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P-glycoprotein (P-gp, MDR1) is expressed at the blood-brain barrier (BBB) and re-
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MDR1 assays are frequently used to predict the in vivo relevance of MDR1-mediated

efflux ratios (ERs) display poor CNS penetration. Following a comparison of MDR1
Funding information transporter function between the MDR1-MDCKI cell line from National Institutes of
Vertex Pharmaceuticals Health (NIH) and our internal MDR1-MDCKII cell line, the former was found to pro-
vide better predictions of in vivo brain penetration than our in-house MDR1-MDCKI|
cell line. In particular, the NIH MDR1 assay has an improved sensitivity to differentiate
the compounds with ERs of <3 in our internal cell line and is able to reduce the risk of
false negatives. A better correlation between NIH MDR1 ERs and brain penetration
in rat and non-human primate (NHP) was demonstrated. Additionally, a comparison
of brain penetration time course of MDR1 substrates and an MDR1 non-substrate in
NHP demonstrated that MDR1 interaction can delay the time to equilibrium of drug
concentration in the brain with plasma. It is recommended to select highly perme-
able compounds without MDR1 interaction for rapid brain penetration to produce the

maximal pharmacological effect in the CNS with a quicker onset.
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1 | INTRODUCTION

The blood-brain barrier (BBB) is a physiological barrier formed
by brain capillary endothelial cells with tight junctions,l'2 which
restricts penetration of compounds into the brain. Brain pene-
tration is essential for compounds with the site of action in the
central nervous system (CNS), whereas for compounds that target
peripheral sites, BBB penetration may need to be minimized to
reduce potential CNS-related side effects. Therefore, it is critical
to design and select compounds with appropriate brain penetra-
tion properties for drug targets that reside within or outside the
CNS during the drug discovery phase. The kinetics of brain drug
penetration consists of two aspects: the extent of drug distribu-
tion to the brain (vs. blood) at equilibrium and the time required
to achieve brain distribution equilibrium. The extent of brain dis-
tribution at equilibrium is often quantified by the brain-to-plasma
partitioning coefficient or concentration ratio based on either
total or unbound drug concentrations at steady state (Kp and
Kp,uu).3~° Because only the unbound drug is expected to bind to
the target®’ and produce therapeutic effects, the brain-to-plasma
Kp,uu is considered more pharmacologically relevant and widely
used to describe the extent of brain penetration. It is well known
that brain-to-plasma Kp,uu depends on the contribution of uptake
and efflux transporters to drug transport at the BBB.® If no drug
transporters contribute significantly to brain penetration, free
drug concentration of non-acids in the brain should theoretically
be equal to the free drug concentration in plasma at steady state,
and the brain-to-plasma Kp,uu should be 1.

P-glycoprotein (P-gp, MDR1, ABCB1) is an important efflux
drug transporter that is highly expressed at the BBB and functions
to actively efflux compounds out of the brain, thereby limiting the
extent of CNS drug penetration. The fact that very few marketed
CNS drugs are substrates of human MDR1 transporter highlights its
important role in CNS drug penetration.(’*10 However, prediction of
human brain penetration for substrates of MDR1 using preclinical
models is challenging because of the throughput, cost, and potential
species differences in transporter affinity and expression.“‘12 Thus,
itis desirable to develop a robust and high throughput human MDR1
transporter assay to rapidly deselect MDR1 substrates during CNS
drug discovery and development. Literature data have suggested a
good in vitro to in vivo correlation (IVIVC) with the MDR1 assay and
demonstrated that in vitro MDR1 substrate assays can help quan-
titatively predict the extent of CNS penetration of drug candidates
and guide chemistry SAR to minimize the liability of MDR1 interac-
tion.1913-15 Therefore, development of an in vitro MDR1 transporter
assay with a high fidelity to characterize compound interactions with
MDR1 is crucial to understand the impact of MDR1 efflux transport-
ers on CNS penetration and help quantitatively predict CNS pene-
tration in vivo.

Our current MDR1-MDCKII cells were developed internally
previously, and the MDR1 assay had been validated with the well-
established MDR1 substrates, for example, quinidine and ver-
apamil. The current MDR1-MDCKII cells had been used to support

multiple projects, but we recently discovered that the current
MDR1 assay was not able to differentiate compounds with MDR1
efflux ratios (ERs) of <3. As a result, compounds with MDR1 ERs
of <3 could have a high or a low CNS penetration in rat brain-to-
plasma Kp,uu studies. Therefore, the correlation between in vitro
MDR1 assay and in vivo rat brain penetration was suboptimal.
In order to develop a higher resolution in vitro MDR1 assay to
support drug discovery efforts, an MDR1-MDCKI cell line from
National Institutes of Health (NIH) laboratories was validated and
compared with our current MDR1-MDCKII cell line. A set of inter-
nal compounds from Vertex projects with available brain penetra-
tion data in rats and non-human primates (NHPs), was identified
to provide relevant in vivo context for the interpretation of the in
vitro MDR1 assay. The data from the in vitro MDR1 assay were
compared with brain exposure in rats and NHPs to assess the
correlation between the in vitro MDR1 assay and in vivo brain
penetration.

Although the extent of brain penetration or achievement of
high brain Kp,uu is the most important attribute for compounds
targeting the CNS, the time to reach distribution equilibrium in
the brain could be another vital property when time to onset of
pharmacological action is important. Many diseases, such as acute
pain,'® hypnosis,!” status epilepticus,*® and stroke,'? require com-
pounds to have a fast CNS penetration to enable rapid onset of
action. Previous studies have suggested that high passive perme-
ability is required for a fast brain penetration.®2%2! In addition to
passive permeability at the BBB, it is valuable to evaluate the ef-
fect of P-gp efflux on the time to reach brain equilibrium, which
could help develop strategies to select rapidly brain-penetrant
compounds in CNS drug discovery.

