collected on Day 1 at 5 min, 1 h, and 8 h after
dosing. Pudexacianinium plasma protein binding was deter-
mined using a validated liquid chromatography—high reso-
lution mass spectrometry method. Unbound (free) and total
concentrations of pudexacianinium in each sample were
measured in ultrafiltrate and plasma, respectively, at CMIC
Pharma Science Co., Ltd. Ultrafiltrate was prepared from
human plasma using an Amicon Ultra 10 kDa centrifugal fil-
ter (Merck, Darmstadt, Germany). Ultrafiltrate and plasma
samples were measured in a single assay using a 0.125 mL
aliquot of ultrafiltrate and plasma (4:1, v/v) and a stable
isotope-labeled internal standard (d,,-pudexacianinium).
The ultrafiltrate concentration range was 0.500-250 ng/mL,
and the plasma concentration range was 2.00—1000 ng/mL.
Sample purification used Oasis HLB pElution solid-phase
extraction plates (Waters, Milford, MA, USA). Chromato-
graphic separation utilized an ACQUITY UPLC CSH C18
1.7 pm, 2.1 x50 mm column (Waters, Milford, MA, USA)
at 70 °C. The elution profile was a gradient of acetonitrile
and water containing ammonium formate at 5 mmol/L. An
Orbitrap Exploris™ 120 mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) was used to monitor the+2
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ions 1522.0986 m/z (pudexacianinium) and 1528.1362
(internal standard). Inter-assay precision was<6.9% for
plasma and<7.5% for ultrafiltrate. Inter-assay accuracy
(percentage relative error) was in the ranges 1.0-5.4% for
plasma and 0.1-5.9% for ultrafiltrate.

For each sample, the fraction unbound (f,) was calcu-
lated as the ultrafiltrate concentration divided by the plasma
concentration. For each participant, the f,, was calculated as
the geometric mean of 3 time points.

Safety and tolerability

Safety and tolerability were assessed in all participants;
this included assessment of vital signs, physical examina-
tions, 12-lead ECGs, and clinical laboratory tests. Adverse
events (AEs), including abnormal clinical laboratory values,
were graded using the National Cancer Institute’s Com-
mon Terminology Criteria for Adverse Events version 6.0
and categorized by organ class and preferred term using
the Medical Dictionary for Regulatory Activities, version
26.0. Green coloration of urine was an expected reversible
effect that has been observed in previous clinical studies of
pudexacianinium [11] and does not lead to any untoward
clinical symptoms. Therefore, green coloration of urine
was not considered an AE; however, it was assessed, and
its incidence was recorded. Urine samples collected after
pudexacianinium dosing were visually inspected by clinical
site staff and documented for incidence of green coloration.
When it occurred, the coloration was assessed at every uri-
nation until it resolved. The start and stop dates and times
were recorded for participants who experienced green col-
oration of urine.

Statistical analyses

A planned sample size of up to 36 participants (6 partici-
pants per renal impairment group and up to 18 participants
for the normal renal function-to-match group) was deter-
mined based on a precedent set by other PK studies of simi-
lar nature.

Data manipulation, summary statistics, and statistical
analyses were performed using SAS software, version 9.4
(SAS Institute Inc., Cary, NC, USA).

Baseline demographic and other characteristics, vital
signs, clinical laboratory findings, 12-lead ECG results, and
treatment-emergent AEs (TEAEs) were summarized for the
safety analysis set, which consisted of all participants who
received the study drug. Plasma and urine PK were summa-
rized for the PK analysis set, which consisted of participants
who received the study drug and for whom concentration
data were available to facilitate derivation of at least one
primary PK parameter.

