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Abstract

Purpose—Lapatinib, a small molecule EGFR/HER?2 inhibitor, has limited effect on outgrowth of
HER2+ brain metastases in preclinical and clinical trials. We investigated the ability of lapatinib
to reach therapeutic concentrations in the CNS following 14C-lapatinib administration (100 mg/kg
p.o. or 10 mg/kg, £.v.) to mice with MDA-MD-231-BR-HER2 brain metastases of breast cancer.

Methods—Drug concentrations were determined at differing times after administration by
quantitative autoradiography and chromatography.

Results—4C-Lapatinib concentration varied among brain metastases and correlated with altered
blood-tumor barrier permeability. On average, brain metastasis concentration was 7-9-fold greater
than surrounding brain tissue at 2 and 12 hours after oral administration. However, average
lapatinib concentration in brain metastases was still only 10-20% of those in peripheral
metastases. Only in a subset of brain lesions (17%) did lapatinib concentration approach that of
systemic metastases. No evidence was found of lapatinib resistance in tumor cells remaining in
brain after lapatinib treatment.

Conclusions—Results show that lapatinib distribution to brain metastases of breast cancer is
restricted and blood-tumor barrier permeability is a key component of lapatinib therapeutic
efficacy which varies within and between tumors.
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Introduction

Breast cancers frequently overexpress members of the epidermal growth factor receptor
(EGFR) family, such as EGFR and HERZ2, which are linked to intracellular tyrosine kinase
signaling pathways that promote tumor cell proliferation, invasion, metastasis, angiogenesis
and resistance to therapy (1). HER2 is amplified in 25-30% of human breast cancers and is
associated with enhanced tumor aggressiveness and reduced patient survival (1, 2). Despite
advances in the systemic therapy for patients with HER2+ tumors, central nervous system
(CNS, or brain) metastases remain a significant problem. More than one third of metastatic
patients with HER2+ tumors develop brain metastases (3), many of which occur when the
patient is responding to therapy or has stable systemic disease (4, 5). Therapeutic options for
the treatment of HER2+ brain metastases of breast cancer are limited.

Trastuzumab, a humanized monoclonal antibody to HER2, is approved for the treatment of
HER2+ breast cancer and shows efficacy against systemic tumors in combination with
cytotoxic chemotherapy in the metastatic and adjuvant settings (6-8). However, a number of
studies have reported increased rates of HER2+ CNS metastases in patients treated with
trastuzumab therapy (4, 5, 9, 10). Further, trastuzumab, as a large protein (MW = 145,000
Daltons), crosses the blood-brain barrier (BBB) poorly and reaches concentrations in CSF
that are 300 times lower than that in serum (11-13). Trastuzumab uptake is also limited in
brain metastases, except at sites of marked barrier disruption (14-16). This has raised the
concern that the brain may represent a sanctuary site in trastuzumab-treated patients
allowing selective proliferation of HER2+ cancer cells.

The poor brain distribution of trastuzumab has stimulated interest in alternative anti-HER2
agents with improved BBB permeability. Lapatinib (Tykerb/Tyverb) is lipophilic, small
drug inhibitor of HER2 and EGFR that has been approved for the treatment of HER2+
metastatic breast cancer that has progressed after prior taxanes, anthracyclines and
trastuzumab therapy (17). Lapatinib acts by blocking the intracellular ATP-binding site of
the tyrosine kinase domain, leading to reduced receptor phosphorylation and activation (18,
19). Unlike trastuzumab, lapatinib can be administered orally and distributes well to many
organs. But in brain, lapatinib uptake is <10% of plasma due to active efflux transport at the
BBB (20, 21). The BBB is partially compromised in brain metastases, resulting in a variably
leaky blood-tumor barrier (BTB) (22, 23). However, the ability of the BTB to limit lapatinib
delivery in brain metastases has not been determined.

In clinical trials, lapatinib has shown partial efficacy for the treatment of brain metastases of
HER2+ breast cancer. With monotherapy, the response rate is low, with only 6% of patients
achieving an objective response and 21% experiencing a >20% reduction in lesion volume
(24, 25). However, combination therapy with capecitabine improved objective responses to
21%, with 48% of patients experiencing clinical benefit for >6 months (26, 27). Lapatinib
has also shown activity in the prevention of brain metastases in preclinical studies. Gril et al
(28) found that lapatinib reduced formation of large brain metastases in mice by 50-53% and
decreased the extent of phosphorylated HER2 staining within HER2+ brain metastases when
treatment was initiated early in the course of the disease. Long term follow-up of a Phase 111
lapatinib/capecitabine trial also showed a significant reduction in the number of brain
metastases as a first site of relapse, consistent with the potential preventive effect of
lapatinib (29). Thus, lapatinib may be of interest for both prevention and treatment of brain
metastases of HER2+ breast cancer.

