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ABSTRACT

Introduction: Transporters comprising the blood-brain barrier complicate delivery of many therapeutics
to the central nervous system. The present study ascertained whether the natural product botryllamide
G is viable for in vivo inhibition of ABCG2 using lapatinib as a probe for ABCB1 and ABCG2-mediated
efflux from the brain.

Methods: Wild-type and Mdria/Mdrib (-/-) mice were treated with botryllamide G and lapatinib
(“doublet therapy”), and while a separate cohort of wild-type mice was treated with botryllamide,
tariquidar and lapatinib (“triplet therapy”).

Results: Botryllamide G demonstrates biphasic elimination with a rapid distribution, decreasing below
the in vitro 1Csq of 6.9 uM within minutes, yet with a relatively slower terminal half-life (4.6 h). In Mdria/
Mdr1b (-/-) mice, doublet therapy resulted in a significant increase in brain lapatinib AUC at 8 h (2058
h*ng/mL vs 4007 h*ng/mL; P = .031), but not plasma exposure (P = .15). No significant differences were
observed after 24 h. Lapatinib brain exposure was greater through 1 h when wild-type mice were
administered triplet therapy (298 h*pg/mg vs 120 h*pg/mg; P < .001), but the triplet decreased brain
AUC through 24 h vs. mice administered lapatinib alone (2878 h*pg/mg vs 4461hr*ng/mL; P < .001) and
did not alter the brain:plasma ratio.

Conclusions: In summary, the ABCG2 inhibitor, botryllamide G, increases brain exposure to lapatinib in
mice lacking Abcb1, although the combination of botryllamide G and tariquidar increases brain exposure
in wild-type mice only briefly (1 h). Additional research is needed to find analogs of this compound that
have better pharmacokinetics and pharmacodynamic effects on ABCG2 inhibition.
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Introduction

Cancers of the brain and central nervous system are notoriously
difficult to treat with chemotherapy due in part to the presence of
drug efflux transporters that constitute a portion of the blood-
brain barrier (BBB). From 1999 to 2015, overall cancer death rates
have decreased by 1.6% per year on average, yet death rates from
brain cancer specifically have risen by 0.5%." This increase is
despite a 0.7% lower incidence rate of brain cancer in both men
and women. Clearly, drug delivery and retention in the brain are
of importance. Two transporters within the BBB are abundantly
expressed (the 7 and 8™ most abundant of 304 total transporters
found) and therefore responsible for a majority of drug efflux:
ABCG2 (aka breast cancer resistance protein, BCRP) and ABCB1
(aka P-glycoprotein; P-gp; MDR1).> A number of anti-cancer
therapies have been shown to have limited brain penetration
due to ABCBI- and ABCG2-mediated efflux.”" Indeed, these
two transporters serve a compensatory function — with deletion of
either transporter unable to increase concentrations of substrate
drugs in the brain, while deletion or inhibition of both

transporters is able to markedly increase brain penetration.*”
Accordingly, much research has recently focused on the inhibition
of one or both of these transporters to prolong the mean residence
time of anti-cancer therapies in the brain.”> > However, there has
been no sustainable clinical improvement in this field; thus, the
search continues for a new class of ABCB1 and/or ABCG2 inhi-
bitors. Furthermore, many targeted small molecule- or chemo-
therapeutics are substrates for more than one transporter.”* Thus,
in order to study the in vivo efficacy of botryllamide G, a probe
drug was chosen that mimics real-world brain efflux, i.e. from
more than one transporter.

Lung and breast cancers have a high frequency of brain metas-
tases (approximately 19.9% and 5.1% respectively),” and many of
these tumors demonstrate HER2 positivity (2% of lung cancers
and 15-30% of breast cancers).>* >’ Lapatinib is approved for the
treatment of HER2-positive breast cancer,”® and targeting HER2
mutations may be useful in certain subpopulations of patients
with HER2* lung cancer.” Lapatinib penetration into and reten-
tion within the brain is significantly limited by the blood-brain
barrier (BBB), specifically ABCB1 and ABCG2.*>*" A transgenic
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animal study demonstrated that the lapatinib brain-to-plasma
ratio is increased 40-fold in mice lacking both murine-type
ABCBI and ABCG2.* Thus, inhibiting drug efflux through ATP-
binding cassette (ABC) transporters presents an attractive method
for improving brain exposure to lapatinib.