To evaluate the effect of renal impairment on pudexa-
cianinium PK, a separate ANCOVA for each renal impair-
ment group (mild, moderate, and severe) was performed on
natural logarithmic-transformed PK parameters (AUC,,
AUC,,, and C,,) with renal function group as a fixed effect
and age, sex, and BMI as candidate covariates. Within the
ANCOVA, the least-squares (LS) mean differences between
the renal impairment group and the normal-to-match group,
along with 90% confidence intervals for the differences,
were estimated. Geometric LS mean ratios and their corre-
sponding 90% confidence intervals were presented for each
PK parameter against the normal-to-match group. A linear
regression for the relationship between individual eGFR
and CL or CLy of pudexacianinium was performed, and a
graphical assessment of the association was produced.

Results
In vitro study

The radiochemical purity of ["*C]pudexacianinium
was>93.4% throughout the study.

Transcellular transport of [**C]pudexacianinium in con-
trol, P-gp-expressing and BCRP-expressing cells were
examined (Fig. S2). Corrected apparent permeability
coefficient ratio (CPy) values of ['“C]pudexacianinium at
1 umol/L and 10 umol/L, respectively, were 0.7 and 1.4 for
P-gp and 0.8 and 1.3 for BCRP. In the presence of the typi-
cal inhibitors (verapamil for P-gp and Ko143 for BCRP),
CPy, values of pudexacianinium at 1 pmol/L and 10 pmol/L,
respectively, were 1.2 and 1.1 for P-gp and 0.8 and 1.2 for
BCRP.

The cleared volumes of ['*C]pudexacianinium at
1 pmol/L and 10 pmol/L into cells expressing OAT1, OAT3,
OCT2, MATE1, and MATE2-K were comparable with those
into control cells (Fig. S3).

Demographics for participants in the clinical study

In total, 28 participants were enrolled in the study and
received pudexacianinium. There were 6 participants each
in the mild, moderate, and severe renal impairment groups
and 10 participants with normal renal function. All partici-
pants completed the study adhering to the protocol and were
included in the safety analysis set. Baseline characteris-
tics and demographics were generally balanced across the
groups (Table 1). The age of enrolled participants ranged
from 51 to 75 years. The BMI of enrolled participants was
in the range of 21.66-38.02 kg/m?. The majority of the par-
ticipants were White (71.4%).

@ Springer
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Table 1 Participant demographics and baseline characteristics
Characteristic Mild Normal-to- Moderate Normal-to-match Severe Normal-to- Normal Total
(n=6) match mild (n=6) moderate impair- (n=0) match severe total (N=28)
impairment ment (n=6)" impairment (n=10)
(n=6)°" (n=6)°
Male sex, n (%) 3(50.0) 3(50.0) 2(333) 2(333) 4 (66.7) 4 (66.7) 5(50.0) 14 (50.0)
Hispanic or Latino ethnicity, 2 (33.3) 1(16.7) 3(50.0) 1(16.7) 2 (33.3) 3(50.0) 3(30.0) 10 (35.7)
n (%)
Race, n (%) 4(66.7)  4(66.7) 5(83.3) 4(66.7) 4 (66.7) 4 (66.7) 7 (70.0) 20 (71.4)
White 2(33.3) 0(0) 1(16.7) 0(0) 1(16.7) 0(0) 0(0) 4(14.3)
Black/African American 0(0) 2 (33.3) 0(0) 2 (33.3) 1(16.7) 2 (33.3) 3(30.0) 4(14.3)
Asian
Age (years), mean (SD) 63.7 (5.7) 60.5(6.4) 62.5 61.5(7.0) 61.7(8.9) 59.0(5.8) 61.3(6.2) 62.1
(10.0) (7.3)
BMI (kg/m?), mean (SD) 29.99 27.61 (4.21) 28.42 27.74 (1.99) 30.88 28.44 (2.75) 28.24 29.22
(5.17) (5.73) (4.92) (3.31) (4.52)

#Some participants with normal renal function served as matched controls for multiple participants with renal impairment

BMI body mass index, SD standard deviation

Renal function group
—— Mild impairment (n = 6)

