Hand—foot syndrome under sorafenib treatment

Figure 1. Photos of hand-foot syndrome (HFS) in Japanese patients treated with sorafenib. (a,d) Grade 1, (b,e) grade 2 and
(c,f) grade 3. In grade 1 HFS, only mild erythema is found on the palmar and the plantar surface (brackets in a,d). In grade 2
HFS, peeling is observed at palmar and plantar pressure areas in addition to erythema (arrows in b,e). In grade 3 HFS, blisters
with severe dermatitis around them are observed at palmar and plantar pressure area (arrowheads in c,f).

Table 2. Patient characteristics

Study A (Akaza et al., 2007) Study B (Minami et al., 2008) Study C (Furuse et al., 2008)
No. of patients 131t 31 27
Sex (n)
Male 102 21 25
Female 29 10 2
Age (years)
Median 63 63 70
Range 30-83 32-72 48-79
ECOG-PS (n)
0 102 8 27
1 29 23 0
Cancer type (n) Renal cell (131) Non-small lung (10) Hepatocellular (27)
Colorectal (6)
Renal cell (3)
Gastric (2)
Others (10)

"Number of patients considered valid for safety study was 131, while that for intent-to-treat was 129. ECOG-PS, Eastern Cooperative Oncology

Group - performance status.

available for analyses. Patient characteristics of each
of the three clinical trials are summarized in Table 2.
No HFS was listed as a baseline characteristic in any
of the patients. Underlying malignancies for the three
studies included renal cell cancer, non-small cell lung
cancer, hepatocellular cancer, and other cancers.
Among patients receiving sorafenib, the summary
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incidence of all-grade HFS was 51% (55% in study A,
39% in B and 44% in C) and that of grade 3 HFS was
7% (9% in study A, 0% in B and 7% in C). HFS was
one of the most frequently observed skin toxicities,
along with rash/desquamation, in each of the three
clinical trials (Table 3). In studies B and C, where
sorafenib was administrated at different doses, dose
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Table 3. Incidence of skin toxicities, including hand-foot
syndrome (HFS)

Study A StudyB  Study C
(Akaza (Minami  (Furuse
etal, etal, etal,
2007) 2008) 2008) Total
n =131 n=231 n=27 n=189
Adverse events  n (%)
HFS
Any grade 72 (55) 12 (39) 12 (44) 96 (51)
Grade 3 12(9) 0 2(7) 14 (7)
Alopecia
Any grade 51 (39) 8 (26) 5(19) 64 (34)
Grade 3/4 0 0 0 0
Dry skin
Any grade 4@ 7(3) 3(11) 14(7)
Grade 3/4 0 0 0 0
Pruritus
Any grade 14 (11) 5(16) 8 (30) 27 (14)
Grade 3/4 0 0 0 0
Rash/desquamation
Any grade 49(37)  19(61) 15 (56) 83 (44)
Grade 3/4 5 (4) 0 2(7) 74

Table 4. Incidence of hand-foot syndrome at different dose
of sorafenib

Study A Study B Study C
(Akaza et al., (Minamietal., (Furuse etal.,
2007) 2008) 2008)
Dose n=131 n=31 n=27
100 mg b.id. - 0/3 (0%) =
200 mg b.i.d. - 3/15 (20%) 4/13 (31%)
400 mg b.i.d. 72/131 (55%) 3/6 (50%) 8/14 (57%)
600 mg b.id. - 6/7 (86%) -

dependency for the incidence of HFS was suggested
(Table 4). Incidence at 400 mg b.i.d. was similar
among the three studies.

Timing of onset

An analysis of cumulative event rates of HFS in study
A revealed that HFS occurred at the early stage of
sorafenib treatment. Of the 72 patients suffering from
sorafenib-related HFS, 43 patients developed
new-onset HFS during the first 3 weeks of treatment,
14 patients at week 6, nine patients at week 9, and
fewer thereafter (Fig. 2). A similar pattem was
observed in the other clinical trials (data not shown).

HFS and patient characteristics

Incidence and severity of HFS in study A were sum-
marized with respect to patient characteristics,
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Figure 2. Timing of onset and cumulative event rate of
hand-foot syndrome (HFS) in Japanese patients treated
with sorafenib. HFS occurred at the early stage of sorafenib
treatment. Out of 72 patients who had HFS in study A, 43
patients developed HFS during the first 3 weeks.

including sex, age, Eastem Cooperative Oncology
Group - performance status (ECOG-PS) and body-
weight (Table 5). None of the patient characteristics
analyzed showed any apparent association with
the incidence of all-grade HFS. Female sex (21%
vs 6%) and ECOG-PS 0 (11% vs 3%) seemed to
have a tendency to be related to grade 3 HFS;
however, as there were great differences in patient
numbers between women and men (29 vs 102) and
between ECOG-PS 0 and 1 (102 vs 29), further
investigations are needed to discem the relationship
between these patient characteristics and severity
of HFS.

Table 5. Incidence of hand-foot syndrome by patient
characteristics in study A

All grade Grade 3

Patient characteristics n (%) n (%)
Sex

Male (n = 102) 51 (50) 6(6)

Female (n = 29) 21 (72) 6(21)
Age (years)

<45(n=7) 3 (43) 0

45-64 (n = 68) 41 (60) 6(9)

65-74 (n = 45) 20 (44) 49

275 (0 = 1) 8(73) 2(18)
ECOG-PS

0(n=102) 56 (55) 1 (1)

1(n=29) 16 (55) 13
Bodyweight (kg)

<60 (n = 52) 30 (58) 5(10)

60-69 (n = 52) 25 (48) 5(10)

70-79 (0 = 19) 13 (68) 2 (11)

280(n=7) 4(57) 0

ECOG-PS, Eastern Cooperative Oncology Group - performance status.

© 2010 Japanese Dermatological Association



Dose modification of sorafenib caused by HFS
In study A, HFS was the leading cause of dose inter-
ruption (14 patients, 11%) and dose reduction (12
patients, 9%) of sorafenib. HFS caused permanent
discontinuation of sorafenib treatment in one patient
(1%) in study A, but none in studies B and C.

DISCUSSION

The present analyses demonstrated that sorafenib
was associated with a significantly increased risk of
HFS in Japanese patients being treated for renal cell
cancer and other solid tumors. The incidence of all-
grade HFS (51%) was slightly higher than those
reported overseas in phase lll trials for RCC (30%)
and HCC (21%), but the incidence of grade 3 HFS
(7%) was comparable with those reported overseas
in phase Il trials (6% in RCC and 8% in HCC) or the
systematically reviewed data of HFS incidence.*®°
This suggests that there is no apparent racial differ-
ence in HFS incidence between white and Japanese
subjects.

Hand-foot syndrome itself is not a new mani-
festation under treatment with chemotherapeutic
agents. It has been reported that HFS is associated
with several systemic chemotherapeutic agents
including 5-fluorouracil, capecitabine, doxorubicin
and others."®'® On the one hand, HFS observed
in sorafenib treatment shares many features with
conventional HFS (i.e. palm-plantar distribution, dose
dependency, tendemess and impact on consistent
antineoplastic therapy). On the other hand, it was
reported that HFS associated with sorafenib differed
from classical-type HFS in clinical and histological
characteristics (sorafenib HFS is characterized by
thick, well-defined hyperkeratotic lesions frequently
affecting digit flexural locations).'*-"®

The pathogenesis of sorafenib-induced HFS is
uncertain; however, for HFS observed in other sys-
temic chemotherapeutic agents,'® some hypotheses
have been proposed: (i) excretion of cytotoxic drugs
in sweat causes palms and soles to be more prone to
HFS due to the higher number of eccrine sweat
glands in the extremities, while areas with apocrine
sweat glands are not affected;'"'? (i) a more
mechanical effect of direct pressure to the areas
affected, because sorafenib is a tyrosine kinase inhib-
itor affecting both VEGF and PDGF, the capillary
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endothelium may therefore be the first tissues dam-
aged by sorafenib, especially the hand and foot sur-
faces which are under direct pressure from walking,
hand washing or other daily use;' (iii) a direct effect
of sorafenib on receptors located on the eccrine
glands themselves; and (iv) alteration of keratinocytes
by inhibition of the c-Kit receptor, because it has been
shown that the c-Kit ligand is expressed on human
keratinocytes,'” and it is reasonable that the direct
inhibiting effect of sorafenib on c-Kit may be toxic to
the keratinocytes. In any case, dose-dependency of
sorafenib-associated HFS does not suggest an aller-
gic mechanism but a toxic one.” The significant
incidence and risk demonstrated in this study under-
score a need for additional basic and clinical studies
to investigate the pathogenesis and treatment of
sorafenib-associated HFS.

Although we investigated the relationships
between patient characteristics and HFS, we found
no such characteristic as related to HFS. Therefore,
physicians need to pay attention to prevention and
management of HFS in all sorafenib-treated patients.
Recently, avoiding mechanical skin stimuli, moisturiz-
ing skin and manicure/pedicure of hyperkeratinized
skin have been recommended to prevent occurrence
and worsening of HFS.”® In the present review,
female and ECOG-PS 0 patients showed a higher
tendency to be related to grade 3 HFS than male and
ECOG-PS 1 patients, suggesting that the former
patients may be more exposed to mechanical stimuli
in daily life, such as washing dishes with hot water or
active walking. As for topical treatment for prevention
and management of HFS, moisturizing creams, urea-
or salicylic acid-containing topical treatments for
chemical exfoliation of skin, and topical cortico-
steroids for more severe inflammation with painful
erythema, are recommended according to the skin
symptoms.'®

Once HFS is observed, dose modification of
sorafenib is one of the options in management of
HFS, along with physical and chemical therapies.
Although the first step in dose modification of sorafe-
nib was dose interruption in the three clinical trials,
recently published articles recommend the treatment
algorithm of HFS in which the first step in dose
modification of sorafenib should be dose reduction
instead of dose interruption.'®® In order to fulfill the
antitumor effect of sorafenib, it is important to
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maintain sorafenib exposure. For that purpose, it is
reasonable to reduce sorafenib dose instead of inter-
rupting sorafenib treatment as the first step of dose
modification.

