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MEMORANDUM

Date: January 31, 2013

From: Todd R. Palmby, Ph.D.
Pharmacology/Toxicology Supervisor
Division of Hematology Oncology Toxicology (DHOT)
Office of Hematology and Oncology Products (OHOP)

To: File for BLA 125427 Kadcyla (ado-trastuzumab emtansine)

Re: Approvability for Pharmacology and Toxicology

Indication: as a single agent, for the treatment of patients with HER2-positive,
metastatic breast cancer who previously received trastuzumab and
a taxane, separately or in combination. Patients should have
either:
e Received prior therapy for metastatic disease, or
e Recurred during or within six months of completing adjuvant

therapy.

Non-clinical pharmacology and toxicology studies to support Kadcyla (ado-
trastuzumab emtansine) BLA 125427 for the treatment of patients with HER2-
positive, metastatic breast cancer who previously received trastuzumab and a
taxane, separately or in combination, were reviewed by W. David McGuinn, Jr.,
M.S., Ph.D., D.A.B.T. Studies conducted with intravenously administered ado-
trastuzumab emtansine included pharmacology, pharmacokinetic/toxicokinetic,
safety pharmacology, single- and repeat-dose toxicology (rat and monkey), and
genetic toxicology (in vivo and in vitro). The studies cited in the review consist
primarily of original research studies conducted by the Applicant with supporting
information obtained from published literature.

Ado-trastuzumab emtansine is a humanized anti-HER2 monoclonal antibody,
trastuzumab, covalently bound to a microtubule inhibitor, DM1, via a linker,
succinimidyl trans-4-[maleimidylmethyl] cyclohexane-1-carboxylate (SMCC),
which is commonly known as an antibody-drug conjugate (ADC). Trastuzumab
was approved by the FDA in 1998 under the trade name Herceptin and is
currently indicated for the treatment of HER2 overexpressing breast cancer and
the treatment of HER2 overexpressing metastatic gastric or gastroesophageal
junction adenocarcinoma.

Pharmacology studies submitted to the BLA support that ado-trastuzumab
emtansine retained similar binding affinity for the extracellular domain of HER2
as trastuzumab. When cancer cells were treated with ado-trastuzumab
emtansine in vitro, internalization of the ADC and release of DM1 lead to
decreased cellular proliferation, activated effector caspase-3 and -7 and
apoptosis following internalization of the ADC. In contrast, trastuzumab inhibited
cell proliferation, but was not directly cytotoxic. The addition of both trastuzumab
and ado-trastuzumab emtansine to a cell line that is sensitive to trastuzumab and
expresses a high level of HER2 caused a decrease in AKT phosphorylation. In
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in vitro assays, the activity of ado-trastuzumab emtansine and trastuzumab were
similar in mediating antibody-dependent cell-mediated cytotoxicity (ADCC) and
inhibiting shedding of the HER2 extracellular domain from the cell surface.
Therefore, the addition of emtansine to trastuzumab did not significantly alter the
in vitro activity of trastuzumab. Ado-trastuzumab emtansine may retain the
clinical activity of trastuzumab in addition to delivering the microtubule inhibitor,
DM1, to tumor cells expressing HER2. These assays did not determine the
relative contributions of these in vitro activities to the clinical efficacy of
trastuzumab or ado-trastuzumab emtansine in the indicated population. Based
on the data provided in the BLA, ado-trastuzumab emtansine was assigned a
new Established Pharmacologic Class (EPC). The FDA text for the EPC that
was determined to be both scientifically accurate and clinically meaningful is
“HER2-targeted antibody and microtubule inhibitor conjugate.” Including
“microtubule inhibitor” is considered an important aspect of the EPC to
distinguish toxicities associated with this type of compound compared to those
associated with other types of cytotoxic compounds.

Nonclinical single- and repeat-dose toxicology studies submitted to this BLA were
conducted in rats and Cynomolgus monkeys. Single-dose and short-term
repeat-dose studies in rats and monkeys with ado-trastuzumab emtansine
resulted in similar toxicity profiles across species. Likewise, studies in rats with
ado-trastuzumab emtansine or DM1 alone resulted in similar toxicities,
suggesting toxicities were mediated primarily by DM1. In addition, it was
previously demonstrated that trastuzumab binds to the Cynomolgus monkey
receptor with similar affinity as to human HER2, but does not bind with high
avidity to the rat receptor indicating Cynomolgus monkey is the more relevant
pharmacologic species. Therefore, long-term (e.g., 3- and 6-month) repeat-dose
toxicology studies with ado-trastuzumab emtansine were conducted in monkeys.

Monkeys were administered repeat doses of ado-trastuzumab emtansine as high
as 30 mg/kg every three weeks, or approximately 7 times the clinical exposure
based on AUC. Increased transaminases and centrilobular vacuolization in
monkeys were correlated with hepatic toxicity observed in patients. There was
no significant evidence of cardiac toxicity in monkeys. Mononuclear infiltrates in
monkeys correlated with pneumonitis observed in patients. Thrombocytopenia
and anemia were observed both in monkeys and in patients during clinical trials,
but were less severe in monkeys. The incidence of peripheral neuropathy in
patients was about 21%, which correlated with the axonal degeneration in the
sciatic nerve with Schwann cell hyperplasia and hypertrophy and axonal
degeneration of the dorsal funiculus in the spinal chord in monkeys that received
30 mg/kg every three weeks (approximately 7 times the clinical exposure based
on AUC). Whether ado-trastuzumab emtansine caused direct toxicity to
Schwann cells or whether these effects were secondary to axonal degeneration
of the associated neuronal cells is unclear, although axonal degeneration in the
sciatic nerve was observed in animals that received a lower dose of 10 mg/kg
every 3 weeks with no reported effects on Schwann cells.
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No dedicated nonclinical toxicology studies were conducted with ado-
trastuzumab emtansine to assess effects on fertility. However, results from
nonclinical repeat-dose toxicology studies suggest ado-trastuzumab emtansine
may impair male and female fertility in humans. Rats that received a single dose
of ado-trastuzumab emtansine resulting in approximately 4 times the clinical
exposure, based on AUC, had degeneration of seminiferous tubules with
hemorrhage in the tested associated with increased testes and epididymides
weights in males and signs of hemorrhage and necrosis of the corpus luteum in
ovaries in females. Monkeys that received ado-trastuzumab emtansine every
three weeks for 12 weeks resulting in 7 times the clinical exposure were
observed with decreases in epididymides, prostate, testes, seminal vesicles and
uterus organ weights. The interpretation of these organ weight changes was
unclear as there were no microscopic correlates and the percent change of these
organ weights compared to control were less when adjusted for body or brain
weight. The Applicant attributed these changes as possible related to the varied
sexual maturity of the animals used in this study.

Genetic toxicology studies submitted to the BLA were conducted with ado-
trastuzumab emtansine or DM1. DM1 was positive in an in vivo rat bone marrow
micronucleus assay at exposures similar to the mean maximum concentrations
of DM1 in patients in clinical trials, which is consistent with its mechanism of
action. A bone marrow micronucleus assay was incorporated into the 3-month
repeat-dose toxicology study in monkeys administered ado-trastuzumab
emtansine. Ado-trastuzumab emtansine did not induce micronuclei formation in
bone marrow from monkeys, although the results of this study were deemed
inconclusive due to minimal observed bone marrow toxicity. The delay in
harvesting of the bone marrow following the final administration of ado-
trastuzumab emtansine (i.e., 7 days), a lack of binding of trastuzumab or ado-
trastuzumab emtansine to bone marrow from humans or monkeys in a tissue
cross-reactivity assay and a low plasma exposure of free DM1 in monkeys may
have contributed to a negative result. The validity of the monkey bone marrow
micronucleus assay results were in question due to prior knowledge of the
mechanism of action of DM1 and results from the rat micronucleus study with
DM1 alone, N

No reproductive and developmental toxicity studies were conducted with ado-
trastuzumab emtansine or DM1. Toxicology studies in rats and monkeys with
DML1 or ado-trastuzumab emtansine indicated toxic effects to rapidly dividing
cells. In addition, DM1 was demonstrated to be genotoxic. Based on these
findings and consistent with ICH S9, embryo-fetal developmental toxicity studies
were not required for the indicated patient population. Data from trastuzumab in
the post-marketing setting show that treatment during pregnancy has resulted in
oligohydramnios, some associated with fatal pulmonary hypoplasia, skeletal
abnormalities and neonatal death. Due to the expectation that Kadcyla can
cause fetal harm when administered to a pregnant woman, it was assigned a
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pregnancy category D in the package insert. The half-life of trastuzumab in
humans is approximately 28 days. Since trastuzumab was detected in patients
administered ado-trastuzumab emtansine, patients should be advised to use
contraception during treatment with Kadcyla and for 6 months following the last
dose of Kadcyla.

Potential of Kadcyla During Manufacturing

During review of the submission, members of the review team in the
Division of Good Manufacturing Practice Assessment (DGMPA) within the Office
of Compliance determined that the manufacturing contractor for the Kadcyla dru

e reviewer in , Reyes Landauchacon, requested a

consult from the Pharmacology/Toxicology review team to determine if the
proposed limits ﬂ in the Kadcyla drug product were
acceptable.
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Kadcyla is administered once every three weeks. The indicated patient
population has HER2-positive metastatic breast cancer. The median duration of
survival of patients treated with Kadcyla in the randomized clinical trial was 30.9
months and the median age of patients was 53 years (ranged from 24-85 years).
The median duration of treatment with Kadcyla was 5.7 months. In
teleconferences between the Applicant and the review team held during the
review cycle for this BLA, the Applicant stated that cleaning verification/validation
data will be collected , and that
Kadcyla would be produce

erefore, from a Pharmacology/Toxicology perspective, the proposed limi

~_ intheKadcyla drug product is acceptable.

L response L anomer mlormaLon reques\ Irom me review Lam, Me! ‘lcanl

submitted cleaning verification/validation data
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perspective, the amount =
batch A6540 of ado-trastuzumab emtansine drug product is acceptable.