--#-- Normal to match mild impairment
(n=6)

—=&— Moderate impairment (n = 6)

Normal to match moderate impairment
(n=6)

Severe impairment (n = 5)

Normal to match severe impairment
(n=6)

10004
-y
E
g 100+
£
2
£ 104
c
o
o
2
[ 13
e
=
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Fig. 1 Mean plasma concentration—time profiles for pudexacianinium by renal function group. Data are shown on a semi-logarithmic scale. Some
participants with normal renal function served as matched controls for multiple participants with renal impairment

Pharmacokinetics

One participant in the severe renal impairment group was
excluded from the PK analysis set, because based on the
observed PK profile, it was suspected that pudexacianinium
was administered extravascularly and not intravascularly
(Fig. S4). This participant showed unusually low plasma
concentrations during the first 2 h after administration (Fig.
S4b) but showed comparable plasma concentrations to oth-
ers thereafter (Fig. S4a). Although extravascular adminis-
tration was suspected in this participant, overall plasma and
urine concentrations were not notably different from others.

C,.ax Was observed at the first sampling time point after
dosing of pudexacianinium in all but two participants, for
whom it was observed at the second post-dose sampling
time point. Pudexacianinium elimination slowed with
increasing severity of renal impairment (Fig. 1).

Mean plasma C, . values were comparable between
the renal groups and their respective

max
impairment
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normal-to-match groups, whereas higher variability was
observed in the renal impairment groups compared with the
normal-to-match groups (Table 2). The AUC,,,, AUC;, ¢, and
terminal elimination half-life (t,,) increased with increasing
degree of renal impairment, with an accompanying decrease
in CL. The geometric LS mean ratios of the AUC; ; were
1.53, 2.30, and 3.69 in the mild renal impairment, moder-
ate renal impairment, and severe renal impairment groups,
respectively, versus matched normal renal function groups.
The change in t,, was of a similar magnitude to the change in
CL: approximately 1.5-fold for participants with mild renal
impairment, approximately 1.8-fold for participants with
moderate renal impairment, and approximately 4.0-fold for
participants with severe renal impairment compared with
their respective normal-to-match groups.

Plasma protein binding for pudexacianinium was inde-
pendent of time and concentration for all renal function
groups. Average f, in plasma (geometric mean of 3 time
points) was approximately 0.8 across pudexacianinium
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Table 2 Plasma pharmacokinetic parameters of pudexacianinium by renal function group

Category/statistic Mild (n=6) Normal-to- Moderate Normal-to- Severe (n=5)" Normal-to- Normal
match mild (n=6) match moder- match severe total
impairment ate impairment impairment  (n=10)
(n=6)" (n=6)" (n=6)"

Cpax tg/mL Mean (SD)  0.476 (0.250)  0.446 0.535(0.254)  0.435(0.0788) 0.428 (0.120)  0.437 0.422
(0.0688) (0.0772) (0.0629)

