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ABSTRACT

Bioluminescent imaging (BLI) is a powerful tool in biomedical
research to measure gene expression and tumor growth. The cur-
rent study examined factors that influence the BLI signal, specifi-
cally focusing on the tissue distribution of two luciferase
substrates, D-luciferin and CycLuc1. D-luciferin, a natural sub-
strate of firefly luciferase, has been reported to have limited brain
distribution, possibly due to the efflux transporter, breast cancer
resistance protein (Bcrp), at the blood-brain barrier. CycLuci, a
synthetic analog of D-luciferin, has a greater BLI signal at lower
doses than D-luciferin, especially in the brain. Our results indicate
that limited brain distribution of D-luciferin and CycLuc1 is pre-
dominantly dictated by their low intrinsic permeability across the
cell membrane, where the efflux transporter, Berp, plays a rela-
tively minor role. Both genetic ablation and pharmacological inhibi-
tion of Berp decreased the systemic clearance of both luciferase
substrates, significantly increasing exposure in the blood and,
hence, in organs and tissues. These data also indicate that the

biodistribution of luciferase substrates can be differentially influ-
enced in luciferase-bearing tissues, leading to a “tissue-depend-
ent” BLI signal. The results of this study point to the need to
consider multiple mechanisms that influence the distribution of
luciferase substrates.

SIGNIFICANCE STATEMENT

Bioluminescence is used to monitor many biological processes,
including tumor growth. This study examined the pharmacokinet-
ics, brain distribution, and the role of active efflux transporters on
the luciferase substrates D-luciferin and CycLuc1. CycLuc1 has a
more sustained systemic circulation time (longer half-life) that
can provide an advantage for the superior imaging outcome of
CycLuc1 over D-luciferin. The disparity in imaging intensities
between brain and peripheral sites is due to low intrinsic perme-
ability of these luciferase substrates across the blood-brain
barrier.

Introduction

Bioluminescent imaging (BLI) is commonly used to visualize gene
expression in biomedical research and to measure tumor burden in pre-
clinical cancer research (Thorne et al., 2010). The most common
reporter used is firefly luciferase (fLuc) combined with D-luciferin. D-
luciferin is oxidized by fLuc in the presence of adenosine triphosphate
(ATP) and magnesium cofactors (Kaskova et al., 2016). This enzymatic
reaction happens in multiple steps. First, D-luciferin is transformed to
luciferyl adenylate, and this central intermediate is then converted
through a series of intermediates to ultimately form oxyluciferin that
releases a photon (bioluminescence). Beyond the fLuc/D-luciferin pair,
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there are numerous native or sequence-optimized bioluminescent
enzymes that can be coupled with natural or synthetic substrates to pro-
vide a spectrum of light emission characteristics that are optimized for
various uses.

There are several factors that affect the light signal measurements
(Fig. 1) when whole animal BLI is performed. (1) Pharmacokinetics
and biodistribution of luciferase substrates are crucial in the eventual
production of the light signal in the target area of imaging in animals.
Luciferase substrates, often administered to the animal by intraperito-
neal injection, need to be adequately delivered to the tissue where the
luciferase enzyme is expressed. (2) Once adequately distributed to the
target tissue, luciferase substrates need to diffuse into the cell that is dic-
tated by membrane permeability where the luciferase enzyme is
expressed. (3) The physicochemical parameters, such as enzyme affinity
for the substrate (represented by Michaelis constant, Km), and activity
of the enzyme at the target area of imaging critically affects the rate of
reaction (light signal intensity), according to Michaelis-Menten kinetics.
(4) Tissue penetration of emitted light is especially important for in
vivo imaging. The light wavelength can dramatically affect attenuation
of light intensity between the location of photon production in biologic
tissues and the photon detection device; longer or red-shifted wavelengths

ABBREVIATIONS: AUC, area under the curve; BBB, blood-brain barrier; Berp, breast cancer resistance protein; BKO, Berp knockout (Berp?—/7);
BLI, bioluminescent imaging; CL, clearance; fLuc, firefly luciferase; FVB, friend leukemia virus strain B; GBM, glioblastoma; Kp, tissue partition
coefficient; Kp,prain, brain plasma partition coefficient; LC-MS/MS, liquid chromatography—tandem mass spectrometry; MDCKII, Madin-Darby
Canine Kidney II; Papp, apparent permeability coefficient; RED, rapid equilibrium dialysis; WT, wild-type.
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Fig. 1. Schematic depiction of factors influencing BLI light signal.

are known to penetrate typical tissue better in part due to less attenuation
anticipated (Dawson et al., 1980; Weissleder and Ntziachristos, 2003;
Jathoul et al., 2014). (5) The sensitivity of a detector or camera can also
influence the signal intensities measured.

D-luciferin has been used extensively as a tool substrate in neurosci-
ence research for noninvasive imaging despite limitations of its distribu-
tion across the blood-brain barrier (BBB) (Berger et al., 2008). The
limited distribution of D-luciferin into the brain is considered due to
activity of the breast cancer resistance protein (Berp) efflux transporter
in the luminal membrane of brain capillary endothelial cells (Zhang
et al., 2007; Bakhsheshian et al., 2013). Berp is one of several efflux
transporters that translocate xenobiotics from the intracellular compart-
ment of endothelial cells back into the capillary lumen, and previous
mouse studies have demonstrated enhanced BLI signal from the brain
when mice were co-dosed with a pharmacologic Berp inhibitor (Bakh-
sheshian et al., 2013). Recently, a synthetic analogue of D-luciferin,
CycLucl, was reported as an alternative substrate of fLuc that results in
superior imaging results for the purpose of brain imaging in neurosci-
ence research (Evans et al., 2014). The structure and physicochemical
properties are similar between CycLucl and D-luciferin, where the
main difference is the higher lipophilicity of CycLucl (XLogP 2.6)
compared with D-luciferin (XLogP 0.9) (Supplemental Table 1). More
intense light output was observed for CycLucl than D-luciferin at
the same molar concentration (Reddy et al., 2010). The increased rela-
tive quantum yield of CycLucl, as the authors hypothesized, might be
due to the increased rigidity and restricted bond rotation of the CycLucl
structure (Supplemental Table 1). Another distinctive and important
characteristic of CycLucl is the much lower Km with firefly luciferase
(Km for D-luciferin and CycLucl, 6.76 uM and 0.1 uM, respectively)
(Harwood et al., 2011). Consistent with these metrics, CycLucl provided
a much brighter signal at a significantly lower dose than D-luciferin in a
mouse imaging model in which an fLuc-expressing virus was injected
into a deep brain structure. Considering the known limitations of D-lucif-
erin distribution into brain and enhanced lipophilicity of CycLucl, these
results were interpreted as evidence of superior distribution of CycLucl
across the BBB (Reddy et al., 2010). The focus of the present study is
to critically evaluate this hypothesis or otherwise explain the superior
neuro-imaging characteristics of CycLucl.