The main goal of our studies was to evaluate the performance of
in vitro human MDR1 assays so that appropriate strategies can be
deployed for profiling new chemical entities with MDR1 interactions
in relation to their distribution in the CNS. Additional insights were
obtained regarding the impact of MDR1 efflux on the time for brain
concentration to reach equilibrium with plasma concentration. The
learnings can help develop strategies for discovery of optimal CNS-

penetrant drugs.

2 | MATERIALS AND METHODS

2.1 | Materials

The human MDRI1-transfected MDCKII cell line (MDR1-MDCKII)
was generated at Vertex Pharmaceuticals, and the human MDR1-
transfected MDCKI cell line (MDR1-MDCKI) was obtained from
NIH Laboratory. MDR1-MDCKII and MDCKII cells were cultured
in media consisting of Dulbecco's Modified Eagle's Media (low glu-
cose), 25 mM HEPES, 10% fetal bovine serum, 1% non-essential
amino acids, and 100 units/ml penicillin/streptomycin at 37°C, 5%
CO, and 85% relative humidity. MDR1-MDCKI cells were cultured
in media consisting of Dulbecco's Modified Eagle's Media (high
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glucose), 10% fetal bovine serum, 5 mM L-glutamine, 80 ng/ml col-
chicine, and 50 units/mL penicillin/streptomycin at 37°C, 5% CO,
and 85% relative humidity.

2.2 | Transporter transwell assays

A high-throughput, 96-well transwell assay method similar to that
described previously'® was used. On day 1, MDR1-MDCKI, MDR1-
MDCKII and MDCKII cells were seeded at a density of 60 000 cells/
cm? onto Corning (Corning, NY) 96-well cell culture plates (1 um pore
size, 0.143 cm? growth areas). The cell monolayers were cultured
at 37°C, 5% CO, and 85% relative humidity. The assays were per-
formed on day 4.

Monolayer integrity, positive controls, and recovery were rou-
tinely measured to make sure that data were reportable. Lucifer
Yellow A-B transport was less than 2% in every experiment to en-
sure monolayer integrity. The high permeability control was metop-
rolol and the positive control for MDR1 was quinidine. All data for
controls were within the acceptable range before the data were re-

ported. Recovery was above 70% in every experiment.

2.3 | Transwell assay procedures

All transwell assays were performed in HBSS buffer. To increase re-
covery of compounds with high nonspecific binding, 0.1% BSA was
added to the receiver chamber. Transwell assays were performed at
1 uM concentration of compounds (2100 uM stock solutions diluted
into buffer). Transporter studies started by adding compound solu-
tions into donor chambers and measuring appearance of compounds
in receiver chambers after 90 min. Before incubation, donor samples
at O min were collected. After 90 min of incubation, samples were
collected for both donor and receiver chambers. Post-experimental
incubation of lucifer yellow (100 uM, A-B transport) was carried out
to confirm the integrity of the cell monolayer during incubation of

test compounds.

2.4 | Transwell data analysis

The methods similar to that reported previously'® were used to de-
termine compound apparent permeability (Papp) values for transwell
studies. Papp values of the test compounds were determined using

the following equation:
Papp = (dQ/dt) / (A X CO) ,

where dQ/dt is the rate of appearance of the test compounds in
the receiver compartment, A is the surface area of the membrane
(0.143 cm?), C, is the initial concentration (at O min) of test compounds
in donor chamber.

The ER was calculated by the following equation:

N 30f12
NOPET (6 s 22

Effluxratio = (P,,0 8-A/Papp. A-B) -

2.5 | Ratbrain-to-plasma Kp,uu experiment

All animal studies were conducted in accordance with the animal
care and use procedures approved by Vertex IACUC. Male Sprague
Dawley rats (Charles River Laboratories, Hollister) were allowed ac-
cess to food and water ad libitum and were administered compounds
via oral gavage at 3 to 30 mg/kg depending on compound clearance
and oral bioavailability to achieve sufficient systemic exposure. At
1-4 h (T .
taining K,EDTA, centrifuged, and plasma was collected and stored at

) post dose, blood (~ 0.3 ml) was collected into tubes con-

approximately -80°C prior to bioanalysis. The rats were anesthetized,
and the organs were systemically perfused; brain tissues were re-

moved, weighed, and stored at approximately -80°C prior to analysis.

2.6 | NHP brain-to-plasma and CSF-to-plasma
Kp,uu experiment

All NHP brain and CSF Kpuu studies were performed using animals
already assigned for termination. Compounds were administered ei-
ther individually or as a cassette of three compounds to three or four
cynomolgus monkeys via oral gavage at a dose volume of 5 ml/kg. At
2-4 h (~T ..

tubes containing K,EDTA and then centrifuged to obtain plasma. CSF

) post-dose, blood was collected via a femoral vein into

was collected from the lumbar spinal region following euthanasia. The
brain was excised, rinsed with saline and blotted dry as appropriate,
weighed, and frozen at approximately -80°C until analysis.

2.7 | NHP brain-to-plasma and CSF-to-plasma
Kp,uu time course experiment

NHP brain-to-plasma Kp,uu studies were performed using NHPs
already assigned for termination. Three compounds (antipyrine,
Vertex proprietary compounds A and B) were co-formulated in 10%
captisol in sterile water and were administered intravenously as a
15 min infusion via a saphenous or cephalic vein to a total of six cyn-
omolgus monkeys. Blood, CSF, and brain were collected from 2 ani-
mals/time point at approximately 17, 30, and 60 min after the start
of the infusion. Blood was taken from the vena cava into tubes con-
taining K,EDTA and was centrifuged to obtain plasma. The CSF and

brain were collected using the similar procedure as described earlier.

