OncoTargets and Therapy

3

Dove

REVIEW

Potential of antibody—drug conjugates and novel
therapeutics in breast cancer management

Georgios D Lianos'
Konstantinos Vlachos?
Odysseas Zoras?
Christos Katsios'
William C Cho*
Dimitrios H Roukos'

'Centre for Biosystems and Genomic
Network Medicine, loannina
University, loannina, Greece;
2Department of Surgery, loannina
University Hospital, loannina, Greece;
*Department of Surgical Oncology,
Heraklion University Hospital, Crete,
Greece; *‘Department of Clinical
Oncology, Queen Elizabeth Hospital,
Hong Kong

Correspondence: Dimitrios H Roukos
Centre for Biosystems and Genomic
Network Medicine, loannina University,
PO Box | 186, 45110 loannina, Greece
Tel +30 26 5100 7423

Fax +30 26 5100 7094

Email droukos@uoi.gr

This article was published in the following Dove Press journal:
OncoTargets and Therapy

24 March 2014

Number of times this article has been viewed

Abstract: Progress in the treatment of cancer over the past decade has been slow. Targeting a
mutated gene of an individual patient tumor, tumor-guided agents, and the first draft of the human
genome sequence have created an overenthusiasm to achieve personalized medicine. However,
we now know that this effort is misleading. Extreme interpatient and intratumor heterogeneity,
scarce knowledge in how genome-wide mutational landscape and epigenetic changes affect
transcriptional processes, gene expression, signaling transduction networks and cell regulation,
and clinical assessment of temporary efficacy of targeted drugs explain the limitations of these
currently available agents. Trastuzumab and a few other monoclonal antibodies or small-molecule
tyrosine kinase inhibitors (TKIs) represent an exception to this rule. By blocking ligand-binding
receptor in patients with human epidermal growth factor receptor 2 (HER2) amplification and
overexpression, trastuzumab added to chemotherapy in HER2-positive patients has been proven
to provide significant overall survival benefit in both metastatic and adjuvant settings. Lapatinib,
asmall-molecule dual inhibitor (TKI) of both HER2 and EGFR (epidermal growth factor receptor)
pathways, has an antitumor activity translated into progression-free survival benefit in HER2-
positive metastatic patients previously treated with a taxane, an anthracycline, and trastuzumab.
Despite these advances, ~25% of patients with HER2-positive breast cancer experience recurrence
in the adjuvant setting, while in the metastatic setting, median survival time is 25 months. In this
review, we discuss the safety, efficacy, and limitations of the trastuzumab emtansine (T-DM1)
conjugate in the treatment of HER2-positive metastatic breast cancer. We also highlight Phase 111
randomized trials, currently underway, using either the T-DM1 conjugate or various combinations
of monoclonal antibodies and TKIs. Moreover, in contrast with all these agents developed on
the basis of “central dogma” of simplified reductionist transcription and single gene—phenotype
linear relationship, we summarize the emerging, amazing era of next-generation, transcriptional
circuitry and intracellular signaling network-based drugs guided by the latest advances in genome
science and dynamics of network biology.
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Introduction
Despite major advances in research, breast cancer still remains a big health problem.
Worldwide, the incidence of the disease with ~1,4000,000 new cases each year,'
remains high, suggestive of slow progress in the prevention setting. In the treatment
of women with established diagnosis, mortality rates have been improved, but the
median survival time in the metastatic setting is only 25 months.>

With the standardization of systemic chemotherapy as the treatment of choice for
most cancer types and the relatively modest expected improvement in both survival
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advantage and toxicity reduction, most interest and funding
by the pharmaceutical industry and academia over the past
decade have been given to targeted therapy. Targeting a single
mutated gene and its encoded protein, targeted drugs can
restore the deregulated signaling transduction pathway in
which this mutated gene is involved.? Considering that these
agents are mostly active in cancer cells without affecting
normal healthy cells, expectations were very high for both
efficacy and low adverse effects.

