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PRECLINICAL STUDY
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Abstract Trastuzumab (Herceptin®) is currently used as
a treatment for patients whose breast tumors overexpress
HER2/ErbB2. Trastuzumab-DM1 (T-DMI1, trastuzumab
emtansine) is designed to combine the clinical benefits of
trastuzumab with a potent microtubule-disrupting drug,
DMI1 (a maytansine derivative). Currently T-DM1 is being
tested in multiple clinical trials. The mechanisms of action
for trastuzumab include inhibition of PI3K/AKT signaling
pathway, inhibition of HER-2 shedding and Fcy receptor
mediated engagement of immune cells, which may result in
antibody-dependent cellular cytotoxicity (ADCC). Here we
report that T-DM1 retains the mechanisms of action of
unconjugated trastuzumab and is active against lapatinib
resistant cell lines and tumors.
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Introduction

HER?2 positive breast cancer is a well-recognized subgroup
of breast cancer [1]. Gene amplification of HER2 defines
the class and this alteration manifests itself in the overex-
pression of HER2 protein on the tumor cell surface
in ~20% of all primary breast cancers [2]. Indeed, HER2
positive breast cancer is known to portend a poor clinical
outcome and appears to be more prevalent in younger
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women [3]. Trastuzumab (Herceptin®) is a humanized
monoclonal antibody directed against domain IV of the
extracellular domain of HER2 [4, 5]. Herceptin® was first
approved for the treatment of metastatic breast cancer and
later for the adjuvant treatment of early breast cancer [6-8].
Retrospective analysis of disease-free survival of distant
metastasis reveals that Herceptin® in combination with
chemotherapy changes the natural history of the disease.
Specifically, the outcome of Herceptin®-treated patients is
similar to that observed in patients whose tumors are HER2
negative and received standard of care chemotherapy [9].

In general terms, the mechanisms of action of trast-
uzumab are thought to involve inhibition of constitutive
HER?2 signaling and the activation of immune effector cells
[10]. Trastuzumab is known to disrupt ligand-independent
HER2/HER3 interactions in HER2-amplified cells [11].
This dissociation leads to the uncoupling of PI3K-AKT
signaling and correlates with the antiproliferative effects of
trastuzumab. As a humanized IgG1, trastuzumab binds to
FcyRIII on immune effector cells and is a potent mediator
of antibody-dependent, cell-mediated cytotoxicity (ADCC)
[12]. The most compelling evidence for the role of Fc-
FcyRIII interaction is provided by Clynes et al. [13], who
assessed trastuzumab response in tumor models deficient in
activating FcyR functions.

Although the clinical data with regimens containing
Herceptin® are impressive, some patients’ tumors will still
progress on these therapies. In the metastatic setting, the
HER?2 tyrosine kinase inhibitor, lapatinib, is a therapeutic
option for these patients. When used in combination with
capecitabine, lapatinib demonstrates a therapeutic advan-
tage over capecitabine alone [14]. However, progression is
frequently observed in this setting as well. Although sev-
eral additional therapeutic options for these patients are
currently being investigated, we have recently described
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the properties of an antibody drug conjugate [15]. Trast-
uzumab-DM1 (T-DMI1; trastuzumab emtansine) is com-
posed of the humanized antibody trastuzumab and DM,
a maytansinoid derivative, linked with a non-reducible
thioether linker, N-succinimidyl-4-(N-maleimidomethyl)
cyclohexane-1-carboxylate (SMCC, designated MCC after
conjugation). Maytansinoids are natural products that are
potent antimitotic agents, which like the vinca alkaloids
prevent microtubule assembly [16, 17]. The therapeutic
potential of maytansine as an anticancer agent was
extensively investigated in clinical trials [18]. Ultimately
the compound was abandoned because it exhibited a
poor therapeutic window. Due in part to their impressive
potency, maytansinoids were investigated as drugs for
conjugation to monoclonal antibodies. Derivatives of
maytansinoids were synthesized to allow chemical conju-
gation to proteins using disulfide linkers [16]. The reali-
zation that the endocytic pathway is not reducing and our
empirical experimental observations led us to conclude that
the more stable thioether linkage was better suited for
maytansinoid coupling to trastuzumab [15, 19].