2.8 | Plasma protein binding and brain
tissue binding

The methods similar to that reported previously were used to meas-
ure plasma protein binding and tissue binding.?? A Rapid Equilibrium
Device (RED) (Thermo Fisher Scientific) was used for free fraction
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determination in plasma and tissue homogenates. On the day of the
experiment, brains were homogenized with an Omni TH Handheld
tissue homogenizer in PBS at a 1:3 ratio (weight:volume). 200 pl ali-
quots of brain homogenates and plasma samples were loaded into
RED device (donor or red side), and 350 ul of PBS was loaded in the
receiver or white side. The RED device was agitated gently on a
shaking platform at 150 rpm in a CO, incubator (5% CO,) for 18 h at
37°C with saturating humidity. After 18 h of incubation, 20 pl sam-
ples from the plasma and buffer side of each RED well were added
into an equal amount of the opposite blank matrix. The samples were
mixed with 300 pl of internal standard solution in acetonitrile to pre-
cipitate proteins. The samples were then vortexed and centrifuged,

and the supernatants were injected for LC-MS/MS analysis.

Calculation of the fraction unbound: F,, = (A¢ce 18n /Atotal.18h)

Afree,lS h
=Peak arearatio of analyte to internal standard in dialysis buffer in

receiver chamber following 18 h of incubation,

Atotal,lS h

=Peak arearatio of analyte to internal standard in the donor chamber

following 18 h of incubation.

If dilution was involved, the following formula was used for cal-

culating fraction unbound F from F .

1/D
Fp=—r—"—"7—

[1/Fy-1] +1/D
where D = dilution factor (e.g., 4 for brain homogenate in this study);

F, = Fraction unbound in diluted matrix

2.9 | Sample analysis by LC-MS/MS

LC-MS/MS was used for the analysis of transporter study sam-
ples and determination of plasma, CSF and brain concentrations.
Agilent 1200 Infinity HTS series HPLC binary pumps coupled with
CTC. Analytics PAL (LEAP) autosamplers interfaced with Applied
Biosystems Sciex API 4500 or 5500 QTrap mass spectrometers were
used for LC-MS/MS analysis of transporter study samples. The LC
separation was carried out on a Bona-Agela (Wilmington, DE) Unisol
C18 reversed-phase HPLC column (2.1 x 30 mm, 5 um). The mobile
phase A was 10 mM ammonium acetate aqueous solution (pH 4.0),
and the mobile phase B was 50:50 (v/v) acetonitrile-methanol. The
eluting gradient was 0 to 99% B from 0.0 to 0.5 min at flow rate of
1.0 ml/min, 99% B from 0.5 to 0.9 min at flow rate of 1.0 ml/min,
99% B from 0.91 to 1.0 min at flow rate of 1.8 ml/min, 0% B from
1.01 to 1.08 min at flow rate of 1.8 ml/min, and 0% B from 1.09
to 1.1 min at flow rate of 1.0 ml/min. Multiple reaction monitoring
MS/MS was used to measure test compounds and internal standard
simultaneously.

The brain was homogenized with PBS (1:3 weight:volume) be-
fore analysis. Plasma, CSF, and brain homogenates were protein-
precipitated with organic solvents, and the supernatant was
analyzed by LC-MS/MS against standard curves as described below.

Compound solid was dissolved in DMSO to obtain a 1 mg/ml
stock, and the spiking solutions were prepared with serial dilutions.
Rat or monkey plasma calibration standards and quality control
(QC) samples were prepared by adding 10 ul of the compound spik-
ing solutions into 390 ul of plasma to the achieve desired dynamic
ranges. 20 pl of plasma or CSF or brain homogenates were aliquoted;
matrix differences were compensated with blank plasma, blank CSF
or blank brain homogenates accordingly, then protein-precipitated
with 480 pl of internal standard solution containing 10.0 ng/ml of
VRT-125070 in 0.1% formic acid:acetonitrile:methanol (20:40:40).
The samples were thoroughly mixed before centrifugation at 12
000 rpm for 10 min to obtain supernatant for LC/MS/MS analysis.
10 pl of the supernatant was injected using the CTC PAL autosam-
pler. The LC system consisted of Shimadzu LC with mobile phases
of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile
(B), and a Phenomenex Synergy C8 (3u, 30 mm x 2 mm) column. The
flow rate was 0.5 ml/min, with a generic gradient (the initial gradient
starting at 10% B, and increasing in linear fashion to 90% B from 0.5
to 2 min). Multiple reaction monitoring was performed using Applied
Biosystems (Foster City, CA) Sciex APl 4000 or 5000 mass spec-
trometers for compound and internal standard measurements.

All authors consciously assure that the following are fulfilled: (1)
This material is the authors’ own original work, which has not been
previously published elsewhere. (2) The paper is not currently being
considered for publication elsewhere. (3) The paper reflects the au-
thors’ own research and analysis in a truthful and complete man-
ner. (4) The paper properly credits the meaningful contributions of
co-authors. (5) The results are appropriately placed in the context
of prior and existing research. (6) All sources used are properly dis-
closed (correct citation). (7) All authors have been personally and
actively involved in substantial work leading to the paper and will
take public responsibility for its content.

3 | RESULTS

3.1 | Functional comparison between our current
MDR1-MDCKII cell line and the MDR1-MDCKI cell
line from NIH laboratories

Recently, we discovered that our internal MDR1-MDCKII assay did
not have the resolution to differentiate compounds with MDR1 ERs
of <3. As such, we have been striving to identify an improved MDR1
cell line which can better differentiate compounds with ERs of <3. A
set of ~70 proprietary compounds from discovery projects with ERs
of <3 in our current MDR1 assay was selected to compare the func-
tional MDR1 activity between our existing MDR1-MDCKII cell line
and an alternative MDR1-MDCKI cell line from the NIH laboratories.
Figure 1 shows the comparison of ERs in two cell lines for this set of
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Correlation between MDR1 assay and