The distributional and pharmacokinetic properties of these luciferase
substrates were compared by directly measuring the concentrations of
both D-luciferin and CycLucl by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) in various tissues, including brain and
plasma. This is a novel approach, since concentrations of luciferase sub-
strates have been predicted in many previous publications solely based

on their BLI light signal intensities. However, the signal intensity of
light can be influenced by various factors (Fig. 1) in addition to the con-
centration of substrates at the site of action, as previously described.
Therefore, the direct determination of substrate concentrations by using
LC-MS/MS provides a more robust measure of the biodistribution and
pharmacokinetics of luciferase substrates, which then critically informs
their use in biomedical research.

In the current study, several specific questions were examined to
understand the distribution of luciferase substrates and the possible rea-
sons for the enhanced light signal from CycLucl. First, the intensity of
BLI signal with D-luciferin and CycLucl was compared in heterotopic
and orthotopic xenografts of a patient-derived glioblastoma (GBM)
model. Second, the permeability of substrates across a cell monolayer
and efflux liabilities of both compounds with respect to Berp-mediated
transport were examined by using in vitro experiments in Bcrp-trans-
fected cells. Third, the role of Berp on the brain distribution of D-lucif-
erin and CycLucl was studied in vivo using Berp knockout mice.
Fourth, the influence of efflux transporter inhibitors was examined to
investigate the role of transporters on D-luciferin and CycLucl biodis-
tribution. The answers to these specific questions, as discussed in the
current study, provide a better understanding and interpretation of the
use of BLI markers and give more general guidance when choosing a
substrate for luciferase-based reporter systems for in vivo imaging.

Materials and Methods

Chemicals and Reagents

(S)-2-(6-Hydroxy-2-benzothiazolyl)-2-thiazoline-4-carboxylic acid, 4,5-Dihy-
dro-2-(6-hydroxy-2-benzothiazolyl)-4-thiazolecarboxylic acid (D-luciferin) was
purchased from Thermo Fisher Scientific (Waltham, MA). (4R)-2-(6,7-dihydro-
SH-pyrrolo[3,2-f][1,3]benzothiazol-2-yl)-4,5-dihydro-1,3-thiazole-4-carboxylic
acid (CycLucl) was purchased from Millipore (Burlington, MA). 17-(Cyclopro-
pylmethyl)-6,7-dehydro-4,5¢-epoxy-3,14-dihydroxy-6,7-2",3’-indolomorphinan
hydrochloride (Naltrindole) was purchased from Tocris Bioscience (Ellisville,
MO). All other chemicals and reagents used were high-performance liquid chro-
matography grade from Thermo Fisher Scientific (Waltham, MA). The rapid
equilibrium dialysis (RED) base plate and membrane inserts (8 kDa molecular
weight cut-off cellulose membrane) were purchased from Thermo Fisher Scien-
tific (Waltham, MA).

Lentiviral Vector and Cell Transduction

A modified lentivirus vector, pGIPZ-Luc2-td-tomato, was developed by replac-
ing turbo green fluorescent protein tag of pGIPZ with a fusion of firefly luciferase
(Luc2) and tandem tomato (td-tomato) red fluorescent protein excised from
pcDNA3.1(+ )/Luc2-td-tomato and lentiviral packaging and transduction of pri-
mary GBMG6 cells was performed as previously described (Laramy et al., 2017).
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In Vivo Tumor Xenograft Mouse Model

All animal studies were approved by the Institutional Animal Care and Use
Committee. For subcutaneous xenograft model, GBM6-Luc2-td-tomato cells were
suspended in Matrigel/PBS and injected in the flank of athymic nude mice with
2 x 10° cells. For orthotopic models, cells (3 x 10°) were directly injected into the
right basal ganglia of anesthetized athymic nude mice (athymic Ncr-nu/nu,
National Cancer Institute, Frederick, MD) using a small animal stereotactic frame
(ASI Instruments, Houston, TX) as previously described (Kim et al., 2018).

In Vivo BLI

Six-week-old female athymic nude mice with established tumor xenografts
were anesthetized by isoflurane inhalation and maintained under anesthesia by
continuous inhalation of isoflurane until imaging was complete. BLI signal from
the tumor was measured weekly with either D-luciferin (Gold Biotechnology) or
CycLucl. Ten minutes after a single intraperitoneal injection of these substrates,
animals were imaged by IVIS Spectrum. The conditions for BLI acquisition
were as follows: open emission filter, exposure time 60 seconds, binning medium
for 8, field of view 12.9 cm, and f/stop as 1. Images were analyzed for total flux
with Living Image 4.3 software (PerkinElmer).

In Vitro Transwell Permeability Assay

In vitro bidirectional flux assay was performed with Madin-Darby Canine
Kidney II (MDCKII) cells that overexpress Berp or a vector control. Both cell
lines were kindly provided by Dr. Alfred Schinkel. Cells were cultured in Dul-
becco’s modified Eagle’s medium supplemented with 10% (v/v) fetal bovine
serum and antibiotics (penicillin, 100 U/ml; streptomycin, 100 mg/ml; amphoteri-
cin B, 250 ng/ml). Cells were seeded on the permeable polyester membrane
transwell inserts (12 mm diameter with 0.4 um pore size) in 12-well plate (Corn-
ing, Corning, NY) with a density of 1 x 10> cells/well, and cultured for 7 days.
The average values of transepithelial electrical resistance on day 7 were about
280 Q/cm®. On the day of the experiment, cells were washed with serum free
cell assay buffer twice and preincubated with or without inhibitor, Ko-143, for
30 minutes. Buffer with specified concentrations of either D-luciferin or
CycLucl was added to the donor compartments. For apical to basolateral trans-
port, 0.4 ml of substrate containing buffers were added to the apical (top) com-
partment, and for basolateral to apical transport, 1.2 ml of drug containing
buffers were added to the basolateral (bottom) compartment. The blank buffer
without D-Luciferin or CycLucl was added to the receiver compartments. Imme-
diately after the start of incubation, 10 uL of buffer was collected from the donor
compartments. Plates were incubated in orbital shaker at 37°C, and 50 uL of
buffer samples were collected from the receiver compartments at 60, 90, and 120
minutes after incubation, and blank buffer without D-Luciferin or CycLucl was
added to the receiver compartments at each time point. After 120 minutes, the
integrity of the cell monolayer was confirmed with lucifer yellow. All samples
were store at —80°C until the LC-MS/MS analysis.

Apparent permeabilities of D-luciferin and CycLucl were determined by the
following equation:

dQ/dt
Apparent permeability (Papp) = L 1)

T C0 x A

where dQ/dt is the change of mass transported across the cell monolayer
over time, CO is the concentration of analyte (D-luciferin or CycLucl)
in the donor compartment at time zero, and A is the surface area of the
monolayer cell.