We therefore hypothesized that dual inhibition of ABCBI
and ABCG2 could improve brain retention of lapatinib,
a known substrate for both transporters. However, clinically
viable ABCG?2 inhibitors have not yet been identified. The
natural product, botryllamide G (NSC-794459)* was identi-
fied in a large screen of 89,229 potential ABCG2 inhibitors**
that was further characterized as a selective inhibitor of
ABCG2 (IG5 = 6.9 pM), but not ABCB1 (IC5, > 50
uM).*>*® We thus theorized that combined inhibition of
ABCB1 with tariquidar and ABCG2 with botryllamide
G could improve brain uptake of lapatinib. To that end, we
undertook preclinical characterization of lapatinib brain
uptake in animals treated with both agents. Concurrently,
we aimed to characterize the pharmacokinetics of botrylla-
mide G and the degree to which botryllamide G limits mur-
ine-type ABCG2 in Mdrla/Mdrlb (-/-) mice.

Materials and methods
Chemical reagents and animals

Both wild-type FVB (FVB/NTac) and double knockout FVB
(FVB.129P2-Abcbla™B°"Abcb1b"™*°'N12) mice were pur-
chased from Taconic Biosciences (Hudson, NY).
Botryllamide G was provided by the NCI Molecular Targets
Program (Frederick, MD). Lapatinib was purchased from US
Biological (Salem, MA). 13 [C],Z[H]7—Lapatinib for assay inter-
nal standard was purchased from Alsachim (Illkirch
Graffenstaden, France). Tariquidar was purchased from
Selleck Chemicals (Houston, TX). Optima grade methanol
and acetonitrile were purchased from Fisher Scientific
(Pittsburgh, PA). All water used was deionized and ultra-
filtered (0.2 um) using a MilliPore Milli-Q Gradient purifica-
tion system (EMD Millipore, Billerica, MA). All animal
experiments were granted approval by NCI Animal Care
and Use Committee (ACUC) and were conducted under
NCI ACUC guidelines.

Dosage, administration, and sample processing

Studies were conducted using male FVB wild-type and FVB
(Mdrla/Mdrlb knockout mice). Mice received either botryl-
lamide G or vehicle i.v. at 13.4 mg/kg in the solution ([80/10/
10, v/v/v], saline/EtOH/TWEENS80). After ~2mins, mice were
orally gavaged with 90 mg/kg lapatinib formulated in DMSO
(200 mg/mL) then diluted with Labrasol before administra-
tion. Animals treated with the addition of tariquidar were
treated at 4 mg/kg iv. in ([30/5/65, v/v/v], Propylene
Glycol/TWEEN80/D5W). Botryllamide G and lapatinib treat-
ments were the same for this group. Tariquidar treatment
occurred immediately following botryllamide G injection.
Mice were euthanized at 0.25, 0.5, 1, 4, 8, 18, and 24 h post
lapatinib dose for all cohorts. Blood was collected into hepar-
inized tubes and centrifuged to separate out plasma. Plasma

was stored at —80°C until analysis. Brains were resected, snap-
frozen, and stored at —80°C.