A set of proprietary compounds with brain-to-plasma Kp,uu data in
rats was selected to compare the correlation with the ERs generated
from our internal MDR1-MDCKII cells or the MDR1-MDCKI cells
from NIH (Figure 3). Based on internal validation using the reported
positive and negative controls of MDR1 substrates in literature, an
ER of 3 was determined as the cutoff to classify MDR1 substrates in
both internal MDR1 and the NIH MDR1 assays. Similarly, a brain-to-
plasma Kp,uu of greater than 0.5 was identified as a cutoff to classify
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FIGURE 1 Comparison of efflux ratios (ERs) between NIH
MDR1-MDCKI and our current MDR1-MDCKII for a set of
compounds from discovery projects with ERs < 3. ER of 3 is used as
the cutoff to classify MDR1 substrates in both NIH MDR1-MDCKI
cells and our current MDR1-MDCKII cells. ER equals to B_A Papp
(n = 3) divided by A_B Papp (n = 3) in different cell lines
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FIGURE 2 Comparison of efflux ratios between NIH MDR1-
MDCKI and our current MDR1-MDCKII for a set of compounds
from discovery projects with efflux ratios >3. Efflux ratio of 3 is
used as the cutoff to classify MDR1 substrates in both NIH MDR1-
MDCKI cells and our current MDR1-MDCKI! cells. Efflux ratio
equals to B_A Papp (n = 3) divided by A_B Papp (n = 3) in different
cell lines

compounds. The data in Figure 1 clearly indicated that over the ER
range of 1 to 3 in our current MDR1 assay, the NIH MDR1 cell line
demonstrated a substantially greater dynamic range, with ERs rang-
ing from 1 to ~30. Interestingly, for compounds with ERs of >3 in
our existing MDR1 assay, the ERs generated from the two cell lines
were aligned with each other, but ERs from NIH MDR1 were mostly
higher than ERs from our current MDR1 assay (Figure 2). These data
suggest that NIH MDR1 assay has higher MDR1 efflux activity, is
more sensitive, and provides higher resolution for differentiating
compounds with MDR1 ERs of <3 in our current assay.

compounds as freely CNS penetrant versus those with impaired CNS
penetration due to efflux transport. Figure 3 shows the correlation
between MDR1 ERs from our internal cell line and those from the
NIH cell line with brain Kp,uu in rats. For our internal MDR1 cell
line, all compounds are in quadrants 2, 3, and 4, whereas, for NIH
MDR1 cell line, all compounds are in quadrants 2 and 4 except the
one compound which is in quadrant 3. The data indicate that when
ERs from two cells lines were higher than the cutoff of 3, the brain
Kp,uu values in rats were lower than 0.5. Thus, when compounds
were identified as MDR1 substrates in vitro, they exhibited impaired
CNS penetration in rats, as expected. Interestingly, 14 out of 21
compounds with ERs <3 from our existing MDR1 assay exhibited
brain Kp,uu values lower than 0.5 suggesting that some compounds
classified as MDR1 non-substrates in our current in vitro MDR1
assay could have impaired brain penetration. Consequently, our cur-
rent MDR1 assay could generate false negatives as efflux substrates.
In contrast to our internal MDR1 cell line, NIH MDR1 ERs correlated
with brain Kp,uu in rats much better. This was due to the fact that a
fraction of the compounds with ERs of <3 in our current MDR1 assay
shifted to ERs of >3 in the NIH MDR1 assay. Therefore, the potential
false negatives generated from our internal MDR1 assay were con-
firmed to be positive in the NIH MDR1 assay, and this aligned with
the impaired brain penetration in rats. These data indicate that the
NIH MDR1 assay provides a greater differentiation and resolution to
identify MDR1 substrates compared with our current MDR1 assay.

3.3 | Correlation between MDR1 efflux ratios
with CSF-to-plasma Kp,uu and brain-to-plasma Kp,uu
in non-human primates

Because of ethical and practical constraints, it is not feasible to ac-
quire NHP brain Kp,uu data for a large set of compounds. Because
CSF is considered a surrogate of unbound brain concentration, a set
of 27 proprietary compounds with available CSF Kp,uu data in NHP
was selected to compare MDR1 transporter function between our
internal MDR1 cell line and the NIH MDR1 cell line (Figure 4). For
compounds with ERs of <3 or ERs of 3-5 in our internal MDR1 assay,
CSF Kp,uu values in NHPs ranged from 0.2 to slightly higher than 1,
with no apparent correlation between the two. In contrast, the NIH
MDR1 assay was able to better resolve compounds, and the range
of NIH MDR1 ERs for the same set of compounds was expanded
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FIGURE 3 Correlation between rat brain-to-plasma Kp,uu and efflux ratios from our current MDR1-MDCKII and NIH MDR1-MDCKI for a
set of compounds from discovery projects. Brain-to-plasma Kp,uu of 0.5 is used as a cutoff for brain penetration, and efflux ratio of 3 is used
as the cutoff to classify MDR1 substrates in both NIH MDR1-MDCKI cells and the current MDR1-MDCKII cells. Efflux ratio equals to B_A

Papp (n = 3) divided by A_B Papp (n = 3) in different cell lines. Quadran 1 is upper right, quadrant 2 is upper left, quadrant 3 is lower left, and
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from 1 to nearly 40, and displayed an inverse correlation with CSF
Kp,uu in NHP. None of the compounds with ERs of <3 in the NIH
MDR1 assay exhibited any appreciable impairment of CNS penetra-
tion based on CSF Kp,uu in NHP, whereas compounds with impaired
CNS penetration (NHP CSF Kp,uu <0.5) had NIH MDR1 ERs of >3.

Certainly, it is more valuable to establish a correlation between
MDR1 ERs with brain-to-plasma Kp,uu in NHPs. Although more lim-
ited in scope, we obtained NHP brain Kp,uu values for a subset of
10 compounds (9 proprietary compounds and antipyrine) (Table 1),
which showed a good correlation with NIH MDR1 ERs (Figure 5).
Compounds with NIH MDR1 ERs of <3 exhibited an NHP brain Kp,uu
of near unity, whereas those with NIH MDR1 ERs of >3 showed an
inverse correlation of brain Kp,uu with increasing ER.