Recommendation: | concur with Dr. McGuinn’s conclusion that pharmacology
and toxicology data support the approval of BLA 125427 for Kadcyla. There are
no outstanding nonclinical issues that would preclude the approval of Kadcyla for

the proposed indication.
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This is a representation of an electronic record that was signed
electronically and this page is the manifestation of the electronic
signature.
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1 Executive Summary

1.1 Introduction

Trastuzumab emtansine (TDM1, or trastuzumab-MCC-DM1) is an antibody covalently
bound to a cytotoxic drug This type of molecule is commonly known as an antibody-drug
conjugate (ADC). Trastuzumab is a humanized anti-HER2 1gG1 (isotype 1) that the FDA
approved as a cancer drug therapy for breast cancer under the trade name Herceptin. In
trastuzumab emtansine, the antibody is linked to a hetero-bifunctional reagent, succinimidyl
trans-4-[maleimidylmethyl] cyclohexane-1-carboxylate (SMCC). The other end of the SMCC
linker molecule is covalently bound to DM1, a microtubule-inhibitory maytansinoid, by a
thioether bond. The antibody binds to the linker predominantly at lysine residues with a net
stoichiometry of approximately 3.5. This ratio varies somewhat with lot and time.

The trastuzumab antibody is directed against the extracellular domain of HER2 (Human
Epidermal Growth Factor Receptor 2) also known as Neu, ErbB-2, CD340 or p185. HER2 is a
member of the epidermal growth factor receptor (EGFR/ErbB) family encoded by the ERBB2
gene. An acquired somatic alteration of this gene resulting in amplification and overexpression
occurs in approximately 20 to 25% of human breast cancers."?® Amplification and
overexpression result in an increase in the proliferative stimuli associated with HER2. This
increase in proliferative stimuli results in increased tumor growth. When trastuzumab binds to
HER?2 it inhibits the growth stimulating signal of this tyrosine kinase by preventing the necessary
dimerization of HER2 or heterodimerization with other members of the HER family (EGFR,
HER3 and HER4), slowing the growth of HER2 overexpressing (HER2") breast cancers.

The DM1 component of trastuzumab emtansine is an inhibitor of tubulin polymerization;
it binds to the beta subunit of tubulin at the same binding site as the vinca alkaloids.
Nevertheless, DM1 derivatives are as much as 100-fold more cytotoxic than vinca alkaloids and
taxanes.* Trastuzumab emtansine binds to HER2 with an affinity similar to that of trastuzumab.
When trastuzumab emtansine binds to HERZ2, the damaged receptor protein is invaginated into
the cell. Following internalization, the intracellular lysosomes degrade the TDM1 bound antibody
and release DM1-containing cytotoxic catabolites into the cell.> ® The applicant hypothesizes
that the released DM1 then binds to tubulin and disrupts the microtubule network, resulting in
inhibition of cell division and cell growth and eventually cell death. They further postulate that
the combined action of trastuzumab diminishing the cancer cell mitogenic signals and DM1
cytotoxicity will affect a greater degree of clinical benefit that trastuzumab alone.

' Yarden Y, Sliwkowski MX. Untangling the ErbB signaling network. Nat Rev Mol Cell Biol 2001;2:127-37.

2 Slamon DJ, Clark GM, Wong SG, Levin WJ, Ullrich A, McGuire WL. Human breast cancer: correlation of
relapse and survival with amplification of the HER-2/neu oncogene. Science 1987;235:177-82.

% Slamon D., et al. Adjuvant Trastuzumab in HER2-Positive Breast Cancer, october 6, 2011 vol. 365 no.
14, 1273-1284.

4 Kovtun YV, Audette CA, Mayo MF, et al. Antibody-maytansinoid conjugates designed to bypass
multidrug resistance. Cancer Res 2010;70(6):2528-37.

® Erickson HK, Park PU, Widdison WC, et al. Antibody-maytansinoid conjugates are activated in targeted
cancer cells by lysosomal degradation and linker-dependent intracellular processing. Cancer Res
2006;66(8):4426-33.

® Erickson HK, Widdison WC, Mayo MF, et al. Tumor delivery and in vivo processing of disulfide-linked
and thioether-linked antibody-maytansinoid conjugates. Bioconjug Chem 2010;21(1):84-92.
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1.2 Brief Discussion of Nonclinical Findings

The binding of trastuzumab emtansine to the extracellular domain of HER2 and the high-
affinity Fc gamma (Fcy) cell surface receptor Rla were comparable with that of trastuzumab.
Likewise binding to the complement component C1q was comparable, but of relatively low
affinity. Binding of trastuzumab emtansine to low-affinity Fcy receptors was somewhat more avid
than that of trastuzumab.

The activities of trastuzumab emtansine and trastuzumab were investigated in vitro.
Data suggests that following internalization of trastuzumab emtansine, DM-1 causes sufficient
cell damage to initiate apoptosis in cancer cells. Trastuzumab emtansine caused cytotoxicity,
decreased cellular proliferation, and activated effector caspase-3 and -7 in cancer cell lines.
These changes were not observed with trastuzumab, which inhibits cellular proliferation, but is
not directly cytotoxic. These experiments demonstrated that cell cycle arrest induced by
trastuzumab emtansine was predominantly at G,/M, attributed to inhibition of microtubules by
DM1. Addition of both trastuzumab emtansine and trastuzumab to a cell line that expresses
HER2 and is sensitive to trastuzumab caused a decrease in phosphorylation of AKT.
Trastuzumab emtansine had similar activity as trastuzumab in mediating antibody-dependent
cell-mediated cytotoxicity (ADDC) when human breast cancer cells were used as target cells
and purified peripheral blood mononuclear cells from healthy donors were used at effector cells.
In other studies, binding of trastuzumab or trastuzumab emtansine diminished the extent of
shedding of the extracellular domain of HER2 from the cell surface in vitro, although the
contribution of this activity to the clinical efficacy of trastuzumab emtansine is unclear.

When injected intravenously, trastuzumab emtansine distributes relatively slowly, ti,a ~
1 day in monkeys. DM1 is slowly cleaved from the molecule to form free trastuzumab; little
DM1 is detectable in the blood as the drug is cleared rapidly in the liver. At the clinical dose, the
elimination half-life for trastuzumab emtansine is about 4 days in humans reflecting the
cleavage of DM1. The half-life for free trastuzumab is about 7 days. In monkeys, clearance for
both trastuzumab and trastuzumab emtansine decreases with increasing dose reflecting some
non-linear process, possibly the de novo synthesis of new HER2 receptors. Clearance is much
lower than hepatic flow. A dose of 3 mg/kg trastuzumab emtansine in monkeys gave
approximately the same pharmacokinetic characteristics as the clinical dose, 3.6 mg/kg. The
antibodies are both confined to the plasma space. Tissue distribution parallels blood flow.
Excretion of a radiolabeled dose is predominantly fecal but there is substantial retention of the
label.

Trastuzumab emtansine binds to the HER2 receptor site with an equilibrium binding
constant of about 1.0 x 10° M. The antibody binds to similar tissues in monkeys and humans
but with somewhat greater avidity in humans. Trastuzumab emtansine causes apoptosis in vitro
whereas trastuzumab does not. In vitro, trastuzumab emtansine causes cell cycle arrest at the
G,/M interface while trastuzumab causes arrest at Go/G4, thus reflecting the cytotoxicity of DM1.
The ICs for inhibition of cell growth by trastuzumab emtansine is sub-nanomolar; that for
trastuzumab is considerably greater.

Free DM1 does not inhibit the cardiac slow rectifier current at physiologically relevant
concentrations. Trastuzumab emtansine does not cause changes in the monkey ECG but it
does cause some elevation in blood pressures. Hypertension occurred in about 5% of treated
patients in clinical trials. HER2 signaling is necessary for the maintenance of mitochondrial
function in the heart. Inhibition of this signaling causes mitochondrial apoptosis and diminished
cardiac function. This correlates with the incidence of diminished left ventricular ejection
fraction seen clinically (about 1.8% incidence). This toxicity could limit long term trastuzumab
emtansine treatment.

Monkeys tolerated repeat doses of trastuzumab emtansine as high as 30 mg/kg or about
8 times the clinical dose. Even at this high dose, trastuzumab emtansine was less toxic to
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monkeys than the lower clinical dose was to humans. Thrombocytopenia was seen in both
species but was much less severe in monkeys. Likewise, anemia was also less severe in
monkeys. Mononuclear infiltrates in monkeys predicted the pneumonitis seen in humans.
Increased transaminases and centrilobular vacuolization in monkeys predicted the more severe
hepatic toxicity seen in cancer patients. There was some evidence of toxicity in the tongue in
monkeys that anticipates the stomatitis seen clinically. Diarrhea was also seen in both monkeys
and patients. The incidence of peripheral neuropathy in patients is about 21%, this correlated
with the axonal degeneration in the sciatic nerve with Schwann cell hyperplasia and hypertrophy
and axonal and axonal degeneration of the dorsal funiculus in the spinal chord in monkeys at
approximately 7 times the clinical exposure, based on AUC.

In nonclinical toxicity studies, trastuzumab emtansine caused effects that suggest it may
impair male and female fertility in humans. Effects in rats that received a single dose of
trastuzumab emtansine included degeneration of seminiferous tubules with hemorrhage in the
testes associated with increased weights of testes and epididymides in males and signs of
hemorrhage and necrosis of the corpus luteum in ovaries in females at approximately 4 times
the clinical exposure, based on AUC. In monkeys that received trastuzumab emtansine once
every three weeks for 12 weeks at up to 7 times the clinical exposure, based on AUC, there
were decreases in the weights of epididymides, prostate, testes, seminal vesicles and uterus.
The percent change of these organ weights compared to control when adjusted for body or
brain weight were less. The Applicant attributed some of these changes on the varied sexual
maturity of the animals used in this study. Effects on reproductive organs were not unexpected
due to the mechanism of action of the small molecule portion, DM1.