In conclusion, the present review has demon-
strated that sorafenib was associated with a relatively
high risk of developing HFS, and HFS was one of the
most frequently observed skin toxicities along with
rash/desquamation in Japanese patients. As none of
the baseline patient characteristics was predictive of
HFS, physicians should pay attention to prevention
and management of HFS in all sorafenib-treated
patients in order to avoid treatment interruption/
discontinuation of sorafenib due to HFS.
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Enzastaurin is an oral serine/threonine kinase inhibitor that tar-
gets the protein kinase C (PKC) and phosphoinositide 3-kinase/

AKT p. ys to induce and supp! [ ion of
various cancer cell lines. This phase | study evaluated the tolerabil-
ity and ph kinetics of in in Jap with

advanced solid tumors and determined the recommended dose for
phase II. Eligible patients had advanced solid tumors and an East-
ern Cooperative Oncology Group performance status of 0-2.
Patients received enzastaurin orally once daily until disease pro-
g ion (PD) or ble toxicity occurred. Enzastaurin was
started at 250 mg/day followed by stepwise dose increases based
on the incidence of dose-limiting toxicities (DLT). Twenty-three
(seven pati 250 mg; six pati 375 mg; six pati
500 mg; four patients: 750 mg) were enrolled and received enzas-
taurin. The major tumor types were non-small-cell lung cancer
(n = 5) and breast cancer (n = 3). No DLT was reported at doses of
500 mg or less. Because two DLT (grade 2 QTc prolongation lasting
for a week) were observed at 750 mg enzastaurin, this was deter-
mined as the i | dose. Itiple daily doses at
500 mg achieved the target plasma concentration to inhibit PKC
activity (1400 nmol/L). Enzastaurin was well tolerated up to
500 mg in Japanese patients with advanced solid tumors. The rec-
ommended dose for phase Il was determined to be 500 mg daily
for a 28-day cycle on the basis of safety and plasma exposures.
(Cancer Sci 2010; 101: 2193-2199)

P rotein kinase C (PKC) is overexpressed and its activity is
increased in many cancers including colon cancer,'” non-
small-cell lung cancer (NSCLC)® and diffuse large B-cell lym-
phoma (DLBCL).®) Protein kinase C is stimulated on activation
of receptors on the cell membrane, including vascular endothe-
lial growth factor (VEGF) and epidermal growth factor
(EGF).™” Recent evidence suggests a link between PKC and
phosphoinositide 3-kinase (PI3K)/AKT, the main pathway
responsible for cell survival and proliferation. >

Enzastaurin is an oral serine/threonine kinase inhibitor that
targets the PKC and PI3K/AKT pathways to induce aPoPtosis
and suppress proliferation of various cancer cell lines. 12815
animal models, enzastaurin showed antitumor and antiangio-
genic activity in various malignancies, including NSCLC, colon
cancer, renal cell cancer, hepatocellular cancer and glioblas-
toma. "% Enzastaurin has been well tolerated in an early clini-
cal study conducted in the USA at doses from 20 to 750 mg/day
in patients with advanced solid tumors. !

Enzastaurin is primarily metabolized by cytochrome P450 3A
(CYP3A), leading to the formation of multiple metabolites,
including three active metabolites: a desmethylenepyrimidyl
metabolite (LY326020); a desmethyl metabolite (LY485912);
and a hydroxymethyl intermediate (LSN2406799). These metab-
olites are pharmacologically active, inhibiting PKC-B with simi-
lar potencies to enzastaurin (ICsy approximately 6 nmol/L)
(data on ﬁ]e).(m Results from in vitro studies have shown that
enzastaurin inhibits 90% of PKC-B enzymatic activity (ICgp) at
70 nmol/L (data on file). Since preliminary data suggest that

doi: 10.1111/.1349-7006.2010.01677.x
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plasma protein binding of enzastaurin is approximately 95%,
total plasma concentrations above 1400 nmol/L would be
required to achieve 70 nmol/L or higher of the free concentra-
tion.

Here we report the results of a phase I study that was con-
ducted to evaluate the tolerability of enzastaurin and its pharma-
cokinetic profile in Japanese patients with advanced solid
tumors. Based on these results we have also determined the rec-
ommended dose of enzastaurin for a planned phase II study, and
evaluated the antitumor effect of enzastaurin in these patients.

Patients and Methods

Patients. Patients with histologically or cytologically con-
firmed malignant solid tumor, refractory to conventional chemo-
therapy or available non-standard therapy and without any
carry-over influence of previous therapies, were eligible to enter
the study. Inclusion criteria included the following: age between
20 and 75 years; Eastern Cooperative Oncology Group (ECOG)
performance status (PS) from O to 2; predicted life expectancy
of at least 3 months; and adequate hematopoietic, hepatic and
renal functions (absolute neutrophil counts > 1.5 x 10>/mm’,
platelets > 100 x 10%/mm?, hemoglobin > 9 g/dL, total biliru-
bin < 1.5 x upper limit of normal [ULN], aspartate amino-
transferase [AST] and alanine amino-transferase [ALT] < 2.5 x
ULN, and serum creatinine < 1.5 X ULN). Exclusion criteria
included the following: present cardiac disorders of grade 3 or
greater; myocardial infarction within 6 months after onset;
pleural, peritoneal or pericardial effusion requiring drainage;
QTc 20.45s (QTc = QT/‘J (R-R) (Bazette); dissemination to
the meninges; or history of stomach resection. Toxicity was
graded in accordance with the National Cancer Institute
Common Terminology for Adverse Events (CTCAE) ver. 3.0.

Ethical considerations. The study was conducted in accor-
dance with the ethical principles of the Declaration of Helsinki
and was consistent with Good Clinical Practice and all applica-
ble laws and regulations. Written informed consent was obtained
from all patients and the study was approved by the Institutional
Review Board of the participating institution.

Study design. This was an open-label phase I dose-escalation
study in one clinical center, the National Cancer Center Hospital
East, Japan.

Five fixed dose levels of enzastaurin, 250, 375, 500, 750 and
1000 mg/day, were to be examined in the study. The starting
dose, 250 mg enzastaurin, was selected based on the results
from the previous phase I study of enzastaurin conducted in
patients with advanced solid tumors." In that study, 500 mg
enzastaurin was the lowest daily dose at which dose-limiting
toxicity (DLT) was observed. We therefore selected half that
dose as the starting dose in this study. A six patient cohort was
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used for each dose level being escalated in a stepwise manner
based on DLT incidence. The DLT was defined as any of the
following occurring in cycle 1: grade 3, or higher non-hemato-
logical toxicity except nausea, vomiting, anorexia, fatigue, con-
stipation, diarrhea and allergic reactions; grade 4 neutropenia or
thrombocytopenia; febrile neutropenia; grade 2 QTc prolonga-
tion lasting at least 1 week; or dose omission lasting at least
8 days. Because preclinical study showed that enzastaurin could
cause QTc prolongation in dogs and it was actually observed in
the preceding phase I study in the USA, we defined sustained
QTc prolongation as DLT even when it was grade 2, from a
safety perspective. Nausea, vomiting, anorexia, fatigue, consti-
pation and diarrhea were considered as DLT only when they
persisted in grade 3 or higher despite adequate symptomatic
treatment and the investigator judged them as DLT. The maxi-
mum tolerated dose (MTD) was defined as the lowest dose level
where the incidence of DLT was 33% or higher. If there was a
patient whose compliance was <75% and who experienced no
DLT in cycle | at a certain dose level, an additional patient was
enrolled at that dose level. A patient whose dose omission was
<25% or who experienced DLT in cycle 1 was evaluable for
DLT analysis. The incidence of DLT at each dose level was
summarized using the patients evaluable for DLT.

T plan. E in was ad d orally once
daily after breakfast, because exposures of enzastaurin following
administration in the fed state were higher than exposures fol-
lowing administration in the fasted state (data on file).

The study treatment consisted of two periods: cycle 0 and all
subsequent cycles. In cycle 0, patients received a single dose of
enzastaurin to investigate its pharmacokinetic profile. Cycle 1
was initiated during the period from 8 to 15 days following sin-
gle-dose administration in cycle 0. During cycle 1 and the subse-
quent cycles (1 cycle = 28 days), patients received enzastaurin
tablets once daily until disease progression (PD) or unacceptable
toxicity occurred.

If any adverse event meelmg DLT criteria occurred, the
patient was required to omit the adi ation of in
until the event resolved or improved to grade 1. If the patient
restarted the study treatment, the dose of in was

maximal concentration (tmay), area under the plasma concentra-
tion vs time curve from 0 to 24 h (AUCy 54 ) and to infinity
(AUC,._..), apparent clearance (CL/F), apparent volume of dis-
tribution (Vz/F) and the apparent terminal half-life (t,,,) were
calculated during cycle 0. Similarly, during cycle 1, the maxi-
mum concentration at steady-state during a dosing interval
(Crnax.ss) and the time taken to reach Cpuax ss (tmax,ss) Were identi-
fied. The area under the plasma concentration vs the time curve
over the dosing interval at steady-state (AUC.) was deter-
mined. The linear/log trapezoidal method was used to compute
AUC values. Other non-compartmental parameters such as pre-
dicted average drug concentration under steady-state conditions
during a dosing interval (C,, ), apparent clearance (CL/F)
and apparent volume of distribution at steady-state (V¢/F) were
also calculated. The accumulation ratio (RA) was assessed as
AUC, 4 to AUCq_4. The metabolic ratio (MR) was calculated
as metabolite AUC to parent AUC.

'max  and  tg,, values of total analytes (enzastau-
rin + LY326020 + LY485912 + LSN2406799) were reponed
by summing the concentration-time data for enzastaurin
together with its metabolites, because these metabolites inhibit
PKC-B with potencies similar to enzastaurin. If two or more of
the individual values were not present, the value to be computed
was indicated as missing.

The analysis to estimate intra-subject and inter-subject vari-
ability used data from cycle 0 and cycle 1. AUCy._... from single
dosing was combined with AUC,q, after multiple dosing. This
combination strategy was based on linear pharmacokinetic prin-
ciples that have shown “‘AUC, i =~ AUC,_."".

Results

Patient characteristics. This study was conducted from
November 2005 to January 2008 at the National Cancer Center
Hospital East in Japan and 23 patients were enrolled (Table 1).

reduced to the next lowest level. For each patient, a maximum
of two dose reductions were allowed.

Prohibited medications during the study period included
Vaughan-Williams Class Ia, Ic and III antiarrhythmic drugs,
CYP3A4 inhibitors, CYP3A4 inducers and warfarin.

Toxicity and response monitoring. The following measures
were used to assess patients at pre-study and during treatment:
body weight, PS, laboratory tests, vital signs, electrocardiogram
(ECG), chest X-ray and ophthalmological examination results.
Post-study evaluation was conducted 28 days after the last dose.

Adverse events were graded in accordance with CTCAE ver.
3.0. The antitumor effect was assessed using xhe Response Eval-
uation Criteria in Solid Tumors (RECIST)( 3 for every other
cycle, and was confirmed at least 4 weeks after the initial obser-
vation of responses.