Additionally, it is of interest to understand the potential spe-
cies difference in CNS penetration between rat and NHP. Hence,
the brain penetration of this set of compounds, including seven
MDR1 substrates and three non-MDR1 substrates, in NHPs was
compared with rats (Figure 6). As expected, both rat and NHP

FIGURE 4 Correlation between non-
human primate CSF-to-plasma Kp,uu and
efflux ratios from our current MDR1-
MDCKII and NIH MDR1-MDCKI for a set
of compounds from discovery projects.
CSF-to-plasma Kp,uu of 0.5 is used as a
cutoff for brain penetration, and efflux
ratio of 3 is used as the cutoff to classify
MDR1 substrates in both NIH MDR1-
MDCKI cells and the current MDR1-
MDCKII cells. Efflux ratio equals to B_A
Papp (n = 3) divided by A_B Papp (n = 3)
in different cell lines

brain Kp,uu of the three non-MDR1 substrates were close to 1,
except that rat brain Kpuu of compound 8, a non-MDR1 substrate,
was dramatically lower than 1, and the reason remains to be an-
swered. The data demonstrated that NHP brain Kp,uu values in-
creased notably relative to rat brain Kp,uu for all MDR1 substrates,
except for compounds 1, 5 and 7. Subsequently, it was confirmed
that compound 1 is a BCRP and MDR1 dual substrate, and com-
pounds 5 and 7 have NIH MDR1 ERs of >100 with a very low brain
Kp,uu (<0.05).

3.4 | Comparison of csf and unbound brain
concentrations for MDR1 substrates in
non-human primates

To investigate the utility of CSF concentration as a surrogate for
unbound brain concentration in NHP, CSF and unbound brain con-
centrations of the same 10 compounds were measured (Table 1).
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TABLE 1 Non-human primate (NHP) and rat brain-to-plasma Kpuu, NHP CSF-to-plasma Kpuu, human NIH MDR1 and breast cancer
resistance protein (BCRP) efflux ratio, passive permeability and NHP plasma protein and brain binding of nine proprietary compounds and

antipyrine
NHP NHP MDR1 efflux
Compound# Kp,uu brain Kp,uu CSF ratio (ER?)
1 0.16 (0.15,0.17) 0.33(0.28,0.39) 9.9
2 0.41(0.36,0.46) 0.42(0.38,0.46) 13.1
3 0.29 +0.05 0.43 +0.07 12.1
4 0.27 +0.03 0.67 +0.10 13.4
5 0.026 +0.010 <0.020° 172.0
6 0.13 +0.00 >1¢ 14.1
7 <0.004 0.026 +0.016 116.0
8 1.24 +0.24 0.86 +0.19 2.8
9 1.28 +0.21 0.69 +0.07 1.9
Antipyrine 0.96 (0.91,1.01) 1.00(0.92,1.08) 1.0

BCRP MDCK A-B Papp Rat

ER® (x107¢ cm/s) Fu,plasma Fu,brain Kp,uu brain
14.9 114+1.8 0.030 0.006 0.12 +0.03
2.8 12.5+34 0.13 0.019 0.26 +£0.01
3.9 8.2+32 0.055 0.014 0.16 +0.02
1.6 9.9 +0.3 0.007 0.005 0.09 +0.03
21.0 0.7+0.4 0.022 0.029 0.005 +0.002
1.3 58+1.8 0.003 0.003 0.04 +0.01
39.8 04+0.3 0.009 0.009 0.01+ 0.00
3.0 5.0+1.3 0.006 0.003 0.21 +£0.03
2.3 6.2+0.5 0.014 0.005 0.57 +£0.09
0.9 32.8+9.0 0.95 1.0° 1.0¢

Note: Data are presented as mean + SD from three replicates except where data from only two replicates were available, in which cases means along

with individual data (in parentheses) are listed.

?ER equals to B_A Papp (n = 3) divided by A_B Papp (n = 3) in different cell lines.
bValue was averaged from 0.0255, <0.0183, <0.0148, but two of the values were below LLOQ (lower limit of quantitation).

“Antipyrine fu,brain is assumed to be 1.00, since in brain tissue homogenate (1:3 tissue:PBS), antipyrine fu was ~1.

dCompound 6 CSF values (n = 3) were all >1 with some variabilities.

eAntipyrine rat brain Kpuu was calculated based on the data in Nagaya et al. (2016).?’
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FIGURE 5 Correlation between non-human primate (NHP)
brain-to-plasma Kp,uu and efflux ratios from NIH MDR1-MDCKI
of 9 proprietary compounds and antipyrine. Brain-to-plasma Kp,uu
of 0.5 is used as a cutoff for brain penetration. The NHP brain-to-
plasma Kp,uu and efflux ratios values can be found in Table 1

Figure 7 shows the brain-to-plasma Kp,uu and CSF-to-plasma Kp,uu
values of the 7 MDR1 substrates, which were appreciably lower than
unity with exception of compound 6 CSF Kpuu ~1. In contrast, brain
Kp,uu and CSF Kp,uu values of the three non-MDR1 substrates were
close to 1. Although the CSF Kp,uu showed a trend of overestimat-
ing brain Kp,uu of MDR1 substrates, the CSF Kp,uu were generally
in a good agreement with brain Kp,uu (within 3-fold) except for two
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FIGURE 6 Comparison of brain-to-plasma Kp,uu between rat
and NHP of the same 10 compounds including 7 MDR1 substrates
and 3 non-MDR1 substrates. Data points represent mean + SD.
*p < .01, brain-to-plasma Kp,uu in rat versus NHP

MDR1 substrates, compounds 6 and 7, which had very high protein
binding with fu,p < 0.01 and very low brain Kp,uu. These data fur-
ther support the use of CSF drug concentration as a surrogate for

unbound brain drug concentration.
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FIGURE 7 Comparison of brain-to-plasma Kp,uu with
CSF-to-plasma Kp,uu of the same 10 compounds including

7 MDR1 substrates and 3 non-MDR1 substrates in non-human
primates. Data points represent mean +SD. *p < .01, brain-to-
plasma Kp,uu versus CSF-to-plasma Kp,uu