Targeted therapy represents the major hope in the war
against cancer and a substantial step towards personalized
medicine. An overenthusiasm and explosion in tumor-guided
drug development following the evidence of clinical suc-
cess with trastuzumab (Herceptin®; Genentech, Inc., San
Francisco, CA, USA) in metastatic human epidermal growth
factor receptor 2 (HER2)-positive breast cancer has been
observed over the past decade.

Indeed, more than 35 anticancer targeted drugs have been
approved by the US Food and Drug Administration (FDA),
and an additional >150 agents are in preclinical and clinical
staging, aiming at the discovery of more effective therapies. In
the vast majority, these anticancer agents target a single spe-
cific mutation or gene amplification. By inhibiting deregulated
single-cellular signaling pathways, such agents can restore
pathologic cell proliferation, survival, growth, apoptosis,
invasion, angiogenesis, metabolism, and metastasis, which
collectively are thought to be the hallmarks of cancer.’

Slow progress in cancer treatment

Despite the explosion in the single-gene-targeting approach,
with intensive research efforts and major investment by the
pharmaceutical industry and the public sector, the efficacy
of these single signaling transduction pathway inhibitors is
in most cases modest. Despite multiple enthusiastic publica-
tions on cancer therapy, current evidence-based medicine and
science objectively show in top journal landmark reviews®”’
that the progress against cancer over the past decade is slow.
This is translated into a few weeks or months survival pro-
longation in the metastatic setting, which is not surprising
if we consider substantial limitations of currently available
targeting therapies.>’ The reasons for high intrinsic and
acquired resistance rates to available targeting drugs include
their temporary antitumor activity,” lack of consideration
of interpatient and intratumor heterogeneity,”” little atten-
tion to dynamics of transcriptional circuitry, and lack of a
comprehensive view on how the cancer genome structure
and molecular networks drive gene expression regulation.
This understanding of extremely complex gene function is

crucial for acquiring insights into how intracellular signal-
ing networks in particular, and in general tumor microen-
vironment and cell—cell connectivity in tissues and organs,
determine core cellular processes such as tumorigenesis and
metastasis.!* 1

Despite this growing cancer complexity, now assessed
by the latest clinical cancer genomics,> ' substantial prog-
ress has been achieved for HER2-positive disease, which
accounts for 20% of all breast cancer patients. Modern
therapeutic decisions are based on an algorithm which
considers traditional clinicopathologic criteria such as age,
tumor stage, nodal status, histological grade, and estrogen
receptors (ER) and HER2 status. Although HER2-positive
patients exhibit higher risk for recurrence or disease progres-
sion than the HER2-negative subset of patients for which
no targeted therapy has become available, the discovery of
anti-HER2 agents can alter this negative prognosis. Indeed,
the identification of the HER2 pathway and its dysfunction
when the HER?2 gene is amplified, resulting in HER2 overex-
pressing breast cancer cells, has led to the development of the
anti-HER2 monoclonal antibody (mAb) trastuzumab. Since
2001 and 2005, when Phase III randomized trials showed
that trastuzumab addition to chemotherapy in HER2-positive
breast cancer significantly prolongs overall survival (OS) in
metastatic* and adjuvant'*!' settings, trastuzumab has been
the standard first-line therapy for these patients. Despite these
significant advances, recurrence and disease progression rates
still remain alarmingly high. The single agent trastuzumab
emtansine (T-DM1) provides a potentially improved clinical
outcome. In this review, we discuss the safety and efficacy
of T-DM1 conjugate as well as its limitation in the treatment
of metastatic HER2-positive breast cancer. In addition, we
summarize Phase III trials currently underway, comparing
both this single agent with various regimens and a variety of
new combinations of mAbs with TKIs. Finally, we highlight
novel future directions in discovering new druggable agents.
Innovative approaches are being developed by integrating
breakthrough technologies. New methodological sophisti-
cated strategies in the post-ENCODE era are summarized
aiming to the discovery of next-generation biomarkers and
drugs able to disrupt dynamic cancer molecular circuitry.