Our previous pre-clinical studies investigated the
activity of T-DM1 in model systems that were refractory to
trastuzumab [15]. Early promising clinical data were
recently generated in patients whose tumors have pro-
gressed on HER2-directed therapies [20]. Given these
results and the potential of using T-DM1 in earlier lines in
breast cancer treatment, it became increasingly important
to determine whether T-DM1 retains the known mecha-
nisms of action of trastuzumab. Here we report that T-DM1
retains the mechanisms of action of unconjugated trast-
uzumab. We also show that T-DMI1 is able to bind to
FcyRIII and activate ADCC. We further demonstrate that
T-DM1 effectively inhibits the growth of lapatinib insen-
sitive tumors and tumors harboring PI3K pathway acti-
vating mutations.

Materials and methods
Cell lines

Breast cancer cell line BT-474-M1 is an in vivo passaged
subclone of BT-474 (ATCC, Manassas, VA) [13]. MCF7-
neo/HER?2 cells were established at Genentech, Inc. KPL-4
breast cancer cells were obtained from Kurebayashi [21].
All other cell lines were obtained from American Type
Culture Collection (ATCC, Manassas, VA) or Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH
(DSMZ, Braunschweig, Germany). Cell lines were main-
tained in high-glucose DMEM:Ham’s F-12 (50:50) sup-
plemented with 10% FBS and 2 mM L-glutamine.
Generation of lapatinib resistant SK-BR-3: SK-BR-3 cells
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(ATCC) were cultured in the presence of increasing con-
centrations of lapatinib for 9 months. Cells were deter-
mined to be resistant when the doubling time in 1.5 pM
lapatinib was similar to parental cells.

HER?2 binding

Nunc break apart immunomodule plates (Nunc, Roskilde,
Denmark) were coated with 20 ng/ml HER2-ECD-Ig
fusion protein in 50 mM HEPES, pH 8.2, 150 mM NaCl
overnight at 4°C. Non-specific binding was blocked with
2 mg/ml BSA, 25 mM Tris, pH 7.5, 150 mM NaCl for 2 h
at room temperature. Wells were washed three times with
assay buffer (2 mg/ml BSA, 10 mM HEPES, pH 7.2 in
RPMI). The competitive binding reaction with a dilution
series of non-labeled competitor antibodies and constant
123]_trastuzumab was carried out for 2 h at room temper-
ature. The '*’I-trastuzumab bound to HER2 was then
detected by a gamma counter and the data were ana-
lyzed using the non-linear regression method of Munson
and Rodbard [22]. All measurements were done in
quadruplicate.

ADCC assay

In vitro ADCC assay was performed as previously descri-
bed [23]. In short, PBMCs were separated from the blood
of healthy volunteers using lymphocyte separation medium
(MP Biomedicals, Solon, OH). Serum-free RPMI supple-
mented with 0.1% BSA was used as an assay buffer. Target
cells (BT-474-M1, 1 x 104) were pre-incubated with
antibodies for 30 min at 37°C before adding the effector
PBMC:s in a 25:1 E:T ratio. The cells were incubated for an
additional 4 h before detecting cell death by measuring the
lactate dehydrogenase activity from the media using
Cytotoxicity Detection Kit (LDH; Roche, Mannheim,
Germany). The percentage of cytotoxicity was calculated
as follows: % cytotoxicity (Experimental lysis — sponta-
neous target lysis)/(maximum target lysis — spontaneous
target lysis) x 100.

pAKT

BT-474-M1 cells were lysed and 50 g of total protein was
subjected to pAKT analysis using PathScan Phospho-Aktl
(Serd473) ELISA Kit (Cell Signaling Technology, Danvers,
MA) according to the manufacturer’s instructions.