LC-MS/MS conditions

Botryllamide G plasma concentrations were measured using
a validated LC-MS/MS assay with a calibration range of
20-50,000 ng/mL. Briefly, plasma (50 pL) was added to an
Ostro® phospholipid removal plate (Waters Corp, Milford,
MA) before the addition of 3x volume methanol to precipitate
proteins. The contents of each well were mixed before push-
ing the supernatent through the wells with compressed nitro-
gen gas using a Waters Positive Pressure Manifold. Samples
were injected onto an ACQUITY UPLC® BEH Cl18 column
(2.1x50 mm, 1.7 um). Botryllamide G was chromatographi-
cally separated using an isocratic elution of (30/70, v/v) 0.1%
formic acid (aq) and 0.1% formic acid in methanol at a flow
rate of 0.3 mL/min (run time 3 min). The resulting plasma
concentrations were plotted vs time post-IV bolus adminis-
tration, with biphasic elimination rates and AUCy sgt, using
Bailer’s approach to calculating AUC with destructive
sampling*’ as calculable PK parameters.

Lapatinib plasma concentrations were measured using
a validated LC-MS/MS assay with a calibration range of
10-10,000 ng/mL, with minimal sample preparation involving
100 pL of sample being diluted with 4x volume of acetonitrile
containing 200 ng/mL of stable isotope-labeled lapatinib
(IS[C],Z[H]Tlapatinib). Samples were mixed to precipitate
plasma proteins before being centrifuged, and further diluted
with 200 pL of (80/20, v/v) H,O/ACN before analysis by LC-
MS/MS.

Lapatinib brain tissue concentration was measured using
a separately validated LC-MS/MS assay with a calibration
range of 5-50,000 pg/mg. Approximately 50-100 mg of tissue
per sample was needed. For each mg of tissue, 10 uL of water
were added in order to produce a 100 mg/mL homogenate.
A 3-fold dilution of 50 uL of this homogenate was performed
with acetonitrile containing 200 ng/mL of (] ,Z[H]7—lapatinib,
vortexed, centrifuged, and ~135 pL of supernatent dried and
reconstituted in 100 pL of (80/20, v/v) water/ ACN for analysis by
LC-MS/MS.

Both lapatinib plasma and tissue samples utilized the
same LC-MS/MS assay, albeit with different concentration
ranges and units. Ten microlitres of sample were injected
onto a Waters XSelect® HSS PFP column (2.1x50 mm, 1.7
um) and chromatographically separated using a gradient
elution of 5 mM ammonium formate, pH 3.0 (A) and 0.5%
formic acid in acetonitrile (B) at a flow rate of 0.8 mL/min
(run time 8 min).

Statistical analysis

Bailer’s Method was used to calculate lapatinib plasma and brain
AUC to the last time point (24 h measurement period). The
elimination rate (kg;) was determined from natural log-
transformed concentrations during the terminal phase. Half-
life (t;,,) was calculated as natural log of 2 divided by the kgr,
Only measured concentrations above the LLOQ were used in the



calculation of PK parameters. A one-tailed Z-test was performed
to assess statistical differences (alpha = 0.05) between lapatinib
control (alone) and lapatinib + botryllamide G.

Results
Botryllamide G pharmacokinetics

Botryllamide G was administered intravenously at the
maximum soluble dose (13.4 mg/kg in 80/10/10 (v/v/v),
saline/EtOH/TWEENS0). In wild-type mice, botryllamide
G plasma AUC was 2088 h*ng/mL (Figure 1), with an
average (n = 3) measured Cmax of 4106 ng/mL sampled
just after tail vein injection. Botryllamide G demonstrates
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Figure 1. The Pharmacokinetics of Botryllamide G in Mice. The maximum soluble
dose (13 mg/kg) of botryllamide G was administered to mice (n = 3 for each
timepoint) via IV tail vein injection. Botryllamide G demonstrate biphasic elim-
ination, which involves rapid distribution into tissues and a plasma exposure
that quickly dropped below the in vitro ICsq of 6.9 uM. Error bars represent mean
standard deviation.
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biphasic elimination with a rapid distribution, decreasing
below the in vitro IC5 of 6.9 pM (3236 ng/mL) within
minutes, and a terminal half-life of 4.6 h that is mostly
cleared from plasma by 24 h.