% CV 52.5 154 474 18.1 28.0 17.7 14.9
GMR 0.971 1.14 1.01 -
90% CI (0.660, 1.43) (0.778, 1.66) (0.818, 1.24)
tax, Median 0.108 0.0830 0.0830 0.0830 0.0830 0.0830 0.0830
Min, max 0.0500, 0.250  0.0670, 0.0830,0.250  0.0670,0.100  0.0830,0.133  0.0670, 0.0670,
0.0830 0.0830 0.100
AUC,,, Mean (SD)  0.944 (0.0792) 0.588 1.41 (0.535) 0.603 (0.130)  2.38 (1.09) 0.554 0.597
h-pg/mL (0.0900) (0.0817) (0.105)
% CV 8.4 15.3 38.0 21.6 45.7 14.7 17.6
GMR 1.53 2.31 3.49 -
90% CI (1.39, 1.68) (1.90, 2.80) (2.01, 6.07)
AUC,, Mean (SD)  0.957 (0.0790) 0.599 1.43 (0.545) 0.613 (0.129)  2.64 (1.20) 0.565 0.607
h-pg/mL (0.0885) (0.0817) (0.104)
% CV 8.2 14.8 382 21.1 45.6 14.5 17.1
GMR 1.53 2.30 3.69 -
90% CI (1.39, 1.67) (1.90,2.79) (2.09, 6.53)
t,, h Mean (SD)  5.36 (0.783) 3.57(0.227)  6.52 (1.55) 3.54(0.404) 14.3 (4.07) 3.54 (0.469) 3.58(0.410)
% CV 14.6 6.4 23.7 11.4 28.5 13.3 11.4
CL,L/h Mean (SD)  3.15(0.245) 5.08 (0.638) 2.29(0.622) 5.09 (1.13) 1.67 (1.54) 5.41(0.859)  5.08(0.900)
% CV 7.8 12.6 27.1 222 92.1 159 17.7
V,L Mean (SD)  24.2 (2.92) 26.1(2.77) 21.0 (6.46) 25.6 (4.01) 342 (32.4) 27.3(3.23) 26.0 (3.34)
% CV 12.0 10.6 30.8 15.7 94.7 11.8 12.9

f, Mean (SD)  0.785(0.0467) 0.790 0.767 (0.0614)  0.793 (0.0669) 0.754 (0.0918) 0.763 0.789

(0.0629) (0.0478) (0.0521)
% CV 6.0 8.0 8.0 8.4 12.2 6.3 6.6

Plasma pharmacokinetic parameters were estimated using Phoenix WinNonlin, version 8.3

#Some participants with normal renal function served as matched controls for multiple participants with renal impairment

One participant with severe renal impairment and suspected extravascular administration was excluded from the pharmacokinetic analysis set

% CV percent coefficient of variation, AUC area under the concentration—time curve, AUC; ; AUC from time 0 to time infinity, AUC,,; AUC

from time 0 to time of last measurable concentration, CI confidence interval, CL total clearance, C

max Maximum concentration, f, fraction

unbound, GMR geometric least-squares mean ratio, /4, hours, max maximum, min minimum, SD standard deviation, #,, terminal elimination

half-life, ¢,
concentrations and renal function groups: normal renal
function (total), 0.789; mild impairment, 0.785; moderate
impairment, 0.767; and severe impairment, 0.754.

Renal excretion of pudexacianinium slowed with
increasing severity of renal impairment (Fig. 2). One par-
ticipant in the severe renal impairment group had much
lower urine concentrations than the other participants in
the same group, resulting in a large standard deviation. In
the first 4 h after dosing, 67.4%, 42.3%, 41.1%, and 11.4%
of the administered dose was excreted into urine as the
unchanged drug in the normal renal function (total), mild
impairment, moderate impairment, and severe impairment
groups, respectively. Over the 24-h period following dos-
ing, 91.8%, 87.3%, 93.2%, and 48.0% of the administered
dose was excreted into urine as the unchanged drug in the
normal (total), mild impairment, moderate impairment, and

time of maximum concentration, ¥, volume of distribution during the terminal elimination phase

severe impairment groups, respectively. Except for in the
severe renal impairment group, the majority of the admin-
istered dose was excreted into urine within 24 h. Over the
48-h collection interval, 64% of the administered dose was
recovered as unchanged drug in urine in the severe renal
impairment group, whereas approximately 90% or more
was recovered in urine in the other renal function groups
(Table 3). The mean CLy was nearly equivalent to the mean
CL in all renal function groups except for the severe renal
impairment group, driven largely by data from one par-
ticipant in the group who had very low CLy. CL and CLy
increased proportionally and were correlated with increas-
ing individual eGFR (R*=0.6543 and 0.7326, respectively;
Fig. 3).
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100+

Renal function group

—a— Mild impairment (n = 6)

80+

60+

40+

20+

Cumulative amount excreted
(% of dose?)