Antibody-drug conjugates

Cytotoxic chemotherapy has long been considered as standard
systemic treatment in cancer, with substantial response rates
and clinical benefits, but it is associated with relatively high
adverse events. Methods to improve both the selectivity and
the therapeutic index of cytotoxic drugs have been developed.
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One of the top areas of interest is targeted drug carriers such
as antibodies; currently, this is the main role of antibody—
drug conjugates (ADCs).!>!¢ Interestingly, cytotoxic drugs
are believed to be attached to ADCs via chemical linkers
to antibodies that recognize cancer cell antigens; the most
important point is that the cytotoxic drug is delivered only to
the tumor cells. For this purpose, ADCs must be considered
as “ideal” delivery systems for antitumor cytotoxic drugs.'>!7
Critical areas for ADC development include target antigen
selection and stability of the linker between the complex
(drug—antibody) as well. Other crucial parameters include
drug-to-antibody ratio and the effects of drug conjugation
on antibody potential.

Up to 2 years ago, only two ADCs had gained the
necessary approval by the US FDA.!® Interestingly, the
ADC gemtuzumab-ozogamicin was approved in 2000 for
the management of relapsed CD33-positive acute myeloid
leukemia. Recently, brentuximab-vedotin was approved
for patients with Hodgkin lymphoma after failure of stem
cell transplant or after failure of two prior multi-agent
chemotherapy regimens.!” Gemtuzumab-ozogamicin was
withdrawn from clinical use. Studies after its approval
by the US FDA showed no benefit of adding this ADC
to chemotherapy for the treatment of patients with acute
myeloid leukemia.?

As breast cancer is, and will remain in the future, a
worldwide major health problem for the female population,?!
ongoing research in the ADC field has developed methods and
techniques for the design of more effective therapeutics.

The HER2 receptor, one of four receptors (epidermal
growth factor receptor [EGFR] or HER1, HER2, HER3, and
HER4) of the EGFR family, is a transmembrane receptor pro-
tein which is constituted from an extracellular and an intracel-
lular domain. The EGFR or ErbB family of receptor tyrosine
kinases has a crucial role in tumorigenesis. Various therapeu-
tics targeting these receptors have been studied and approved
for the management of several types of cancer. Recent data
have shown that the administration of two inhibitors, against
for example EGFR or ErbB2 family members, acts synergi-
cally, increasing significantly the antitumor activity as com-
pared with the administration of single agents. For example,
combined treatment with trastuzumab and lapatinib, a dual
inhibitor of EGFR and HER2, leads to a complete regression
of BT474 breast cancer xenografts, which have an amplified
ERBB?2 gene; on the other hand, researchers have shown that
single-agent treatment causes only partial tumor regression.
These studies were also extended to an MCF7 breast cancer
xenograft model expressing transfected HER2.%

The ADC strategy can be particularly effective in HER2-
positive breast cancer? considering the substantial clinical
response to chemotherapy plus trastuzumab in patients with
HER2-overexpressing breast cancer.*2¢ Before we address
the ado-T-DM 1 approach, we provide here a description of
trastuzumab treatment.

Trastuzumab

By blocking the ligand-binding extracellular “part” of the
HER2 receptor, the mAb trastuzumab inhibits the pathologic
downstream signal transduction of the HER2 pathway in
HER2-overexpressing breast cancer. In the adjuvant setting,
early Phase III trials with short 1- or 2-year follow-up have
shown that this antibody added to chemotherapy reduces the
relative risk of recurrence by 50% and significantly increases
OS rate.’”?® Analysis of all related studies confirms that
anti-HER2 treatment with trastuzumab is effective only in
HER2-positive disease.”