Botryllamide G ineffective at increasing brain exposure of
lapatinib in wild-type mice

Lapatinib brain exposures (AUC_,41,,) Were similar between the
two treatment groups (4462 h*pg/mg for lapatinib alone, 4398
h*pg/mg for the lapatinib/botryllamide G combination; P = .940;
Figure 2(a)). Lapatinib plasma AUC was also comparable when
botryllamide G was administered with lapatinib (66,386 h*ng/mL
for lapatinib alone vs 71,576 h*pg/mg for the lapatinib/botrylla-
mide G combination; P = .698; Figure 2(b)). The lapatinib brain:
plasma exposure (AUC) ratios were equivalent between lapatinib
only (0.067) and lapatinib+botryllamide groups (0.061). This is
consistent with prior work showing that Abcg?2 inhibition alone is
not sufficient to block blood-brain barrier efflux, since.**

Botryllamide G increases brain and plasma exposure of
lapatinib in Mdr1a/Mdr1b knockout mice

To eliminate the brain exclusion of lapatinib through murine-
type Abcbl (aka Mdrl), brain and plasma concentrations of
lapatinib were ascertained after treatment with botryllamide
G in Mdrla/Mdrlb (-/-) animals. Consistent with the rapid
early distribution of botryllamide G, a significantly greater
lapatinib brain AUC was observed for 8 h following botrylla-
mide G administration when compared to mice treated with
lapatinib alone (2058 h*pg/mg vs 4007 h*pg/mg; P = .031).
There was also slightly greater plasma exposure to lapatinib in
mice given botryllamide G through 8 h, likely due to inhibited
Abcg2-mediated gut efflux, however this was not statistically
significant (P = .15). The trend remained; however, the dif-
ference in lapatinib exposure between cohorts became non-
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Figure 2. Lapatinib AUC in the brain of wild-type mice (n = 3 at each timepoint) when treated with lapatinib alone or in combination with botryllamide G (a) and
exposure curve over 24 h. Lapatinib AUC in the plasma of wild-type mice (n = 3 at each timepoint) when treated with lapatinib alone or in combination with
botryllamide G (b) and exposure curve over 24 h. Error bars represent mean standard deviation.
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Figure 3. Lapatinib AUC in the brain of Mdria/Mdr1b knockout mice (n = 3 for each timepoint) when treated with lapatinib alone or in combination with
botryllamide G (a) and exposure curve over 24 h. Lapatinib AUC in the plasma of wild-type mice (n = 3 for each timepoint) when treated with lapatinib alone or in
combination with botryllamide G (b) and exposure curve over 24 h. Error bars represent mean standard deviation.

significant for both brain (P = .099; Figure 3(a)) and plasma
(P = .25; Figure 3(b)) at the 24-h exposure timepoint. This
Abcbla/b knockout with Abcg2 inhibition with botryllamide
G model demonstrated results consistent with Polli et al.,*?
however not with the same magnitude effect.

Combination treatment of botryllamide G and tariquidar
modulates brain exposure to lapatinib

We next ascertained whether a specific and potent ABCBI inhi-
bitor, tariquidar,”® could recapitulate the Mdrla/1b knockout
phenotype when co-administered with botryllamide G in wild-
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type mice. Due to the rapid systemic distribution of botryllamide
G and its short half-life, differences in early exposure (AUC, ; 1,)
were compared between the treatment groups. The triplet cohort
(lapatinib + botryllamide G + tariquidar) had significantly greater
lapatinib brain exposure through 1 h (298 + 44.6 h*pg/mg) than
either singlet (120 + 39.9 h*pg/mg; p = .003) or doublet therapy
(48.3 + 14.9 h*pg/mg; p < .0001). This increase in brain exposure
in the first hour was greater in magnitude than the increased
plasma exposure within the same duration of time in triplet vs
singlet (p = .063) or doublet cohorts (P = .004).