Efflux ratios of D-luciferin and CycLucl were calculated by the following equa-
tion:

Papp from basolateral to apical compartment

Effl tio (ER) =
ux ratio (ER) Papp from apical to basolateral compartment

(@)

Free Fraction in Mouse Plasma and Brain Homogenate

The free fractions of D-luciferin and CycLucl in mouse plasma and mouse
brain homogenate were examined by using RED device. The brain homogenate
was prepared by mechanical homogenization after adding 2 volumes (w/v) of
phosphate buffer saline (PBS; pH 7.4). Mouse plasma or brain homogenate
mixed with 5 uM of D-luciferin or CycLucl was loaded into the sample
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chamber separated by a cellulose membrane insert (8000 Da cut-off), and blank
PBS buffer was loaded into the receiver chamber (N = 5). The apparatus was
sealed and incubated at 37°C for 4 hours in an orbital shaker with a 300 rpm agi-
tation. Samples were collected at the end of incubation from each chamber and
stored at —80°C until LC-MS/MS analysis. Undiluted free fraction in the brain
was extrapolated with the previously reported equation listed below (Kalvass and
Maurer, 2002) using the dilution factor (D) of 3:

1/D

<<_fu.dilluted) - 1) +1 /D

The unbound (free) concentration of D-luciferin or CycLucl partitioning into
the brain was determined by the equation below:

Free fraction (fu) = (3)

. . N free brain concentration . fu, brain
Free brain partition coefficient (Kp,uu) = Tree plasma concentration — Kp, brain x i - ]
ree plasma concentration u, plasma
“)

where Kp,prin 1S the brain-to-plasma ratio based on area under the total
concentration-time profile.

In Vivo Pharmacokinetic Studies

Animals. Friend leukemia virus strain B (FVB) wild-type (WT), and Berp
knockout (Bcrpl ~/7) (BKO) mice were used for in vivo studies (Taconic Farms,
Germantown, NY). Mice used for the experiments were 8 to 16 weeks old with
approximate weight of 15 to 35 g at the time of experiment and balanced for
sex. The animals used for pharmacokinetic and inhibitor studies were maintained
and housed in the American Association for the Accreditation of Laboratory Ani-
mal Care-accredited Research Animal Resources facility located at the Academic
Health Center, University of Minnesota, after an approved breeding protocol. All
experimental protocols were approved by the University of Minnesota Institu-
tional Animal Care and Use Committee and conducted in accordance with the
Guide for the Care and Use of Laboratory Animals established by the U.S.

National Institutes of Health (Bethesda, MD).
Full Time Course Pharmacokinetic Studies. Since D-luciferin and

CycLucl are light sensitive, all study procedures and sample collections were
performed in a dark room with minimal exposure to the dim light. A single dose
of either D-luciferin or CycLucl was administered by either intraperitoneal injec-
tion or tail vein injection to WT and BKO FVB mice. The dosing solutions for
both compounds were prepared in sterile water with 1% DMSO. After euthana-
sia in a carbon dioxide chamber, blood and brain samples were collected at the
predetermined time points ranging from 5 minutes to 180 minutes after intrave-
nous injection or from 2 minutes to 60 minutes after single intraperitoneal injec-
tion (N = 3-5 at each time point). Mouse whole blood was collected by cardiac
puncture using heparinized syringes and immediately transferred to heparinized
tubes. The plasma was separated by centrifugation at 6500 rpm at 4°C for 20
minutes. Plasma and brain were stored at —80°C until LC-MS/MS analysis.

Transporter Inhibitor Studies. Transporter inhibitors, Ko-143 or probene-
cid, were dosed by intravenous bolus injection either 10 minutes (Ko-143) or 30
minutes (probenecid) prior to the administration of D-luciferin or CycLucl.
Doses used for the inhibitor studies were as follows: 16 mg/kg of Ko-143, 150
mg/kg of probenecid, 50 mg/kg of D-luciferin, and 10 mg/kg for CycLucl.
Blood and brain samples were collected at 10 minutes and 60 minutes postdose
using the same euthanasia and sample collection procedures as described above.

Pharmacokinetic Data Analysis. Concentration-time profiles of D-luciferin
and CycLucl were analyzed by using Phoenix WinNonlin version 6.4 (Certara
USA Inc., Princeton, NJ), and pharmacokinetic parameters and metrics were calcu-
lated by noncompartmental analysis (NCA). The terminal elimination rate con-
stants were determined by using the last three to four points in the concentration-
time profiles. The brain-to-plasma partition coefficients (Kp,yrin) Were calculated
as below:

AUCbmin

—_ 5
AUCplm'mu ’ ( )

Brain partition coefficient (Kp. prain) =
where AUCy,;, is an area under the curve from time zero to infinity of
brain concentration-time profile ([AUC_.oc), brain]) and AUCjaema is
an area under the curve plasma concentration-time profile ([AUCy_. ),
plasmal). The distribution advantages of brain in BKO mice were
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determined by the ratio of brain partition coefficients in knockout mice
to that in WT mice. The bioavailability of D-luciferin and CycLucl
after an intraperitoneal injection was calculated as below:

[AUC(()A»OC), plasma} P 6)
[AUC(OHOC). plasma} v

Intraperitoneal bioavailability (F) ={

where the [AUC (o), plasma]n) is the area under the curve from time
zero to infinity of plasma concentration-time profile after a single intra-
peritoneal dose and [AUC(OHOC)‘ plasma]w is the area under the curve
from time zero to infinity of plasma concentration-time profile after a
single intravenous dose.

Analytical LC-MS/MS Bioanalysis. Total concentrations of both D-lucif-
erin and CycLucl in samples were determined by using high performance liquid
chromatography (Agilent model 1200 separation system; Agilent Technologies,
Santa Clara, CA) coupled with TSQ Quantum triple quadrupole mass spectrome-
ter (Thermo Finnigan, San Jose, CA). For liquid chromatographic separation,
gradient elution was implemented using Phenomenex Synergi Polar-RP column
(75 x 2 mm, 4 um). The initial composition of the mobile phase was comprised
of 75% distilled water with 0.1% formic acid (A) and 25% acetonitrile with
0.1% formic acid (B) with a 0.2 ml/min flow rate. The total run time was 11
minutes, and retention times for D-luciferin, CycLucl, and Naltrindole (internal
standards) were 1.5, 1.8, and 4.62, respectively. Mass-to-charge (m/z) transitions
were as follows: 281.0 > 234.91 (D-luciferin), 306.03 > 259.98 (CycLucl), and
415.097 > 254.10 (Naltrindole). All compounds were extracted from biologic
samples by using protein precipitation method with ice cold acetonitrile. Since
D-luciferin and CycLucl are light sensitive, all samples were stored in the dark
and sample preparations performed under minimal exposure to the dim light.
The lower limit of quantitation for both D-luciferin and CycLucl was 2.5 ng/
mL. The coefficients of variation for intra- and interassays accuracy and preci-
sion for both D-luciferin and CycLucl were less than 15%.