More recently, the Herceptin Adjuvant Trial (HERA)*
has released longer follow-up results of a Phase III,
trastuzumab-based study. At a median of 8 years follow-up,
there were 471 events of disease-free survival (DFS) reported
in 1,552 patients (30.3%) in the 1-year trastuzumab treat-
ment group and 570 events in 1,697 patients in the obser-
vation (control) group (33.6%). Moreover, 278 deaths were
observed in the 1-year group (17.9%) versus 350 deaths
observed in the standard group (20.6%). The researchers
concluded that all the results favored the 1-year trastuzumab
treatment group.

What is the main message from this 8-year follow-up
study, taking into account the general rule of temporary anti-
tumor activity of nearly all cancer-targeted drugs available?
First, the differences in DFS and OS remain significant at
8 years. Therefore, in contrast to most other tumor-guided
agents, trastuzumab is able to provide a durable survival
benefit. Second, despite this long-term statistically sig-
nificant antitumor activity, the clinical response rate and
absolute survival benefit is small (3.3% DFS). This finding
suggests the need for developing more effective drugs with
T-DM1 conjugate to represent a potential alternative.

What is the optimal duration of treatment with trastuzumab?
It is still unclear whether 6 months, 1 year, or 2 years provide
the higher benefit. In the same international, multicenter, ran-
domized, open-label, Phase II1 trial (HERA),* the researchers
compared treatment with trastuzumab for 1 and 2 years after
standard neoadjuvant chemotherapy, adjuvant chemotherapy,
or both.** The primary endpoint of this well designed trial was
DFS. The comparison of 2 years versus 1 year of trastuzumab
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treatment involved 3,105 patients. In the 1-year group,
367 events of DFS in 1,552 patients (23.6%) were reported, and
in the 2-year group, 367 events in 1,553 patients (hazard ratio
[HR] 0.99, 95% confidence interval [CI] 0.85-1.14, P=0.86).
Interestingly, 2 years of adjuvant trastuzumab is no more effec-
tive than 1 year of treatment for patients with HER2-positive
early breast cancer. Moreover, 1 year of treatment provides a
significant DFS and OS benefit compared with the observa-
tion group and remains the standard of care. In conclusion, the
optimum duration of adjuvant trastuzumab remains unknown,
but it is now widely accepted that it is likely to be 12 months
or less. The next step is to evaluate and analyze studies with
treatment durations shorter than 12 months.3*-33

Resistance to trastuzumab

Despite the trastuzumab-based survival benefit for HER2-
positive early, advanced, and metastatic breast cancer, the
major problem today is how to overcome the intrinsic and
acquired resistance.?® Indeed, this tumor nonresponsiveness
to chemotherapy plus trastuzumab is reflected by a 70%
DFS rate at § years in the adjuvant setting and is near 25%
median OS in the metastatic setting. Exciting research has
focused on understanding molecular mechanisms underlying
this resistance, aiming to develop novel, more effective drugs
with higher clinical response rates. In this way, lapatinib,
which is a dual inhibitor of HER2 and EGFR, is used in
combination with capecitabine. This therapeutic approach
has shown antitumor activity and prolongation of the time
to disease progression in patients who have previously been
treated with trastuzumab, an anthracycline, and a taxane.*
This drug combination was, until recently, the standard alter-
native to trastuzumab treatment for relapsed or refractory
HER2-positive breast cancer.

In summary, the discovery of the anti-HER?2 agent trastu-
zumab gained regulatory approval, not only for the metastatic
but also for the adjuvant setting, improving OS, with durable
effect in patients with HER2-positive breast cancer. In con-
trast to most other targeted drugs, trastuzumab represents a
triumph of translational medical research. Today trastuzumab
still remains an isolated success for adjuvant setting. No other
targeted drug for major solid cancers is used in this early
stage of disease.”® However, the absolute survival benefit is
small because resistance and relapse or disease progression
rates with fatal outcome still remain high.