It remains unclear whether the limited efficacy of lapatinib against brain metastases is the
result of inadequate drug delivery or due to development of drug-resistant cells within the
nervous system that do not respond to treatment (25). No studies have evaluated lapatinib
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distribution to brain metastases in humans or in preclinical models. Using the MDA.-
MB-231-BR HER?2 breast cancer cell line (231-BR-HER?2) in immunocompromised mice,
we recently showed that brain metastasis uptake of two cytotoxic chemotherapeutic drugs,
paclitaxel and doxorubicin, though significantly elevated in most brain metastases relative to
surrounding brain, was still 30-fold less that in peripheral metastases, indicative of a critical
limiting role of the BTB. Consistent with this, cytotoxic effects were seen only in the small
subset (10%) of brain metastases that displayed the highest drug concentrations. Therefore,
for these two chemotherapeutic agents, the results suggested that BTB drug delivery
critically limits therapeutic effect against brain metastases.

In this study we use the same 231-BR-HER2 model to investigate the extent to which 14C-
lapatinib is taken up into experimental brain metastases of breast cancer. Drug
concentrations were determined in metastases in both brain and in systemic tissues (e.g.,
lung) using highly sensitive phosphorescence autoradiography (30) as well as HPLC/LC-
MS/MS. The results show that brain metastasis uptake of 14C-lapatinib is heterogeneous
with concentrations in some brain metastases approaching 50% of those in peripheral
lesions. However, in the great majority of brain metastases (>80%), lapatinib concentration
was <10-20% of that in peripheral metastases. No evidence was found for lapatinib drug
resistance in tumor cells isolated from lapatinib-treated brains, confirming the importance of
inadequate drug uptake. The data suggest that variable and limited lapatinib exposure may
contribute to brain metastatic progression.

Materials and Methods

Materials

14C-Lapatinib and unlabeled lapatinib (GW572016) were supplied by GlaxoSmithKline
(GSK). Radiochemical purity (>99%) was confirmed by reverse phase HPLC prior to
administration. Texas Red dextran (3 kDa) was obtained from Invitrogen. The human MDA-
MB-231-BR breast cancer cell line was kindly provided by Dr. Toshyaki Yoneda,
University of Texas at San Antonio, San Antonio, TX. The MDA-MB-231-BR cells were
transfected to express enhanced green fluorescent protein (EGFP) and to overexpress HER2
(28, 31).

Brain Metastasis Model

All animal experiments were performed in accordance with the NIH Guide for the Care and
Use of Animals following an approved IACUC protocol. Immunocompromised female
NuNu mice (Charles River Laboratories, Frederick, MD) were anesthetized with isoflurane
and inoculated into the left cardiac ventricle with 1.75 x 10° brain-seeking 231-BR-HER2
cells expressing EGFP (28, 31). Metastases were allowed to develop for 4-6 weeks at which
time animals began to exhibit neurological symptoms.

14C-Lapatinib Distribution Kinetics and Autoradiography

14C-Lapatinb (10.2 w.Ci/mg) was administered to animals (n=5-8 mice per time point) by
oral gavage (100 mg/kg, 200 L per mouse) or by single 7 v. injection (10 mg/kg, 100 L
per mouse). In oral administration studies, lapatinib was formulated and delivered in a
vehicle consisting of 0.5% hydroxypropylmethylcellulose with 0.1% Tween 80 in water (20,
21). In /.v. injection studies, lapatinib was administered in DMSO diluted to 30% using
0.9% NaCl. Tracer was allowed to circulate for 2 or 12 hours in the oral experiments and for
30 minutes in the i.v. experiments. Ten minutes prior to the end of the circulation period,
animals were anesthetized with ketamine/xylazine and administered Texas Red 3 kDa
dextran (Invitrogen; 1.5 mg/animal i.v.) for evaluation of BBB and BTB permeability. At
the end of the circulation period, animals were euthanized and the brain as well as selected
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other tissues (e.g., liver, lung, heart, kidney) were rapidly removed (<30 s) and flash frozen
in isopentane (-65°C). Tissue sections were cut and processed for tracer fluorescence
microscopy and quantitative autoradiography, as previously described (30). In addition,
samples of blood, plasma, and systemic tissues were collected for analysis by liquid
scintillation counting or chromatography. Brain and brain metastasis lapatinib
concentrations were corrected for residual intravascular drug by subtracting the product of
vascular volume and terminal blood lapatinib concentration. For these corrections, vascular
volumes of 0.01 ml/g and 0.007 ml/g were used for brain and brain metastasis, respectively
(30).