Statistical Analysis

Data were presented as mean + S.D. or mean = S.E. for the area under the
curves. An unpaired two sample ¢ test was used to compare two groups in
GraphPad Prism version 6.04 (GraphPad, La Jolla, CA) software with a signifi-
cance level of P < 0.05.

A GBMG6 Flank tumor
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Results

Comparison of BLI with D-luciferin and CycLucl in Flank
and Intracranial Tumors. Total flux of BLI light was compared
using D-luciferin and CycLucl in the tumors implanted either on the
flank (heterotopic model) or in the brain (orthotopic model) (Fig. 2).
GBM6, a GBM patient-derived xenograft (PDX), was stably trans-
duced with a lentiviral construct carrying both td-tomato and a
sequence optimized fLuc2 firefly luciferase gene. To enable a direct
comparison between D-luciferin and CycLucl, crossover imaging was
performed in the same mice on consecutive days for the flank and at
2-day intervals for the brain. In the preliminary experiments, the order
of imaging, i.e., either D-luciferin first or CycLucl first, was found not
to affect the intensities of BLI signal for either compound, likely due
to their short half-lives (less than 1 hour) (Supplemental Figure 1).
Therefore, crossover imaging was performed on days 15, 21, and 28
for D-luciferin and on days 16, 22, and 29 for CycLucl after flank
tumor implantation (N = 5). In intracranial tumor models, BLI was
performed on days 13, 19, and 26 for D-luciferin and on days 15, 21,
and 28 for CycLucl after intracranial tumor injection (N = 4). Two
different doses of substrates were used for imaging: 30 and 150 mg/kg
for D-luciferin and 5 and 25 mg/kg for CycLucl. Overall intensities of
the BLI signal were stronger in flank tumors when compared with
intracranial tumors (Fig. 2, A and B). When the signal intensity from
CycLucl-mediated BLI was compared with that from D-luciferin-me-
diated BLI in the flank model, there was no significant difference
between substrates when compared after low-dose administration or
high-dose administration, respectively (Fig. 2, C and D). However, the
signal intensity from CycLucl-mediated BLI was significantly higher
than that from D-luciferin-mediated in intracranial xenografts at either
dose level (Fig. 2, E and F). The concentrations of these compounds
were determined in different regions in the brain (Supplemental Figure
2). The concentrations of both D-luciferin and CycLucl in the tumor
core, defined by robust td-tomato signal, were more variable and
higher compared with those in brain around tumor (BAT) or in normal
brain, even though the average tissue to plasma ratios in all regions

B GBMB6 Intracranial tumor
D-luciferin (30mg/kg) D-luciferin (150mg/kg)
L2
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Fig. 2. BLI of GBM6 in flank tumor (A, C, D) and intracranial tumor (B, E, F) models. Crossover imaging was performed for both substrate D-luciferin and CycLucl

on different days.
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Fig. 3. In vitro apparent permeability measurement of D-luciferin and CycLucl in MDCKII-Berp overexpressing (BCRP) cell lines (A) or in the presence of Berp

inhibitor Ko-143 (B). (* P value < 0.05 in (B) compared with control group).

were below 2% for both D-luciferin and CycLucl (Supplemental
Figure 2). In the context of factors that can affect in vivo BLI signal
intensity (Fig. 1), these data, all based on light production, would ini-
tially suggest that distribution across the BBB into the brain may be a
critical factor affecting the superiority of CycLucl imaging.

Apparent Permeability and Efflux Ratios of D-luciferin and
CycLucl. Previous reports suggest that D-luciferin is an efflux substrate
for Berp (Zhang et al., 2007; Bakhsheshian et al., 2013), and therefore
the efflux liability for D-luciferin was compared with CycLucl in a stan-
dard bidirectional flux assay. The apparent permeability coefficient
(Papp) of both D-luciferin and CycLucl were measured in both apical-to-
basolateral (A-to-B) and basolateral-to-apical (B-to-A) directions using
MDCKII vector control cells and MDCKII-Berp overexpressing cells cul-
tured in a Transwell plate (Fig. 3A). With vector control cells, there were
no significant differences in the apparent permeabilities from apical to
basolateral compartment when compared with those from basolateral to
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apical compartment with either D-luciferin or CycLucl (N.S., P > 0.05).
However, the Papp from basolateral to apical compartments for both D-
luciferin and CycLucl were significantly higher in Bcrp-overexpressing
MDCKII cells than those from apical to basolateral compartments, indica-
tive of a possible role of Berp on the biodistribution of these compounds
(P < 0.05). The efflux ratios calculated for D-luciferin and CycLucl
were 2.74 and 2.48, respectively, which demonstrated that both com-
pounds were relatively weak (low affinity) substrates of the BBB efflux
transporter, Berp. To further confirm this result, the effects of Berp inhibi-
tor, Ko-143, was examined in MDCKII-Berp overexpressing cells. The
Papp from B-to-A were measured in the presence of varying concentra-
tions of Ko-143 from O to 100 uM. The results show that the B-to-A
Papp proportionally decreased for both D-luciferin and CycLucl with
increasing concentrations of the selective Berp inhibitor, Ko-143
(Fig. 3B). The B-to-A Papp were significantly less in the presence of an
inhibitor from that in the absence of an inhibitor (*P < 0.05).
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Fig. 4. Concentration-time profiles of D-luciferin (A) and CycLucl (B) in plasma and brain after a single intravenous dose (D-luciferin, 50 mg/kg; CycLucl, 20 mg/

kg) in WT and BKO FVB mice.

%20z ‘0z |11dy uo sjeuinor 134S Y e Bio's[eulno fidse’pwip woJy pepeojumoq


http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.121.000597/-/DC1
http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.121.000597/-/DC1
http://dmd.aspetjournals.org/

282

Kim et al.