Pharmacokinetics. During cycle 0, heparinized blood samples
(3 mL) were collected 0.5, 1, 1.5, 2, 3, 4, 6, 9, 24, 48, 72, 96
and 168 h after the dose. During cycle 1, blood samples (3 mL)
were collected pre-dose and 6 h post-dose on day 1; pre-dose on
days 8, 15 and 22; and pre-dose, 0.5, 1, 1.5, 2, 3, 4, 6, 9 and
24 h post-dose on day 28.

High-performance liquid chromatography with tandem mass-
spectrometry (LC/MS/MS) was used to detect enzastaurin and
its metabolites, LY326020, LY485912 and LSN2406799, in
plasma (Advion BioSciences, Ithaca, NY, USA).

The PK parameters for enzastaurin and its metabolites were
analyzed using noncompartmental methods with WinNonlin
Version 5.0.1. (Pharsight, Mountain View, CA, USA). The pri-
mary parameters, such as maximal concentration (Cpy,y), time of
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Table 1. Patient characteristics (N = 23)
Patient characteristics N=23
Gender
Male 15
Female 8
Age (years)
Median 55.0
Range 27-1
ECOG performance status
0 10

1 13
Diagnosis

Non-small-cell lung cancer

Breast cancer

GIST

Renal cancer

Brain tumor

Gastric cancer

Intrahepatic bile duct cancer

Liposarcoma

Large intestine carcinoma

Malignant neoplasm of urachus

Malignant neoplasm of retromolar area

Pleural mesothelioma

Rectal cancer

Thyroid tumor and leiomyosarcoma

Carcinoma of unknown primary

- ki s e s s o NN WL

ECOG, Eastern Cooperative Oncology Group; GIST, gastro-intestinal
stromal tumor.

doi: 10.1111/1.1349-7006.2010.01677.x
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Table 2. Toxicity possibly related to enzastaurin observed in >10% of patients

Dose of enzastaurin (mg)

Total (N = 23)
Preferred term (MedDRA ver.10.0) 250 (N=7) 375(N=6) 500 (N = 6) 750 (N = 4)
G1 G2 G1 G2 G1 G2 G1 G2 G3 G1 G2 G3
Chromaturia 4 0 a4 0 4 ] 3 0 0 15 0 0
Somnolence 0 0 2 0 4 0 3 0 0 9 0 0
Faeces discoloured 2 0 2 0 0 0 1 0 0 5 0 0
Fatigue 0 1 1 0 1 0 0 1 0 2 2 0
ECG QTc interval prolonged 0 0 0 1 0 1 0 2 0 0 4 0
Blood albumin decreased 0 0 1 0 1 0 0 1 0 2 1 0
Blood urine present 0 0 1 1 1 [ 0 [ 0 2 1 0
Lymphocyte count decreased 0 0 0 2 o o 0 o 1 o 2 1
Rash 0 1 0 1 0 1 0 0 0 0 3 0
ECG, electrocardiogram; G, grade of CTCAE v3.0; MedDRA, the Medical Dictionary for Regulatory Activities.
The most common types of cancer were NSCLC (n = 5) and Patient 1 (dose level: 375 mg/day)
breast cancer (n = 3). 510
Maximum tolerated dose and toxicity. All 23 patients o0
received at least one enzastaurin dose. The median number of '§ :: PRI L
treatment cycles was two cycles at 250 mg, four at 375 mg, 2.5 Em S S, O
at 500 mg and 2.5 at 750 mg. Twenty-one patients discontinued | °
the study due to progressive disease and two patients discontin- .g |t . Y e
ued due to adverse events. One patient at 250 mg experienced R S i b
progressive disease before the end of the first cycle, so that 5 % 375 mglday 250 mgiday
patient was added to the cohort. One patient at 375 mg discon- bl
tinued the study due to drug-related QTc prolongation and the :;3
other patient at 750 mg discontinued because of anorexia, which 0 2 M ® ® ™ W W W
was not drug related. (days)
Of 23 treated patients, four patients were excluded from DLT
analysis because of early progression of their disease. The inci- Pafiont 2 (doss level: 750 mpiday) = Patient whh DLY
dence of DLT was summarized by the enzastaurin dose in 19 ;;g -
patients (five patients at 250 mg, six patients at 375 mg, five = a0 .
patients at 500 mg and three patients at 750 mg). No DLT was g w0 °
reported at doses of 500 mg or less. Two DLT were reported at 3 :;:
750 mg; both were grade 2 QTc prolongations lasting at least § . . .
1 week. Based on the results, 750 mg of enzastaurin was deter- Ewm|®
mined as the MTD and 500 mg as the recommended dose for '50 4010 750 moriay 4500 mgiday
. oofs g ==
phase II studies. 0
Table 2 shows toxicities possibly related to enzastaurin that 40 =
were observed in more than 10% of patients. The most common 0 10 20 30 40 50 60 70
toxicities in the treated patients were chromaturia (n = 15) and ).
somnolence (n = 9), which were both grade 1. The incidence of Patient 3 (dose level : 750 mg/day) = Patient with DLT
somnolence appeared to increase dose-dependently. The only 510
grade 3 toxicity was lymphocytopenia (n = 1). There were no Gm
drug-related deaths. g 480 oo .
Three patients (one at 375 mg and two at 750 mg) required 3 470 . ot o
dose omission due to grade 2 QTc prolongation, which was g‘ﬁﬂ *
deemed as DLT in two of them. One patient at 375 mg experi- = ﬁg . . .
enced grade 2 QTc prolongation lasting for 8 days in cycle 2. 5 430 Tomglay  SOmydey 7Smgidey
All QTc prolongation events were reversible in these patients 420
and they recovered from these events after dose omission. How- :::] P

ever, QTc prolongation events continued to occur again until
sufficient dose reduction was taken (Fig. 1). The patient at
375 mg discontinued due to drug-related prolonged QTc inter-
val, which occurred again even after a dose reduction to 250 mg
(Fig. 1). The plasma concentration of enzastaurin and its active
metabolites at the point of patients’ experiencing QTc prolonga-
tion is not available.

Pharmacokinetics. Plasma concentration-time data and dos-
ing information (dose date and time) for pharmacokinetic evalu-
ation were available from 23 patients. Two patients at 750 mg
were excluded from the analysis for steady-state because their
enzastaurin doses were reduced during cycle 1 due to adverse
events.
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Fig. 1. Patients who required dose omission because of QTc
prolongation. DLT, dose-limiting toxicities.

Figure 2 shows the mean plasma concentration-time profile
of enzastaurin. The mean pharmacokinetic parameters of enzas-
taurin and its active metabolites following single and multiple
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After single dose in cycle 0

§

LY317615 mean plasma concentration (nmol/L)

0 2 4 72 %6 120 144
Time after dose (h)
Number of patients:
—o— 250mg 250mg;n=7
— 375mg;n =6
—o— 750mg 500mg; n=6
750mg; n=4

Fig. 2. Enzastaurin (LY317615) mean plasma concentration-time profile.

After multiple doses in cycle 1

s

g

LY317615 mean plasma concentration (nmollL)
H

100
o 4 8 2 % 20 24
Time after last dose (h)
Number of patients:
250
= 250mg;n =4
500 mg 375mg;n=5
—o— 750 mg 500mg;n=4
750mgin=1

Table 3. Pt inetic p of and its active metabolites in cycle 0
Geometric mean (coefficient of variation %)
Analyte Parameters Dose of enzastaurin (mg)
250 375 500 750
Enzastaurin N 7 6 6 4
Cmax (nmol/L) 1090 (57.5) 968 (61.3) 2070 (40.2) 1910 (73.3)
tmax (W)* 4.07 (2.87-8.92) 3.96 (3.00-6.10) 5.96 (3.00-9.03) 3.92 (3.15-4.00)
AUCo... (h pmol/L) 12.7 (78.7) 12.9 (77.6) 29.5(70.2) 23.5 (96.6)
CL/F (L/h) 38.0(78.7) 56.4 (77.6) 32.9 (70.2) 61.9 (96.6)
V./F (L) 651 (70.7) 820 (69.1) 632 (39.1) 957 (68.5)
t1,2 (W)t 11.9 (7.6-17.0) 10.1(7.5-16.4) 13.3(8.4-20.3) 10.7 (8.2-14.1)
LY326020 N 7 6 6 4
Cmax (nmol/L) 285 (36.7) 308 (24.3) 494 (39.9) 548 (53.1)
tmax ()* 5.77 (2.87-8.97) 5.01 (4.00-9.02) 9.02 (4.00-24.02) 5.00 (3.92-6.00)
AUCo... (h pmol/L) 12.2 (50.2) 14.6 (46.8) 27.8 (61.1) 26.3 (65.5)
ta,2 (W)t 38.2 (27.2-55.6) 34.8 (28.9-40.5) 37.8 (26.6-55.6) 38.4 (33.2-41.1)
MR 0.961 (60.7) 113 (37.3) 0.942 (46.9) 1.12(23.7)
LY485912 N 7 6 6 4
Cmax (nmol/L) 122 (57.3) 107 (48.8) 258 (50.2) 218 (77.7)
tmax (h)* 5.77 (3.93-8.97) 6.10 (4.02-9.02) 9.02 (6.20-24.02) 5.00 (3.92-9.07)
AUCo. (h pmol/L) 2.25 (88.4) 2.17 (91.3) 5.88 (103) 4.54 (132)
ti2 (Rt 12.0 (7.7-19.7) 10.5 (9.4-14.0) 12.6 (8.7-19.6) 11.5 (6.8-17.7)
MR 0.176 (15.3) 0.168 (15.8) 0.199 (33.3) 0.193 (19.8)
LSN2406799 N 7 6 6 4
Crmax (Nnmol/L) 145 (34.0) 143 (41.3) 276 (31.8) 242 (92.8)
tmax (h)* 4.02 (2.87-6.07) 3.96 (3.00-6.10) 4.96 (3.00-9.03) 3.92 (3.15-4.00)
AUCo.. (h pmol/L) 1.40 (68.4) 1.49 (60.8) 3.25 (49.6) 2.71 (92.6)
tiz ()t 10.5 (7.1-13.7) 8.70 (7.1-11.9) 11.6 (6.1-17.1) 10.3 (5.7-19.7)
MR 0.110 (9.2) 0.115 (15.3) 0.110 (18.7) 0.115 (12.5)

*Median (range). tGeometric mean (range). AUC,_.., area under the concentration vs time curve from 0 to infinity; CL/F, apparent total body
clearance calculated after oral dosing; Cmax Maximum plasma concentration; MR, metabolic ratio; tmax median time to reach maximum
concentration; ty,, half-life associated with the terminal rate constant; V./F, apparent volume of distribution after oral administration.