Lapatinib Chromatographic Analysis

14C-Lapatinib radiochemical integrity was determined prior to injection as well as in plasma
and tissue samples obtained at the end of circulation using methods adapted from prior
publications (20, 21). Plasma samples (~100 p.L) were treated with acetonitrile (4:1 v/v) and
centrifuged to remove precipitant. Tissue samples (~0.1-0.2 g) were homogenized in water
followed by precipitation with acetonitrile (4:1 v/v). Supernatants were evaporated to
dryness and reconstituted with DMSO (10 pL) and mobile phase (100 L). 14C-Lapatinib
reverse phase HPLC separation was performed using a Varian Prostar system (Model 410
autosampler with Model 230 solvent delivery module) linked to a C-18 Altima column (3
pm, 150 x 4.6 mm). Mobile phase consisted of a mixture of 50 mM ammonium acetate
buffer (pH-4.5) and acetonitrile with the percent acetonitrile increasing in a linear gradient
over the course of the run. Flow rate was 1 mL/min. Solute detection was by UV
spectrometry (Varian Prostar Model 325; A = 270 nm) for total lapatinib and flow
scintillation analysis (Perkin ElImer AFSATRO00 and Beckman 6500) for 14C-lapatinib.
Unlabeled lapatinib was analyzed by electrospray ionization LC-MS/MS (Varian 1200L), as
previously described (20, 21).

Isolation of Lapatinib Resistant Cell Line

Individual mice with intracranial 231-BR-HER2 brain metastases were assigned to receive
either vehicle (0.5% hydroxypropylmethylcellulose with 0.1% Tween 80 in water), n =5
mice, or lapatinib (100 mg/kg body weight), n = 10 mice twice daily by oral gavage for 24
days. Mice were euthanized by CO, asphyxiation at the end of treatment or when they
showed signs of neurological impairment. The whole brain was removed from the skull,
bisected along the sagittal plane and the left hemisphere was immediately frozen in Tissue-
Tek OCT (Sakura Finetek USA, Torrance, CA). These samples were used for histology. The
right hemisphere was isolated for tissue culture by cutting up the brain into small pieces into
10 cm plates in Dulbecco's modified Eagle Medium (DMEM, Invitrogen) supplemented
with 10% fetal bovine serum (FBS, Invitrogen) plus 1% penicillin-streptomycin and 1%
fungizone (amphotericin B). Tumor cells were grown out of 8 treated and 2 vehicle mouse
brains. Each brain was cultured separately to establish independent cell lines.

Western Blot

Lapatinib-treated 231-BR-HER?2 lines and 231-BR-HER2 non-treated lines were plated on
10 cm plates in DMEM plus 10% FBS plus 1% penicillin-streptomycin for 3 days. At
confluency, cells were harvested and lysed in RIPA buffer containing complete mini EDTA-
free protease inhibitor cocktail (Roche). Total lysates were resolved by SDS-PAGE and
transferred to nitrocellulose membranes. Immunoblot analysis was performed per standard
procedures. Horseradish peroxidase-conjugated secondary antibodies were used at dilutions
of 1:5000. Proteins were visualized using enhanced chemiluminescence (Cell Signaling
Technology) and autoradiography.
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Cell Viability Assay

231-BR-HER?2 lapatinib-treated lines and 231-BR-HER2 non-treated lines were plated at a
density of 2000 cells/well in a 96-well plates in DMEM plus 10% FBS and incubated
overnight to allow cells to adhere to the substratum. The cells were treated with various
concentrations (4-10 wM) of lapatinib or with DMSO (i.e., the diluent for lapatinib) as a
control. The number of viable cells was determined at 72 hours after lapatinib addition by
adding 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT; Sigma) at
a final concentration of 0.5 mg/mL to each well. After 2 hour incubation at 37 °C, DMSO
was added to the well to solubilize the MTT, and absorbance measured at 570 nm. Data are
shown as a percentage of the vehicle-treated line tested.

Lapatinib Resistant Cells In Vitro

231-BR-HER?2 lapatinib-treated lines and 231-BR-HER2 non-treated lines were cultured in
1 uM lapatinib over 1 month period to achieve /n vitro resistant cells.

Clonogenic Assay

231-BR-HER?2 lapatinib-treated lines (n=8) and 231-BR-HER2 non-treated lines (n=2) were
plated at a density of 200 cells/well in 6-well plates in DMEM plus 10% FBS and incubated
overnight to allow cells to adhere to the substratum. The cells were treated with 4 uM
lapatinib or DMSO. The cells were treated on day 1, 5, and 9 with day 0 being the plating
day and stained on day 12. Cells were fixed in 80% methanol with 20% acetic acid for 1
hour then stained with Wright Giemsa Stain (Eng Scientific, Inc).

Statistical Analysis

Results

Data were analyzed for descriptive and inferential statistics using Prism 5 software
(GraphPad). Results are presented as mean £ SD, unless otherwise noted. Statistical
differences were assessed using nonparametric Mann Whitney or Kruskal Wallis tests.
Pearson's correlation was used to calculate r? values. All tests were two-sided with P<0.05
for statistical significance.