TABLE 1

Summary of pharmacokinetic parameters and metrics after a single intravenous dose of either D-luciferin or CycLucl in WT and BKO FVB mice

D-luciferin CycLucl
Plasma Brain Plasma Brain

WT BKO WT BKO WT BKO WT BKO
ty> (min) 9.01 9.59 11.8 7.69 29.0 21.1 38.3 23.8
Dose (mg/kg) 50 50 — — 20 20 — —
AUC(_, (min-ug/mL) 1860 + 117 2608 + 139 (a) 9.03 £ 0.819 9.1 +1.97 (9) 607 +£25.2 810 + 106 () 1.84 = 0.199 2.80 + 0.298 ()
AUCy_,, (min-ug/mL) 1869 2653 9.19 9.20 610 815 1.87 297
Vd (mL/kg) 348 261 — — 3430 2684 — —
CL (mL/min/kg) 26.7 18.8 — — 82.0 61.3 — —
KP.brain — — 0.0049 0.0035 — — 0.0031 0.0036
fu 0.512 0.307 0.360 152
Kpuu,brain — — 0.0029 0.0021 — — 0.0013 0.0015
Distribution advantage — — 1 0.72 — — 1 12
“P < 0.05

AUC.,, area under the curve from zero to the time of last measured concentration; AUC, ., area under the curve from zero to time infinity; DA, distribution advantage, the ratio of
Kpknockout 10 Kpwr; fu, free fraction; Kp,prin, the ratio of AUCg_sc brain) 0 AUC 0_cc plasmay Using total drug concentrations; Kpyybrains the ratio of AUC o o brain) 10 AUC(0_oc plasma) USINg

free drug concentrations; t,, half-life; Vd, volume of distribution.

Comparison of Pharmacokinetic Parameters and Metrics of
D-luciferin and CycLucl in WT and BKO FVB Mice after a
Single Intravenous Dose. The plasma and brain concentration-time
profiles of D-luciferin and CycLucl were obtained in both WT and
BKO FVB mice after a single intravenous bolus administration (Fig. 4
A and B). Blood and brain were collected by serial sacrifice at 5 time
points up to 60 minutes for D-luciferin and 7 time points up to 180
minutes for CycLucl, based on their previously determined plasma
half-lives. The concentrations of both D-luciferin and CycLucl in the
BKO mice were higher at almost all time points when compared with
the concentrations in WT for both plasma and brain. The pharmacoki-
netic parameters and metrics of both D-luciferin and CycLucl were cal-
culated by NCA and are summarized in Table 1. The half-lives of D-
luciferin in WT and BKO were 9.0 and 9.6 minutes, respectively. The
half-lives of CycLucl in WT and BKO were 29.0 and 21.1 minutes,
respectively; 2-3 times longer than D-luciferin in both genotypes, where
the longer half-life of CycLucl may provide more consistent drug expo-
sure among tested animals during the process of imaging through a
more sustained systemic circulation at these tested doses. The volumes
of distribution (Vd) of D-luciferin in both WT and BKO were much
smaller (348 and 261 mL/kg in WT and BKO, respectively) than those
of CycLucl (3430 and 2684 mL/kg in WT and BKO, respectively).
The clearance (CL) of D-luciferin in WT (26.7 mL/min/kg) was higher
than that in BKO (18.8 mL/min/kg), which possibly could be due to

Organ concentrations
of D-luciferin (ng/gm)

Time (Minutes)

Organ concentrations
of CycLuc1 (ng/gm)

lack of efflux transporter in the elimination process of D-luciferin. Simi-
larly, the CL of CycLucl in WT (82 mL/min/kg) was higher than that
in BKO (61.3 mL/min/kg). As expected from the concentration-time
profiles, the areas under the curve (AUCs) from time zero to the last
time point of D-luciferin in the BKO plasma and BKO brain were sig-
nificantly higher than those in WT (plasma: 1860 minutes-ug/mL in
WT and 2608 minutes-ug/mL in BKO, *P < 0.05; brain: 9.19 minute-
ssug/mL in WT and 19.2 minutes-ug/mL in BKO, *P < 0.05).
CycLucl also showed results similar to D-luciferin, where the AUCs of
both plasma and brain in BKO were significantly higher than those in
WT (plasma: 607 minutes-ug/mL in WT and 810 minutes-xg/mL in
BKO, *P < 0.05; brain: 1.87 minutes-ug/mL in WT and 2.80 minute-
s-ug/mL in BKO, *P < 0.05). The partition coefficients of brain to
plasma for both luciferase substrates were calculated by the ratios of
AUCs from time zero to infinity in the brain to that in the plasma. For
both D-luciferin and Cyclucl, the partition coefficients in BKO were
slightly higher when compared with WT, but both values were extremely
low; i.e., about 0.5% for D-luciferin and 0.3% for CycLucl. The free
brain partition coefficient values were determined from the free fraction
obtained by using RED. The free brain partition coefficients of D-lucif-
erin and CycLucl in both WT and BKO were also lower than unity. The
calculated distribution advantages in BKO were less than 1.5 for both
D-luciferin and CycLucl, suggesting that the role of efflux transporter,
Berp, in the brain distribution of these compounds is limited.

Plasma
brain
Liver
Intestine
Kidney
Heart

bhash

Time (Minutes)

Fig. 5. Concentration-time profiles of D-luciferin (A) and CycLucl (B) in plasma and major tissues after a single intraperitoneal injection (D-luciferin, 150 mg/kg;

CycLucl, 20 mg/kg) in WT FVB mice.
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TABLE 2

Summary of pharmacokinetic parameters and metrics after a single intraperitoneal dose of either D-luciferin or CycLucl in WT FVB mice

D-luciferin CycLucl

Plasma Brain Plasma Brain
ty2 (min) 10.9 12.6 31.4 38.8
Dose (mg/kg) 150 — 20 —
AUC_, (min-ug/mL) 9784 1362 47.5 £7.17 339 +68.3 2.72 £0.221
AUC(_., (min-ug/mL) 9830 48.13 364 3.97
F (%) 176 — 60 —
Vd/F (mL/kg) 240 — 334 —
CL/F (mL/min/kg) 15.3 — 18.9 —
KP.brain — 0.0049 — 0.0109
fu 0.512 0.307 0.360 0.152
KPuu.brain — 0.0029 — 0.0046

AUC,_,, area under the curve from zero to the time of last measured concentration; AUC,_ . area under the curve from zero to time infinity; CL/F, apparent clearance; F, bioavailability;
fu, free fraction; Kp,prin (AUC ratio), the ratio of AUC(g_oc.brain) ©0 AUC (0 oo plasmay Using total drug concentrations; Kpyybrain (AUC ratio), the ratio of AUC(o_oc brain) 10 AUC(0-oc plasma)

using free drug concentrations; t;,, half life; Vd/F, apparent volume of distribution.

Pharmacokinetics and Tissue Distribution of D-luciferin and
CycLucl after a Single Intraperitoneal Dose Because most labora-
tories use intraperitoneal administration of luciferin substrates, the con-
centrations in plasma and major tissues (brain, liver, kidney, heart, and
intestine) over time were examined after a single intraperitoneal admin-
istration of either 150 mg/kg of D-luciferin or 20 mg/kg of CycLucl in
WT FVB mice (Fig. 5).