--# -- Normal to match mild impairment
(n=6)

—=— Moderate impairment (n = 6)

Normal to match moderate impairment
(n=6)

Severe impairment (n = 5)°

Normal to match severe impairment
(n=6)

Time (h)

Fig.2 Mean cumulative proportion of pudexacianinium dose excreted
into urine as unchanged drug by renal function group. Some partici-
pants with normal renal function served as matched control for mul-
tiple participants with renal impairment. *Error bars represent standard

36

40 44 48

deviation. ®Urine samples were available for 55 participants for up to
24 h, but after that n=4, as one participant’s urine sample was lost dur-
ing the 24-36-h collection. h, hours

Table 3 Urine pharmacokinetic parameters of pudexacianinium by renal function group

Category/statistic Mild (n=6)  Normal-to- Moderate Normal-to- Severe Normal-to- Normal
match mild (n=6) match moderate  (n=5)° match severe  total
impairment impairment impairment (n=10)
(n=6)" (n=6)" (n=6)"
Ae; ¢ (mg) Mean (SD) 2.70 (0.809)  2.69 (0.736) 2.98(0.395) 2.80(0.350) 2.15(1.25)  2.65(0.634) 2.76 (0.576)
% CV 30.0 273 13.2 12.5 58.1 24.0 20.9

Aegj,g (mg) Mean (SD) 2.71 (0.813)  2.70 (0.696) 2.96 (0.376)  2.80 (0.334) 1.92 (1.11) 2.67 (0.598) 2.77 (0.546)
% CV 30.0 25.7 12.7 11.9 57.8 22.4 19.7

Ae;yp, (%) Mean (SD) 90.1 (27.0)  89.8 (24.5) 99.5(13.2)  93.3(11.7) 71.5(41.5)  88.3(21.1) 92.0 (19.2)
% CV 30.0 27.3 132 12.5 58.1 24.0 20.9

Aej,g0, (%)  Mean (SD) 90.4 (27.1)  90.1(23.2) 98.7(12.5) 934 (11.1) 64.0 (37.0)  88.9(19.9) 92.3 (18.2)
% CV 30.0 25.7 12.7 11.9 57.8 22.4 19.7

CLy (L/h) Mean (SD) 2.87 (0.960) 4.55 (1.40) 2.28 (0.700) 4.72 (1.09) 0.716 (0.386) 4.74 (1.22) 4.65 (1.24)
% CV 33.5 30.9 30.8 23.0 53.9 25.6 26.7

Urine pharmacokinetic parameters were calculated using Phoenix WinNonlin, version 8.3

#Some participants with normal renal function served as matched controls for multiple participants with renal impairment

One participant with severe renal impairment and suspected extravascular administration was excluded from the pharmacokinetic analysis set

%CV percent coefficient of variation, 4e amount of administered dose excreted, Ae; - Ae from time 0 extrapolated to time infinity, Ae; ., per-

centage of Ae; ¢

Aey, Ae from time 0 to last measurable concentration, dey, ., percentage of Ae,, CLy renal clearance, SD standard deviation

Safety and tolerability

No deaths, serious AEs, or TEAEs leading to the withdrawal
of treatment were reported in this study. All enrolled par-
ticipants completed the study up to the end-of-study visit.
Overall, five participants (17.9%) experienced a total of
seven TEAEs. Of these TEAEs, only headache and hyper-
bilirubinemia were considered by the investigator to be
drug related. All TEAEs were considered mild in severity,
except for the events of abdominal distension and flatulence
reported for one participant in the moderate renal impair-
ment group and considered by the investigator to be mod-
erate in severity. There were no other clinical laboratory
(hematology, biochemistry, and urinalysis) results, vital

@ Springer

signs, or routine 12-lead ECG measurements reported as
TEAE:s in this study.