HER?2 shedding
For HER2 ectodomain shedding analysis, 1 x 10° BT-474-

M1 cells were plated in each well of a 24-well plate. Cells
were treated with antibodies for 24 h in a volume of
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0.5 ml. HER2 ECD was detected from the media using
ELISA [24]. Nunc immunoplates were coated with 0.8 pg/ml
anti-HER2 ECD antibody (Genentech) in 50 mM HEPES,
pH 8.2, 150 mM NaCl overnight at 4°C. Non-specific
binding was blocked with 0.5% BSA in PBS for 1 h at
room temperature. Conditioned media (25 pl) was diluted
with 75 pl of assay buffer (0.35 M NaCl, 0.5% BSA,
0.05% Tween 20, 5 mM EDTA pH 8.0, 0.25% CHAPS,
0.2% Bovine gamma globulin in PBS), was applied to
wells and incubated for 2 h at room temperature. After
three washes (0.05% Tween 20 in PBS), HER2 ECD was
detected using 0.03 pg/ml rabbit anti-HER2-Biotin anti-
body (Genentech, 2 h room temperature) followed by a
30 min incubation with 0.2 pg/ml ELISA grade strepavi-
din-horseradish peroxidase conjugate (BioSource Interna-
tional, Camarillo, CA) and a peroxidase substrate (Sigma
Fast o-phenylenediamine dihydrochloride tablet; Sigma, St.
Louis, MO).

Cell viability assay

Cell proliferation/viability was detected using CellTiter-
Glo® Luminescent Cell Viability Assay (Promega, Madison,
WI). For the assay, 5 x 10° cells/well were plated in
96-well plate and incubated overnight for cell attachment
before treatments. All measurements were done in
triplicate.

In vivo drug efficacy

Fo5 is a mouse tumor model derived from a transgenic
mouse carrying a human HER2 gene under the control of a
murine mammary tumor virus (MMTYV) promoter. Gener-
ation, amplification, and implantation (nude mice, Harlan)
of Fo5 tumor allografts has been previously described [25].
For MCF7-neo/HER2 xenografts, NCR.nude mice
(Taconic) were supplemented with subcutaneous estrogen
pellets (0.36 mg, 60-day release; Innovative Research of
America) 3 days prior to implanting 5 million MCF7-neo/
HER2 tumor cells in 1:1 HBSS-matrigel suspension (BD
matrigel; BD Biosystems, San Jose, CA) to mammary fat
pads. When tumor volumes reached 130-250 rnm3, mice
were randomly grouped for the treatment cohorts. Dosing
is described in the figure legends. Lapatinib was synthesized
by the Genentech Chemistry Dept. Tumor volumes were
calculated with the formula: (mm?) = (L x W2) x 0.5.

Statistical analysis

All statistical analysis was performed using JMP 7.0 soft-
ware (SAS institute Inc. Cary, NC) or Prism For Windows
3.03 (GraphPad Software Inc. La Jolla, CA).

Results

Potency of maytansinoids and their derivatives
on human breast cancer cell lines

Paclitaxel and doxorubicin are two established cytotoxic
agents that are frequently used in the treatment of breast
cancer. To demonstrate the potency of maytansinoid
derivatives relative to these two drugs, we examined a
panel of six breast cancer cell lines using in vitro cell
viability assays. DM1 is a derivative of maytansine
where a thiolpropanoyl group replaces the N-acetyl group.
The presence of the free thiol was designed to facilitate
conjugation to proteins. However, the thiol also intro-
duces a complexity for assessing the potency of free
DM1, since the compound can form a disulfide-mediated
dimer or a mixed disulfide with other thiol-containing
substituents in the cell culture media or intracellularly. To
circumvent this issue, we also examined the activity of
the methyl form of DM1 (DMI1-CH;; where the thiol
group is methylated). As shown in Table 1, DM1-CH;
was more potent than DMI1. ICs, values for DM1-CH;3
ranged from 0.02 to 0.13 nM. In contrast, ICs, values for
paclitaxel were 1.5-6.5 nM and for doxorubicin 9-110 nM.
These data indicate that on a molar basis the maytansi-
noid is 24- to 270-fold more potent than paclitaxel
and two to three orders of magnitude more potent than
doxorubicin.