Brain distribution after oral dosing

14C-Lapatinib (100 mg/kg) was administered orally to immunocompromised mice bearing
231-BR-HER?2 metastases. Samples were collected at 2 or 12 hours thereafter for
determination of 14C-lapatinib concentration in blood, plasma, and tissues. Sampling time
points were chosen to correspond to blood Cp,x and Cpyin Obtained with twice daily oral
dosing of lapatinib (GSK unpublished data). The dose matched that previously used in the
brain metastasis efficacy study of Gril et al (28).

14C-Lapatinib concentrations in brain at sites distant from metastases were low and uniform
at both time points with mean values of 149 ng/g at 2 hours and 55 ng/g at 12 hours (Table
1). Correction of brain for residual intravascular radioactivity, calculated as brain blood
volume (1.0%) x terminal blood concentration (30), reduced mean brain lapatinib
concentrations further to 97 and 49 ng/g, respectively. Lapatinib distribution to brain was
low as these corrected values represented 1.3 — 2.8% of matching plasma concentrations
(Table 1). Calculated % dose to brain was 0.0025% of the administered oral dose. Tracer
was confirmed as >92% intact in plasma and tissues by HPLC at 2 hours after
administration. The results are consistent with Polli et al (20, 21) showing restricted
lapatinib distribution to brain in mice.
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Brain Metastasis Distribution After Oral Dosing

In contrast to normal brain, experimental brain metastases exhibited variable and generally
elevated 14C- lapatinib concentrations which ranged from 100-2890 ng/g at 2 hours and
from 8 to 1300 ng/g at 12 hours after oral dosing. Fig.1 presents representative images

of 14C-lapatinib distribution in brain metastases. In most cases, 14C-lapatinib concentration
significantly exceeded that in surrounding brain tissue (P<0.05). On average, brain
metastasis lapatinib concentration was 7-fold greater than normal brain at 2 hours and 9-fold
greater at 12 hours (Table 1). By 12 hours, the brain metastasis/plasma concentration ratio
equaled 26%, indicating marked uptake over residual vascular drug (0.7%)(30).

Distribution analysis confirmed the heterogeneity of lapatinib concentration between brain
metastases. As shown in Fig.2a for 2 h animals, 70% of brain metastases showed moderately
elevated 14C-lapatinib with mean concentration of 528 ng/g and an average increase of 5-
fold. In contrast, in 17.5% of brain metastases, 14C-lapatinib was markedly elevated (mean
concentration =1698 ng/g; average elevation =18-fold) (P<0.001), whereas in 12.5% 14C-
lapatinib concentration did not differ significantly from normal brain. Comparable trends
were noted in 12 hour data (data not shown).

Variability was also noted in 14C-lapatinib concentration within brain metastases. As
illustrated in Fig.2b, 14C- lapatinib concentrations ranged >100-fold between individual
regions (25 x 25 wm) within individual brain metastases. No clear distinction was noted in
lapatinib distribution between metastasis center or rim. In Fig.2b, the mean 14C- lapatinib
concentration was 604 ng/g with individual regions varying from 30 to 4300 ng/g. Lapatinib
concentration fell off sharply at the edge of the brain metastases so that within 200-300 um
of the outer edge drug concentration approached normal brain values. Thus, though brain
metastasis lapatinib concentrations are reported in this manuscript predominantly as mean
values, this masks marked (>100-fold) intratumor and intertumoral variation.

Many brain metastases with elevated 14C-lapatinib also showed increased BTB permeability
to Texas Red 3 kDa dextran, as illustrated in Fig. 1. Because compromised BTB integrity
may allow greater 14C-lapatinib uptake, a correlation was performed between 14C-lapatinib
concentration and Texas Red dextran permeability for n=160 brain metastases. 14C-
Lapatinib was found to correlate significantly with BTB permeability (r2 = 0.27, P<0.001)
(Fig.2c), consistent with a role of altered BTB integrity in enhanced lapatinib uptake. In
contrast, only a weak correlation (r2 = 0.03) was found with metastasis size (mm?2)(Fig.2d).
A number of small micrometastases (<1 mm diameter) were found with markedly elevated
lapatinib concentration (>10-20-fold). Similarly, a number of large metastases (>1-2 mm
diameter) showed only limited lapatinib accumulation (<5-6-fold). Thus, the data differ
from prior studies which suggested that BTB permeability may increase directly with tumor
size (32, 33). In our study, a small subset (<20%) of both small and large brain metastases
exhibited marked (>10-fold) lapatinib accumulation which correlated with compromised
BTB integrity.