Green coloration of urine was observed in 12 partici-
pants (43%): 5 (50%) in the normal renal function group;
and 3 (50%), 3 (50%), and 1 (17%), respectively, in the mild
renal impairment, moderate renal impairment, and severe
renal impairment groups. Mean duration of having green
coloration of urine was 4.0 h in the normal renal function
group and 6.1, 7.6, and 15.9 h respectively, in the mild renal
impairment, moderate renal impairment, and severe renal
impairment groups.
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Renal clearance

CLr (L/h) = 0.047*eGFR (mL/min) — 0.19
91 R2=0.7326

CLx (L/h)

90 105 120

0 15 30 45 60 75
eGFR (mL/min)

Renal function group: A Mild impairment

B Moderate impairment

Total clearance

CL (L/h) = 0.042*eGFR (mL/min) + 0.55
TR2=06543

CL (L/h)

eGFR (mL/min)

Severe impairment % Normal

Fig. 3 Relationship between eGFR and CLy and CL of pudexacianinium. Linear regression analyses were conducted for eGFR versus CLy and for
eGFR versus CL. CL, total clearance; CLy, renal clearance; eGFR, estimated glomerular filtration rate; h, hours

Discussion

The present study comprised two parts: an in vitro trans-
porter study and a Phase 1 clinical study in participants with
renal impairment or normal renal function. The clinical
study evaluated the effect of renal impairment on the PK,
safety, and tolerability of pudexacianinium, and, together
with the in vitro study, led to the elucidation of the elimina-
tion pathway for pudexacianinium.

Results of the in vitro experiments suggest that pudex-
acianinium is not a substrate of any of the major human
renal drug transporters, P-gp, BCRP, OAT1, OAT3, OCT2,
MATE]1, and MATE2-K, and that renal drug transporters
do not contribute to the elimination of pudexacianinium.
Results of the Phase | study demonstrated that, as expected,
renal impairment markedly affects pudexacianinium PK,
with apparent increases in plasma exposure and slower
excretion into urine in participants with renal impairment
compared with in healthy participants with normal renal
function. As expected for intravenously administered drugs,
mean plasma C,, values were comparable between renal
impairment and matched normal groups. The underlying
cause of the higher variability of C,, in the renal impair-
ment groups than in the healthy participants is not clear. The
variability of C,,, was highest in participants with mild
renal impairment and next highest in those with moder-
ate and severe renal impairment; no clear correlation was
found that could suggest that variability increases with
severity of renal impairment. Moreover, previous reports of
renal impairment studies do not consistently show that the
variability of C,,, or other PK parameters such as AUC is
higher in participants with renal impairment than in healthy

participants after IV administration over a short period of
time [19, 20]. The mean CLy was generally equivalent to
the mean CL, indicating that elimination of pudexacianin-
um mostly occurs via renal excretion. Plasma protein bind-
ing was independent of time and concentration regardless of
severity of renal impairment (f,, approximately 0.8). Using
mean f, values for each renal function category, f, X mean
eGFR for each category would be 4.78, 3.46, 2.04, and 0.76
L/h, respectively, for the normal renal function, mild renal
impairment, moderate renal impairment, and severe renal
impairment groups. These values match the mean CLjy for
each renal function category: 4.65 L/h for the normal func-
tion group and 2.87, 2.28, and 0.72 L/h, respectively, for
the mild renal impairment, moderate renal impairment, and
severe renal impairment groups. This, added to the strong
correlation between CLy and eGFR (see Fig. 3) and the
absence of any renal drug transporters contributing to renal
excretion as suggested from the in vitro study, indicates that,
more specifically, elimination of pudexacianinium can be
explained almost entirely by glomerular filtration.