dosing are summarized in Tables 3 and 4, respectively. Mean
concentration—time profile of enzastaurin after a single dose
monophasically declined following Cp,,x and the mean t;,, of
enzastaurin ranged from 10.1 to 13.3 h independent of the dose
administered. Cp,x and AUCy ... of enzastaurin did not increase
dose-proportionally after a single dose or during multiple dos-
ing. The RA of enzastaurin ranged from 1.19 to 3.56 and did not
appear to be dose dependent.
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LY326020 has a longer half-life than enzastaurin, indicating
that this metabolite is elimination-rate limited. The RA of
LY326020 ranged from 2.18 to 3.87, which tended to be higher
due to its longer half-life. The MR of LY326020 ranged from
0.942 to 1.13 after single dosing and from 0.359 to 0.679 after
multiple dosing. These results suggest that systemic exposure of
LY326020 was similar to or slightly lower than that of enzastau-
rin. The mean t;,, of LY485912 and LSN2406799 were similar
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Table 4. Ph kinetit of and its active metabolites in cycle 1
Geometric mean (coefficient of variation %)
Analyte Parameters Dose of enzastaurin (mg)
250 375 500 750

Enzastaurin N 4 5 4 1
Crmaxss (nmol/L) 1460 (62.9) 1920 (83.1) 3230 (36.2) 7680t
tmax (N)* 2.48 (1.92-3.95) 3.08 (3.00-6.08) 4.00 (3.00-6.07) 9.08t
AUC, ¢ (h pmol/L) 15.00 (98.1) 22.20 (122) 40.90 (61.6) 147.001
Cavss (nmol/L) 624 (98.1) 927 (122) 1710 (61.6) 6140t
CL/F (L/h) 32.4(98.1) 32.7(122) 23.7 (61.6) 9.87t
RA 1.19 (88.4) 2.24 (45.0) 1.96 (48.4) 3.56t

LY326020 N 4 5 4 1
Crmaxss (nmol/L) 470 (38.3) 754 (48.0) 1260 (45.8) 2640t
tmax (h)* 3.93 (1.42-4.00) 6.00 (3.08-9.13) 5.00 (0.52-24.00) 0.501
AUC, (h pmol/L) 9.33 (39.4) 15.1(55.9) 27.1 (52.9) 53.00t
Cavss (nmol/L) 389 (39.4) 629 (55.9) 1130 (52.9) 2210t
MR 0.623 (60.0) 0.679 (54.6) 0.663 (23.4) 0359t
RA 2.18 (52.8) 2.90 (26.8) 3.87 (51.6) 3.78t

LY485912 N 4 5 4 1
Crmaxss (Nnmol/L) 188 (90.7) 253 (108) 490 (52.5) 14801
tmax (N)* 4.97 (3.92-9.93) 6.00 (4.03-9.00) 7.52 (6.00-24.00) 0.00t
AUC. s (h pmol/L) 2.92 (125) 4.29 (148) 8.9 (67.5) 29.60t
Cav.ss (nmol/L) 121 (125) 179 (148) 374 (67.5) 1230t
MR 0.195 (20.6) 0.193 (15.8) 0.220 (9.8) 0.201t
RA 1.38 (119) 2.96 (48.5) 2.60 (38.5) 3.60t

LSN2406799 N 4 5 4 1
Crmaxss (nmol/L) 166 (53.2) 197 (51.2) 331 (17.6) 574t
tmax ()* 3.46 (1.92-3.95) 3.97 (3.00-9.13) 4.00 (3.00-6.07) 9.08t
AUC ¢ (h pmol/L) 1.60 (75.9) 2.22 (85.3) 3.81(43.1) 10.50t
Cav,ss (nmol/L) 66.6 (75.9) 92.4 (85.3) 159 (43.1) 436t
MR 0.107 (21.3) 0.0997 (28.8) 0.0931 (17.2) 0.0710t
RA 1.09 (63.1) 1.78 (40.7) 1.62 (38.2) 244t

*Median (range). tindividual values, mean and CV% were not calculated because N < 2. AUC, ., area under the concentration vs time curve
over the dosing interval at steady state; C,ys, the predicted average drug concentration under steady-state conditions during multiple dosing;
Cmaxssr Maximum plasma concentration at steady-state; MR, metabolic ratio; RA, accumulation ratio; tma, median time to reach maximum

concentration.

to that of enzastaurin. This indicates that elimination may be
formation-rate limited. The MR of LY485912 and LSN2406799
ranged from 0.193 to 0.220 and from 0.0710 to 0.107, respec-
tively, after multiple dosing. Systemic exposure of these metab-
olites was smaller than that of enzastaurin.

The intra-patient (within-subject) variability assessed using
AUC for enzastaurin and its metabolites ranged from 17% to
40%. The inter-subject variability was high and ranged from
56% 10108% as assessed by AUC. Figure 3 shows the average
drug concentration of enzastaurin and its active metabolites in
individual patients across all dose levels. Multiple daily doses at
500 mg, the recommended dose for phase II studies, achieved
the target plasma concentration, 1400 nmol/L, in all Japanese
patients. The predicted average drug concentration of enzastau-
rin and its active metabolites at steady-state ranged from 1680
to 5040 nmol/L.

Antitumor effect. All 23 patients were assessed for tumor
response. No formal objective response occurred in accordance
with RECIST. Three patients (two at 375 mg and one at
500 mg) had been treated without progressive disease for at
least six cycles. Of these, one patient with gastro-intestinal stro-
mal tumor continued therapy at 375 mg for 21 cycles. Another
patient with mesothelioma showed radiographical improvement
in positron emission tomography imaging using the glucose ana-
log 2-deoxy-2-[18F]fluoro-D-glucose (18FDG) at 7 weeks after
baseline (Fig. 4).
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Fig. 3. Steady-state average plasma concentrations of enzastaurin
and its active metabolites. *The target exposure of total plasma
concentration of 1400 nmol/L was determined based on the 1C90
(70 nmol/L) for protein kinase C-B inhibition by enzastaurin, assuming
approximately 95% protein binding.

Discussion

In this study, we showed that enzastaurin up to 500 mg was well
tolerated in Japanese patients with advanced solid tumors. Five
hundred mg of enzastaurin achieved the target exposure,
1400 nmol/L, as measured by the total plasma concentration of
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18FDG-PET

SUV max 13.58
Baseline

SUV max 8.18
Week 7

Fig. 4. Metabolic response in mesothelioma. PET, positron emission tomography; SUV, standardized uptake value.

enzastaurin and its active metabolites. In xenograft models the
growth of glioblastoma and colon carcinoma were significantly
suppressed by oral dosing with enzastaurin to yield plasma con-
centrations similar to those achieved in clinical trials.’ On the
basis of safety data and plasma exposures, we recommend a
daily dose of 500 mg of enzastaurin for phase II studies in
Japan. This result is consistent with results from the phase 1
study in non-Japanese patients.‘

In the current study, no clinically significant toxicities other
than QTc prolongation were reported. QTc prolongation was the
DLT, and drug-related reversible grade 2 QTc prolongations
were observed in four patients (one patient at 375 mg, one
patient at 500 mg and two patients at 750 mg). The onset of
each event was in cycle 0 or 1, but not on the first day of either
cycle. None of these events were exacerbated during the course
of treatment. Although the definitive cause of QTc prolongation
is undefined, the study results are consistent with the results of a
preclinical study in dogs and of the preceded phase I study in
the USA. In a preclinical study in which dogs were given high
daily doses (exposures higher than those expected to occur in
most patients), QT and QTc prolongation was observed after
5 weeks, and cataracts were seen after 13 weeks (data on file).
In the phase I study in the USA, QTc prolongation was the
DLT. Events were observed at the 700 and 525 mg dose levels
although they did not require treatment or discontinuation.'"
Asymptomatic QTc prolongations are reported in several novel
molecular targeting oncology agents including multi-targeted
tyrosine kinase inhibitors, histone deacetylase inhibitors and
PKC inhibitors, and their mechanisms are being explored."” In
recent phase II and III studies, an initial high-loading dose of
enzastaurin has been used to attain steady-state plasma total con-
centrations of enzastaurin sooner. In such studies, it is necessary
to monitor the QTc interval carefully. We are evaluating the
safety of the high initial loading dose for Japanese patients in a
separate study. In this study, as in another study of enzastau-
rin,"" the most common toxicity observed in the treated
patients was chromaturia. This is most likely due to the reddish-
orange color of the active ingredient of enzastaurin.

The plasma exposures of enzastaurin in this study as assessed
by AUC indicate high inter-patient variability for enzastaurin
and its metabolites (56-108%) compared with intra-patient vari-
ability (17-40%). Since dose escalation was not performed
within the same patients and the number of patients in each dose
level was small with high variability, dose proportionality for
enzastaurin and its metabolites could not be concluded.

Because this was a phase I study, efficacy was not a primary
endpoint. Although formal tumor responses were not identified,
one mesothelioma patient showed radiographical improvement
and three patients were treated for at least six cycles without
progressive disease. Phase I studies designed to measure tumor
response and/or stable disease over a specified period will
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provide more information on the expected antitumor activity of
enzastaurin,

A recent report showed that treatment with enzastaurin was
well tolerated and associated with prolonged freedom from pro-
gression in a small subset of patients with relapsed or refractory
DLBCL,"™ and a large global phase III trial of standard induc-
tion therapy (CHOP/rituximab) with or without enzastaurin con-
solidation has been initiated in patients with newly diagnosed,
high-intermediate/high-risk DLBCL. Based on the results of the
current study, medical institutes in Japan have joined this phase
III study and investigators have been carefully monitoring all
clinical aspects, including ECG.