To further address the potency of the individual com-
ponents of T-DM1 in an in vitro system, additional studies
were conducted with the HER2 amplified breast cancer cell
line, SK-BR-3. As shown in Fig. 1b, DM1-CH; and
T-DM1 have similar potency on a molar basis. In contrast
and as expected, the linker, SMCC, has no activity. Con-
sistent with the metabolic data reported for the C242-
MCC-DMLI, the active metabolite of T-DM1, lysine-MCC-
DML, is also inactive due to its net positive charge which
compromises its ability to cross the plasma membrane [26].

Although encouraging, the aforementioned in vitro
comparison of T-DMI1 and its various constituents has
certain limitations. To more fully determine the antitumor

Table 1 ICsy (nM) values for DM1 in comparison to paclitaxel and
doxorubin in breast cancer cell lines

Cell line DM1-CH3 DM1 Paclitaxel Doxorubin
HCC1954 0.02 0.32 543 84.35
KPL-1 0.06 0.95 1.50 54.20
MDA-468 0.03 0.51 3.31 9.07
T47D 0.13 1.49 3.96 24.11
7ZR-75-1 0.10 2.59 6.52 110.07
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effects of T-DM1, we performed studies in a trastuzumab-
insensitive mouse xenograft model (MMTV-HER2 Fo5).
As shown in Fig lc, this model is insensitive to trast-
uzumab but responds robustly to T-DM1. Very little anti-
tumor activity is observed with a dose of DMI that is
equivalent to the amount of DMI1 conjugated to trast-
uzumab. No demonstrable increase in activity is observed
when free DMI1 is increased to its maximally tolerated
dose. Finally, to rule out possible potentiating or chemo-
sensitization effects, a cohort of tumor-bearing mice were
treated with an equivalent dose of trastuzumab combined
with free DM 1. Again no significant therapeutic effect was
observed with this combination. We conclude in this
trastuzumab-insensitive model that conjugation of DMI to
trastuzumab allows for effective delivery of the cytotoxic
agent to the tumor.

@ Springer
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Trastuzumab-DM1 retains all the mechanisms
of action of trastuzumab

To confirm that conjugating trastuzumab with DM1 (Fig. 1a)
does not affect its affinity for HER2, we analyzed the binding
affinities of trastuzumab and T-DM1 (Fig. 2a). In the assay,
binding of radio-iodinated trastuzumab to HER2 ECD is
competed with increasing concentrations of non-iodinated
antibody (trastuzumab or trastuzumab DM1 conjugate). The
detected antibody affinities were nearly identical (Kp =
0.170 & 0.003, and 0.140 £ 0.02, for trastuzumab and
T-DM1, respectively) indicating that conjugation does not
affect HER2 binding [4].

Trastuzumab binds FcyR expressed by immune cells
and has been shown to mediate ADCC in vitro [12].
ADCC contributes to trastuzumab activity in vivo [13]
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Fig. 2 Trastuzumab-DMI1 retains all the mechanisms of action of
trastuzumab. a T-DMI1 binds to HER2 with affinity equal to
trastuzumab. '*’I-trasuzumab binding to HER2 was competed with
non-labeled trastuzumab (black), T-DM1 (red) or control antibody
(green). b T-DM1 mediates ADCC. The ability of trastuzumab
(black) and T-DM1 (red) to mediate in vitro ADCC by PBMCs was
measured using an assay detecting LDH released from lysed BT-474-
M1 cells. DM1-conjugated antibody (CTRL-AB-DMI; red, dashed
line), which does not bind to BT-474-M1 cells and a trastuzumab
variant, which does not bind to FcyR (D256A, green) were used as