Unexpectedly, the triplet combination decreased 24
h brain exposure (2878 h*pg/mg) when compared to
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Figure 4. Lapatinib AUC in the brain of wild-type mice (n = 3 for each timepoint) when treated with lapatinib alone, in combination with botryllamide G alone, or
botryllamide G and tariquidar (a) and exposure curve over 24 h. Lapatinib AUC in the plasma of wild-type mice (n = 3 for each timepoint) when treated with lapatinib
alone, in combination with botryllamide G alone, or botryllamide G and tariquidar (b) and exposure curve over 24 h. Error bars represent mean standard deviation.



lapatinib alone (4461 h*pg/mg; P = .038) or lapatinib with
botryllamide G (4398 h*pg/mg; P = .009) in wild-type mice
(Figure 4). Triplet therapy also significantly decreased
plasma exposure through 24 h when compared to the
singlet or doublet therapy, however, there was no difference
(P = .12) up through 8 h.

Discussion

There have been several specific and nonspecific ABCG2 inhibi-
tors in various stages of development, yet very few have shown
promise in preclinical studies.*” Elacridar, a very promising dual
ABCG2/ABCBI inhibitor, has shown modest increases in brain
penetration of several targeted therapies, such as gefitinib,*
dasatinib,” vemurafenib,” sunitinib,® crizotinib,** and erlotinib.*
Ko143 is considered a potent ABCG2 inhibitor,”">* but is highly
unstable due to a labile ester group that is rapidly metabolized into
an inactive metabolite (T, = 0.2 h in mice).?”*"? High doses of
Ko143 (15 mg/kg) increased brain AUC of a''C-labeled ABCG2
substrate in Mdrla/1b (-/-) mice; however, Ko143 did not increase
brain concentration of such a substrate in wild-type mice.”*

We sought an ABCG2 inhibitor more clinically suitable than
Ko143 and identified the natural product botryllamide G, which is
more metabolically stable and specific for Abcg2 than
Ko143.*>*%>* Similar to results with Ko143, botryllamide G also
increased brain exposure of an Abcg2 substrate, lapatinib, but
only in Mdrla/1b (-/-) mice. Further, in addition to significantly
increasing brain exposure to lapatinib, the plasma exposure was
also higher (albeit non-significant) in the presence of botryllamide
G, likely due to Abcg2 inhibition in the gut. This latter observation
suggests that murine-type Abcbl and Abcg2 regulate the brain
permeability to lapatinib to a greater extent than they regulate
hepatobiliary elimination, or that there are other mechanisms
regulating plasma levels. This result is also consistent with multi-
ple individual reports of substrate drugs in ABCB1 and/or ABCG2
knockout animals, showing plasma concentrations are modulated
much less, or not at all, compared to brain concentrations.**
Comparing brain:plasma ratios (AUCy.24, prain/AUCo.24hr, plasma)
between lapatinib alone given to wild-type (0.067) vs MdrI knock-
out mice (0.092) show an improvement in lapatinib brain expo-
sure, and when botryllamide G was present, the ratio increased to
0.133. This suggests a clear drug effect, albeit short lived.
Improving on botryllamide G administration (e.g. prolonged
infusion at the ECs) or increasing the dose from an improved
formulation might prolong Abcg2 inhibition in the BBB. While
this result is encouraging, it occurred in a transgenic knockout
mouse model.

To provide a more clinically relevant animal model, wild-
type mice were also dosed with botryllamide G and lapatinib
and not surprisingly, the presence of uninhibited Abcbl
proved sufficient to effectively efflux lapatinib despite Abcg2
inhibition. Tariquidar was added to the regimen to inhibit
P-glycoprotein, and these results suggest that while tariquidar
did not improve brain retention of lapatinib over a 24-hr
period, the co-inhibition of Abcg2 and Mdrl was effective
early (at 1 h) when botryllamide G plasma concentration was
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at (or near) its known ICs;, 6.9uM. Notably, the brain:plasma
AUC ratios over 24 h for lapatinib (0.067), lapatinib + botryl-
lamide G (0.061), and triplet therapy (0.066) were very similar
in wild-type mice, suggesting no sustained drug effect what-
soever. Perhaps a more potent and selective Abcbl/Mdrla/b
inhibitor is needed to replicate the results of the Mdrla/b
knockout mice.