3.5 | Comparison of CSF-to-plasma Kp,uu
and brain-to-plasma Kp,uu time courses in
non-human primates

Another question of interest is whether MDR1 could influence the
rate of drug penetration into the CNS. Three compounds, includ-
ing antipyrine, and proprietary compounds 1 and 2 were selected
to explore how MDR1 might impact the kinetics of drug distribution
into the CNS in NHP. The MDR1/BCRP interactions, in vitro pas-
sive permeability, and plasma protein and brain binding of the three
compounds are summarized in Table 1. Antipyrine has a high passive
permeability, low plasma protein and brain tissue binding, and no
MDR1/BCRP efflux transporter interactions. In contrast, compound
1 and 2 have high in vitro passive permeability, moderate-to-high
plasma protein binding and high brain binding, and are MDR1 sub-
strates with NIH MDR1 ERs of ~10 (Table 1). It is worth noting that
compound 1 is an MDR1 and BCRP dual substrate, but compound 2
isan MDR1 only substrate. The brain and CSF Kp,uu were measured
at 0.25, 0.5, and 1 h after IV infusion at 0.5-3 mg/kg for 15 min in
NHP, and Figure 8 displays the time course of brain and CSF Kp,uu of
the three compounds. For antipyrine, the unbound brain concentra-
tion reached equilibrium with unbound plasma concentration (brain
Kp,uu of ~1) within 15 min. However, lumbar CSF concentration of
antipyrine took longer to equilibrate with plasma concentration with
CSF Kp,uu reaching unity at ~1 h. In contrast, both brain and CSF
Kp,uu of compounds 1 and 2 continued to increase until the final
1 h sampling time in this study. Brain and CSF Kp,uu of compound
1 were 0.16 and 0.33 at 1 h, respectively, and both brain and CSF
Kp,uu of compound 2 were ~0.4 at 1 h. Because the brain Kp,uu
of compound 1 at 1 h in this study was similar to its brain Kp,uu

at 24 h following the last dose in 7-day NHP study (0.16 + 0.03), it
is reasonable to conclude that brain concentrations of compound 1
and 2 have approached equilibrium with plasma concentrationat 1 h
in this study as well. These data demonstrate that unlike antipyrine,
brain concentrations of both compound 1 and compound 2 exhibit
a delay to equilibrate with plasma. However, it took ~1 h for lumbar
CSF to reach equilibrium with plasma for all three compounds, which
is consistent with flow-limited mixing of CSF in different regions.
The data further support the notion that CSF drug concentration
could be a surrogate for unbound brain drug concentration with a
comparable or a severalfold higher value.

4 | DISCUSSION

Because MDR1 is the major efflux transporter expressed at the BBB
impacting brain penetration, it is an essential optimization parameter
for the design of compounds requiring CNS penetration for efficacy,
or for those that need to be restricted from accessing the CNS from
a safety perspective. This has been reinforced by the fact that most
CNS-penetrant drugs are not MDR1 substrates, which corroborates
the importance of early assessment of MDR1 substrates in drug dis-
covery.”1° Therefore, development of a robust and reliable MDR1
transporter assay which best correlates with in vivo brain penetra-
tion to guide SAR during lead optimization is critical. At Vertex, an
MDR1 assay using an MDR1-MDCKII cell line developed internally
has been used to assess CNS penetration of compounds. Previous
evaluation focusing on IVIVC of MDR1 ERs and rat brain penetration
suggested a strong correlation between an in vitro MDR1 ER of >3
and impaired CNS penetration in rats. However, compounds with
an in vitro MDR1 ER of <3 displayed a range of brain penetration
properties in rats and led to potential false negatives. Thus, the cur-
rent in vitro MDR1 assay did not appear to have enough resolution
to differentiate compounds with ERs of <3, and project teams had to
rely on rat brain-to-plasma Kp,uu values to differentiate compounds
with ERs of <3. In addition to the increased need for animal studies,
in vivo rat brain Kp,uu studies are relatively slow, resource intensive
and have low throughput, which can lead to significantly prolonged
project cycle times to select compounds with good CNS penetra-
tion. More importantly, projects targeting desirable CNS penetra-
tion prioritize compounds with MDR1 ER of <3, which are predicted
to be non-MDR1 substrates. Moreover, potential species difference
in MDR1 transport could further confound the prediction of CNS
penetration in human. Hence, we have been striving to develop an
MDR1 assay with a high fidelity to reliably differentiate compounds
with MDR1 ERs of <3 in our current MDR1 assay.

It has been reported that the MDR1-MDCKI cell line from the
NIH laboratory is a better alternative MDR1 cell line which does
not generate false negatives and has a stronger correlation with ro-
dent brain penetration.zs’24 In our extensive validation, NIH MDR1-
MDCKI cells were able to better differentiate compounds that had
ERs of <3 in our existing MDR1-MDCKII assay (Figure 1), demon-
strating a much higher resolution for these compounds. It has been
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FIGURE 8 Brain-to-plasma Kp,uu and CSF-to-plasma Kp,uu time course for antipyrine, compounds 1 and 2 in non-human primates. Data

points represent mean + SD from three animals

reported that NIH MDR1-MDCKI cells have ~10-fold higher expres-
sion of P-gp (29.8 pmol/mg),%® compared with our existing MDR1-
MDCKII cells (2.92 pmol/mg, internal data). Additionally, the ERs in
NIH MDR1 assay are more than 10-fold higher than those in our
current MDR1 assay for the well characterized MDR1 substrates,
for example, quinidine and verapamil. Higher MDR1 expression
and function likely contribute to a greater assay sensitivity and a
larger transport dynamic range. More importantly, the NIH MDR1
assay correlated with rat brain Kp,uu much better than our current
MDR1 assay, especially in the low ER range (Figure 3). As discussed
earlier, an MDR1 ER of 3 was identified as a cutoff for identifying