In summary, the current study showed that enzastaurin was
well tolerated up to 500 mg in Japanese patients with advanced
solid tumors. The only DLT observed was reversible QTc pro-
longation. The recommended dose for phase II was determined
to be 500 mg daily for a 28-day cycle, the same as that deter-
mined in Caucasian patients.
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Abbreviations

AUC)—. area under the concentration vs time curve from 0 to
infinity

AUC, area under the concentration vs time curve over the
dosing interval at steady state

Cavss the predicted average drug concentration under
steady-state conditions during multiple dosing

CL/F apparent total body clearance calculated after oral dosing

Cinax maximum plasma concentration

Conax,ss maximum plasma concentration at steady-state

CTCAE common terminology criteria for adverse events

ECG electrocardiogram

ECOG Eastern Cooperative Oncology Group

G grade of CTCAE v3.0

GIST gastro-intestinal stromal tumor

MedDRA  the Medical Dictionary for Regulatory Activities

MR metabolic ratio

RA accumulation ratio

ti2 half-life associated with the terminal rate constant

. median time to reach maximum concentration

V./F apparent volume of distribution after oral administration
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Effect of axitinib (AG-013736) on fatigue,
thyroid-stimulating hormone, and biomarkers:
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Axitinib is an oral, potent, and selective inhibitor of vascular endo-
thelial growth factor receptor (VEGFR) 1, 2, and 3. mls phase 1
study evaluated the safety, okinetics, ph. S,
antitumor activity, and recommended starting dose of axitinib in
patients with advanced solid tumors. Twelve patients received sin-
gle-dose axitinib 5 mg and were d for 248 h. C
5 mg twice-daily dosing was then initiated. One patient had dose-
limiting toxicity (grade 3 p inuria and fati C treat-
ment-related ad events were fatigue, and diarrhea.
Grade 3 treatment-related adverse events were fatigue and hyper-
tension. Maximum axitinib plasma concentration occurred 14 h
aﬂer steady state dosing. Eleven patients experienced thyroid-
hormone el ; time-course change and fatigue
onset appeared to be related in some patients. Significant correla-
tion was observed between thyroid-stimulating hormone change
and area under the plasma concentration-time curve (AUC;
r=0.80, P=0.005). Axitinib decreased plasma soluble vascular
endothelial growth factor receptor 2 (s-VEGFR2), with si
correlation between change in s-VEGFR2 and AUC (r=-0. 92
P < 0.0001). Fluorodeoxyglucose posi
revealed a substantial decrease in tumor metabolic activity assocl-
ated with axitinib. Tumor snze decreased in nine patlents The
time-course of thyroid- h change app d cor-
related with faugue There were sngmhcant correlations between
thyroid-stimulating hormone or s-VEGFR2 and axitinib exposure.
Axitinib 5 mg twice-daily is the recommended starting dose for
Japanese patients. This trial is registered with ClinicalTrials.gov,
identifier NCT00447005. (Cancer Sci 2010; 101: 963-968)

C ancer fatality is usually due to tumor growth accompanied
by invasion of adjacent tissues and subsequent metastatic
spread. Bolh tumor growth and metastasis are dependent on
angiogenesis,"? in which vascular endothelial growth factor
(VEGF), and its tyrosine kinase receptors (VEGFRs), play key
regulatory roles. Many cancers are known to secrete VEGF,
which binds to VEGFRs on the surface of endothelial cells,
enhancing their growth and survival. This system stimulates
neovascularization towards the tumor, which provides the tumor
oxygen and nutrition as well as the path for metastasis. There-
fore, disrupting this system is potentially an efficacious
approach in cancer lherapy

Axitinib (AG-013736) is an oral, potent, and selective inhibi-
tor of VEGFR 1, 2, and 3. Axitinib can inhibit platelet-derived
growth factor receptor (PDGFR) and slem-cel] factor receptor
(KIT) but with a log lower potency.” Axitinib dose- -depen-
dently blocks VEGF-stimulated receptor autophosphorylation,
leading to inhibition of endothelial cell proliferation and sur-
vival.®) In preclinical studies, axitinib had anuanglogemc and
antitumor activity in numerous human tumor types®® and

doi: 10.1111/).1349-7006.2009.01465.x
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showed antitumor effects in combination with docetaxel, car-
boplatin, gemcitabine, and bevacizumab. 2

In the first-in-human phase I study  there was clear evidence
of clinical activity, and the maximum tolerated dose was identi-
fied as 5 mg twice daily (BID); this dose was selected for use in
phase II studies.”’ Phase II studies have confirmed that axitinib
has clinical activity as a single agent and in combination with
chemotherapy in various tumor types,®® and axitinib is cur-
rently in phase III development in patients with metastatic renal
cell carcinoma (RCC).

The primary objective of this phase I study was to determine
the recommended axitinib starting dose in Japanese patients
with advanced solid tumors. Secondary objectives included
evaluation of axitinib plasma pharmacokinetics in the Japanese
patient population and investigation of the antitumor activity of
axitinib. Pharmacodynamic exploration of the plasma concentra-
tions of soluble (s)-VEGFR2, s-VEGFR3, s-KIT, and VEGF and
fluorodeoxyglucose positron emission tomography (FDG-PET)
scans were also included. In addition, the effect of axitinib on
thyroid function was prospectively evaluated.

Materials and Methods

Patients. Patients aged 20-75 years with histologically or
cytologically documented advanced solid tumors, refractory to
standard therapies or for whom no standard therapies existed,
were eligible for the study. Patients were required to have East-
ern Cooperative Oncology Group performance status 0-2. Eligi-
ble patients also had adequate bone marrow, hepatic, and renal
function, with systolic blood pressure (BP) <130 mmHg and
diastolic BP <80 mmHg, regardless of the use of antihyperten-
sive agents.

Exclusion criteria included: central lung lesions involving
major blood vessels, current or likely need for treatment with a
potent cytochrome P450 (CYP) 3A4 inhibitor or CYP3A4 or
CYPIAZ2 inducer, need for regular treatment with drugs affect-
ing platelet function, active seizure disorder or brain metastases
with symptoms or requiring treatment, clinically evident gastro-
intestinal disorders potentially affecting ingestion or absorption,
grade 23 hemorrhage (based on Common Terminology Criteria
for Adverse Events [CTCAE], version 3.0) <4 weeks prior to
enrolment, and hemoptysis >1/2 teaspoon per day <I week
prior to enrolment.

Study design. This was an open-label, non-randomized study
in patients with advanced solid tumors. The study protocol was
approved by the Institutional Review Board of the National
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“Present address: Kobe University Hospital, Cancer Center.

SPresent address: Kobe University Hospital, Medical Oncology, 7-5-2, Kusunoki-
cho, Chuo-ku, Kobe, 650-0017, Japan.
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Cancer Center, Japan, and all patients gave written informed
consent for participation. The study was conducted in accor-
dance with the Declaration of Helsinki and in accordance with
the International Conference on Harmonisation guideline on
Good Clinical Practice, and applicable local regulatory require-
ments and laws.

Six patients were initially enrolled. They received a single
dose of axitinib 5 mg and were monitored for 248 h. Once the
safety of single-dose axitinib was confirmed, continuous 5 mg
BID dosing was initiated for these six patients. If axitinib was
well tolerated (<1/6 patients experienced dose-limiting toxicity
[DLTY]), six additional patients would be enrolled at this dose.
Axitinib was administered orally in a fed state.

If a patient tolerated axitinib 5 mg BID well for 228 days,
their dose could be increased to 7 mg BID and then to a maxi-
mum of 10 mg BID. Intra-patient dose titration was permitted if
no treatment-related adverse events (AEs) grade >2 were
observed and BP was <150/90 mmHg for 2 consecutive weeks
without use of antihypertensive agents. Patients continued treat-
ment until intolerable toxicity, progressive disease, or with-
drawal of consent. Axitinib dosing was reduced or interrupted if
drug-related toxicity occurred according to predefined dose-
modification criteria. No other chemotherapy, hormonal therapy,
or radiotherapy was permitted during the study.

Study assessments. Toxicities were evaluated according to
CTCAE, version 3.0. DLT was defined as a treatment-related
AE of: grade 4 neutropenia >7 days; grade 4 thrombocytopenia;
grade >3 non-hematological toxicities except those that could be
controlled to grade <2; hemoptysis >1/2 teaspoon per day,
unless it resolved to baseline within 7 days; or proteinuria
>2 g/day. DLT was evaluated in the first 4 weeks of continuous
dosing. Patients who had >75% treatment compliance were con-
sidered evaluable for DLT. Laboratory investigations, including
thyroid-stimulating hormone (TSH) measurement for assess-
ment of thyroid function, were performed at screening, pre- and
post-single dosing, weekly during the first 4 weeks of continu-
ous dosing (and subsequently every 2 weeks), and at the end of
study treatment. A 12-lead electrocardiogram was performed at
screening, on day 15 (1-3 h post-dose), and at the end of study
treatment.

Blood les for ph »kinetic were ob
during single dosing (pre-dose, and 0.5, 1, 2, 4, 6, 8, 12, 24, and
32 h post-dose) and on days 1 and 15 of continuous dosing (pre-
dose, and 0.5, 1, 2, 4, 8, and 12 h post-dose); pre-dose sampling
was also performed on day 29 to evaluate trough concentration.
Plasma axitinib concentrations were measured using a validated
liquid chromatography-tandem mass spectrometric method
(lower limit of quantification, 0.1 ng/mL) at Charles River Lab-
oratories (Worcester, MA, USA). Standard plasma pharmacoki-
netic parameters were estimated using noncompartmental
methods (WinNonlin Professional version 4.1, Pharsight, Moun-
tain View, CA, USA). Pharmacokinetic parameters assessed fol-
lowing single and continuous dosing included maximum plasma
concentration (Cp,x); area under the plasma concentration-time
curve from time zero to infinity (AUCjy); time to first occur-
rence of Crnax (Tmax); and terminal-phase plasma half-life (7,,2).
AUC over dosing interval (AUCI12; AUC from zero to 12 h),
and accumulation ratio (R,.) were also evaluated following con-
tinuous dosing.

For pharmacodynamic assessments, plasma biomarkers
(s-VEGFR2, s-VEGFR3, s-KIT, and VEGF) were measured pre-
dose, every 4 weeks, and at the end of study treatment. Soluble
proteins were analyzed by enzyme-linked immunosorbent assay
at Alta Analysis (San Diego, CA, USA). Pharmacodynamic
evaluation using FDG-PET was performed pre-dosing and 1-
2 months after the initiation of axitinib 5 mg BID in selected
patients. FDG-PET images were obtained 60 min after injection
of 18F-fluorodeoxyglucose. Percentage changes in maximal

Table 1. Demographic and baseline ck istics
n=12

Mean (range) age, years 60 (32-75)
Mean (range) weight, kg 60 (44-83)
Mean (range) height, cm 163 (149-180)
Mean (range) BSA, m? 1.6 (1.4-2.0)
Gender, n (%)

Male 7 (58)

Female 5(42)
ECOG PS, n (%)

0 6 (50)

1 ) 5(42)

2 1(8)
Tumor type, n (%)

Colorectal cancer 6 (50)

RCC 2(17)

Othert 4(33)
Prior treatment with antihypertensive agent, n (%)

Yes 6 (50)

No 6 (50)

tOvarian cancer; liposarcoma; non-small-cell lung cancer; thymic
cancer. BSA, body surface area; ECOG PS, Eastern Cooperative
Oncology Group performance status; RCC, renal cell carcinoma.

standardized uptake value (SUV na, corrected for body weight)
were calculated.