In studies with trastuzumab administration to pregnant monkeys at about 7 times the
clinical dose, trastuzumab crossed the placental barrier, resulting in concentrations in fetal blood
and amniotic fluid approximately 33% and 25%, respectively, of those present in the maternal
serum. However, these concentrations of trastuzumab in monekys were not associated with
adverse findings. Nevertheless, trastuzumab is a known embryo-fetal toxin in humans, causing
oligohydramnios that is potentially fatal. DM1 was negative in an in vitro bacterial reverse
mutation (Ames) assay. However, DM1 is a microtubule inhibitor, which caused micronuclei
formation in vivo in rat bone marrow cells and is known to be toxic to rapidly dividing cells (e.g.,
Gl tract and bone marrow). Thus, the Applicant did not conduct any new reproductive and
developmental toxicity studies with trastuzumab emtansine, relying instead on the results for
trastuzumab and the mechanism of action of DM1. Trastuzumab emtansine can likely cause
embryo-fetal toxicity and has been labeled accordingly.

1.3 Recommendations

1.3.1  Approvability

There are no non-clinical findings of unacceptable toxicity that would prevent the approval of
trastuzumab emtansine for this indication.

1.3.2 Additional Non-Clinical Recommendations
None
1.3.3 Labeling

Calculations of AUC comparisons in animals from nonclinical study data and in patients from
clinical trial data were made to add to relevant nonclinical sections of the package insert. The
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clinical AUC that was used for these calculations was (475 png*day/mL), which was reported in
patients in Study # Trial TDM4370g/B0O21977 cycle 4.
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2 Drug Information

21 Drug

Generic Name
Code Name

Chemical Name

Molecular Formula

Molecular Weight
CAS Number

Structure

Trastuzumab emtansine

T-DM1, Trastuzumab-MCC-DM1, xHER2-DM1, Tmab-MCC-DM1,
Herceptin-DM1, Herception-SMCC-DM1, Herceptin-MCC-DM1, Hu
Tmab-MCC-DM1, Trastuzumab-SMCC-DM1PR0132365, RO530420
humanized mouse monoclonal rhuMab HER2y1 heavy chain (223-214')-
disulfide with humanized mouse monoclonal rhuMab HER2 [Jlight chain,
dimer (229-229":232-232")-bisdisulfide in which the 6-amino groups of an
average of 3.5 lysine residues are amidified by 4-({3-[(3-{[(1S)-2-
{[(1S,2R,3S,5S,6S,16E,18E,20R,21S)-11-chloro-21-hydroxy-12,20-
dimethoxy-2,5,9,16-tetramethyl-8,23-dioxo-4,24-dioxa-9,22-
diazatetracyclo[19.3.1.110,14.03,5]hexacosa-10,12,14(26),16,18-
pentaen-6-ylloxy}-1-methyl-2-oxoethyljmethylamino}-3-
oxopropyl)sulfanyl]-2,5-dioxopyrrolidin-1-yl}methyl)cyclohexylcarbonyl
groups

C6448H9948N172002012844'(C47HGZCIN4O1SS)n

Where n ~ 3.5

148.781 kDa

1018448-65-1

MeO.

S

MCC linker

n
DM1 — Wheren ~ 3.5

DM1/Mab

Note: The bracketed structure is DM1 plus MCC. The n is on average 3.5 per trastuzumab molecule.

Pharmacological Class HER2-targeted antibody and microtubule inhibitor conjugate

2.2 Relevant IND
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IND 71072 originally submitted by Genentech
2.3 Clinical Formulation

Upon reconstitution with 8.0 mL of sterile water, the lyophilized T-DM1 yields a solution of 20
mg/mL T-DM1, 10 mM sodium succinate, 6% w/v sucrose, and 0.02% w/v polysorbate 20, pH
5.0.

The following table from the submission shows the formulation

Strength Reference to
Amount Amount Standard or
Ingredients permL®  per Vial® Function Specification
®
Trastuzumahb Emtansine 20 mg - Active ingredient Section 3.2.8.41
Sucrose e NF and Ph. Eur.
Succinic Acid NF
0O NF and Ph. Eur.
Polysorbate 20 NF and Ph. Eur.
®@
24 Comments on Novel Excipients
There are no Novel excipients.
2.5 Comments on Impurities or Degradants of Concern
None
2.6 Proposed Clinical Population and Dosing Regimen
T-DM1 is proposed as a single agent treatment of patients with HER2-positive alsy

metastatic breast cancer who have received both a trastuzumab- and lapatinib-containing
chemotherapy regimen in the metastatic setting, but have progressed following their last

treatment.

Dose 3.6 mg/kg

Route IV infusion

Schedule Once every three weeks

For comparison the following doses are approved for trastuzumab (Herceptin)

1) For the adjuvant treatment of HER2-overexpressing breast cancer administer either
Initial dose of 4 mg/kg over 90 minute IV infusion, then 2 mg/kg over 30 minute IV
infusion weekly for 52 weeks, or Initial dose of 8 mg/kg over 90 minutes |V infusion, then
6 mg/kg over 30-90 minutes IV infusion every three weeks for 52 weeks.
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2) For metastatic HER2-overexpressing breast cancer an Initial dose of 4 mg/kg as a 90

minute IV infusion followed by subsequent weekly doses of 2 mg/kg as 30 minute IV
infusions.

2.7 Regulatory Background
e 3/14/2005, 9/8/2005 Pre-IND Meetings
e 12/16/2005 New IND Submission
e 6-19/2006 Fast Track Denied
e 12/19/2007 EOP2 Pre Phase 2 Meeting
e 8/8/2008 EOP2 Meeting
e 4/3/2009 FDA agreement that reproductive toxicity testing would not be required
e 3/23/2010 Pre-BLA Meeting—requested further genotoxicity testing
e 7/6/2010 BLA Received
e BLA withdrawn
o BLA resubmitted July 2012
3 Studies Submitted
04-0962-1459 Response of BT474E1 Tumor to 3 Doses of Trastuzumab-MCC-DM1
Administered as an Every 3 Week Regimen in Beige Nude Mice
04-0962 A-1459 Dose Response of Trastuzumab-MCC-DM1 (Administered on a Weekly
or Biweekly Basis) Against BT474E| Xenograft Tumors in Beige Nude
Mice
05-1111 In Vitro Binding and Activity of Tmab-MCC-DM1
05-1508 Response of MMTV-HER2 Fo5 Tumor to Treatment of Trastuzumab and
DM1 Approximately 30 Minutes Later in Nude Mice
07-1030 C Response of MDA-MB-361.1 Mammary Tumor to Combination Therapy
of GDC-0941 and Trastuzumab-MCC-DM1 in Taconic NCR Nude Mice
07-1629 Effect of Single Agent or Combinations of Pertuzumab and
Trastuzumab-MCC-DM1 on KPL-4 Tumors Inoculated into the Mammary
Fat Pad of SCID Beige Mice
10-0010 Binding of Trastuzumab-MCC-DM1 (T-DM1) to HER2 ECD by Surface
Plasmon Resonance (Biacore)® Technology)
10-0046 In Vitro Biological Characterization of Trastuzumab-MCC-DM1 (T-DM1)
for Fc Gamma Receptor Binding, Antibody-Dependent Cell-Mediated
Cytotoxicity, and C1q Binding Activities
10-0825 In Vitro Characterization of Trastuzumab-MCC-DM1 in Breast Cancer
Cell Lines
10-0826 Viability/Proliferation Assays on T-DM1 Clinical Qualification Lots
99-292 X-1459 Specificity of Trastuzumab-MCC-DM1 for HER2 Over-Expressing
Mammary Tumors
99-292 ZC-1459 Response of MMTV-HER2 Fo5 Tumor to 3 Doses of Trastuzumab-MCC-
DM1 Administered as an Every-3-Week Regimen
99-292 ZD-1459 Dose Response of MMTV-HER2 Fo5 Tumor to Trastuzumab-MCC-DM1
Administered on a Weekly Schedule in Mice

10
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99-292 ZF-1469

Response of MMTV-HER2 Fo5 Tumor to Control Antibody-MCC-DM1

04-0901-4747

The Influence of HERCEPTIN on MMTV-HER2 Fo5 Tumor Response to
Trastuzumab-DM1 Conjugates

Study #

Title

05-0754-1459

Validation of a Method for the Determination of DM1 in Sprague Dawley
Rat LI-Heparin Plasma Samples by LC-MS/MS

05-0755-1459

Validation of a Method for the Determination of DM1 in Cynomolgus
Monkey Li-Heparin Plasma Samples by LC-MS/MS

06-0809 Development and Validation of a Method for the Determination of DM1 in
Cynomolgus Monkey Plasma
08-1059 Determination of the Stability of 4 Lots of Tmab-MCC-DM1 in Human

and Cynomolgus Monkey Li-Heparin Plasma by LC-MS/MS

4-herc-1-avr-3-

Total Trastuzumab (PRO132365) Antigen ELISA

4.HERc.1

4-herc-1-avr-3- Trastuzumab-MCC-DM1 (PRO132365) Antigen ELISA
4.HERc.2

4-herc-1-avr-3- Trastuzumab-MCC-DM1 (PRO132365) Antibody ECLA
4.HERc.3

vr0606 Determination of the Stability of Tmab-MCC-DM1 in Human,

Cynomolgus Monkey and Sprague Dawley Rat L1-Heparin Plasma by
LC-MS/MS

04-0380-1459

Characterization of the Pharmacokinetics of Her-SMCC-DM1 (Low Drug
Load, 2.7 Drugs/Ab), Her-SMCC-DM1 (High Drug Load, 3.6 Drugs/Ab),
and Her-MC-MMAE Conjugates in Male Rats

04-0645-1605

Pharmacokinetics of Herceptin (“Her”, rhu4D5), Her-MC-vc-PAB-MMAF,
Her-MC-MMAF, and Her-SMCC-DM1 Following IV Administration in
Athymic (nu/nu) Mice

04-0975-1459

Evaluation of the Pharmacokinetics of PR0132365 (Trastuzumab-
SMCC-DM1) Following a Single Intravenous Bolus Dose in Cynomolgus
Monkeys with Preliminary Tolerability (Non-GLP)

05-0022-1459

Trastuzumab-SMCC-DM1 (PRO132365): Dose Range-Finding Study in
Sprague-Dawley Rats

05-0278-1459

Trastuzumab-MCC-DM1 (PRO132365): Dose Ranging
Pharmacokinetics Study in Non-Tumor Bearing Beige Nude Mice