Zhang et al. have summarized reports of five drugs (tel-
bivudine, entecavir, varenicline, emtricitabine, and lome-
floxacin) that are mainly cleared by the renal route and
compared the extent of exposure increase of these drugs in
patients with severe renal impairment with that in individu-
als with normal renal function [21]. For entecavir, vareni-
cline, emtricitabine, and lomefloxacin, tubular secretion via
renal transporters was reported or suggested to contribute to
their renal excretion [22—-25]. For telbivudine, results from
a renal impairment study suggested that it is mainly cleared
via glomerular filtration, and notably, that the reported
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increase in exposure of this drug (3.4-fold) is similar to that
of pudexacianinium (3.69-fold) [26].

In terms of safety data, single IV doses of pudexa-
cianinium 3 mg were well tolerated, with mostly mild AEs
reported. Severity of renal impairment did not appear to
affect the incidence or severity of AEs. Green coloration of
urine was also assessed, because this was an expected event
with pudexacianinium that does not lead to any untoward
clinical symptoms. The incidence of green coloration was
lower in the severe renal impairment group than in any of the
other groups; however, duration of this coloration increased
as renal impairment worsened. Although the determination
of “green urine” will inherently vary by assessor, these data
can be explained by the PK characteristics of pudexacianin-
ium. The renal excretion rate and initial urine concentration
of pudexacianinium decreases with increasing severity of
renal impairment, which explains the low incidence of green
coloration of urine in the severe renal impairment group. In
addition, when green coloration of urine is observed after
administration, the duration of this coloration will be longer
with increasing severity of renal impairment owing to the
slower decrease in urine concentration.

The present study has several limitations. First, there
may be a possibility of other lesser-known renal drug trans-
porters contributing to either tubular secretion or reabsorp-
tion of pudexacianinium in the kidney. However, CLy being
comparable to f, X GFR in both the clinical study and the
in vitro study should adequately indicate the absence of
transporters that substantially contribute to the elimination
of pudexacianinium. Second, there was one participant in
the severe renal impairment group with unreasonably low
plasma and urine concentrations throughout the sampling
period, compared with those of other participants with
severe renal impairment (Figs. S4 and SS5). Surprisingly,
green coloration of urine was observed for approximately
16 h in this participant. An exploratory metabolite profiling
study using plasma and urine samples from this participant
was conducted, but no metabolites were observed (data on
file). However, despite these investigations, mechanisms
that could explain the observed low concentrations for this
participant have not been identified. When excluding this
participant, the mean CL; was nearly equivalent to the
mean CL in all renal function groups, and the mean percent-
age of Ae,,, for severe renal impairment was approximately
80%. Last, as with most Phase 1 studies, the clinical study
was conducted in a relatively small population.

In this study, acceptable safety and tolerability profiles
were demonstrated in participants with renal impairment,
and sufficient urinary excretion of pudexacianinium was
observed. The in vitro study and the clinical study together
suggest that the majority of pudexacianinium elimination is
through glomerular filtration. The safety profile and urinary
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excretion of pudexacianinium suggest that efficacy (ureter
visualization) may be achievable in the renal impairment
population without dose adjustment, indicating the poten-
tial for their inclusion as target patients. A single IV dose of
pudexacianinium 3 mg was selected for the Phase 3 clinical
program to provide optimal conspicuity for the ureter for the
duration of the surgery in all intended participants, includ-
ing those with severe renal impairment having an individual
eGFR>15 mL/min. The safety profile as well as the clinical
utility of pudexacianinium in this population will be further
evaluated in the Phase 3 studies.

Conclusion

Results from in vitro transporter experiments suggest
that pudexacianinium is not a substrate of the major renal
drug transporters tested. Renal impairment significantly
increased pudexacianinium exposure in human participants.
The in vitro and Phase 1 studies suggest that the majority of
pudexacianinium elimination is through glomerular filtra-
tion. Pudexacianinium had acceptable safety and tolerability
profiles in participants with moderate or severe renal impair-
ment, and sufficient urinary excretion of pudexacianinium
was observed in these participants, suggesting the potential
clinical utility of pudexacianinium for this population.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00228-0
26-04063-1.
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