Tumor measurements were performed at screening, every
8 weeks during continuous dosing, and at the end of study treat-
ment. Tumor response was assessed according to the Response
Evaluation Criteria in Solid Tumors."’

Exploratory analyses evaluated relationships between phar-
macokinetic parameters and pharmacodynamic markers, and
between pharmacokinetic parameters and TSH change.

Results

Patient disposition and characteristics. Twelve Japanese
patients with advanced solid tumors received a starting dose of
axitinib 5 mg BID (Table 1). All patients had received prior sys-
temic therapy (seven patients, 58%, had received >3 regimens),
and the majority had undergone prior surgery (11 patients,
92%).

Safety. The median duration of axitinib treatment was 128
(range, 49 to 795) days. DLTs were observed in one patient,
who had grade 3 proteinuria (6.4 g/day) 27 days after, and
grade 3 fatigue 30 days after starting treatment with axitinib
5 mg BID. Axitinib treatment was interrupted due to protein-
uria, and was resumed at a lower dose of 3 mg BID, but protein-
uria (9.2 g/day) recurred 7 days later. Axitinib treatment was
again interrupted, and resumed at 1 mg BID; however, protein-
uria (7.8 g/day) recurred 7 days later, after which axitinib was
permanently discontinued. While the other patients did not dis-
continue axitinib treatment due to AEs, five patients (42%) had
a dose reduction due to AEs after the initial 28 days of therapy.
One patient (8%) had a dose increase to 7 mg BID, and subse-
quently 10 mg BID. Treatment compliance during the first
28 days of treatment was 93-100%, except in one patient who
experienced a DLT (79%) and in one patient with a dose inter-
ruption due to an unrelated liver abscess (66%). Seven patients
(58%) were 100% compliant.

Common treatment-related AEs were anorexia, fatigue, diar-
rhea, stomatitis, hand—foot syndrome, hoarseness, and hyperten-
sion (Table 2). Grade 3 treatment-related AEs were fatigue and
hypertension. Common treatment-related laboratory abnormali-
ties were increased TSH and hematuria (Table 2). Grade 3
treatment-related laboratory abnormalities were increased

doi: 10.1111/).1349-7006.2009.01465.x
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Table 2. Common treatment-related adverse events and laboratory
abnormalities (n = 12)

All grades, Grade 3t,
n (%) n (%)
Adverse events
Anorexia 11(92) 0
Fatigue 10 (83) 5(42)
Diarrhea 9 (75) 0
Stomatitis 8 (67) 0
Hand-foot syndrome 8(67) 0
Hoarseness 7 (58) 0
Hypertension 6 (50) 3(25)
Constipation 5 (42) 0
Nausea 3(25) 0
Epistaxis 3 (25 0
Rash 3(25 0
Laboratory abnormalitiest
TSH increased 9 (75) 0
Hematuria 7 (58) 0
Proteinuria 5 (42) 1(8)
Blood glucose increased 5 (42) 0
Lipase increased 5 (42) o
Alkaline phosphatase increased 4(33) 1(8)
TSH decreased 4(33) 0
AST increased 4(33) 0
Free T3 increased 3(25) 0
Free T4 increased 325 0
Hematological toxicitiest
Thrombocytopenia 5 (42) 0
Leukopenia 3(25) 0
Lymphopenia 1(8) 0
Neutropenia 1(8) 0
Anemia 0 0

1No grade 4/5 events were reported. $Treatment-related adverse
events judged by the investigators based on laboratory tests. AST,
aspartate aminotransferase; T3, tri-iodothyronine; T4, thyroxine;
TSH, thyroid-stimulating hormone.
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Fig. 1. Time-course of hemoglobin levels for each patient.

alkaline phosphatase, hypoalbuminemia, and proteinuria, in one
patient (8%) each. All treatment-related hematological toxicities
were grade 1 or 2 (Table 2). Elevation of hemoglobin was
observed in most patients. The mean hemoglobin levels of
11.93 g/dL (range, 9.0 to 14.0 g/dL) at baseline increased to
13.63 g/dL (range, 11.6 to 16.4 g/dL) after 28 days of axitinib
treatment and remained slightly elevated thereafter. The time-
course of hemoglobin levels for each patient are presented in
Figure 1.

An increase of approximately 16 mmHg (mean change from
baseline) in both systolic and diastolic BP was observed
(16.2 mmHg [range, 1 to 42 mmHg] in systolic BP, 16.5 mmHg

Mukohara et al.

[range, 3 to 32 mmHg] in diastolic BP) in patients within 1 week
after the start of axitinib treatment. BP subsequently remained
relatively stable. Increased BP was manageable with antihyper-
tensive agents. No prolongation of QTc interval was observed at
1-3 h after dosing (around Ciax) at steady state (day 15).

Pharmacokinetics. Plasma pharmacokinetic parameters for
axitinib after single and continuous dosing are summarized in
Table 3. Cpax Was reached 1-4 h after dosing at steady state
(day 15). The mean (% coefficient of variation) R, after contin-
uous dosing was 1.54 (32%), consistent with the value predicted
from the mean half-life of axitinib.

Thyroid-stimulating hormone (TSH). Elevation of TSH above
the upper limit of the normal (ULN) range was observed in most
patients  following axitinib treatment (11/12 patients;
Fig. 2A,B). Both increased and decreased TSH were observed
(Fig. 2B). Free T3/T4 was measured when clinically indicated.
A decrease in free T3 and/or T4 was observed in seven patients.
The time-course of TSH change and fatigue onset appeared cor-
related in some patients: highly elevated TSH (112 plU/mL)
occurred in one patient who experienced a DLT of grade 3 fati-
gue, and four patients experienced grade 3 fatigue at, or shortly
after, a peak in TSH levels (Fig. 2C). A statistically significant
correlation was observed between TSH change from baseline to
day 29 (absolute log ratio) and day 15 AUC12 (r = 0.80; 95%
confidence interval [CI]: 0.353 to 0.952; P = 0.005; excludes
two patients with abnormal TSH at baseline; Fig. 2D). The
absolute log ratio was used for the analyses of TSH change, as
TSH values appeared to have a log-normal distribution; after
logarithmic transformation, TSH followed a bell-shaped, sym-
metrical distribution.

Pharmacodynamics. Axitinib increased VEGF and decreased
plasma s-VEGFR2 and s-VEGFR3. The median (range) change
in plasma concentration from baseline to day 29 was +267%
(15% to 1031%) for VEGF, —42% (-53% to —10%) for s-VEG-
FR2, and -53% (-94% to —16%) for s-VEGFR3. No s-KIT
change was observed (median [range] change from baseline to
day 29, —0.4% [-24% to 33%]). There was no correlation
between change in VEGF from baseline to day 29 and AUC12;
however, a decrease in s-VEGFR3 over this period was corre-
lated with AUCI2 (r =-0.82; 95% CI: —0.982 to —0.655;
P =0.001), and a significant correlation was observed between
decrease in s-VEGFR?2 over this period and AUC12 (r = -0.92;
95% CI: —1.000 to —0.806, P < 0.0001; Fig. 3).

FDG-PET was performed in nine patients; SUV . decreased
in eight patients, with a median percentage change from baseline
of —52% (range, —69% to 126%). FDG-PET imaging from a
patient with colorectal cancer (CRC), whose FDG uptake
was significantly decreased after the treatment, is presented in
Figure 4.

Antitumor  activity. Although none of the 12 patients
achieved a confirmed partial response, target lesion size
d d from baseline in 9/12 pati (5/6 with CRC, 1/2
with RCC, 1/1 with ovarian cancer, 1/1 with non-small-cell
lung cancer (NSCLC), and 1/1 with thymic cancer), with a max-
imum percentage decrease of 36% (in a patient with CRC). One
patient with RCC experienced a transient increase in tumor size
of 70% while receiving axitinib 7 mg BID and, following dose
titration to 10 mg BID, the tumor decreased by 14% compared
with maximum tumor size before the dose titration to 10 mg
BID. Stable disease (SD) >24 weeks was observed in three
patients (with CRC, NSCLC, and thymic cancer [ = 1 each]);
two of these patients had SD >52 weeks (those with NSCLC
and thymic cancer).

Discussion

In this phase I study, the recommended starting dose in Japanese
patients was confirmed to be identical to that used in global
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Fig. 2. Analysis of change in thyroid-stimulating hormone (TSH). TSH levels over time by patient (A, absolute values; B, log scale); (C)
Relationship between TSH change and onset time of fatigue; (D) TSH change from baseline to day 29 (absolute log ratio) and area under the
plasma concentration-time curve from zero to 12 h (AUC12) (n = 12). BID, twice daily; Cl, confidence interval; D, day; DLT, dose-limiting toxicity;
EOT, end of treatment; G, grade; LLN, lower limit of normal; SCR, screening; SD2, single dose day 2; T3, tri-iodothyronine; T4, thyroxine; ULN,
upper limit of normal.

phase 11 and 11T studies (5 mg BID). This dose was well toler- (112 pIU/mL) and grade 3 fatigue (defined as a DLT) that may
ated overall, with only one patient experiencing DLTs (grade 3  have been associated with TSH elevation. Common treatment-
proteinuria and fatigue); this patient had highly elevated TSH  related AEs and laboratory abnormalities were anorexia, fatigue,
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diarrhea, and increased TSH. The only grade 3 treatment-related
AEs or laboratory abnormalities were fatigue, hypertension,
increased alkaline phosphatase, hypoalbuminemia, and protein-
uria. All hematological toxicities were grade 1 or 2. Mean levels
of hemoglobin increased from baseline by 14.2% after 28 days
of initiation of axitinib treatment and remained elevated at a sta-
ble level throughout the study. No patients required treatment
for elevation of hemoglobin and continued axitinib t

Table 3. Summary of pharmacokinetic parameters

Single dose (5 mg, fed state, up to 32 h of monitoring), n = 6
Crmax

AUCGin¢

(ng/mL) (ng-h/mL) Tmax (h)¥ t1,2 (h)
Meant 286 181 a4 4.80
V(%) 33 70 (2, 6) 24
Day 1 (5 mg BID, fed state), n = 12

Crnax AUC12
(ng/mL) (ng-h/mL) Tmax ()
Meant 20.7 m 3
QV (%) 46 61 29
Day 15 (5 mg BID, fed state), n = 11§
Cmax AUC12

(ng/mL) (ng-h/mL) Tmax ()# Rac
Meant 27.0 150 4 1.54
Vv (%) 56 67 “, 4 32

+Cmax AUCins, AUC12: geometric mean; ty,,: arithmetic mean.
#Median (min, max). §One patient was excluded from descriptive
analysis because of lack of compliance. AUC;,s, AUC (area under the
plasma concentration-time curve) from time zero to infinity; AUC12,
AUC from zero to 12 h; BID, twice daily; Cmax maximum plasma
concentration; CV, coefficient of variation; R,., accumulation ratio;

did not further increase hemoglobin levels. The observed eleva-
tions of hemoglobin are consistent with hemoglobin data
reported for a single patient treated with axitinib"> and for
patients treated with the multi-targeted VEGFR inhibitors suniti-
nib and sorafenib."®'” The mechanism underlying the elevation
of hemoglobin associated with treatment of patients with multi-
targeted VEGFR inhibitors is currently unknown. However, it
has been speculated that blockade of VEGF signaling may mod-
ulate erythropoietin expression,">!” or VEGFR? inhibition and
subsequent reduction of nitric oxide may result in loss of intra-
vascular fluid."® The pattern of BP change observed in the cur-
rent study, an increase in BP within 1 week of the start of
axitinib, followed by relative stability, was similar to that seen
in a previous phase I study of axitinib in Caucasian patients.”
Importantly, i in BP were ble with antihyper-
tensive medication.