Comparison with Peripheral Metastases

To further investigate the role of the BTB in limiting lapatinib distribution, 14C-lapatinib
concentrations were determined in systemic metastases and compared to those from the
same animal in brain. The concept was that if one compared drug accumulation in two
metastases from the same tumor cell line, one residing in the nervous system with a vascular
barrier and one in systemic tissues without a vascular barrier, this may provide insight as to
the function of the barrier system in limiting drug accumulation to CNS metastases. Twelve
soft tissue metastases were found in peripheral tissues in the 12 hour 14C-lapatinib animals;
most (75%) were in the lung. Fig. 3 presents representative images from one animal with a
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lung metastasis. 14C-Lapatinib concentrations were markedly greater in lung metastasis
(3464 ng/g) and surrounding normal lung tissue (20,784 ng/g)(Fig. 3) than those observed in
matching brain metastases (454 ng/g). On average, brain metastasis 1C-lapatinib
concentration was only ~11% of that in lung metastases and was 18% of that in heart tumors
(Table 1; Fig. 4). The ratio was even lower against many high uptake tissues, such as liver,
kidney, and lung (Fig. 4). Only in a small subset of brain metastases (17.5%) did lapatinib
concentrations (~1698 ng/g) approach those of peripheral metastases (2549 — 3889 ng/g)
(Fig. 4). The markedly lower 14C-lapatinib concentration in most brain metastases as
compared to matching metastases in systemic tissues provides additional support for the
hypothesis that the BTB plays a significant role in limiting lapatinib distribution to
metastases in the CNS.

Verification with Intravenous Dosing

Although >92% of the 14C-lapatinib tracer was intact at 2 h after oral administration, it is
possible that small levels of tracer metabolites or breakdown products impact the findings of
the oral dosing experiments. Therefore, to confirm the finding that brain metastasis 14C-
lapatinib uptake was limited, matching experiments were performed in animals with short
term (30 min) / v. 1C-lapatinib (10 mg/kg) dosing. Under these conditions, >98% of the
plasma 14C tracer was confirmed as intact 14C-lapatinib (Fig. 5). Similar to oral dosing,

i.v. 14C-lapatinib administration was associated with significantly elevated 14C-lapatinib
radioactivity in most brain metastases relative to surrounding brain (Fig. 6). The average
fold lapatinib accumulation in brain metastases (3.2-fold) relative to normal brain was
somewhat less than that with oral dosing and longer circulation times. However, the mean
brain metastasis lapatinib concentration (412 ng/g) and the peak values (1000-3000 ng/g)
were similar to those seen with oral dosing, verifying the heterogeneity and general effect.
As was observed with oral administration, brain metastasis 14C-lapatinib uptake after /.v.
administration correlated significantly with BTB permeability (P=0.0004, n=77),

Average 14C-lapatinib concentrations in brain metastases were 1-2 orders of magnitude less
than those in peripheral tissues (Fig. 6). No soft tissue peripheral metastases were found in
animals used in the /7.v. administration experiments. The results support the conclusion that
the BTB plays a role in limiting lapatinib distribution to brain metastases and that the results
were not artifacts of tracer breakdown or metabolism.

Generation and Characterization of Resistant Cell Lines from Brains of Lapatinib-Treated

Mice

To evaluate whether drug resistance played a role in limited lapatinib efficacy against brain
metastases, 231-BR-HER?2 cells were injected into the left cardiac ventricle of
immunocompromised mice and animals were administered lapatinib (100 mg/kg p.o.) twice
daily for 24 days. At necropsy one hemisphere of the brain was placed in growth media and
dissected under sterile conditions to isolate tumor cells for culture. Eight lapatinib-treated
and two vehicle-treated cultures were established. A western blot of cell lysates from these
cultures indicated that HER2 expression was maintained throughout /7 vivo treatment and
ex vivoculture (Fig. 7). To determine if the cell lines established from lapatinib-treated
brains were resistant to lapatinib, cells were tested for responsiveness to lapatinib /n vitroin
viability and clonogenic assays. Cells were treated with 8 or 10 uM lapatinib for 72 hours,
and viability measured by MTT assay (Fig. 8a,b). All cell lines were sensitive to lapatinib
inhibition, and no differences were observed between the lapatinib versus vehicle treatment
(P>0.05). It remained possible that the short culture period in normal tissue culture
conditions reversed /n vivo lapatinib resistant phenotypes, therefore frozen stocks of ex vivo
cultures were expanded in 1 wM lapatinib for 1 month. When tested in viability assays,
equivalent results were obtained (data not shown). Finally, clonogenic assays demonstrated
an inhibitory effect of lapatinib that was comparable between lapatinib- and vehicle-treated
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cultures (Figure 8c). The data indicate that tumor cells remaining in the brain after lapatinib
treatment were sensitive to lapatinib /n vitro.