From the concentration-time profiles of plasma and brain, the elimi-
nation phase of D-luciferin has a monoexponential decline, whereas the
elimination phase of CycLucl has more of a biexponential decline.
Similar to the results from intravenous administration, the half-lives of
CycLucl in the plasma and the brain were about 3 times higher (Table
2, 31.4 minutes in the plasma and 38.8 minutes in the brain) than those
of D-luciferin (10.9 minutes in plasma and 12.6 minutes in brain). The
apparent volumes of distribution (Vd/F) were 240 and 334 mL/kg for
D-luciferin and CycLucl, respectively. The apparent clearances (CL/F)
of D-luciferin and CycLucl seem to be similar, 15.3 and 18.9 mL/min/
kg, respectively. The brain partition coefficients (Kp pr,in) of D-luciferin
and CycLucl were calculated by using the ratio of AUCs from time
zero to infinity, and those were 0.5% for D-luciferin and 1.1% for
CycLucl. Similar to the results after an intravenous bolus dosing, the
free brain partition coefficients were much lower than unity for both
D-luciferin and CycLucl.

Other tissue partition coefficients (Kps) were also calculated using the
AUGC:s of each tissue from the concentration-time profiles. The partition
coefficient was the highest in liver (10.3) for D-luciferin. On the con-
trary, for CycLucl, the kidney has the highest tissue partition coefficient
(7.5) (Table 3). The Kpprin values for both D-luciferin and CycLucl
were the lowest among all tissues analyzed and different from other tis-
sue Kps. Therefore, the distribution of both D-luciferin and CycLucl

was not restricted to the most peripheral tissues, except for the brain.
Influence of Coadministration of Transporter Inhibitors on

the Systemic Clearance and the Brain Partition Coefficients of
D-luciferin and CycLucl Efflux transporter inhibitors, Ko-143 (Berp
selective) or probenecid (nonselective organic acid transporters (OATS)

inhibitor), was coadministered with D-luciferin or CycLucl in WT
FVB mice to evaluate the role of selected efflux transporters on the
brain distribution of D-luciferin and CycLucl. Plasma and brain con-
centrations and brain-to-plasma ratios of D-luciferin and CycLucl after
a coadministration with either Ko-143 or probenecid are presented in
Fig. 6. The concentrations of D-luciferin and CycLucl in both plasma
and brain with the coadministration of Ko-143 were significantly
increased at 60 minutes, but not at 10 minutes after dosing when com-
pared with the D-luciferin/CycLucl only group (Fig. 6A). Importantly,
brain-to-plasma ratios did not differ with or without Ko-143 at each
time point (Fig. 6A, right). Similarly, the coadministration of probene-
cid with either D-luciferin or CycLucl significantly increased the con-
centrations of both compounds in the plasma at 60 minutes, but not at
10 minutes, after dosing (Fig. 6B), whereas the brain concentrations
were unaffected at each of these time-points. As a result, the brain-to-
plasma ratios of D-luciferin and CycLucl were significantly decreased
with a coadministration of probenecid due to a significant increase in
the plasma concentration at 60 minutes postdose. In conclusion, coad-
ministration of the Berp inhibitor and the inhibitor of OATSs with either
D-luciferin or CycLucl influenced the systemic clearance of these lucif-
erase substrates.

Discussion

BLI is a powerful noninvasive tool to determine the longitudinal
growth of a tumor located in deep tissues or organs in preclinical cancer
research (Lewis et al., 2002; Mook et al., 2003; Zeamari et al., 2004;
Lyons, 2005). It is the most common method of measuring tumor size
in orthotopic models and often used as a guide to determine drug effi-
cacy (Vassileva et al., 2008; Xi et al., 2012; Textor et al., 2014; Li
et al., 2018). However, there have been concerns and difficulties of
using BLI in brain tumor models, in part due to the limited brain deliv-
ery of luciferase substrate D-luciferin (Genevois et al., 2016). A syn-
thetic luciferase substrate, CycLucl, has recently been described and
has shown to produce a much stronger signal than D-luciferin from the

TABLE 3

The AUCs and calculated Kp of tissues after a single intraperitoneal dose of D-luciferin and CycLucl

Plasma Brain Heart Liver Kidney Intestine
D-luciferin AUCy_., (min-ug/mL) 9830 48 47,332 101,666 9687 11,335
Kp — 0.0049 4.82 10.3 0.985 1.15
CycLucl AUC_., (min-ug/mL) 364 3.97 9.38 458 2722 271
Kp — 0.0109 0.0258 1.26 7.48 0.745

AUC_, area under the curve from zero to time infinity; Kp (AUC ratio), the ratio of AUCg_ctissuc) t0 AUC(0_oc plasma) Using total drug concentrations.

%20z ‘0z |11dy uo sjeuinor 134S Y e Bio'sfeuuno fidse’pwip woJy pepeojumoq


http://dmd.aspetjournals.org/

284
A B

Plasma Concentrations

Brain concentrations

10000

=
o
=
©

=
o
o

=

Concentration in log scale (ng/ml)

Concentration in log scale (ng/gm)

D-luciferin CycLuc1 D-luciferin

o
m

Plasma Concentrations Brain concentrations

o
o
=2

1000000

100000

-
o
o

10000

1000

-
=3

100

10

Concentration in log scale (ng/ml)

Concentration in log scale (ng/gm)

D-luciferin D-luciferin

CyclLuc1

CycLuc1

CycLuct

Kim et al.

Cc

BJ/P ratio

Drug only 10 min
Drug+Ko-143 10 min
Drug only 60 min
Drug+Ko-143 60 min

Ogom

Brain to Plasma Ratio

D-luciferin CycLuct

B/P ratio

Drug only 10 min
Drug+Probenecid 10 min
Drug only 60 min
Drug+Probenecid 60 min

0eEOn

Brain to Plasma Ratio

D-luciferin

CycLuct

Fig. 6. Plasma and brain concentrations and brain-to-plasma ratios of D-luciferin (50 mg/kg) and CycLucl (10 mg/kg) at two time points in WT mice with a coadmi-

nistration of either 16 mg/kg of Ko-143 (A) or 150 mg/kg of probenecid (B).

brain at a dramatically lower dose (Evans et al., 2014). This novel BLI
agent has been reported to have a greater potency than D-luciferin,
based on its low Km for firefly luciferase (about 70-fold higher than D-
luciferin); however, the quantitative brain distribution and pharmacoki-
netic properties of CycLucl have not been investigated (Harwood et al.,
2011). The objective of the present study was to compare the biodistri-
bution of D-luciferin and CycLucl and understand the role of efflux
transporters on the distribution and pharmacokinetics of these luciferase
substrates and resultant efficacy as BLI agents in the brain. This study
shows that both D-luciferin and CycLucl are weak substrates of Berp.
However, the role of Berp on the brain distribution of both substrates is
limited based on our findings in both in vitro and in vivo experiments
using transporter transfected cell lines and transporter knockout mice. In
particular, this conclusion was drawn based on the concentrations of
both D-luciferin and CycLucl that were not inferred from the BLI sig-
nal intensity, but rather by direct quantitative measurement using a LC-
MS/MS assay to elucidate its delivery to the target area of imaging.