05-282-1459 Trastuzumab-MCC-DM1 (PRO132365): Dose-Ranging
Pharmacokinetics Study in Tumor-Bearing (BT474 E1) Beige Nude Mice

05-1104 DM1: Dose Range Finding Study in Male and Female Sprague-Dawley
Rats

06-1068 A Study of the Pharmacokinetics of DM1 in Athymic Nude Mice

06-1270 Pharmacokinetics Study of MCC-DM1 in Male and Female Sprague-

Dawley Rats

04-1022-1459

Tissue Distribution Study of Herceptin-MCC-[°H] DM1 in Rats

05-0336-1459

Tissue Distribution of ['**I]Herceptin and [*’I]Herceptin-MCC-DM1 in
Normal Rats

Reference ID:
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Study # Title
Rats

04-1099-1459 Pharmacokinetics, Metabolism, and Excretion of Herceptin-sMCC-[°H]-
DM1 in Rat after IV Administration

05-1047-1459 In Vitro Plasma Protein Binding Study of DM1 (a Maytansinoid) in
Sprague-Dawley Rat, Cynomolgus Monkey, and Human Plasma

05-0297-1459 Characterization of Plasma Stability of Trastuzumab-MCC-DM1,
Trastuzumab-MC-vc-PAB-MMAF, and Trastuzumab-MC-MMAF In Vitro

05-0298-1459 Characterization of Plasma Stability of Trastuzumab-MCC-[°’H]DM1 In
Vitro

08-1137 Determination of Radioactivity Excreted in the Bile Following a Single
Intravenous Administration of [?H]-DM1 or Unlabeled DM1 in Sprague-
Dawley Rats

09-1060 Determination of Radioactivity in Plasma and Excreta Matrices following

Intravenous Administration of Trastuzumab-MCC-[°*H]-DM1 or Unlabeled
Trastuzumab-MCC-DM1 in Female Sprague Dawley Rats

09-1344 Inhibition of the Catalytic Activities of Cytochromes P450 in Human Liver
Microsomes by DM-1

09-1929 Metabolite Radioprofiling and Identification in Plasma, Bile, and Urine
from Rats Following IV Administration of Tmab-MCC-[*H]DM1

09-2381 Metabolite Profiling and Identification of DM1 in Rat

09-2382 Evaluation of Cytochrome P450 Induction Potential by DM1 Using
Human Cryopreserved Hepatocytes

09-2416 Reaction Phenotyping of DM1 Using Human Liver Microsomes and
Recombinant Cytochrome P450 (rCYP) and Metabolite Profiling in
Human

10-1207 In Vitro Interaction Studies of DM1 (Maytansine) with Human MDR1
(ABCB1/P-gp) ABC (Efflux) Transporter

10-1356 Exploratory Quantitative Determination of Lys-MCC-DM1, MCC-DM1,

and DM1 in Plasma, Urine, and Bile from Rat following Intravenous
Administration of Tmab-MCC-DM1

08-1136 Determination of Mass Balance ad Route of Excretion Following
Intravenous Administration of Free [°*H]-DM1 in Female Sprague-Dawley
Rats

08-1137 Determination of Radioactivity Excreted in the Bile Following a Single
Intravenous Administration of [°H]-DM1 or Unlabeled DM1 in Sprague-
Dawley Rats

09-1060 Determination of Radioactivity in Plasma and Excreta Matrices following
Intravenous Administration of Trastuzumab-MCC-[°*H]-DM1 or Unlabeled
in Trastuzumab-MCC--DM1 Female Sprague-Dawley Rats

05-1359 Pharmacokinetic, Pharmacodynamic, Toxicokinetic, and Toxico-dynamic
Modeling and Simulation Analysis of PRO32365 (Trastuzumab-MCC-
DM1) ]
07-1474 Pharmacokinetic Comparability of Trastuzumab-MCC-DM1 A
in Female Cynomolgus Monkeys ]
07-1475 Pharmacokinetic Comparability of Trastuzumab-MCC-DM1 ge

in Female Sprague Dawley Rats

12
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Study # Title ]
08-0800 Pharmacokinetic Comparability of Trastuzumab-MCC-DM1 A

in Female Cynomolgus Monkeys
Study # Title

03-0140-1345

Safety Evaluation of Various Herceptin-DM-1 Lots; Herceptin-SPP-DM1
and Herceptin-DM1 with an Un-Cleavable Linker (Herceptin-
SMCCDM1), and Free DM1 in Female Sprague-Dawley Rats

04-0976-1459

Single Dose Intravenous Toxicity Study of Trastuzumab-MCC-DM1
(PRO132365) in Cynomolgus Monkeys with a 3-Week Recovery Period

04-1214-1459

Single Dose Intravenous Toxicity Study of Trastuzumab-MCC-DM1
(PRO132365) in Sprague-Dawley Rats with a 3-Week Recovery Period

05-1157 A Dose Range-Finding Study of Intravenous DM1 in Female Sprague-
Dawley Rats with a 3-Week Recovery Period

05-1191 Single Dose Intravenous Toxicity Study of DM1 in Sprague-Dawley Rats
with a 3-Week Recovery Period

07-0389 A Single Dose 12-Day Intravenous Toxicity Study of Hu Tmab-MCC-
DM1, Thio Hu Tmab-MPEO-DM1, Thio Hu Tmab-MC-MMAF, and Thio
Hu Tmab-MC-vc-PAB-MMAE in Female Sprague-Dawley Rats
(Crl:CD(SD))

Study # Title

03-0674-1459

Trastuzumab-SMCC-DM1: Dose Range Finding Study in Cynomolgus
Monkeys

04-0977-1459

Multiple Dose Intravenous Toxicity Study of Trastuzumab-MCC-DM1
(PRO132365) Administered to Cynomolgus Monkeys Once Every 3
Weeks for 4 Doses, with a 3- or 6-Week Recovery Phase

07-0653 An Intravenous Chronic Toxicity Study of Trastuzumab-MCC-DM1
(PRO132365) Administered to Cynomolgus Monkeys Once Every 3
Weeks for 8 Doses, with a 6-Weeks Recovery Phase

07-0655 A 6-Week Repeat Dose Intravenous Toxicity Study of Thio mab MC

MMAF, Thio Tmab vc MMAE, Thio Tmab mpeo DM1, and Tmab-MCC-
DM1 in Cynomolgus Monkeys

04-0669-1459

Safety Evaluation of Multiple-Dose Intravenous Herceptin-SMCC-DM1
Immuno-conjugates in Female Sprague-Dawley Rats

Study # Title

09-2654 N2’-deacetyl-N2’-(3-mercapto-1-oxoproply) maytansine (DM1):
Salmonella—Escherichia coli/Mammalian-Microsome Reverse Mutation
Assay with a Confirmatory Assay

09-2726 N2’-deacetyl-N2’-(3-mercapto-1-oxopropyl) maytansine (DM1): In Vivo
Rat Bone Marrow Micronucleus Assay

07-0653 An Intravenous Chronic Toxicity Study of Trastuzumab-MCC-DM1
(PRO132365) Administered to Cynomolgus Monkeys Once Every 3
Weeks for 8 Doses, with a 6-Weeks Recovery Phase

| Study # Title

Reference ID: 3245118
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Study #

Title

04-1031-1605

A Single Dose Intravenous Cardiovascular Safety Pharmacology Study
of Trastuzumab-MCC-DM1 (PRO132365) Administered to Female
Cynomolgus Monkeys with a 3 Week Recovery Period

04-1215-1605

Cross-Reactivity of Trastuzumab-MCC-DM1 (PRO132365) with Human
and Cynomolgus Monkey Tissues In Vitro

04-1257-1459

Hemolytic Potential and Blood Compatibility of Trastuzumab-MCC-DM1
(PRO132365)

05-0617-1459

Safety Evaluation of Single-Dose Intravenous Herceptin-MCC-DM1
Immuno-conjugates in Female Sprague-Dawley Rats

05-0775-1459

Safety Evaluation of Single-Dose Intravenous MCC-DM1 in Female
Sprague-Dawley

05-0848 Single Dose Intravenous Toxicity Study of Trastuzumab-MCC-DM1
(PRO132365) with 5-7% Unconjugated Maytansinoid in Cynomolgus
Monkeys with a 3-Week Recovery Period

09-0234 Effects of N2'-deacetyl-N2’-(3-mercapto-1-oxoproply) maytansine (DM1)

on Cloned hERG Potassium Channels Expressed in Human Embryonic
Kidney Cells

3.1 Studies Reviewed

See Table of Contents

Abbreviations

BLQ — Below the limit of quantitation
ECD — Extracellular Domain
NSS - not statistically significant

ND — not done
NR — not relevant

SS — statistically significant

Reference ID: 3245118
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4 Pharmacology

41 Primary Pharmacology

1) In Vitro Binding and Activity of Tmab-MCC-DM1

Study number
Filename
Laboratory
Date

GLP

Audited

Drug

Method
Cell lines

Binding assay

Binding assay

05-1111

05-1111-i @@ final.pdf

Genentech, Inc., South San Francisco, CA 94080

July 2005

No

No

PRO132365 (trastuzumab-MCC-DM1): Lot 1808-89 (Research Lot)
Lot TMCCDM105-1 (Reference Lot), Lot FILO37D01 (Tox Lot), Lot
L14897 (GMP Bulk Lot);

Trastuzumab: Lot 41936-10 (Research Lot) Lot N29126AX, Lot 1097-3,
Lot HER 401-4

MCC-DM1: Lot 44323-3, Lot G027797, Lot TNB46312-59

Free DM1: Lot 41869-66

Breast cancer cell lines SK-BR-3, BT-474, MCF7, and MDA-MB-468,
Ovarian cancer line SK-OV-3,

Non-small cell lung cancer (NSCLC) line Calu-3

Gastric carcinoma cell line MKN7

BT-474-El cell line was established at Genentech by serial passage of
BT-474 cells in nude mice in the absence of estrogen supplementation
Microtiter plate wells were coated with HER2 Extracellular Domain (ECD)
at 0.05 M to test binding of trastuzumab or trastuzumab emtansine serial
dilutions.