MDR1 substrates in vitro, whereas a brain Kp,uu of 0.5 was used
to classify compounds as having brain penetration impairment
(Kp,uu <0.5) versus being freely brain penetrant. Both our current
MDR1 and NIH MDR1 assays demonstrated good alignment with
rat brain penetration impairment when ERs were >3, but our current
MDR1 assay had poor correlation with rat brain distribution when
ERs were <3. Although it is possible that the in vitro and in vivo dis-
connect for compounds with MDR1 ERs of <3 in our current assay
could potentially be due to efflux transporters other than MDR1,
studies of a subset of these compounds in Mdrla/1b knock out rats
indicated that the brain penetration impairment in rats was due to
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Mdr1 (internal data). Additionally, it has been reported that since the
amino acid homology between human MDR1 and rat Mdria is high,

the species difference in terms of substrate specificity is likely to
be minimal.’® Therefore, our internal MDR1 assay could generate
potential false negatives compared with rat brain penetration. On
the contrary, the NIH MDR1 assay demonstrated a good correlation
with rat brain Kp,uu for compounds with ERs of <3 with the majority
of compounds with NIH ERs of <3 displayed a good brain penetra-
tion in rats (Figure 3). However, one compound marked in red did
show brain penetration impairment even with NIH MDR1 ER of <3
(Figure 3). As previously mentioned, this apparent discrepancy could
be due to other efflux transporters beyond MDR1 and/or species
difference between human MDR1 and rat Mdr1. Thus, further stud-
ies are warranted to investigate this disagreement.

Because NHP MDR1 has the highest amino acid sequence ho-
mology with human MDR1 and the MDR1 expression levels at the
BBB in NHP are more comparable with human than rat,***? it is of
high interest to develop a correlation between in vitro human MDR1
ERs and brain penetration in NHP. This correlation, if proven, could
help provide more confidence in the use of MDR1 ERs to predict
CNS penetration in human. It has been reported that CSF could be a
good surrogate of unbound brain concentration of MDR1 substrates
in NHP.2>2% Because CSF Kp,uu is a more readily accessible param-
eter it is beneficial to develop the correlation between MDR1 ERs
and NHP CSF Kp,uu. A set of compounds with available NHP CSF
Kp,uu data was identified, and the correlation between MDR1 ERs
and NHP CSF Kp,uu was assessed (Figure 4). There was no apparent
correlation between our existing MDR1 ERs and NHP CSF Kp,uu data
such that for MDR1 ERs of <3, NHP CSF Kp,uu ranged from ~0.2 to
~1. However, a better correlation between NIH MDR1 ERs and NHP
CSF Kp,uu was observed. When NIH MDR1 ERs were <3, NHP CSF
Kp,uu values were ~1, whereas NHP CSF Kp,uu for slightly more than
half of compounds (11 out of 19 compounds) were lower than 0.5
when NIH MDR1 ERs were >3. It has been recognized that while CSF
concentration is generally a reasonable surrogate for unbound brain
concentration, CSF levels could exceed unbound brain concentration
for MDR1 substrates.?>2¢ Consequently, for MDR1 substrates, when
CSF Kp,uu is ~1, brain Kp,uu could be lower than 1. In contrast, for
non-MDR1 substrates, when CSF Kp,uu is ~1, brain Kp,uu is likely to
be ~1 as well. As such, it is not surprising that in the current study, CSF
Kp,uu was around 1 for a few compounds with NIH MDR1 ERs of >3.
On the other hand, when NHP CSF Kp,uu was <0.5, all NIH MDR1
ERs were >3, suggesting a good IVIVC. These data demonstrate that
there is a reasonable correlation between NIH MDR1 ERs and NHP
CSF Kp,uu, and NIH MDR1 assay can improve the prediction of CNS
penetration in NHP compared with our current assay.

Ultimately, it is desirable to develop a robust correlation between
human MDR1 ERs and NHP brain Kp,uu. However, due to the obvi-
ous ethical and practical limitations with generating NHP data, only
10 compounds (Table 1), including 9 proprietary compounds and an-
tipyrine, with NHP brain Kp,uu data were available. Nonetheless, a
clear correlation between NIH MDR1 ER and NHP brain Kp,uu was
observed for these 10 compounds (Figure 5). When NIH MDR1 ERs

were <3, NHP brain Kp,uu was ~1, whereas when NIH MDR1 ERs
were >3, NHP brain Kp,uu was inversely correlated with the mag-
nitude of the ER. However, compound 1 (marked in red in Figure 5)
appeared to be an outlier but it was later confirmed that compound
1 was also a substrate of breast cancer resistance protein (BCRP),
another major efflux transporter expressed at the BBB. It has been
reported that the brain penetration of MDR1 and BCRP dual sub-
strates is worse than that of MDR1-specific substrates.?” Our data
further substantiate the NIH MDR1 assay as more predictive of
brain penetration in NHP. Since NHP MDR1 and human MDR1 are
highly similar in terms of transport function and expression level at
the BBB,* it is expected that the NIH MDR1 assay will give a good
prediction of CNS penetration in human as well.