Discussion

The therapy of brain metastases represents a significant unmet medical need. Standard
chemotherapy with agents such as paclitaxel and doxorubicin is associated with very limited
or no short-term positive effect on brain metastases (34). Trastuzumab, an anti-HER2
antibody, has significant positive therapeutic action on HER2+ systemic breast tumors, but
shows minimal transport across the BBB (12, 14, 15, 35). The results of this study
demonstrate that 14C-lapatinib delivery is elevated in a great majority (>85%) of brain
metastases of breast cancer using the human 231-BR-HER?2 breast cancer model in
immunocompromised mice. On average, lapatinib concentrations in brain metastases are
elevated 7-9-fold over those in surrounding brain tissue. However, brain metastasis lapatinib
distribution is highly heterogeneous, and in the majority of brain metastases lapatinib
concentrations are still only a fraction (<10-20%) of those in peripheral metastases. Only in
a subset of cases (17%) did brain metastasis lapatinib concentrations approach those of
peripheral tumors. For optimal therapy, good lapatinib distribution would be desirable in all
or most all brain metastases, comparable to systemic metastases. A strong correlation was
noted between brain metastasis lapatinib concentration and BTB permeability. The results
demonstrate that lapatinib distribution to brain metastases of breast cancer is restricted and
varies with BTB permeability which differs within and between tumors. The results support
the hypothesis that lapatinib efficacy is limited in brain metastases by restricted drug
delivery.

Of all the tissues studied, the brain showed the lowest lapatinib distribution. Measured brain-
to-plasma concentration ratios for lapatinib after vascular correction equaled 0.013 and
0.028 in this study. Similar values were obtained by Polli et al (20, 21) following /.v.
lapatinib infusion to steady state (24 hours) in mice, with total brain/plasma lapatinib ratios
of 0.03 - 0.04 at comparable plasma concentrations (730 and 5097 ng/g). Vascular
correction would lower their values by ~0.01 mL/g, providing ratios (0.02-0.03) which
match well to ours and indicate only very limited brain lapatinib accumulation. The low
distribution of lapatinib to brain has been linked to active lapatinib efflux transport at the
BBB by P-gp (ABCB1) and BCRP (ABCG2) (20, 21). Steady-state brain-to-plasma
distribution ratios for lapatinib were 4-5-fold higher (0.08 — 0.15) in P-gp knockout mice.
However, knockout of both P-gp and BCRP increased brain-to-plasma lapatinib ratio by
>50-60-fold to 1.2- 1.7 (21), indicating that both transporters contribute to limiting lapatinib
distribution to brain. Multiplying the vascularly-corrected brain concentrations in our study
by 60-fold places them in the range of systemic tissues without a BBB. For example, in the
12 h oral dose lapatinib experiments, 60 times the brain lapatinib concentration of 49 ng/g
equals 2940 ng/g, which is comparable to that measured in peripheral metastases
(2000-4000 ng/g) at the same time point. The results support the notion that BBB limits
lapatinib distribution to brain and suggest the overall deficit in delivery may be >50-60-fold
based upon efflux transport. Plasma lapatinib concentration declined 4-fold between 2 and
12 hours after oral administration, consistent with the reported plasma half-life of 4-6 hours
in mice (21). In most tissues, marked lapatinib sequestration was evident in tissues,
consistent with the large volume of distribution for lapatinib of 9.5 L/kg (36).

In brain metastases of the 231-BR-HER2 breast cancer model, lapatinib distribution
increased on average by 7-9-fold over surrounding normal brain, attaining mean brain-to-
plasma ratios of 0.09 at 2 h and 0.26 at 12 h. Yet, average brain metastasis lapatinib
concentrations were still 6-10-fold less than matching concentration in peripheral
metastases, suggesting that barrier compromise was only partial and that significant
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restriction still remained to lapatinib accumulation. Enhanced brain metastasis drug uptake
may arise from increased BTB passive permeability or decreased expression and function of
BTB active efflux transporters (22, 37). The Texas Red 3 kDa dextran results show clear
enhanced BTB passive permeability in most brain metastases which correlated with
lapatinib uptake. The expression and function of active efflux transporters at the BTB has
not been clearly defined. Our preliminary P-gp staining data with the brain 231-BR-HER2
model, suggest that BTB P-gp is maintained in many brain lesions (30). This is supported by
in vivo and brain perfusion results showing >40-fold enhancement in brain metastasis
uptake of paclitaxel in the same tumor model in the presence of active efflux transport
inhibitors, such as tariquidar and elacridar (Taskar et al. Role of blood-brain barrier
transporters in the brain uptake of the anticancer drug, paclitaxel; Abstract # T3435
presented at AAPS Annual Meeting and Exposition, New Orleans, LA, November 2010).
Expression and function of active efflux transporters by tumor cells within the brain may
also play a role in limiting accumulation. Additional work is required to define the specific
BTB mechanisms that drive variably enhanced lapatinib uptake in brain metastases. The
marked heterogeneity in brain metastasis lapatinib uptake, which correlates within and
between lesions with BTB passive integrity, suggests that barrier alteration plays a critical
role.