Trastuzumab emtansine (T-DMI)
The single agent T-DM1 is an ADC that incorporates the
HER2-targeted antitumor capacities of trastuzumab with the

cytotoxic properties of the microtubule-inhibitory agent DM 1
(derivative of maytansine);*>¢ the antibody and the cytotoxic
agent are described to be conjugated by a stable linker.
Interestingly, T-DM1 allows intracellular drug delivery spe-
cifically to HER2-overexpressing cells, thereby improving
the therapeutic rate and minimizing the exposure of normal
tissue cells to the complex. It seems that T-DM1 is internal-
ized upon binding to HER2-overexpressing tumor cells.
Moreover, it is the first HER2-targeted ADC with a stable and
unique linker.*”*® T-DM1 is an ADC that is currently being
investigated in various clinical trials. Early in its develop-
ment, studies were conducted to identify the optimal linker to
conjugate trastuzumab to DM1. Interestingly, in preclinical
studies, it was shown that linking DM 1 to trastuzumab via a
non-reducible thioether yielded superior activity, improved
pharmacokinetics, and presented less toxicity compared
with trastuzumab linked to a maytansinoid via a disulfide
linker. Furthermore, the T-DM1 was shown to be selective
for HER2-positive cells, displayed enhanced potency com-
pared with trastuzumab alone in vitro, and retained activity
against trastuzumab-resistant cells in vitro and in vivo.** In
other words, T-DM1 is an agent that combines an antibody
and a cytotoxic agent, which are conjugated by means of a
stable linker. Because the intracellular delivery specifically to
breast cancer cells overexpressing HER2 is feasible for the
T-DM1 drug, it maximizes the efficacy of this drug and at
the same time minimizes the exposure of the drug in normal
tissue, decreasing adverse effects.

The near future will determine the exact role of T-DM1
in the current therapeutic “armamentarium” for HER2-
metastatic breast cancer.**#!

Clinical studies

On the basis of several positive Phase II clinical trials,
a Phase III, randomized trial, has been completed. The results
of all these completed and published studies are summarized
in Table 1.

Phase Il studies

Three well conducted Phase II single-arm studies of T-DM1
have been published*** (Table 1). Interestingly, in a trial
of 112 patients who had received chemotherapy and had
tumor progression after HER2-targeted therapy, T-DM1
was correlated with an objective response rate of 25.9%
(95% CI: 18.4%—34.4%).* The median duration of response
reported was about 9.5 months. In addition, the median
progression-free survival (PFS) was 4.6 months (95% CI:
3.9-8.6 months). Moreover, -DM1 was well tolerated by
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Table | Completed Phase Il and Phase llI trial results for T-DMI

Study/phase Number of patients Arms Endpoints HR; 95% ClI
EMILIA Trial* 991* T-DMI vs lapatinib and capecitabine MOS: 30.9 vs HR 0.68; 95% CI 0.55-0.85
Phase IlI 25.1 months P<<0.001
Burris et al# 112 Single-arm study; patients pretreated ORR: 25.9% 95% Cl 18.4%—-34.4%
Phase Il with chemotherapy PFS: 4.6 months 95% Cl 3.9-8.6 months
Krop et al® 110 Single-arm study; patients pretreated ORR: 32.7% 95% Cl 24.1-42.1%
Phase Il with anthracycline, trastuzumab, taxane, PFS: 7.3 months

capecitabine, and lapatinib therapy
Hurvitz et al* 137+ T-DMI vs trastuzumab plus docetaxel ORR: 64% vs 58% HR 0.594,
Phase Il PFS: 14.2 vs 9.2 months ~ P=0.035
randomized

Notes: *Patients with HER2-positive locally advanced or metastatic breast cancer after prior trastuzumab and taxane-based chemotherapy; **first-line treatment in HER2-

positive metastatic breast cancer patients.