and may be important for trastuzumab response in
patients [27]. The ability of trastuzumab DM-1 conjugate
to mediate ADCC was analyzed by measuring the lactate
dehydrogenase (LDH) activity released from BT-474-M1
cells as a result of cell lysis mediated by peripheral blood
mononuclear cells (PBMCs). Trastuzumab mediated in
vitro ADCC efficiently (Fig. 2b), resulting in 48% maxi-
mal cytotoxicity in 4 h (ECsq 0.5 ng/ml). To confirm that
the detected LDH leakage was a result of ADCC activity,
we used trastuzumab-D265A. The D265A substitution
abolishes binding of trastuzumab to FcyR on the immune

controls. ¢ T-DM1 inhibits pAKT. AKT phosphorylation was
measured by ELISA detecting phosphorylated Ser473 from BT-474-
M1 cells treated 2 h with trastuzumab (black) or T-DMI1 (red; left
panel). Immediate response on pAKT was investigated using 10 pg/ml
(middle panel) and long-term response by using 1 pg/ml antibodies
(right panel). d T-DMI1 inhibits HER2 shedding. Soluble HER2
ectodomain was detected from BT-474-M1 conditioned growth media
after 24 h incubation with trastuzumab (black), T-DM1 (red) or
control antibody (green) using ELISA

cells [28], thereby also preventing its ability to mediate
ADCC. Trastuzumab-D265A did not induce a detectable
increase in LDH release (Fig. 2b). In addition, no LDH
release was detected using a control DM1 antibody con-
jugate, which does not bind to breast cancer cells. Long-
term treatment with T-DMI1 induces apoptosis of breast
cancer cells in vitro [15]. To exclude the possibility that
the LDH release detected in Fig. 2b would be due to
apoptosis, we measured activation of caspases 3 and 7
from the cells used in ADCC assay. The 4 h treatment
with T-DM1 or trastuzumab did not result in significant
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caspase activity (not shown) confirming that the detected
cell death is not due to apoptotic activity of the DM1, but
caused by the lytic activity of immune cells.

Inhibition of HER3 phosphorylation by trastuzumab and
the resulting inhibition of the PI3K pathway have been
shown to be immediate and critical for the cytostatic effect
of trastuzumab [11, 29]. To investigate the effect of
T-DM1 on AKT phosphorylation, BT-474-M1 cells were
treated for 2 h with a dilution series of the antibodies. The
phosphorylation state of Ser473 of AKTI1 was detected
using ELISA. Maximal inhibition of pAKT was achieved
using 3.3 pg/ml concentrations for both antibodies
(Fig. 2c, left panel). The immediate effect on pAKT was
then investigated and rapid dephosphorylation of AKT was
detectable within 5-10 min for both antibodies (Fig. 2c,
middle panel). After 15 min, AKT phosphorylation had
decreased by 47 and 42% in cells treated with trastuzumab
and T-DM1, respectively. Similar levels of inhibition were
still detected at 60 min of treatment. Prolonged treatment,
up to 16 h incubation, with 1 pg/ml antibodies resulted in
60% reduction of pAKT for both antibodies (Fig. 2c, right
panel). Maximal inhibition was reached by 4 h of treatment
and maintained until 16 h. These results demonstrate that
treatment of breast cancer cells with T-DMI1 rapidly
inhibits AKT phosphorylation and that the drug conjuga-
tion does not affect this activity.