Trastuzumab-MCC-DM1 and Trastuzumab binding to a variety of human
Fcy receptors (FcyR) was evaluated using ELISA. These included FcyRla,
FcyRlla, FcyRllb, FeyRllla F158, and FeyRIlla V158. Binding of Rituximab
to these receptors was tested as an assay control. The human

Fcy receptors were expressed as recombinant fusion proteins of the ECD
of the receptor alpha chains with Gly/His6/GST. Anti-GST-coated, BSA-
blocked assay plates were used to capture the FcyR.

The investigators did not provide descriptive statistics or actual values in this report, only graphs

and charts.

Results

Trastuzumab-MCC-DM1 Binding to HER2 ECD in vitro

The following figure from the study report shows the binding of TDM-1 used for the toxicology
experiments (Tox Lot) to isolated HER2 extracellular domain. ‘Tox Lot’ is the lot used in the
repeat dose study in monkeys given drug every three weeks for four doses (2005 vide infra). It

Reference ID: 3245118
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is not the lot used in the repeat dose study in monkeys given drug every three weeks for eight
doses (2007).

Figure 2
Comparison of the Binding of Trastuzumab-MCC-DM1 and Trastuzumab to
HER2 ECD
4
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The Binding constants are:

Ligand Lot Ecso (M)
Trastuzumab-MCC-DM1 Tox Lot FILO37D01 0.170
Trastuzumab-MCC-DM1 GMP Bulk Lot L14897 0.174
Trastuzumab Lot 1097-3 0.155

The report does not provide statistical comparisons, but the values are probably
indistinguishable within the limits of the experiment.

Binding to off target immunological cell surface receptors

Gessner et al. demonstrated that the binding of the Fc region of IgG molecules to FcyR,
a cell surface receptor found on a variety of immunological cells, can initiate a variety of
immunological functions such as antibody-dependent cell-mediated cytotoxicity.” Effector cells
that modulate this cytotoxicity include granulocytes, macrophages, and natural killer (NK) cells.
There are two isoforms of FcyRIl. One form, FcyRlla, has an activating cytoplasmic domain
while the second form, FcyRlIb, has an inhibiting cytoplasmic domain. FcyRIIl has a
polymorphism at amino acid residue 158. The phenylalanine allotype (FcyRIlla F158) has a
lower affinity for IgG1 than the valine allotype (FcyRllla V158). Monomeric IgG antibodies are
capable of binding FcyRIa with high affinity. Binding of monomeric IgG with FcyRlla, FcyRIIb,

" Gessner JE, Heiken H, Tamm A, Schmidt RE. The IgG Fc receptor family. Ann Hematol

1998;76:231-48.
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and FcyRIlla occurs with lower affinity. Multimeric IgG binds to the lla, Ilb, and llla receptors
with increased binding affinity. Therefore, for the low-affinity receptor binding assays, test
antibodies were cross-linked before testing. The investigators in this experiment evaluated the
binding of trastuzumab emtansine (Reference Lot TMCCDM105-1) and trastuzumab (Lot
Her401-4) to FcyRla, FcyRlla, FeyRIIb, FeyRllla V158, and FeyRIlla F158 to determine whether
covalent binding of trastuzumab to form trastuzumab emtansine results in altered binding. They
included the binding of Rituximab to these receptors as an assay control.

The table below shows the ECsq values for these experiments:

Fcy Receptor Rituxan Control | Trastuzumab |Trastuzumab nM| TDM1 TDM1
pg/mL pg/_mL pglﬂL nM
FcyRla 0.0049 0.0056 0.038 0.0058 0.039
FcyRlla 1.3 2.8° 19.2 0.8° 54
FeyRIIb 8.9 ND ND ND ND
FeyRllla F158 11.6 ND ND 1.5 101
FcyRllla V158 1.4 1.2 8.2 0.3 2.0

ND = not determined; binding curve did not show upper asymptote.
 Estimated value; binding curve did not well define an upper asymptote.

The ECsg values for the binding of rituxan, trastuzumab emtansine and trastuzumab to
FcyRla were similar and probably not statistically distinguishable. Binding is notably avid.
These values in the nM range demonstrate tight binding to this surface receptor. This may
explain some of the acute (day three) white cell toxicity seen in monkeys (vide infra).

The curves for type RIl and RIIl receptors did not demonstrate an upper asymptote, but
did demonstrate a distinct upper sigmoid inflection; thus, investigators could estimate the ECsg
values by inspection. The ECs, values for the binding of both trastuzumab emtansine and
trastuzumab with type RIl and RIIl receptors was in the ug/mL range. This is consistent with
lower binding affinities expected for these receptors. These concentrations are probably greater
than those that are clinically relevant. The binding of curves for Rllb remained within the linear
portion of the dose response curve, so an estimation of the EC5, was not possible.
Nevertheless, the value is above 10 uM and thus clinically irrelevant.

The binding curves for trastuzumab and trastuzumab emtansine are consistently
different for all but the tight binding Rla receptor. In each case, Trastuzumab ECs, values are
greater than those of trastuzumab emtansine by a factor of three. While this probably does not
have any pharmacological implications at these concentrations, it does demonstrate that the
binding of the antibody is different from the binding of the conjugate. The bound DM1 appears
to increase the affinity of the antibody for these receptors.

In an assay to determine the binding of trastuzumab emtansine to complement protein
C1q, the investigators determined an ECs, for trastuzumab emtansine of 1.4 ug/mL and an ECs
for trastuzumab of 1.2 pg/mL. The ECs, for the Rituxan control was 1.2 yg/mL. Again, these
values are above those concentrations achieved clinically.

Anti-Proliferative Activity of Trastuzumab-MCC-DM1 in HER2-Positive Breast
Cancer Cells

The investigators studied the ability of the different therapeutic antibodies to slow or stop
the growth of in SK-BR-3, BT-474, MCF7, and MDA-MB-468 cells, in vitro. They selected
these cell lines based on measurements of cell surface HER2-expression. The following graph

17
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trastuzumab. MCF7 and MDA-MB-468 cells are HER2 normal and HER2 negative,

from the study report shows that HER2 3+ cells, SK-BR-3 and BT-474, are sensitive to
respectively.

BLA 125427
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The following curve shows the decrease in the number of viable SK-BR-3 HER2 3" positive cells

Decrease in cellular viability at 72 hours as a function of antibody concentration
at 72 hours after treatment with increasing concentrations of trastuzumab emtansine.
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Anti-Proliferative Activity on HER2-Positive Breast Cancer Cells:
SK-BR-3 (HER2 3+, Trastuzumab Sensitive)
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The following table shows the ECs, values calculated for the rest of the cell lines the
investigators tested.

Cell Line HER2 sensitivity | ECsp pg/mL Tumor Tissue
SK-BR-3 3+ 0.005 Breast
BT-474 3+ 0.145 Breast
MCF7 0 (normal) >5 Breast
MDA-MB-468 Negative >2 Breast

These results demonstrate that cells that over express HER2 are more sensitive to the toxicity
of trastuzumab emtansine than cells that do not. The study report does not present comparable
data for trastuzumab or for the cell lines derived from other cancers.

Induction of Apoptosis by Trastuzumab-MCC-DM1 as Measured by Caspase-3 and -7
Activation

The investigators studied the ability of trastuzumab emtansine to induce apoptosis in
vitro by measuring caspase-3 and -7 activity in SK-BR-3 and BT-474 cells. Trastuzumab-MCC-
DM1 induced increasing caspase-3 and -7 activation with increasing dose in both cell types.
The ECs in SK-BR-3 cells was 0.028 pg/mL (~ 0.19 nM) and the ECs in BT-474 cells was
approximately 2 ug/mL (13 nM). Trastuzumab did not induce caspase-3 and -7 activation (data
not shown). These data suggest that, after internalization, DM-1 causes sufficient cell damage
to initiate apoptosis in these cancer cell types, in vitro.

Effect of Trastuzumab-MCC-DM1 on Cell-Cycle Progression in HER2-Positive
Breast Cancer Cells

Once DM1 is cleaved from trastuzumab emtansine, it can bind to p-tubulin. In doing so
it inhibits microtubule assembly (vide supra). Microtubules must assemble in a precise manner
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in order for a cell division to progress through the G,/M stage of the cell cycle. Thus, binding of
DM1 to B-tubulin blocks cell division. When a dividing cell is arrested in G,/M, it initiates
apoptosis and dies. On the other hand, trastuzumab blocks a cell surface signal responsible for
the initiation of mitosis. Inhibition of this signal results in cells remaining in at the G0/G1
transition. The investigators in this study used flow cytometry to determine the in vitro effects of
trastuzumab emtansine, trastuzumab and DM-1 on cell cycle arrest in human tumor cells after
48 hours of treatment. The following chart from the study report shows the results of this
experiment for SK-BAR-3 breast cancer cells.

Effect of Trastuzumab-MCC-DM1 on Cell-Cycle Progression in HER2-Positive
Breast Cancer Cells: SK-BR-3 Cells
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Trastuzumab (10 ug/mL)
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The chart shows results that are somewhat consistent with the postulated mechanisms. With
trastuzumab alone or low dose trastuzumab emtansine most of the cells remain quiescent in
Gy/G4, but this result is similar to control suggesting that these treatments have little effect on
cell division. With DM1 alone, few cells remain in Go/G; while most of them are eitherin S
transition or stopped at G,/M. Similar results appertain for the two higher doses of trastuzumab
emtansine, particularly with the highest concentration of trastuzumab emtansine where no cells
are detected in Go/G, and nearly 70% are stopped at the G,/M transition.

The following table shows estimates of the molar concentrations of trastuzumab emtansine in
the experiment above using a FW of 148781 g/mole and a molar ratio of DM-1 to trastuzumab
of 3.8.

Concentration TDM1 DM-1
ng/ml ng/L nM nM
30 30000 0.20 0.77 |
100 100000 0.67 2.55
300 300000 2.02 7.66
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The calculated value of the concentration of DM-1 in the HD trastuzumab emtansine
experiment is less that the concentration of DM-1 in the analogous experiment, but not as much
as one might expect.