Abbreviations: Cl, confidence interval; HER2, human epidermal growth factor receptor 2; HR, hazard ratio; MOS, median overall survival; ORR, objective response rate;

PFS, progression-free survival; T-DMI, trastuzumab emtansine; vs, versus.

the patients enrolled in the study. The most adverse events
were of grade 1-2, while the most common grade 3 adverse
events were hypokalemia, thrombocytopenia, and fatigue.*?
Another interesting point was that no dose-limiting cardio-
toxicity was observed.*

Furthermore, in a study of 110 patients with HER2-
overexpressing metastatic breast cancer who had received
previous anthracycline, trastuzumab, taxane, capecitabine,
and lapatinib therapy, with evidence of progressive disease
on their last regimen, T-DM 1 monotherapy led to an objective
response rate of 32.7% (95% CI: 24.1%—42.1%), a median
duration of response of 7.2 months, and a median PFS of
7.3 months. T-DM1 was well tolerated in this pretreated
population, with no cardiac events requiring dose reductions
or additional new safety concerns.** The final results from
a randomized Phase II trial of T-DM1 versus trastuzumab
plus docetaxel in HER2-positive metastatic breast cancer
involved 137 patients and were recently published.* In these
patients, with a median follow-up of about 14 months, an
important difference in the PFS was seen in patients receiv-
ing T-DM1 (14.2 versus 9.2 months) (HR 0.594, P=0.035).
In this randomized Phase II study, first-line treatment with

Table 2 Phase Il studies with T-DM| currently underway

T-DM1 for patients with HER2-positive metastatic breast
cancer provided a significant improvement in PFS, associated
with a notable safety profile.

Phase Il randomized trials

On the basis of these promising results, a Phase I1I random-
ized trial has been completed (Table 1) and another three
Phase III studies are underway (Table 2). The EMILIA
trial,® which is a randomized, multicenter, Phase III, open-
label study, evaluated the safety and efficacy of T-DM1
compared with lapatinib plus capecitabine in patients with
HER2-positive advanced or metastatic breast cancer. All
patients enrolled had a prior treatment with trastuzumab and
taxane-based chemotherapy. From February 2009 through
October 2011, a total of almost 1,000 patients were enrolled
at 213 centers. It is reported that 496 patients were randomly
assigned to receive lapatinib plus capecitabine and 495 to
receive T-DM1. The primary and secondary endpoints were
median PFS, median OS, and objective response rate along
with adverse event rates. Verma et al*® reported that median
PFS was 9.6 months in the T-DM1 group versus 6.4 months
in the lapatinib plus capecitabine group (HR for progression

Study Numberof patients Arms Median overall survival (months)
MARIANNE Trial* 1,0927%* T-DMI with or without pertuzumab Underway
vs trastuzumab and taxane
TH3RESA Trial* 795%kx T-DMI vs physician’s choice Underway
KATHERINE Trial*® 1,484 T-DMI vs trastuzumab for women Underway

with residual tumor

Notes: **Patients with HER2-positive progressive or recurrent locally advanced or metastatic breast cancer previously untreated (first-line treatment in metastatic setting),
or patients who may have had chemotherapy and trastuzumab or lapatinib in adjuvant setting; ***patients with metastatic or unresectable locally advanced or recurrent
HER2-positive breast cancer who have received at least two prior regimens of HER2-directed therapy; ****patients with HER2-positive primary breast cancer who have
residual tumor present pathologically in the breast or axillary lymph nodes following preoperative therapy.