Another biological activity and a possible mechanism of
action for trastuzumab is inhibition of HER2 ectodomain
shedding [30]. The ability of the T-DMI1 conjugate to
inhibit HER2 shedding was analyzed by detecting the
amount of soluble HER2 ectodomain from BT-474-Ml
conditioned growth media following a 24-h incubation
with the antibodies (Fig. 2d). The maximal inhibition of
HER?2 shedding was 42% with trastuzumab treatment and
43% with T-DMI1 treatment. The ECsy values for the
antibodies were 0.30 & 0.05 and 0.18 £ 0.04 pg/ml,
respectively. To exclude the possibility that the reduction
of HER2 ectodomain in the media is due to decreased cell
numbers in the treated wells, the number of viable cells
was analyzed parallel to media collection. The treatments
did not affect cell number at 24 h (not shown), confirming
that the reduction of HER2 ectodomain in the media is due
to inhibition of HER2 shedding. Taken together, these
results demonstrate that T-DM1 binds HER2 with an
affinity equal to that of trastuzumab and that T-DMI1
retains all the mechanisms of action of trastuzumab.

Trastuzumab-DMI1 inhibits the growth of lapatinib
resistant breast cancer cells with activated PI3K

pathway

In our previous report, we demonstrated that T-DMI
efficiently inhibits proliferation of trastuzumab resistant,
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HER2 amplified breast cancer cells [15]. The small
molecule tyrosine kinase inhibitor, lapatinib, is used for
treatment of trastuzumab refractory breast cancer. We
next investigated the effect of T-DMI1 for treating HER2
amplified cells that fail to respond to lapatinib. Activation
of the PI3K pathway either by acquiring PIKCA muta-
tions or loss of PTEN causes resistance against both trast-
uzumab and lapatinib [11, 31, 32]. The dose responses of
lapatinib and T-DM1 treatment for MCF7-neo/HER2
were determined by measuring proliferation/viability
using Cell-Titer plus reagent following 6 days of treat-
ment. Trastuzumab did not inhibit cell proliferation and
cells were also resistant to lapatinib (Fig. 3a). Prolifera-
tion was affected only by the highest lapatinib concen-
tration (20 uM). However, the cells were sensitive to low
doses of T-DM1 (ICsy 0.024 pg/ml (0.16 nM)). Next we
subjected SK-BR-3 cells for 9 months to increasing con-
centrations of lapatinib, which resulted in a lapatinib
resistant SK-BR-3 cell line. Of note, the parental SK-BR-3
cells are readily sensitive to both lapatinib (ICsq 0.027
pg/ml) and trastuzumab (ICsq 0.068 pg/ml (0.45 nM);
Fig. 3b, left panel). However, the lapatinib resistant SK-
BR-3 cell line demonstrated resistance to high, micro-
molar concentrations of lapatinib and up to 10 pg/ml
trastuzumab (Fig. 3b, right panel). Importantly, the
acquired lapatinib resistance did not have any effect on
sensitivity to T-DM1 (Fig. 3b, right panel). ICsq for the
lapatinib conditioned SK-BR-3 cells was identical to the
parental SK-BR-3 (0.007 uM for both cell lines).

The E545K mutation in the PIK3CA gene (p110« sub-
unit of PI3K) is a likely cause for the trastuzumab and
lapatinib resistance in MCF7-neo/HER2 cells. Next, we
investigated a panel of cell lines that harbor PI3K pathway
activating genetic modifications in addition to HER2
overexpression. KPL-4, HCC1954, MCF7-neo/HER2, and
HCC202 cells all have activating PIK3CA “hotspot”
mutations (H1047R, HI1047R, E545K, and E545K,
respectively) and HCC-1569 is PTEN null. We determined
dose responses of lapatinib and T-DM1 in these cells and in
SK-BR-3 and BT-474-M1 cells, which harbor HER2
amplification, but no additional PI3K-activating modifica-
tions. As predicted, PI3K pathway activation determined
the ability of cells to respond to lapatinib (Fig. 3c, left
panel). Cells with activating PIK3CA mutations or PTEN
loss were significantly less sensitive to lapatinib (P < 0.0001).
In contrast, PI3K activation did not predict sensitivity to
T-DM1 (P = 0.64; Fig. 3c, right panel). In conclusion,
these results demonstrate that T-DM1 is highly potent in
inhibiting growth of lapatinib resistant cells and cells that
have PI3K pathway activating alterations. Our results
suggest that in contrast to lapatinib and trastuzumab,
aberrant PI3K pathway activation is not a major determi-
nant for T-DM1 sensitivity.
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Fig. 3 Trastuzumab-DM1
inhibits the growth of lapatinib
resistant breast cancer cells with
activated PI3K pathway. a,