In BT-474 cells, HERZ2 is amplified and they express a mutated PI3kinase. The
following graph shows the results of treatment of these cells with the different drugs. The
investigators did not provide descriptive statistics

Effect of Trastuzumab-MCC-DM1 on'CeII—CycIe Progression in HER2-Positive
Breast Cancer Cells: BT-474 Cells
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Trastuzumab treatment of these cells inhibited progression of the cells out of Go/G;; few cells
advanced to S Phase or G,/M. These cells were relatively insensitive to DM-1 or trastuzumab

emtansine.

Response of HER2-Positive, Trastuzumab-Resistant Cancer Cells to
Trastuzumab-MCC-DM1 and Trastuzumab

The investigators evaluated the ability of trastuzumab emtansine to inhibit proliferation in
HER?2 cell lines that were selected to be resistant trastuzumab, Calu-3, SK-OV-3, MKN7, and
BT-474-El. Trastuzumab did not inhibit cell growth in any of these cell lines appreciably at
concentrations up to 10 ug/mL. The following graph is illustrative of the results for all four cell
lines. The other cell lines behaved more or less similarly. The investigators did not provide any
quantitation of the difference in inhibition for these cell lines.
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Trastuzumab-Resistant Cancer Cells Respond to Trastuzumab-MCC-DM1:
BT-474 EIl Breast Tumor Cells, HER2 3+
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Time dependence of the effect of trastuzumab emtansine on SK-BR-3 cells

The investigators state that exposure of SK-BR-3 cells to cytostatic concentrations of
trastuzumab is reversible once the antibody is washed off but did not present the data. In this
study they incubated SK-BR-3 cells with trastuzumab emtansine for 10 minutes, 30 minutes,
one hour or 72 hours at different concentrations. After this exposure they washed the cells and
incubated them in medium for 72 hours. The following graph from the study report shows the
results of this study.
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Cell Viability following Four Time _Exposures to Trastuzumab-MCC-DM1
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Inhibition of cell growth increased with increasing time of exposure, but the effect was relatively
small in the first 60 minutes and the results are not adequately quantified. Exposure for the full
72 hours inhibits proliferation at least one order magnitude more than in the other three
exposure times. The experiment does not necessarily demonstrate a lasting effect as one
cannot determine whether the effect seen is due to the length of exposure or the reversal of the
effect. Itis possible that all groups were inhibited to the same extent as the 72 hour exposure,
but the inhibition was reversible once the antibody was washed off.

In Vitro Potency Bioassay in BT-474 Cells: Reduced Potency Observed for Stability
Samples Stored at 40°C for 1 Month Shows that Potency Assay is Stability-Indicating

The investigators developed an assay to demonstrate equivalent potency across lots of
trastuzumab emtansine using BT-474 cells. This assay met the applicant’'s acceptance criteria
and was adequate to demonstrate a significant decrease in potency when a sample of the
trastuzumab emtansine Toxicology Lot was stored at 40°C for one month.

Comparison of Anti-Proliferative Activity of Trastuzumab-MCC-DM1 with Trastuzumab,
Anti-IL8-MCC-DM1, Free DM1, or Free MCC-DM1 in BT-474 Cells

The investigators used the above assay to compare the inhibition of proliferation among
five different treatments: trastuzumab emtansine, trastuzumab, a control DM1 conjugate (anti-
IL8-MCC-DM1), free DM1, or free MCC-DM1. The following table from the study report shows
the results of this experiment.

23

Reference ID: 3245118



BLA 125427 W. David McGuinn, Jr., M.S., Ph.D., D.A.B.T.

ECso Values (ng/mL) for Anti-Proliferative Activity

04JUNOS 09SEPOS Assay % Activity vs.
Molecule Assay Assay1 Assay2 Assay3 Assay4d Mean Trastuzumab-MCC-DM1
Trastuzumab-MCC-DM1 ECs (nM) 0.5 0.5 04 0.5 05 05 100.0
Trastuzumab ECs, (nM) ? 1.6 1.9 NT NT 19 1.8 282
DM1 Bound (trastuzumab-MCC-DM1) ECs, (nM)° NT 1.6 1.5 1.8 1.6 1.6 100.0
DM1 Free ECsq (nM) NT 323 327 354 NT 335 4.8
MCC-DM1 Free ECso (nM) NT NT NT 114.2 185.2 149.7 1.1

Notes: ECs, values for each assay are the average of two measurements.
* Molar concentration of antibody.
® Molar concentration of bound DM1 in trastuzumab-MCC-DM1.

Comparison of Anti-Proliferative Activity of Free DM1 or Free MCC-DM1 in BT-474 and
SK-BR3 Cells

The investigators studied the dose response for cell growth inhibition of the free
maytansinoids (DM1 and MCC-DM1) in BT-474 and SK-BR3 cells. TDM-1 hydrolyzes to yield
these compounds in vivo. There is evidently some hydrolysis during storage. The following
table shows the EC50 values determined in this experiment.

Drug BT-474 SK-BR3
DM1 nM 32 ~5
MCC-DM1 nM 114 ~ 50

The assays for the two cell types were somewhat different, so direct comparison is not possible.
Nevertheless, the assays suggest that MCC-DM1 is less toxic than DM1.

2) Binding of Trastuzumab-MCC-DM1 (T-DM1) to HER2 ECD by Surface Plasmon
Resonance (BiacoreTechnology)

Study number 10-0010

Filename 10-0010- ®®-final.pdf

Laboratory Genentech, Inc., South San Francisco, CA 94080
Date October 2009

GLP No

Audited No

Drug T-DM1 Reference Material, Lot TMCCDM1208-2

HER2 ECD, Lot 002

T-DM1 Phase I, Lot B25

T-DM1 Phase Ill Qualification Lots B107, B108,and B109
Trastuzumab Reference Material, Lot HER401-4
Bevacizumab Reference Material, Lot antiVEGF408-3

Method
Assay Ligand immobilized in flow cells
Analysis surface plasmon resonance (SPR)
Control Bevacizumab
Instrument Biacore 3000 (GE Healthcare; Piscataway, NJ)

Biacore 3000 BlAevaluation Software, version 4.1, assuming 1:1 binding
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Results

The following table from the study report shows that all of the preparations of TDM-1
demonstrated similar binding affinity with HER2 ECD. There were no statistically significant
differences among any of the preparations.

Kinetic Analysis and Binding Affinity of HERZ ECD to Indirectly Bound Ligand
Trastuzumab or T-DM1 Lots from SPR Analysis
Using a Biacore 3000 Instrument

v

Fitting Mean Ka kg Ko X
Analyte Model ® Ligand (£5D) (1/Ms) (1/s) (M) (RU 2)
HER2 1:1 trastuzumab Mean 2.16E+05 221E-04 1.01E-09 0.667
{EEE) SD  104E+04 542E—05 178E—10 0.165
T-DM1 Mean 219E+05 231E—04 106E—09 0.704
Ref. Mat. SD  167E+04 338E—05 144E-10 0216
T-DM1 Mean 103E+05 244E—04 127E-09 0552
Lot B25 SD  656E+03 763E-06 685E-11 0059
T-DM1 Mean 211E+05 207E—04 986E—10 0542
Lot B107 SD  246E+04 444E-05 225E-10 0.158
T-DM1 Mean 206E+05 220E—04 108E—09 0.642
Lot B108 SD  115E+04 290E—05 167E-10 0.184
T-DM1 Mean 208E+05 213E-04 103E-09 0753
Lot B109 SD  118E+04 459E-05 258E-10 0506
T-DM1 Mean® 207E+05 223E-04 108E-09 0638
(all lots) SD®  162E+04 340E-05 193E-10 0255

f:measure of the average squared residual (difference between the experimental data and
the fitted curve);, ECD=extracellular domain; ky=association rate constant; ky=dissociation rate
constant; Kp=dissociation equilibrium constant; Ref. Mat. =reference material, RU=response
unit; SPR=surface plasmon resonance; T-DM1=trastuzumab-MCC-DM1.

Mote: The Biacore 3000 instrument was manufactured by GE Healthcare (Piscataway, NJ).
* Fitting model with built-in mass transport limitation correction.
® Mean and SD of raw data.

The average KD values were determined to be 1.08 nM for T-DM1 (all lots) and 1.01 nM
for trastuzumab. HER2 ECD bound to T-DM1 lots with average k, and kq values of 2.07%10°
1/Ms and 2.23+10™* 1/s, respectively. The same protein bound to trastuzumab with average ki
2.16%10° 1/Ms and k4 of 2.21%10™ 1/s.

3) In Vitro Characterization of Trastuzumab-MCC-DM1 in Breast Cancer Cell Lines

Study number 10-0825

Filename 10-0825- @ _final.pdf

Laboratory Genentech, Inc., South San Francisco, CA
Date July 2007 to March 2010

GLP No

25
Reference ID: 3245118



BLA 125427 W. David McGuinn, Jr., M.S., Ph.D., D.A.B.T.

Audited No
Drug Trastuzumab-MCC-DM1, Lots 1808-89, FILO37F01 and TMCCDM1208-2
(pool of Phase Il Clinical Lots 101 and 102)
Trastuzumab, Lots N9126AX, M59316, and reference material HER401-4
L-DM1, Lot 1696-194
L-DM1-methyl, Lot 2454.06
MCC-DM1, Lot G-027797.1-2
L-lysine-MCC-DM1, Lot 2283.20
SMCC: M5525, Lot 048K5007
Method
Cells MDA-MB-468 Breast cancer (PTEN mutation, HER2 negative)
MCF7 (ER positive, HER2 overexpression)
BT-474 (HERZ2 overexpression, ER positive)
SK-BR-3 Breast cancer (HER2 overexpression)
HCC1954 Breast cancer (HER2 overexpression, ER and PR negative)
KPL-4 Breast cancer (HERZ2 over expression)
BT-474EEI (an exogenous estrogen-independent tumorigenic subline of
BT-474 developed at Genentech).
BT-474-M1 (a tumorigenic subline of the BT-474 breast cancer cell line)
N 23
Analysis Fluorescence Activated Cell Sorting (FACS)
Flow Cytometry
ELISA for HERZ2 extra cellular domain (ECD) using BT-474-M1 cells

Results
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Anti-Proliferative Activity of T-Dm1 in Breast Cancer Cell Lines

The following graph from the study report show that the different cell lines used in this
experiment expressed HER2 to a different degree. The MDA-MB-468 cell line does not
overexpress HER2 and so serves as a control.