Comparison of BLI signal from using D-luciferin and CycLucl
showed that the light signal from luciferase transfected brain tumors
from CycLucl was significantly stronger (at practical and routine intra-
peritoneal doses) than the signal given by D-luciferin from tumors
growing in the brain. This difference between these luciferase substrates
was particularly important and highlighted by the fact that there was no
significant difference in imaging signal intensities from the same tumors
growing in the flank region, according to the crossover imaging results.
The stronger light signal in the brain with the use of CycLucl has been
reported in luciferase-expressing mice by Evans et al. However, this
study did not elucidate the reason for the stronger BLI signal from
CycLucl (Evans et al., 2014). It is possible that CycLucl, as speculated
by Evans et al., may have better accessibility or distribution to the brain
than D-luciferin. The similar BLI signal from the use of CycLucl or
D-luciferin in flank tumors is consistent with the lack of distributional
barrier in the peripheral region, such as flank tumor, as compared with
tumors placed in the brain.

Apparent permeabilities of both D-luciferin and CycLucl in vitro
were lower than 1 x 107® cm/s, which is a common lower limit that

indicates low intrinsic permeability (Artursson et al., 2001; Hubatsch
et al., 2007), from A-to-B direction by using in vitro experiments with
MDCKII wild-type and Berp overexpressing cell lines. Efflux ratios of
D-luciferin and CycLucl using MDCKII Berp overexpressing cells
indicate that Berp plays a role in the permeabilities of these luciferase
substrates, even though the change in permeability was minor when
compared with the underlying intrinsic permeability. Consistent with
the conclusion from the efflux ratios, the inhibition of Berp by Ko-143
decreases apparent permeabilities of both D-luciferin and CycLucl
from basolateral to apical compartment. However, even though the
same concentration of Ko-143 decreases the permeability of D-luciferin
more than that of CycLucl (1.7-fold decrease in D-luciferin, 1.1-fold
decrease in CycLucl with 0.01 pM of Ko-143 compared with the
absence of an inhibitor), both reductions were not substantial, yet statis-
tically significant (*P < 0.05). Interestingly, the transcellular permeabil-
ities of both D-luciferin and CycLucl were found to be extremely low
based on the results from in vitro cell uptake assays (results not shown),
consistent with a previous report using D-luciferin (Lee et al., 2003).
Therefore, the major distributional mechanism of D-luciferin and
CycLucl to the organs and tissues is likely through a paracellular path-
way of transport (similar to other hydrophilic compounds) and not a
transcellular pathway affected by active transport. This is likely a pri-
mary reason why these compounds lack significant distribution into the
brain and not peripheral organs and tissues (Fig. 5 and Table 3) because
the paracellular pathway of molecular transport is extremely limited at
the BBB, mainly due to the high expression of tight and adherent junc-
tions confirmed by a high electrical resistance (Butt et al., 1990). Berp,
expressed on the luminal side of brain endothelial cells, transports com-
pounds from inside the brain capillary endothelial cells or from within
the lipid bilayer of luminal cell membrane (Kubo et al., 2015). These
findings may explain why Berp has a limited role in the distribution of
both D-luciferin and CycLucl to the brain. Moreover, since polar com-
pounds like D-luciferin and CycLucl have a low intrinsic permeability,
the substrate concentration accessible to the transporter will be limited,
and in conjunction with a low transporter affinity for each compound,
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the Berp-mediated transport rate could be low irrespective of the trans-
port capacity across the BBB.

In vivo experiments using WT and BKO FVB mice showed the lim-
ited role of Berp at the BBB on the brain distribution of D-luciferin and
CycLucl. The brain partition coefficients of D-luciferin and CycLucl in
BKO did not show significant changes from those in WT. However, the
AUCs of both plasma and brain concentrations for D-luciferin and
CycLucl were significantly higher in BKO when compared with WT.
The genetic deletion of Berp changed the overall systemic exposure to
D-luciferin and CycLucl by decreasing the systemic clearances (Table
1). It has been reported that D-luciferin is eliminated mainly by kidney
and hepato-biliary system, based on the biodistribution of radiolabeled
D-luciferin (Lee et al., 2003; Berger et al., 2008). Therefore, the results
from BKO and WT indicate that Berp plays a significant role in how
the kidney and liver eliminate luciferin, likely through active secretory
processes at the kidney tubule and bile canaliculus, but not in the distri-
bution to the brain. There can be several possible reasons to explain
why the lack of Berp does not change the brain partition coefficient in
mice. First, there may be other efflux transporters besides Bcrp, possibly
multidrug resistance-associated proteins or OATs known to transport
organic anions. It has been reported that D-luciferin is a substrate of
MRP4 (Cheung et al., 2015). Considering that both D-luciferin and
CycLycl have a carboxylic acid group, which has an anionic charge at
physiologic pH, thus OATs may be involved in the brain distribution of
these luciferase substrates at the BBB. Either multidrug resistance-asso-
ciated proteins and/or OATs, given the results of the probenecid inhibi-
tion studies (Fig. 6B), are involved in the elimination of both D-
luciferin and CycLucl, even though inhibition of OAT by probenecid
does not lead to an increase in brain partition coefficients. Second, upon
examining the results of the Ko-143 inhibition studies, the role of Berp
may be limited in this case, especially at the BBB, due to low intrinsic
permeability of the substrates to cross the BBB, as outlined above by
the in vitro permeability experiments. Intrinsic permeability, driven by
diffusion, may consist of a transcellular pathway and a paracellular
pathway of molecular transport. As previously mentioned, the transcel-
lular diffusive pathway minimally contributes to the overall molecular
transport for the polar substrates, D-luciferin and CycLucl. Due to of
the restricted paracellular transport at the BBB due to the presence of
intact tight junctions, transport of polar molecules, such as D-luciferin
and CycLucl, into the brain is expected to be limited. Therefore, overall
permeabilities of D-luciferin and CycLucl across the BBB are
extremely low regardless of the activity of Berp. This is consistent with
the general understanding that substrates of active efflux transporters are
mostly lipophilic compounds (Golden and Pollack, 2003). Hydrophilic
compounds like D-luciferin and CycLucl are reported to be less influ-
enced by active efflux transporters (Abbott, 2013). On the other hand,
the activity of Berp becomes more pronounced in the eliminating organs
(kidney and liver), because permeabilities are great enough to allow the
substrates ready access to the transporter, and as such the efflux activity
of Berp is important. Moreover, the activity of Berp is reported to be
dependent on the pH by changing the effective ionization state of its
substrates (Li et al., 2011). The ionization of carboxylic acid on D-lucif-
erin and CycLucl at physiologic pH influences the activity of Bcrp on
these substrates. Similar phenomena have been observed with metho-
trexate, pemetrexed, and fluorescein, which are all hydrophilic com-
pounds with low permeabilities (Sun et al., 2001; Li et al., 2013; Sane
et al., 2014). Methotrexate is a hydrophilic compound with low XLogP
of —1.8 and a substrate of Berp (Sane et al., 2014), and its apparent per-
meability is reported to be 1.2 x 107° cm/s in Caco-2 cells, which is
similar to D-luciferin and CycLucl (Yee, 1997). According to Sane
et al., the absence of Berp in Abcg2 ™™ mice increases both the plasma
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and brain exposure of methotrexate, which results in a minor (statisti-
cally not significant) increase in brain to plasma ratios. Interestingly,
methotrexate is a substrate of both Berp and MRP4, so there was a sta-
tistically significant increase in Kp,pmin With double knockout mice that
lack both Berp and MRP4, but the result was only two-fold higher.
Therefore, it is also possible that other efflux transporters are involved
in the brain distribution of D-luciferin and CycLucl, as in the example
of methotrexate.