Maximum axitinib plasma concentrations were achieved rap-
idly (14 h) after steady-state dosing with 5 mg BID and
steady-state plasma concentrations were predictable from day 1.
There was minimal evidence of axitinib accumulation following
continuous dosing. The steady-state pharmacokinetics of axiti-

(A)

Baseline

Week 4
Fig. 4. Fluorodeoxyglucose  positron  emission
tomography. (A) Imaging from the patient with
colorectal cancer; (B) Percentage change in maximal
standardized uptake value (SUVn.,) by patients.
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ty,2 ter I-phase plasma half-life; T time to first occurrence of

Crax

nib (Cpnax, AUC12) were similar to those observed in a previous
phase I study in Caucasian patients.”” Several other VEGFR
tyrosine kinase inhibitors are approved or currently in clinical
development,  including  sunitinib, sorafenib, recentin
(AZD2171),"® motesanib diphosphate (AMG706), and vande-
tanib. Half-lives vary considerably between these agents, rang-
ing from 25 h for axitinib” up to 120 h for vandetanib.dg) The
short half-life of axitinib allows for rapid management of AEs
through treatment interruption or discontinuation.

Evidence of TSH elevation in patients with cancer has been
reported in studies of other VEGFR inhibitors, including suniti-
nib, sorafenib, and AZD2171.%%2® The current study is the first
to evaluate TSH change following axitinib treatment. Elevation
of TSH was generally observed within 1 month of axitinib treat-
ment, and rapidly normalized or returned almost to the ULN,
following dose interruption. The time-course of TSH change
and fatigue onset appeared correlated in some patients, suggest-
ing that fatigue may be related to hypothyroidism in these cases.
A decrease in TSH was observed in five patients; in three

(B)

o & 8 8
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1
o
o

-100
Patient

Cancer Sci | April 2010 | vol. 101 | no.4 | 967
© 2010 Pfizer and Japanese Cancer Association



patients decreased TSH persisted for 5-8 weeks, normalized,
and then increased above the ULN following further continuous
treatment with axitinib. The remaining two patients discontinued
treatment due to disease progression after decreased TSH was
observed, and further TSH changes following continuous treat-
ment could not be monitored. This finding suggests that the
decrease in TSH was transient and may have preceded hypothy-
roidism with extended treatment in most patients. Desai et al.
also reported that some patients with gastrointestinal stromal
tumors receiving sunitinib experienced low TSH concentrations
before developing hypothyroidism, suggesting possible thyroid-
itis-induced thyrotoxicosis through follicular cell apoptosis.*”
Destructive thyroiditis (also known as subacute thyroiditis) is a
self-limiting form of thyrotoxicoxis due to release of preformed
thyroid hormone by destruction of thyroid follicular cells.*¥
Faris et al. suggested that with sunitinib may lead to
destructive thyroiditis, ultimately causing hypothyroidism. >
Inhibition of VEGFR reduced vascular density in normal mouse
thyroid.®® It is postulated that VEGFR inhibitors, including axi-
tinib, may induce subacute thyroiditis and hypothyroidism due
to a direct effect on the thyroid through the inhibition of VEG-
FR. Another ongoing axitinib phase I Japanese study includes
measurement of thyroglobulin levels in order to evaluate this
hypothesis further. In the present study, a significant correlation
was observed between change in TSH from baseline to day 29
and AUCI2 (r = 0.80, P = 0.005).

Axitinib increased VEGF, and decreased s-VEGFR2 and
s-VEGFR3 after 1 month of treatment; these results were con-
sistent with those reported in patients with advanced thyroid
cancer."” A significant correlation was observed between
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Background: The mechanism of resistance to human epidermal growth factor receptor 2 (HER2)-targeted agents
has not been fully understood. We investigated the influence of PIK3CA mutations on sensitivity to HER2-targeted
agents in naturally derived breast cancer cells.

Materials and methods: We examined the effects of Calbiochem (CL)-387,785, HER2 tyrosine kinase inhibitor,
and trastuzumab on cell growth and HER2 signaling in eight breast cancer cell lines showing HER2 amplification and
trastuzumab-conditioned BT474 (BT474-TR).

Results: Four cell lines with PIK3CA mutations (E545K and H1047R) were more resistant to trastuzumab than the
remaining four without mutations (mean percentage of control with 10 pg/ml trastuzumab: 58% versus 92%;

P =0.010). While PIK3CA-mutant cells were more resistant to CL-387,785 than PIK3CA-wild-type cells (mean
percentage of control with 1 uM CL-387,785: 21% versus 77%; P = 0.001), CL-387,785 retained activity against
BT474-TR. Growth inhibition by trastuzumab and CL-387,785 was more closely correlated with changes in
phosphorylation of S6K (correlation coefficient, 0.811) than those of HER2, Akt, or ERK1/2. Growth of most
HER2-amplified cells was inhibited by LY294002, regardless of PIK3CA genotype.

Conclusions: PIK3CA mutations are associated with resistance to HER2-targeted agents. PI3K inhibitors are
potentially effective in overcoming trastuzumab resistance caused by PIK3CA mutations. S6K phosphorylation is

a possibly useful pharmacodynamic marker in HER2-targeted therapy.

Key words: breast cancer, HER2, PIK3CA, trastuzumab

introduction are reported to benefit from trastuzumab therapy, with
response rates to trastuzumab as a single agent of ~20% [9]. In
addition, even when trastuzumab therapy leads to temporary
tumor shrinkage, clinical relapse is observed for the vast
majority of metastatic patients. To develop adequate therapies
capable of overcoming primary and secondary resistance to
trastuzumab, a better understanding of the resistance
mechanism is crucial.

To date, several mechanisms of primary resistance to
trastuzumab have been proposed. A series of studies indicated
that trastuzumab resistance is due to the truncated form of
HER2, which lacks an extracellular domain to which
trastuzumab is indicated to attach [10, 11]. Nagata et al. [12]
demonstrated that loss of phosphatase and tensin homolog
deleted on chromosome 10 (PTEN), a negative regulator of
PI3K, correlates with poor response to trastuzumab. More
recently, the roles of PIK3CA in trastuzumab resistance have
been under particular investigation. Somatic mutations of

) PIK3CA were first identified in 2004 in various malignant
*Correspondence to: Dr T. Mukohara, Department of Medical Oncology, Kobe " s o
University Hospital, 7-5-2, Kusunoki-cho, Chuo-ku, Kobe 650-0017, Japan, Tel: 481- tumors including breast cancer [13]. Subsequent studies have
78-382-5825; Fax: +81-78-382-5821; E-mail: mukohara@med.kobe-u.ac.jp reported that the E545K and H1047R hotspot mutations, found

Breast cancer is the leading cause of cancer death among
women worldwide, with ~1 million new cases reported each
year [1, 2]. Approximately 20% of breast cancer tumors show
overexpression of the HER2 protein, which is mainly caused by
gene amplification. HER2 overexpression has been repeatedly
identified as a poor prognostic factor [3, 4]. Trastuzumab is

a humanized mAb targeting the extracellular domain of the
HER?2 protein. From the late 1990s, clinical studies have
intensively evaluated the therapeutic roles of trastuzumab. For
the treatment of HER2-overexpressing metastatic breast
cancers, studies report that a combination of trastuzumab and
conventional chemotherapy shows significantly higher efficacy
than chemotherapy alone [5]. The use of trastuzumab has
extended to the treatment of operable HER2-overexpressing
breast cancer as an adjuvant or neoadjuvant [6-8]. Despite
promising usefulness in clinics, a modest percentage of patients
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on exons 9 and 20, respectively, are the most frequent types of
mutation, found in 8%—-40% of breast cancer tumors [13-16].
Both hotspot mutations are gain-of-function mutations which
transform normal mammary epithelial cells [17, 18]. Berns et al.
[19] investigated the roles of gain-of-function mutations of the
PIK3CA gene in trastuzumab resistance by transfecting wild-type
and mutant (H1047R) forms of PIK3CA in SKBR-3 HER2-
overexpressing breast cancer cells. Results showed that compared
with green fluorescent protein (GFP) control, both wild-type and
mutant PIK3CA transfections resulted in trastuzumab resistance.
Further, analysis of PIK3CA genotypes in tumor samples
obtained from breast cancer patients having undergone
trastuzumab-based therapy showed an association between the
presence of PIK3CA hotspot mutations and shorter time to
progression after therapy [19].

Tyrosine kinase inhibitors (TKIs) have also been investigated
as potential agents against trastuzumab resistance [20]. A
clinical study in metastatic breast cancer patients having
previously experienced tumor progression under trastuzumab-
based therapies showed that compared with capecitabine alone,
treatment using a combination of capecitabine with lapatinib,
a dual inhibitor of epidermal growth factor receptor (EGFR)
and HER2 tyrosine kinase, lead to significantly longer time to
progression [21]. Eichhorn et al. [22], however, demonstrated
that transfection of mutant PIK3CA (H1047R) in BT474
HER2-overexpressing breast cancer cells resulted in resistance to
lapatinib compared with parental cells. Further, results showed
that resistance was overcome using NVP-BEZ235, a PI3K and
mammalian target of rapamycin dual inhibitor [22].