Interestingly, the presence of tariquidar and botryllamide
G actually lowered lapatinib plasma exposure through 24 h,
which in turn lowered the overall 24-hr brain exposure.
Although inhibition of these efflux transporters (in the gut,
liver) would be expected to increase plasma exposure, this
result of Abcbl inhibition by tariquidar has been observed
previously.

Abcbl inhibition with tariquidar causes an increase in the
peripheral tissue concentration of several target substrates:
docetaxel,” verapamil,”® bortezomib,*® and others.*****” The
addition of tariquidar to botryllamide G significantly increased
the brain exposure of lapatinib through 1 h due to rapid early
botryllamide G distribution. Yet, over a 24 h period, tariquidar
(in the presence of low botryllamide G exposure) counter-
intuitively decreased lapatinib plasma and brain AUC. It is
possible that through tariquidar-mediated inhibition of Abcbl
gut efflux, lapatinib is able to more widely distribute into per-
ipheral tissues that are not normally permeable to lapatinib,
thereby lowering the exposure of plasma as well as any given
tissue. However, we did not observe this decreased lapatinib
brain exposure in the Mdrla/1b (-/-) mice, which had similar
brain AUC to wild-type mice. Another explanation could be that
tariquidar is a substrate of ABCG2 at low concentrations and an
inhibitor at higher concentrations.”® This point is consistent
with the increased brain lapatinib exposure through 1 h when
tariquidar was administered with botryllamide G. Thus, once
botryllamide G blocks hepatic tariquidar efflux through
ABCG2,”® ABCBI efflux of lapatinib from the liver would be
more strongly inhibited. Such inhibition would be expected to
promote more-rapid hepatic metabolism of lapatinib, resulting
in lower systemic exposure further post-dose, and hence a lack of
greater brain concentrations. We suggest that the latter possibi-
lity is the most likely, and optimal dual inhibition of both
transporters would be achieved by combining botryllamide
G with an ABCBI inhibitor that is not itself an ABCG2 substrate.

This pilot study provides proof-of-principle that botryllamide
G can inhibit ABCG2 in vivo, but further optimization of dosing
and schedule, as well as the need to give a concomitant ABCBI
inhibitor, are required before this compound can be considered
for clinical use. The dose in the present study (13.4 mg/kg) was
limited by the poor aqueous solubility of botryllamide G in an
intravenous formulation. Since plasma concentrations rapidly fell
below the ICs, of ABCG2 inhibition in cell culture (6.9 uM),
further increasing the dose would likely improve ABCG2 the
inhibitory capacity of botryllamide G. Improving the formulation
of botryllamide G is therefore required for the future development
of this agent. Additionally, more-frequent dosing will likely extend
the time that botryllamide plasma concentration exceeds 6.9 UM.
Safety studies are also underway to test whether botryllamide
G administration can be improved. Since Polli et al. observed
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that Abcg2 knockout animals had an approximately 40-fold
increase in lapatinib brain concentrations, such improvements
to botryllamide G dosing and schedule are expected to further
increase the brain concentration of lapatinib.*?

Taken together, the present study demonstrates botrylla-
mide G may be a viable option to improve drug delivery into
the brain, granted an improved formulation can allow for
increased dose and frequency, as well as optimizing chemical
ABCBL inhibition. While the present study applies to lapati-
nib administration, numerous anticancer therapeutics are also
dual ABCBI and ABCG2 substrates and should be amenable
to animal studies: topotecan, dasatinib, gefitinib, sorafenib,
erlotinib, imatinib, tandutinib, flavopiridol, mitoxantrone.>
In sum, attempts to block both ABCB1 and ABCG2 should
be continued so that brain tissue becomes accessible to antic-
ancer therapy. Characterizing the efficacy of botryllamide
G analogs, hopefully with an improved solubility and PK
profile, may also be of importance.
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