In this study, only 17% of brain metastases showed marked lapatinib accumulation which
fell within 2-4-fold of that in peripheral metastases. In the great majority of brain
metastases, lapatinib distribution was far lower and highly variable. These findings are
consistent with clinical and preclinical studies showing only partial efficacy of lapatinib
against HER2+ brain metastases of breast cancer. For example, Gril et al, using the same
lapatinib dose and tumor model, found only a ~50% reduction in the number of large brain
metastases and no change in the number of micrometastases (28). In our study at the same
dose, the total lapatinib concentration attained in highest brain metastases (>2000 ng/g at 2 h
and >1000 ng/g at 12 h; ~1-3 nM) exceeds the reported Kp of lapatinib binding to HER2
(13 nM) (19) but is still less than the 1Cgq for inhibition of 231-BR-HER2 proliferation /in
vitro (8 LM)(28). Lapatinib activity /77 vivo may benefit from the slow disassociation
halftime of the drug from the HER2 receptor (t1/, = 6 hours) as well as the prolonged time it
takes HER?2 to recover from inhibition of receptor phosphorylation (e.g., 15% recovery in 4
days) (19). So, the potential exists for cumulative effects. However, with heterogeneous
lapatinib distribution, the majority of brain metastases are exposed to significantly lower
drug levels, and in 12.5% of metastases, drug exposure did not differ significantly from
surrounding brain tissue. At 2 h after oral administration, the lapatinib concentration in
normal brain and in 70% of brain metastases showing only limited elevation was in the
range of 100-500 ng/g or ~100-500 nM. Assuming a lapatinib free fraction of 1% in brain
based upon the cLogP of 5.1 (38, 39), this predicts that free lapatinib concentrations in brain
and a significant fraction of brain metastases are on the order of 0.01 x 100-500 = 1-5 nM,
which is three order of magnitude less than the concentration which inhibits cell
proliferation /n vitro and less than the Kp of the HER2 receptor. In contrast, the predicted
free lapatinib in the highest brain metastases (0.01 x 3000 = 30 nM) would significantly
exceed the Kp of the HER2 and be suggestive of activity. Thus, the results suggest that
while lapatinib reaches active concentrations in some brain metastases, restricted and
heterogeneous delivery in others will limit the efficacy of the drug in the treatment of brain
metastases of breast cancer.

Drug resistance has also been suggested as a possible mechanism to explain only partial
lapatinib activity against brain metastases of HER2+ breast cancer (25). Most studies of
lapatinib resistance to date have been exclusively 7 vitro, using long term culture of tumor
cell lines exposed to drug. From these studies, multiple potential avenues of resistance have
emerged including PI3K/PTEN/Akt (40, 41), hormone receptor signaling (42), Erk (41),
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HER2 mutation (42) and the AxI pathway (43). To test whether drug resistance was a factor
in our study, eight cell lines were established from brains of mice injected with 231-BR-
HER2 cells and treated at the same dose with lapatinib for 24 days. As compared to two cell
lines established from vehicle-treated mice, the /n vitro lapatinib responsiveness of these
cultures was comparable. No differences in viability by MTT assay or colony formation by
clonogenic assay were observed. The results suggest that the tumor cells in brain metastases
remain lapatinib sensitive and that drug resistance was not a factor. It is possible that
resistance pathways emerged /n vivo but were lost upon short-term ex vivo culture.

Overall, the findings support the hypothesis that restricted lapatinib delivery contributes to
partial lapatinib efficacy against HER2+ brain metastases of breast cancer. The BTB, though
compromised in integrity, still limits brain lapatinib exposure in many brain metastases to
<10-20% of those in systemic metastases and with marked variability within and between
lesions. The data suggest that compounds with improved BBB permeability and synergy
with lapatinib would be helpful for HER2+ brain metastatic breast cancer. Brain metastasis
delivery may be enhanced by drugs that modify the barrier to either down regulate efflux
transporter function, increase BBB passive permeability, or shuttle lapatinib into brain by
carrier- or receptor-mediated mechanisms.
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Figure 1.

14C-Lapatinib in brain and brain metastases at 2 (a—c) and 12 (d—f) hours following 14C-
lapatinib administration (100 mg/kg, p.0.) in mice with 231-BR-HER2 tumors.
Representative coronal brain sections showing green EGFP metastasis fluorescence (a,d),
Texas Red 3kD dextran fluorescence (b,e), and 14C-lapatinib radioactivity (c,f) from an
animal with 231-BR-HER2 brain metastases that received 14C-lapatinib for 2 (a—c) or 12
(d—f) hours. Met = metastasis.
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Figure 2.