With the data indicating the superiority of the NIH MDR1 cell
line and demonstrating a good correlation of the NIH MDR1 assay
with rat and NHP brain penetration, we wanted to explore the rela-
tionship of brain penetration between rat and NHP, a higher-order
species, for MDR1 substrates, Based on the higher P-gp expression

in rats reported in the literature, 12

one would expect to see an im-
provement in brain exposure going from rat to NHP. A rat to NHP
pair-wise analysis of brain Kp,uu of the same 10 compounds (Table 1),
including 7 MDR1 and 3 non-MDR1 substrates, clearly indicate that
this is true in majority of the cases (Figure 6). Compounds that were
MDR1 substrates showed moderate improvement in brain exposure
in NHP relative to rat. Interestingly, comparable brain Kp,uu values
in rats and NHP were observed for compounds 1, 5, and 7. It was
discovered later that compound 1 is a dual MDR1 and BCRP sub-
strate. It has been reported that NHP BBB has lower expression of
MDR1 and higher expression of BCRP compared with rat,***? which
may have contributed to the brain Kp,uu of compound 1 being com-
parable in rat and NHP. Additionally, compound 5 and compound 7
are strong MDR1 substrates with ERs of >100, resulting in very low
brain Kp,uu of <0.05. Because of such a low Kp,uu, it is likely difficult
to detect an improvement in brain Kp,uu from rats to NHP. Overall,
this comparison supports the view that brain penetration in NHP will
likely be greater than rat for weak and moderate MDR1 substrates.
Additionally, we investigated the utility of CSF concentration
as a surrogate of unbound brain concentration in NHP. CSF and
unbound brain concentrations of the same 10 compounds were
measured in NHP (Table 1). For the non-MDR1 substrates, CSF
and unbound brain concentrations were similar and close to unity
as expected, whereas brain Kp,uu values were considerably lower
than 1 for MDR1 substrates (Figure 7). Moreover, the brain Kp,uu
decreased as the MDR1 ERs increased, which is aligned with
MDR1-mediated efflux at BBB being the major determinant of
brain Kp,uu in NHP. Also consistent with the previous reports,?*2¢
CSF Kp,uu showed a tendency to overestimate (within threefold)
brain Kp,uu for all, with the exception of two MDR1 substrates.
Because CSF concentration is impacted by unbound brain concen-
tration diffused though the ependymal layer between the brain
and CSF, as well as unbound plasma concentration passing through
the choroid plexus, it is reasonable to expect that CSF concentra-
tion could be severalfold higher than unbound brain concentration
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for MDR1 substrates. Of interest, the two compounds (compound
6 and 7 in Table 1) with CSF concentration dramatically higher
(> threefold) than unbound brain concentration displayed high
plasma protein binding (Fu,p < 0.01) and brain binding (Fu,brain
<0.01). One possible reason for this is that the high brain binding
is likely to result in a slower diffusion rate from brain to CSF; thus,
the CSF concentrations could be impacted more by the unbound
plasma concentrations, leading to a much greater over estimation
of unbound brain concentrations. However, the exact mechanism
remains to be elucidated. Based on our data, CSF concentrations
can be approximated to unbound brain concentrations within
threefold in NHPs.

For some CNS disorders, it is often desirable to identify com-
pounds that can rapidly penetrate into the brain to deliver a fast
onset of action and produce maximal pharmacological effect shortly
after administration. Thus, the time taken for brain concentration
to reach equilibrium with plasma concentration ideally needs to be
as short as possible. Previous studies reported that, for most drugs,
the rate of penetration into the brain is limited by perfusion of the
drug across BBB. The pioneering work by Brodie et al concluded that
the equilibration of drug in the CSF with that in plasma is often per-
meability rate limited,?® and later more studies have supported that
passive permeability can impact the time required for compounds
to reach equilibrium between brain and plasma. Antipyrine has a
high passive permeability without MDR1 transport interaction. As
expected, antipyrine brain Kp,uu reached ~1 within 15 min after
dosing (Figure 8). However, it took ~1 h for lumbar CSF to equili-
brate with plasma, which is consistent with this being a CSF bulk-
flow-limited process. Because it is not feasible to measure unbound
brain concentration in human, CSF concentration is often used as
a surrogate for the unbound brain concentration. It should be em-
phasized that the apparent delay seen for lumbar CSF to equili-
brate with plasma due to bulk flow process may not reflect a delay
in brain unbound concentration equilibration for compounds with
a high passive permeability and no efflux transport. Similar to an-
tipyrine, the passive permeability of both Vertex proprietary com-
pounds 1 and 2 were high (Table 1), but in contrast to antipyrine,
the brain Kp,uu for both compounds was lower than 1 (Figure 8),
which is consistent with these being MDR1 substrates. The extent of
brain Kp,uu at equilibrium is dependent on the interactions of drug
with efflux transporters, independent of the magnitude of its pas-
sive permeability. Although NIH MDR1 ERs for compounds 1 and 2
were similar, given that compound 1 was an MDR1 and BCRP dual
substrate, whereas compound 2 was an MDR1 substrate only, it is
not surprising that compound 1 brain Kp,uu was slightly lower than
that of compound 2. Because NHP brain Kp,uu for compound 1 at
steady state after multiple dosing was comparable with brain Kp,uu
at 1 h, it was inferred that NHP brain concentrations for both com-
pound 1 and 2 approached or approximated equilibrium with plasma
concentration at ~1 h. These data suggest that MDR1 interaction
could delay the time for brain concentration to achieve equilibrium
with plasma concentration. As such, transport properties could
have a profound influence on the equilibrium concentration and
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the time to attain equilibration of drugs in the brain, and thereby

on their pharmacological effects. Another potential factor that can
impact the time for brain concentration to reach the equilibrium with
plasma concentration is the plasma protein or brain tissue binding.
It has been reported that high brain tissue binding could prolong the
time for compounds to reach equilibrium in the brain.?! Since both
compounds 1 and 2 have moderate-to-high plasma protein and high
brain tissue binding, it is difficult to conclude whether plasma pro-
tein or brain tissue binding played a significant role in the time taken
for these compounds to achieve equilibrium between the brain and
plasma. Further studies using MDR1 substrates with low protein
binding will be helpful to further confirm the role of MDR1 interac-
tion in the delayed distribution into the brain.

In conclusion, the present studies demonstrate the value of in-
creased resolution and fidelity of an in vitro MDR1 assay and judi-
cious use of in vivo studies in preclinical species for a more accurate
optimization and reliable prediction of CNS drug penetration during
drug discovery. In addition, our data suggest that MDR1 interaction
can influence the time for drug concentrations in the brain to reach
equilibrium with plasma. Consequently, compounds with high pas-
sive permeability and without MDR1 interaction are desired when
rapid brain penetration and onset of pharmacological activity are
required.
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