b T-DM1 and lapatinib dose
response of MCF7-neo/HER2
cells (a) SK-BR-3 cells (b, left
panel) and lapatinib resistant
SK-BR-3 cells (b, right panel).
Proliferation/viability of cells
was detected using CellTiter-
Glo® Luminescent Cell
Viability Assay after 6 days of
treatment with T-DM1 (red),
lapatinib (purple), or
trastuzumab (black). ¢ T-DM1
and lapatinib dose response of
HER?2 overexpressing breast
cancer cells with (black) or
without (red) PI3K pathway
activating mutations or PTEN
loss. Statistical significance was
determined using f-test on

0.25 pg/ml or 0.25 pM values

Trastuzumab-DM1 inhibits the growth of lapatinib
insensitive tumors and tumors harboring PI3K pathway

activating mutations

Next, we explored whether T-DM1 is able to inhibit the
growth of lapatinib insensitive tumors in vivo. For this
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purpose, we cultured Fo5 tumor allografts [25] that express
human HER2 from MMTYV promoter in mammary fat pads

of nude mice. After tumor establishment, the mice were
treated either with 15 mg/kg T-DM1 (once every 3 weeks

for two doses), 100 mg/kg lapatinib (daily dosing for 3
weeks), or vehicle. Treatment of mice with a daily high
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dose of lapatinib was not sufficient to stop tumor growth
(Fig. 4a) and no complete or partial responses were
detected. In contrast, trastuzuzumab-DM1 efficiently pre-
vented the growth of the tumors (Fig. 3a) and resulted in
complete responses (CR; no detectable tumor) in 3/10 and
partial responses (PR; tumor volume is 50% or less of its
Day 0 volume) in 6/10 mice.

Although, the mechanism for trastuzumab resistance in
Fo5 tumors is unknown, MCF7-neo/HER2 cells are resis-
tant to lapatinib and trastuzumab likely due to PI3K path-
way activation. MCF7-neo/HER2 cells harbor the E545K
PIK3CA mutation and express similar levels of HER2
protein as trastuzumab sensitive SK-BR-3 cells. To inves-
tigate the ability of T-DM1 to inhibit the growth of MCF7-
neo/HER2 tumors, cells were grown in mammary fat pads
of NCR.nude mice. After tumor establishment, mice were
treated with trastuzumab, T-DMI1 or vehicle. Six weekly
30 mg/kg doses of trastuzumab did not inhibit the growth
of MCF7-neo/HER2 tumors (Fig. 4b). However, treatment

A
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2% 800

[
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T-DM1 (iv) a A Day

Lapatinib (po) AdAddddAddAdbAMMALLAL

B 1600 -

Trastuzumab 30 mg/kg
1200

800 -

400 1
T-DM1, 10 mg/kg

Mean Tumor Volume (mm?)
+/- SEM

0 T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90
Dosing: Day

T-DM1 (iv) & i

Tmab (ip) 4 & 4 a4 4 &

Fig. 4 Trastuzumab-DM1 inhibits the growth of lapatinib insensitive
tumors and tumors harboring PI3K pathway activating mutations. a In
vivo efficacy of T-DMI1 in the treatment of Fo5 tumor allografts. Fo5
tumor allografts were grown in the mammary fatpads of nude mice.
Mice were treated with 100 mg/kg lapatinib (po; bid x 21), 15 mg/kg
T-DM1 (iv; q3wk x 2) or with vehicle (po; bid x 21); n = 10/
treatment group. b MCF7-neo/HER2 xenografts were grown in the
mammary fatpads of NCR.nude mice. Mice were treated with 10 mg/kg
T-DMI1 (iv; q3wk x 2), 30 mg/kg trastuzumab (ip; qlwk x 6), or
vehicle (ip; qlwk x 6); n = 10/treatment group