Figure 2
FACS Analysis for HER2 Expression
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FACS =fluorescence-activated cell sorting.

The investigators assessed the diminution of normal proliferation in vitro caused by trastuzumab
emtansine or herceptin for each cell line. The following graph shows a typical graph of the
results. Graphs for other cell lines were similar.

Figure 3
Anti-Proliferative Activity of T-DM1
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The following table shows the results for all the cell lines tested.

HER2 ICxq ICs

Cell Line Expression] IC., TDM1 | Trastuzumab | |C., TDM1 Trastuzumab
ug/mL pug/mL nM nM
BT-474 3+ 0.069 0.245 0.46 1.68
SK-BR-3 3+ 0.006 0.059 0.04 0.41
KPL-4 3+ 0.009 >10 0.06 >70
HCC1954 3+ 0.043 >10 0.29 >70
BT-474EE1 2+ 0.018 >10 0.12 >70
MCF7 0 >10 >10 >70 >70
MDA-MB-468* 0 2 >10 13.44 >70

* | estimated the value for trastuzumab emtansine from the graph. There were too few data points for the
program the investigators were using to calculate an ICg; value.

These results raise the question of why trastuzumab inhibits cell growth in some cell lines that
overexpress HER2 but not others.

Induction of Apoptosis by T-Dm1: Activation of Caspases 3 and 7

The investigator estimated the ability of T-DM1 to induce apoptosis in vitro by measuring
caspase 3/7 activity in SK-BR-3, BT-474, and KPL-4 breast cancer cells after exposure to the
drug for 48 hours. Caspases initiate a cascade of enzymatic reaction that culminates in
apoptosis. Caspases 3 and 7 activities increased with increasing dose of TDM1 in three cell
lines. Trastuzumab did not induce caspase 3/7 activity in trastuzumab-sensitive (SK-BR-3 and
BT-474) or trastuzumab-resistant (KPL-4) cell lines. The report states that this is consistent with
the reported cytostatic mechanism for trastuzumab in vitro, but did not cite a reference. The
experiment did not avail the use of a non-HER2 expressing cell line as a control. The following
table shows that TDM1 induced caspase activity at nM concentrations while trastuzumab did not
at concentrations less than 70 nM.

HER2 ICso ICso

Cell Line Expression |ICsy TDM1) Trastuzumab |ICso TDM1] Trastuzumab
ug/mL ug/mL nM nM
BT1-474 3+ 0.761 >10 511 >70
SK-BR-3 3+ 0.028 >10 0.19 >70
KPL-4 3+ 0.016 >10 0.11 >70

Effect of T-Dm1 Individual Components and Identified Catabolites on Cell Viability

The investigators designed this experiment to assess the contribution of the individual
components of TDM-1 to the ability of that compound to affect retardation of cell proliferation.
They exposed SK-BR-3 cells to T-DM1, L-DM1, L-DM1-methyl, MCC-DM1, L-lysine-MCC-DM1,
SMCC (linker), or unconjugated trastuzumab at concentrations of 0.0005 to 10 nM for five days.
L-DM1 contains a free sulfhydryl (SH) moiety which binds covalently to the antibody. Sulfhydryl
groups can react with other sulfhydryl-containing molecules in cells or tissue culture medium
(e.g., glutathione or albumin) thus modifying the concentration of free compound. Therefore,
the investigators included an experimental group using L-DM1-methyl, containing a methyl-
protected SH, for comparison. Studies using radiolabeled T-DM1 in cultured tumor cells and in
xenograft tumors and in rats have shown that T-DM1 is catabolized to L-lysine-MCC-DM1 and
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MCC-DM1 (vide infra). Thus, the investigators included L-lysine-MCC-DM1 and MCC-DM1 in
this experiment.

Only T-DM1 and unbound DM1 (L-DM1 and L-DM1-methyl) diminished cell growth
substantially at concentration less than 10 nM. The ICsgs for trastuzumab emtansine and LDM-
1-methyl were 0.02 nM. The ICs, for unmethylated L-DM1 was 0.4 nM. Trastuzumab showed
signs of inhibiting cell growth at concentrations greater than 1 nM but the experiment was not
done at concentrations sufficiently high to define this toxicity. Likewise, MCC-DM1 showed signs
of toxicity at concentrations of 5 and 10 nM. Nevertheless, the experiment is not informative of
the in vivo situation because the C,. for trastuzumab emtansine after a dose of 3.6 mg/kg is
about 87 ug/mL, or about 587 nM. This concentration is much higher than the concentrations
used in this experiment. In similar experiments at higher concentrations, the ICs of
trastuzumab for SK-BR-3 cells was greater than 338 nM.®

Effects of T-Dm1 on Cell Cycle Progression in Her2-Positive Breast Cancer Cells

In this set of experiments the investigators determined the effects trastuzumab, L-DM1,
and T-DM1 on cell cycle progression in SK-BR-3 and BT-474 breast cancer cell. Cells were
exposed to the different drugs for 48 hours and DNA was stained with propidium iodide for
quantification of the different cell cycle phases. In previous experiment, a concentration of
trastuzumab of 10 pg/mL (69 nM) trastuzumab caused cells to arrest in the G1 phase of the cell
cycle.® In this experiment, SK-BR-3 cells were incubated with 30, 100, or 300 ng/mL (0.2, 0.67
or 6.7 nM) T-DM1; BT-474 cells were incubated with 300 or 1000 ng/mL (2 nM or 6.7 nM) T-
DM1. Exposure to trastuzumab emtansine resulted in a dose-dependent increase in G,/M phase
cells in both cell lines, as would be predicted by a drug that disrupts microtubule function. L-
DM1 exposure (20 nM for SK-BR-3 and 200 nM for BT-474) also caused an increase in cells in
the G,/M cell cycle phase. Exposure to L-DM1 also resulted in increased S-phase cells and
decreased Gy/G; cells, indicating that cells were still traversing S-phase. These cell cycle
alterations were also observed in SK-BR-3 cells exposed to trastuzumab emtansine. In BT-474
cells, the predominant effect of trastuzumab emtansine was an increase in cells in G,/M, with
little change in the proportion of cells in the Go/G4 or S-phases. The trastuzumab-insensitive
line, KPL-4, was also analyzed for trastuzumab emtansine cell cycle effects. In this cell line,
trastuzumab emtansine caused a dose-dependent increase in the proportion of cells in the Go/M
phase as well as in cells undergoing apoptosis (sub-Gy/G+). The lowest concentration of
trastuzumab emtansine tested, 25 ng/mL, had no effect on cell cycle progression. Nevertheless,
exposure to 50 ng/mL resulted in a decline in G, cells and increased G,/M and apoptotic cells.
KPL-4 cells exposed to 100 or 200 ng/mL trastuzumab emtansine showed substantial changes
in all cell cycle phases: decreased G, and S-phase cells, with pronounced increases in the
proportion of G,/M-phase and apoptotic cells. These results show that in trastuzumab-
insensitive breast cancer cells, trastuzumab emtansine induces a G,/M-phase cell cycle arrest
and apoptosis.

& J.-L. Merlin et al., In vitro comparative evaluation of trastuzumab (Herceptin) combined with paclitaxel
(Taxol) or docetaxel (Taxotere) in HER2-expressing human breast cancer cell lines. Annals of Oncology
13: 1743-1748, 2002

® M.X. Sliwkowski, et al. Nonclinical studies addressing the mechanism of action of trastuzumab
(Herceptin). Sem Oncol 1999;26(S12):60-70.

29
Reference ID: 3245118



BLA 125427 W. David McGuinn, Jr., M.S., Ph.D., D.A.B.T.

Figure 6
Cell Cycle Effects of T-DM1
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Figure 6 (cont’d)
Cell Cycle Effects of T-DM1
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Analysis of Signaling Pathways and Cell Cycle Markers

In this set of experiments, the investigators compared the effects of trastuzumab
emtansine and trastuzumab on the phosphorylation of AKT in vitro. They incubated BT-474-M1
cells for two hours with varying concentrations of TDM1 and trastuzumab. The phosphorylation
state of Ser473 of AKT1 (pAKT) was detected using ELISA. The following graph from the study
report shows that addition of either antibody caused a decrease in AKT phosphorylation and
that this effect increased with increasing concentration. The decreases for both compounds
were comparable, though the decrease caused by trastuzumab was consistently greater than
that caused by trastuzumab emtansine.
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Figure 7
T-DM1 and Trastuzumab Inhibit AKT Phosphorylation
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The investigators further showed that the decrease in phosphorylation was rapid, having
a half-life of approximately 15 minutes for both compound when the cells were treated with 10
ug/mL (about 67 nM TDM1 and 69 nM trastuzumab). The following graph form the study report
shows that the rapid decrease was not complete, with at least 30% of AKT remaining
phosphorylated after 60 minutes.

32
Reference ID: 3245118



BLA 125427 W. David McGuinn, Jr., M.S., Ph.D., D.A.B.T.

Figure 7 (cont'd)
T-DM1 and Trastuzumab Inhibit AKT Phosphorylation
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Prolonged exposure for up to 16 hours with concentration of 1 yg/mL (about 6.7 nM
TDM1 and 6.9 nM trastuzumab) did not decrease phosphorylation beyond those levels seen at
four hours (about 40% of control, not shown).