These findings based on gene manipulations indicate that gain-
of-function mutations in the PIK3CA gene lead to resistance to
trastuzumab, as well as HER2-TKI. To our knowledge, however,
these findings have not been confirmed in naturally derived
breast cancer cells. Here, trastuzumab resistance due to PIK3CA
mutations was evaluated in eight naturally derived breast cancer
cell lines harboring HER2 gene amplification. Further, possible
therapeutic means to overcome primary and secondary resistance
to trastuzumab were investigated, as well as potential
pharmacodynamic markers correlated with the growth-inhibitory
effect of HER2-targeted drugs.

materials and methods

cell culture

MCF-7, MDA-MB-361, HCC1954, MDA-MB-453, UACC893, CAMA-1,
MDA-MB-435S, MDA-MB-415, ZR75-30, HCC70, MDA-MB-468, and
HCC1419 cell lines were purchased from the American Type Culture
Collection (Manassas, VA). BT474, SKBR-3, BT549, T47D, ZR75-1, and
MDA-MB-231 cells were kindly provided by Tan Krop of the Dana-Farber
Cancer Institute. Of the 18 breast cancer cell lines, eight (ZR75-30, BT474,
SKBR-3, HCC1419, MDA-MB-453, MDA-MB-361, HCC1954, and UACC
893) were reported to have HER2 gene amplification (23], with levels of
PTEN protein expression equivalent to those reported in our previous
study [24]. Among the HER2-amplified cell lines, ZR75-30, SKBR-3, and
HCC1419 were reported to contain the wild-type PIK3CA gene and MDA-
MB-453, MDA-MB-361, HCC1954, and UACC893 hotspot PIK3CA
mutations (Table 1) [14]. BT474 was reported to contain a relatively rare
type of PIK3CA mutation at exon 2, KI11N (Table 1) [14]. MDA-MB-435S,
MDA-MB-468, and MDA-MB-231 cells were maintained in Dulbecco’s
Modified Eagle’s Medium (Cellgro; Mediatech, Inc., Herndon, CA) with
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Table 1. Genotype of PIK3CA in HER2-amplified breast cancer cell lines

HCC1419 wt
MDA-MB-361 E545K
MDA-MB-453 H1047R
HCC1954 H1047R
UACC893 H1047R
wt, wild-type.

10% fetal bovine serum (FBS) (Gemini Bio-Products, Inc.,, Woodland, CA),
100 U/ml penicillin, 100 U/ml streptomycin, and 2 mM glutamine. The
remaining cell lines were maintained in RPMI-1640 medium (Cellgro;
Mediatech, Inc.) supplemented with 10% FBS, 100 U/ml] penicillin, 100 U/
ml streptomycin, and 2 mM gl All cells were grown at 37°C in

a humidified atmosphere with 5% CO, and were in logarithmic growth
phase at initiation of the experiments.

drugs

Trastuzumab was obtained from the Kobe University Hospital pharmacy.
CL-387,785, a dual inhibitor of EGFR and HER2 [25], and LY294002,

a PI3K inhibitor, were purchased from Calbiochem (San Diego, CA). Stock
solutions were prepared in dimethyl sulfoxide (DMSO) and stored at
—20°C. Before each experiment, drugs were diluted in fresh media. The
final DMSO concentration was <0.1% for all experiments.

antibodies and western blotting

Cells were washed with ice-cold phosphate-buffered saline and scraped
immediately after adding lysis buffer 20 mM Tris (pH 7.5), 150 mM NaCl,
10% glycerol, 1% Nonidet P-40, and 2 mM EDTA] containing protease and
phosphatase inhibitors (100 mM NaF, 1 mM phenylmethylsulfonyl
fluoride, 1 mM Na;VO,, 2 pg/ml aprotinin, and 5 pg/ml leupeptin). Lysates
were centrifuged at 14 000 relative centrifugal force for 10 min.
Supernatants were collected as protein extract and then separated by
electrophoresis on 7.6% polyacrylamide-sodium dodecyl sulfate gels,
followed by transfer to nitrocellulose membranes (Millipore Corporate
Headquarters, Billerica, MA) and detection by immunoblotting using an
enhanced chemiluminescence system (New England Nuclear Life Science
Products, Inc., Boston, MA). The resulting signals were digitally quantified
using the Image] software (www.nih.gov). Phospho-HER2/ErbB2
(Thr1221/1222), phospho-p70 $6 Kinase (Thr389), phospho-Akt
(Ser473)(D9E), and PathScan(R) Multiplex Western Cocktail I were
purchased from Cell Signaling Technology (Beverly, MA). The phospho-1/2
(pT185/pY187) antibody was purchased from Biosource International Inc.
(Camarillo, CA), the c-erbb-2 antibody from Chemicon (Billerica, MA),
and P-actin antibody from Sigma-Aldrich (St Louis, MO).

cell growth assay

Growth inhibition was assessed using the 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carb hoxyphenyl)-2-(4-sulfophenyl)-2H lium (MTS) assay
(Promega, Madison, WI), a colorimetric method for d ining the
number of viable cells based on the bioreduction of MTS to a soluble
formazan product, which is detectable by spectrophotometry at

a wavelength of 490 nm. Cells were diluted in 160 pl/well of maintenance
cell culture media and plated in 96-well flat-bottom plates (Corning, Inc.,
Corning, NY). After a 96-h growth period, the number of cells required to
obtain an absorbance of 1.3-2.2, the linear range of the assay, was
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determined for each cell line beforehand. The number of cells per well used
in the subsequent experiments were as follows: MCF-7, 2000; MDA-MB-
361, 8000; HCC1954, 2500; MDA-MB-453, 7000; UACC893, 7500; CAMA-
1, 6000; MDA-MB-4358, 2000; ZR75-30, 7500; HCC70, 4000; HCC1419,
8000; BT474, 3000; SKBR-3, 2500; BT549, 2000; T47D, 2500; ZR75-1, 7500;
MDA-MB-415, 5000; and MDA-MB-231, 2500. At 24 h after plating, cell
culture media were replaced with 10% FBS-containing media with and
without trastuzumab or CL-387,785, followed by incubation for an
additional 120 h. Trastuzumab and CL-387,785 concentrations ranged from
33 ng/ml to 100 pg/ml and from 3.3 nM to 10 uM, respectively. A total of
6-12 plate wells were set for each experimental point, and all experiments
were carried out at least in triplicate. Data are expressed as percentage of
growth relative to that of untreated control cells.

generation of in vitro BT474-TR

To generate a cell line resistant to trastuzumab, BT474 cells were
continuously exposed to 100 pg/ml trastuzumab. To confirm the emergence
of resistant clones, MTS assays were carried out every five passages after
allowing cells to grow in drug-free conditions for at least 4 days. After 11
months of drug exposure, cells showed sufficient resistance (Figure 1) and
were designated as BT474-TR. For controls, BT474 parental cells were
concomitantl intained without b, and drug sensitivity was
compared with trastuzumab-conditioned cells. No significant change in the
sensitivity to trastuzumab was observed in parental cells during the drug-
exposure period (data not shown).

results

inhibitory effect of trastuzumab on growth in
breast cancer cell lines

We first screened 17 breast cancer cell lines for in vitro growth
inhibition using trastuzumab. We confirmed that all relatively
sensitive cell lines were HER2-amplified (Figure 2A). Among
eight HER2-amplified cell lines, those with hotspot mutations
in PIK3CA appeared resistant compared with the remaining cell
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Figure 1. Development of BT474-TR. BT474 cells were continuously
exposed to 100 pg/ml b. BT-474 and b-conditi
BT474 cells were grown in 10% serum-containing media for 5 days in the
presence of various concentrations of trastuzumab. The percentage of
viable cells is shown relative to that of the untreated control and plotted on

the y-axis, whereas trastuzumab concentrations are plotted on the x-axis.
Each data point represents the mean value and standard deviation of 6-12
replicate wells. Trastuzumab resistance increased in cells in a time-

dependent manner. After 11 months, cells were designated as BT474-TR.
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lines (Figure 2B and C). We categorized BT474 as a PIK3CA-
wild-type cell line in this study, based on reports showing that
the K111N mutation lack ability of transformation and its
influence on downstream signaling is negligible [18, 26]. A
significant difference in sensitivity at 10 pg/ml trastuzumab was
observed between PIK3CA-wild-type and -mutant cells (Figure
2G; P = 0.010). Protein expression levels of p110-a, the product
of PIK3CA, were not correlated with sensitivity to trastuzumab
(Figure 2C).

association between PIK3CA mutations

and HER2-TKI resistance

Lapatinib, a HER2-TKI which may potentially overcome
trastuzumab resistance, has been used in clinical settings [21].
We therefore tested a commercially available HER2-TKI, CL-
387,785 [25), on HER2-amplified breast cancer cells. As shown
in Figure 2D, cell lines with hotspot PIK3CA mutations showed
resistance to CL-387,785. A statistically significant difference in
sensitivity to 1 pM CL-387,785 was observed between PIK3CA-
wild-type and -mutant cells (Figure 2C; P = 0.001) [24].

We then established a trastuzumab-resistant BT474 cell line
(BT474-TR), a model of secondary resistant cells, by
continuous exposure to trastuzumab (see ‘Materials and
methods’ section). In contrast to PIK3CA-mutant cells, which
showed primary resistance to trastuzumab, BT474-TR cells
remained sensitive to CL-387,785 (Figure 3), which indicates
that secondary resistant cells maintain dependency on HER2
signaling for growth.

association between phosphorylation change in
SéK and growth inhibition by HER2-targeted
agents

To identify potential pharmacodynamic markers of sensitivity to
HER?2-targeted therapy, we examined changes in phosphorylation
of HER2 and representative downstream signaling molecules in
10% FBS-containing media with or without 10 pg/ml
trastuzumab or 1 uM CL-387,785 (Figure 4A). The trastuzumab
concentration was selected based on maintained growth inhibition
(Figure 2B) and wide use in previous studies [11, 19]. The 1-uM
CL-387,785 concentration was selected based on the
approximate maximum plasma concentration of most TKIs
available in clinics to date, induding lapatinib [27], and use in
previous studies [28, 29].

Trastuzumab treatment resulted in moderate
phosphorylation inhibition of Akt and/or S6K in cell lines with
wild-type PIK3CA. In contrast, no significant changes in Akt
and S6K phosphorylation were observed in cell lines with
hotspot mutant PIK3CA, as well as in BT474-TR cells.
Although in ZR75-30, trastuzumab treatment appeared to
inhibit phospho-ERK1/2, no significant changes were observed
in other sensitive cells, namely BT474 and SKBR-3 (Figure 4A).
In addition, phospho-ERK1/2 levels increased in MDA-MB-361
and UACC893, which indicates the presence of compensational
cell signaling. Further, with the exception of HCC1419,
treatment with CL-387,785 resulted in significant inhibition of
Akt and S6K phosphorylation in BT474-TR and PIK3CA-wild-
type cells, whereas residual phosphorylation signals were
observed in all PIK3CA hotspot mutant cells.
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