Distribution of 14C-lapatinib between (a) and within (b) brain metastases, as well as relation
of 14C-lapatinib concentration to metastasis size (c) and barrier permeability (d). Data are
for animals (n=6-8) at 2 hours after oral administration of 100 mg/kg 14C-lapatinib. Similar
results were found at 12 h. (a) Brain metastasis 4C-lapatinib concentrations were divided
into three mutually exclusive groups: comparable to brain (<mean brain concentration + 3 x
SD), <10-fold higher relative to brain, and >10-fold higher relative to brain. Bars represent
group average concentration = SEM. The percentage of metastases within each group is
listed above the bar. (b) Distribution of 14C-lapatinib concentration within a single
representative brain metastasis (Met-1 in Figure 1f). Each bar represents the relative
frequency of concentration within small regions (pixel = 25 x25 wm) of the tumor. Although
the average concentration for the metastasis was 604 ng/g, individual regions within the
metastasis varied from 30 to >4300 ng/g. (c,d) Points represent data for individual brain
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metastases. Color dotted lines denote average metastasis diameter (d) in mm. The Pearson
correlation is shown as a solid line and was statistically significant (P<0.05).
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Figure 3.

14C-Lapatinib in lung (a—d) metastases at 12 hour after 14C-lapatinib administration (100
mg/kg, oral). Representative sections showing lung metastasis EGFP fluorescence (a), Texas
Red 3kDa dextran fluorescence (b), cresyl violet staining (c) and 14C-autoradiography (d)
from an animal with 231-BR-HER2 metastases that received 14C-lapatinib at 12 hours prior
to euthanasia. Matching metastases were also measured in brain from the same animal.

Pharm Res. Author manuscript; available in PMC 2013 March 01.



1X31-)ew1a1ems 1X3]-){Jewiarems

1X3]-){Jewtarems

Taskar et al.

Page 18
1000003 12 h Oral Dosing
E 10000
—
5 ;
— 1000
e wie
=
100
© .
a I 2
3
10 .
1 T T T
S @ 2 L & AN & Lo
P W & P 2 N ©
TN FEE VO
LGN
2 {Q“
Q%
Figure4.

14C-Lapatinib concentrations in brain and peripheral metastases, as well as blood and other
tissues, at 12 hours after 14C-lapatinib administration (100 mg/kg, oral) in
immunocompromised mice with 231-BR-HER2 metastases. Bars represent mean + SD for
n=5 animals. Lapatinib concentration (y-axis) is shown in log scale. Points represent
concentrations in individual metastases; mean concentration is shown by a line.
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Radiochromatography of 14C-radioactivity in plasma at 30 min after intravenous
administration of 10 mg/kg 14C-lapatinib. Radiolabeled lapatinib was found to be >98%

pure and co-eluted with cold lapatinib as confirmed with HPLC
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Figure®6.

14C-Lapatinib distribution at 30 min after /1-14C-lapatinib administration (10 mg/kg) in
immunocompromised mice with 231-BR-HER2 metastases. Bars represent mean + SD for
n=3 animals. Lapatinib concentration (y-axis) is shown in log scale. Points represent
concentrations in individual metastases; mean concentration is shown by a line.
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Figure7.

HER2 expression is maintained upon ex vivo culture of lapatinib-treated brain metastatic
tumor cells. 231-BR-HER?2 cells were injected into immunocompromised mice, treated with
either 100 mg/kg lapatinib twice daily or vehicle. At necropsy, tumor cells were cultured ex
vivo from brains of lapatinib-treated (L) or vehicle-treated (V) mice. The HER2 expression
of lysates of each culture was determined by western blot, using a-tubulin as a loading
control.
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Ex vivo cultures of lapatinib-treated 231-BR-HERZ2 cells remain sensitive to lapatinib /n
vitro. (a-b) Cultures described in Fig. 7 were assayed for viability after 72 hours of lapatinib
treatment (8 LM lapatinib, a; 10 M lapatinib, b) by MTT assay. Data represent the mean +
SD of triplicate cultures. (c) Clonogenic assays of the ex vivo cultures in 4 .M lapatinib.
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Plasma, blood, and tissue 14C-lapatinib concentrations at 2 and 12 hour s after oral

Taskar et al.
Table 1
administration of 100 mg/kg 14C-lapatinib
14C-L apatinib Concentration
Sample 2 hour 12 hour
(ng/g) (M) (ng/g) (M)

Plasma 7462 +910 7.91+0.96 1731+381 1.84+0.40
Blood 5274+527 559+0.56 1160+255 1.23+0.27
Brain 149+52  0.16 £0.06 55+29 0.06 + 0.03
Brain 97 +54 0.10 +0.06 49+ 28 0.05 +0.03
(Vascular corrected)

Brain Metastasis 672+573 0.71+0.61 454+338 0.48+0.36
(Vascular corrected)

Lung Metastasis 3889+360 4.12+0.38
Heart Tumor 2549+689 2.70+0.73
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Values are mean + SD for n-5-8 animals. Number of brain metastases equaled n=160 and n=46 at 2 and 12 hours, respectively. The number of lung

metastases equaled 9 whereas heart tumors equaled 3.
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