The investigators also treated trastuzumab-insensitive KPL-4 cells to distinguish the
effects of trastuzumab from T-DM1, which would demonstrate effects mediated by cytosolic
DM1 exposure. KPL-4 cells were exposed for 24 or 48 hours to 10 nM L-DM1, 10 ug/mL
trastuzumab (about 69 nM), or 100 ng/mL T-DM1 (about 0.67 nM) and lysed for Western blot
analysis. The following figure from the study report show that both trastuzumab emtansine and
L-DM1 inhibited phosphorylation of AKT at Ser473, while trastuzumab had no effect.
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Figure 8
Western Analysis of Signaling and Cell Cycle Markers in KPL-4 Cells
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Here pH3(ser10) is phospho-histone H3 phosphorylated at serine 10 and XIAP is x-linked
inhibitor of apoptosis. The pattern of inhibition or stimulation of these other markers is
consistent with the cell cycle arrest and initiation of apoptosis expected with DM1. In further
experiments (not shown) treatment of KPL-4 cells with DM1 or TDM1 caused cleavage of
PARP, a further indicator of the initiation of apoptosis. Nevertheless, the diminution of
phosphorylation of AKT, a protein far upstream from the nucleus, suggests feedback inhibition
of the mitotic signal of phosphorylated AKT. This inhibition of AKT phosphorylation almost
certainly follows the inhibition of tubulin function by DM1 and so probably does not contribute
directly to TDM1 efficacy.

Effect of T-Dm1 on Shedding of Her2 Ectodomain

In this experiment, the ability of TDM1 to inhibit HER2-ECD shedding was determined by
measuring the amount of soluble HER2-ECD in BT-474-M1-conditioned growth media following
a 24-hour incubation with TDM1, trastuzumab or control antibody (anti-IL-8). Maximal inhibition
of HER2-ECD shedding was 42% with trastuzumab exposure and 43% with TDM1 exposure.
The ICs5q values for the antibodies were 0.30 + 0.05 ug/mL (about 2 nM) and 0.18 + 0.04 ug/mL
(about 1.2 nM), respectively. To exclude the possibility that the reduction of HER2-ECD in the
media was due to decreased cell number in the treated wells, the number of viable cells was
analyzed in parallel with media collection. The treatments did not affect cell number at 24 hours
(data not shown), confirming that the reduction of HER2 ectodomain in the media was due to
inhibition of HER2-ECD shedding.
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Figure 10
T-DM1 and Trastuzumab Inhibit Shedding of HER2-ECD
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4) Shedding of the HER2 Extracellular Domain — a Literature Review

A search of MEDLine using the terms “HER2 and shedding and extracellular domain”
returned 10 articles. A search on “HER2 and kinase activity and extracellular domain” yielded
64 references. The following is a review of the most relevant of these articles and articles
discovered as citations therein. While this review is thorough, it is not completely
comprehensive.

J. R. Zabrecky et al. provided the first literature report to document the cleavage of the
HER?2 extracellular domain from SK-BR-3 cells in vitro."® They first proposed that the release of
the extracellular domain may have implications in oncogenesis and its detection could prove
useful as a cancer diagnostic.

T. A. Christianson et al. identified an NH, terminally truncated HER2 product that
migrated at 95 kD by Western blotting and immuno-precipitations using domain-specific
antibodies." The truncated p95 membrane fragment of HER2 was phosphorylated in an
immune complex when incubated with *P-ATP in vitro. Many people have inferred from these
results that the p95 kinase was constitutively active. This is not necessarily the case as intact
HER2 also demonstrated kinase activity under the conditions of this experiment. The results of
this paper do not demonstrate as many have claimed that the truncated p95 membrane
fragment is activated by the cleavage of the ECD. The full length HER2 receptor migrates with
a molecular weight of about 185 kD. The extracellular domain fragment is about 105 to 110 kD.
The investigators determined that two normal breast epithelial cell lines had no detectable p95.
In addition, the SKOV3 ovarian carcinoma cells, which overexpress HER2, had a

0. R Zabrecky, J. R., The extracellular domain of p185/neu is released from the surface of human
breast carcinoma cells, SK-BR-3. J. Biol. Chem., 266: 1716—1720, 1991.

" Christianson TA, Doherty JK, Lin YJ, et al: NH2-terminally truncated HER-2/neu protein: Relationship
with shedding of the extracellular domain and with prognostic factors in breast cancer. Cancer Res
58:5123-5129, 1998
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disproportionately low amount of p95. The authors suggest that the cleavage of the ECD is a
regulatory process.

Codony-Servat et al. reported the proteolytic cleavage of the HER2 extracellular
domain."? They demonstrated that this cleavage was slow, reaching maximal concentrations
only after 48 hours. Itis also inefficient in the absence of inducers as only 5% of the labeled
HER2 molecules released their ECD over this period. Protein kinase C did not activate this
process. Nevertheless, pervanadate, a general inhibitor of protein-tyrosine phosphatases,
induces a rapid shedding of HER2 ECD. This shedding of HER2 ECD is inhibited by the broad-
spectrum metalloprotease inhibitors EDTA, TAPI-2, and batimastat. The concentrations
required to achieve this inhibition were relatively high (> 5 uM). These results suggested that a
heretofore unidentified protease mediates HER2 cleavage.

Evidence that trastuzumab prevents the shedding of the extracellular domain of HER2
comes from the work by M.A. Molina et al. and references therein."® Most authors on the subject
cite this work and it is the basis for the experiments the Applicant’s investigators did to show
that trastuzumab emtansine also prevented shedding of the ECD. Molina et al. demonstrated
that 4-aminophenylmercuric acetate (APMA), a matrix metalloprotease activator, increased
shedding of the ECD in HER2-overexpressing breast cancer cells. The HER2 p95 fragment,
which appears after APMA-induced cleavage, was phosphorylated. The activation of HER2
shedding by APMA in cells was blocked with batimastat, a broad-spectrum metalloprotease
inhibitor. This provides evidence that the ECD may be cleaved by a metalloproteinase.
Trastuzumab inhibited basal and APMA-induced HER2 cleavage as evidenced by the
diminished generation of phosphorylated p95 in vitro. 2C4, an antibody against a different
epitope of the HER2 ectodomain, did not reduce formation of the p95 fragment. These
investigators also analyzed 24 human breast cancer specimens, and a phosphorylated M(r)
95,000 HER2 band could be detected in 14 of them. Nevertheless, these experiments were
done with frozen tissue samples and the results were highly variable and not reported with
quantitative detail.

P.C.C. Liu et al. described the use of transcriptional profiling, pharmacological and in
vitro approaches to identify the major source of HER2 proteolytic activity.' They used real-time
PCR to identify those ADAM (A Disintegrin And Metalloproteinase) family members which were
expressed in HER2 shedding cell lines. siRNAs that selectively inhibited ADAM10 expression
reduced HER2 shedding.

Many articles and reviews refer to the membrane bound HER2 fragment as constitutively
active as a kinase but tracing the references back in these papers leads to an article by H.-J. S.
Huang et al. that demonstrates kinase activity not in a fragment of HER2 but in truncated mutant
of EGFR (HER1)." One mutant EGFR which occurs frequently in human cancers lacks a
portion of the extracellular ligand-binding domain due to genomic deletions that eliminate exons
2 to 7 and increases tumorigenicity in vivo. The mutant receptors were expressed on the cell
surface and constitutively autophosphorylated at a significantly decreased level compared with
wild-type EGFR activated by ligand treatment. Authors have inferred that the cleavage of the

2. Codony-Servat et al., Cleavage of the HER2 Ectodomain Is a Pervanadate-activable Process That Is
Inhibited by the Tissue Inhibitor of Metalloproteases-1 in Breast Cancer Cells. Cancer Res 1999;59:1196-
1201.

'3 M.A. Molina et al. Trastuzumab (Herceptin), a Humanized Anti-HER2 Receptor Monoclonal Antibody,
Inhibits Basal and Activated HER2 Ectodomain Cleavage in Breast Cancer Cells. Cancer Res
2001;61:4744-4749.

" P.C.C. Liu et al., Identification of ADAM10 as a Major Source of HER2 Ectodomain Sheddase Activity
in HER2 Overexpressing Breast Cancer Cells, Cancer Biology & Therapy 5:6, 657-664, June 2006

" H.-J. S. Huang et al. The Enhanced Tumorigenic Activity of a Mutant Epidermal Growth

Factor Receptor Common in Human Cancers Is Mediated by Threshold Levels of Constitutive Tyrosine
Phosphorylation and Unattenuated Signaling. J. Biol. Chem., 272(5):2927-2935, 1997
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ECD from the full receptor confers constitutive activity on the p95 fragment. | found in this
review of the literature no evidence to substantiate this hypothesis though this view remains
widely held and frequently asserted.

P.P. Di Fiore et al. have shown that when HER2 complimentary DNA was expressed in
NIH/3T3 cells under the control of the SV40 promoter, the gene lacked transforming activity
despite expression of detectable levels of the HER2 protein.’® But a further five to tenfold
increase in its expression was associated with activation of HER2 as a potent oncogene. These
investigators did not further identify the mechanism of this activation but numerous subsequent
authors have inferred that it is by auto-activation of HER2 kinase activity. O. Segatto et al. have
observed autokinase activity by generating mutant forms of HER2."" Auto-activation in these
mutants resulted in oncogenic transformation.

G. C Ghedini et al. examined biological effects of overexpressed HER2/ECD on cancer
growth and in response to trastuzumab. They stably transfected SKOV3 tumor cells to release
a recombinant HER2-ECD molecule (rECD). Transfectants that released high concentrations of
110-kDa rECD, identical in size to native HER2/ECD (nECD), grew significantly slower than did
controls, which released only basal levels of nNECD. While transmembrane HER2 and HER1
were expressed at equal levels by both controls and transfected cells, activation of these
molecules and of downstream ERK2 and Akt was significantly reduced only in rECD
transfectants. Surface plasmon resonance analysis revealed heterodimerization of the rECD
with HER1, -2, and -3. In cell growth bioassays in vitro, shed HER2-ECD significantly blocked
HER2-driven tumor cell proliferation. In mice, high levels of circulating rECD significantly
impaired HER2 driven SKOV3 tumor growth, but not that of HER2-negative tumor cells. In vitro
and in mice, trastuzumab significantly inhibited tumor growth due to the rECD-facilitated
accumulation of the antibody on tumor cells. These findings are quite contrary to the prevailing
hypotheses about the function of HER2-ECD.

A Vazquez-Martin et al.”® have shown have shown that the dual HER1/HER2 tyrosine
kinase inhibitor lapatinib, which works intracellularly and binds at the TK domain of HER2,
significantly a