D-luciferin has been previously reported to be a substrate of Bcrp
(Zhang et al., 2007; Bakhsheshian et al., 2013). Bakhsheshian et al.,
have shown that coadministration of the Bcrp inhibitor, Ko-143,
increased the BLI output from the brain in mice without significant
changes in the concentration of D-luciferin in plasma at 10 minutes after
dosing (Bakhsheshian et al., 2013). The results from the current study
are not fully consistent with the conclusions of Bakhsheshain et al.,
since the coadministration of Ko-143 was not able to significantly
increase the concentration of D-luciferin in the brain at 10 minutes after
the dosing with the same dose and dosing schedule as used by Bakhshe-
shian et al. However, there was a significant increase in both plasma
and brain concentrations of D-luciferin at 60 minutes after the dosing,
even though the brain-to-plasma ratios of the inhibitor treated group
were not significantly different from the ones of the luciferase substrate
only group (Fig. 6). These results prompted us to ask what would be
the reasons that may lead to a discrepancy between these two experi-
ments. The only difference between these experiments is the method of
“estimating” the D-luciferin concentrations in the brain and plasma
specimens. The concentrations of both D-luciferin and CycLucl were
determined by LC-MS/MS in the present study. In Bakhsheshian et al.,
the concentrations of D-luciferin in the brain and plasma were assumed
to be directly proportional to the measured BLI light intensity (Bakhshe-
shian et al., 2013). As discussed earlier, the intensity of light signal can
be affected by several factors other than the concentration of substrate
itself (Fig. 1). Moreover, the intensity of BLI light signal that is the
product of enzyme reaction does not always have a direct linear correla-
tion with the concentration of substrates. According to the Michaelis-
Menten kinetics on the enzyme reaction, small changes in the substrate
concentration can be resulted in large changes in the response depend-
ing on the affinity of enzyme to a substrate. Therefore, a direct correla-
tion may not adequately describe the relationship between the light
signal intensity and the concentration of D-luciferin. Even though both
D-luciferin and CycLucl are undoubtedly substrates of Bcrp, the ques-
tion arises whether the use of Berp inhibitors can substantially modulate
the brain distribution of these luciferase substrates. Consistent with the
results from BKO mice, the role of the efflux transporter Berp at the
BBB is limited, due to its low intrinsic permeability across the BBB
from the beginning. Therefore, the inhibition of Berp increased the sys-
temic exposure and, as such, increased the driving force for distribution
to the brain of these compounds, a result not necessarily due to the role
of efflux transporters, such as Berp, at the BBB.

Unlike D-luciferin, there is limited data available regarding the bio-
distribution and substrate status of CycLucl to understand the mecha-
nism of enhanced light emission (Evans et al., 2014). There was
speculation that the brain distribution and intrinsic permeability of
CycLucl would be better than D-luciferin, based on the higher XLogP
value of CycLucl when compared with D-luciferin. However, the cur-
rent study has clarified that the biodistribution, especially the brain dis-
tribution, of both D-luciferin and CycLucl are similar. Moreover, both
compounds are weak substrates of Berp. The reason that CycLucl does
not have any advantage on the permeability and brain distribution over
D-luciferin is likely due to a free carboxylate of both compounds, which
is ionized at physiologic pH, thus resulting in the similar cLogD. The
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presence of ionized carboxylate is required to be a substrate of fLuc, but
it is a major limiting factor for cell permeability and brain penetration.
There has been an interesting study of making a prodrug of luciferin to
avoid the problem with carboxylic acid (Mofford and Miller, 2015).
Mofford et al. have reported that luciferin amides improve brain BLI in
live mice over their parent luciferins. The current study, combined with
the previous findings, provide possible explanations on why CycLucl
has a more robust BLI signal and how it can be further improved.

In summary, the present study examined the pharmacokinetics, brain
distribution, and the role of active efflux transporters on luciferase sub-
strates D-luciferin and CycLucl. The results showed the distributional
factors influencing the BLI signal, which are related to the brain distri-
bution of the substrates. Even though D-luciferin and CycLucl have
similar physicochemical properties, CycLucl would be a better sub-
strate of firefly luciferase for imaging intracranial tumors, mainly due to
its superior affinity to firefly luciferase and intrinsic enhanced relative
quantum Yyield (Reddy et al., 2010). The current paper suggests that the
role of Berp is limited on the brain distribution of both D-luciferin and
CycLucl, in part because these luciferase substrates are only weak sub-
strates of Berp and that superior imaging outcome from the use of
CycLucl are driven by other intrinsic and pharmacokinetic properties.
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Figure S1. The intensity of BLI light signal from D-luciferin and CycLuc1 with
different orders of cross-over imaging with GBM6 implanted on the different

locations, flank and brain.
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Figure S2. Concentration of D-luciferin (A and B) and CycLuc1 (C and D) measured
by LC-MS/MS in and around the brain tumor following a single intraperitoneal dose of
150 mg/kg D-luciferin and 5 mg/kg CycLuc1. Tissues were harvested at 10 min post

dosing.



Table S1

Summary of physicochemical properties of D-luciferin and CycLuc1

D-luciferin CycLucl
COOH COOH
N Nj/ (‘EEN Nj
R ' ) o

Structure i U’CES>_<S N S>_<S
Molecular Weight' 280.32 305.37
XLogP! 0.9 2.6
Hydrogen bond donor count’ 2 2
Hydrogen bond acceptor count! 7 7
Polar surface area (A2)’ 129 128
Emmission wavelength (nm)? 553 603
Km (uM)’ 6.76+0.3 0.1+0.01

'Pubchem (https://pubchem.ncbi.nlm.nih.gov/)
“Harwood, Katryn R., et al. “Identification of mutant firefly luciferases that efficiently utilize animoluciferins.”
Chemistry & biology 18.12 (2011): 1649-1657.