@ Springer

with T-DM1 dosed 10 mg/kg once every 3 weeks for two
doses completely prevented tumor growth, and again
resulted in significant tumor regression (CR = 6/10,
PR = 4/10). Taken together, these results demonstrate that
T-DM1 efficiently prevents growth of lapatinib resistant
tumors and tumors where PI3K pathway activating muta-
tions cause resistance to currently approved therapeutic
anti-HER2 compounds.

Discussion

It is well established that alterations in specific genes ini-
tiate and promote neoplastic growth [33]. As a conse-
quence, organ specific classifications of cancer are now
giving way to molecularly defined subtypes. HER2 gene-
amplified tumors are now recognized as distinct subgroups
within breast and gastric cancers. In both of these diseases,
Herceptin® is generally used in combination with chemo-
therapy as standard of care [34]. Unfortunately, some
patients with metastatic breast cancer are observed to
progress on Herceptin®-containing regimens. Progression
also occurs when these patients are treated with second line
HER2-directed therapies such as lapatinib (Tykerb). To
address this unmet clinical need, we designed an antibody
drug conjugate that is composed of trastuzumab and the
maytansinoid, DMI1.

Chemical conjugation of DMI1 to trastuzumab is
accomplished with the heterobifunctional agent N-succin-
imidyl-4-(N-maleimidomethyl)cyclohexane- 1-carboxylate
(SMCC). The N-hydroxy-succinimide moiety allows for
nucleophilic attack by primary amino groups contained
within the antibody. As a result, derivatization of trast-
uzumab occurs predominantly on the epsilon amino groups
of lysines, which are abundant and distributed throughout
the sequence of the antibody. Thus, T-DMI1 is heteroge-
neous with respect to these covalent modifications. In the
present report, we address whether chemical modification
of trastuzumab affects its known mechanisms of action.
The anti-signaling properties of trastuzumab are primarily
the consequence of antibody recognition of HER2 on the
surface of breast cancer cells. Our studies confirm that
T-DM1 binding to HER?2 is not affected by the derivatiza-
tion with MCC-DM1. As expected, once bound to HER2,
T-DM1 blocks HER2 shedding. Perhaps more importantly,
T-DM1 also downregulates PI3K-AKT signaling due to the
fact that, like trastuzumab [11], it effectively disrupts the
constitutive HER2-HER3 complex. Activation of immune
effector function requires binding of the antibody’s Fc
region to Fcy receptors. Antibody-dependent cytotoxicity
assays (ADCC) performed with peripheral blood mononu-
clear cells obtained from health volunteers verified that
T-DM1 maintains full trastuzumab activity.
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Most novel anticancer agents are initially tested in model
systems that are refractory to standard of care therapies. To
date our preclinical focus with T-DM1 has examined tumor
models that are refractory to trastuzumab. Our clinical studies
have also selected patients whose tumors have progressed
through Herceptin® and in many cases Tykerb® (lapatinib).
In the current report we demonstrate that T-DM1 efficiently
inhibits growth of cells and tumors that are insensitive to
lapatinib and have hyperactivated PI3K signaling due to
activating mutations in p110a«. Because the T-DM1 preclin-
ical and clinical data are promising, we are now designing and
executing clinical trials that will examine T-DM1’s activity in
patients who may not have received previous HER2 directed
therapies. The data presented in this report suggest that
T-DM1 maintains all of the known mechanisms of action of
trastuzumab. As a result of these findings, we are optimistic
that T-DM1 can be moved into earlier lines of therapy for the
treatment of HER2 positive cancer.

Conflict of interest All authors are employees of Genentech, Inc.
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