Abbreviations: HER2, human epidermal growth factor receptor 2; T-DMI, trastuzumab emtansine; vs, versus.
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or death from any cause, 0.65; 95% CI, 0.55-0.77;
P<0.001). Moreover, the median OS was 30.9 months versus
25.1 months; (HR for death from any cause, 0.68; 95% CI,
0.55-0.85; P<<0.001). Furthermore, the objective response
rate was higher in patients treated with T-DM1 (43.6%
versus 30.8% with lapatinib plus capecitabine; P<<0.001).
The researchers concluded that all the results favored the
T-DM1 group. Of note, the rates of adverse events of grade 3
or above were higher with lapatinib plus capecitabine than
with T-DM1 (57% versus 41%), while the rates of throm-
bocytopenia and increased serum aminotransferase levels
were higher with T-DM1. On the other hand, the incidences
of diarrhea, nausea, and palmar—plantar erythrodysesthesia
were higher with lapatinib plus capecitabine. The OS seemed
to be improved for patients receiving T-DM 1, and the inci-
dence of cardiac toxicity was not increased. There was one
death due to toxicity in the -DM1 group and five deaths in
the capecitabine plus lapatinib group.

Analyzing all these data, we can conclude that the
EMILIA study is a positive Phase III trial meeting all the
primary and secondary endpoints, providing strong evidence
for the efficacy and safety of T-DM1.?® In this Phase III
study, the most positive finding was that this single agent
extended life by 6 months. This is a crucial achievement
considering that most available molecularly targeted drugs
added to chemotherapy in the treatment of various cancer
types provide only a PFS benefit but no OS prolongation in
the metastatic setting. This survival benefit was observed
regardless of the line of therapy in patients with metastatic
disease and was seen in patients with a disease-free interval
of less than 6 months after completion of trastuzumab-based
therapy in the adjuvant or neoadjuvant setting. In addition to
OS benefit, this single-agent treatment was associated with
a lower side-effects profile. However, objective evaluation
and comparison of OS curves in the EMILIA study proves
that the significant durable effect of T-DM1 is limited to
6 months benefit as compared with the lapatinib capecitabine
group, and the survival curves become identical at 32 months
after treatment. This finding underlines the development
of resistance and loss of antitumor activity and clinical
response beyond a 6-month therapeutic gain as compared
with capecitabine plus lapatinib treatment in metastatic
HER2-positive breast cancer.

In summary, T-DM1 provides high therapeutic potential,
and can be recommended as a new standard second-line treat-
ment in relapsed or refractory HER2-positive breast cancer
after chemotherapy with trastzuzumab or lapatinib treatment.
However, even with T-DM1, median OS is ~31 months with

current and emerging research to explore new drug combi-
nations and innovative approaches with the hope to further
improve clinical response and survival.

Future perspectives

With the clinical benefit of T-DM1 established, several new
therapeutic options including either this single agent or other
combinations of mAbs and TKIs are being explored.

Table 2 summarizes the T-DM1 Phase III trials currently
underway. Interestingly, the MARIANNE study, which is
a randomized, three-arm, multicenter, Phase III study to
evaluate the efficacy and safety of T-DM1 combined with
pertuzumab or T-DM1 combined with pertuzumab placebo
(blinded for pertuzumab), versus the combination of trastu-
zumab plus taxane, as first-line treatment in HER2-positive
progressive or recurrent locally advanced or metastatic breast
cancer is comparing the efficacy and safety of single-agent
T-DM1 versus T-DM1 plus pertuzumab versus trastuzumab
plus a taxane for the first-line treatment of HER2-positive,
metastatic, or locally recurrent breast cancer. A total of
1,092 patients have been enrolled. The primary endpoint
is PFS, while the secondary endpoints include safety, over-
all response rate, OS, duration of response, and quality
of life. 34

The T-DM1 in comparison with treatment of physician’s
choice in patients with HER2-positive breast cancer who
have received at least two prior regimens of HER2-directed
therapy (TH3RESA study) is comparing third-line T-DM1 to
physician’s choice of treatment in HER2-positive metastatic
breast cancer. This randomized, two-arm study, involving
792 patients, is evaluating the efficacy and safety of -DM1
compared with treatment of the physician’s choice in patients
with metastatic or unresectable locally advanced or recurrent
HER2-positive breast cancer. The duration of study treat-
ment is until disease progression or unacceptable toxicity
occurs. The primary outcomes are objective response rate
by independent review and OS. Secondary outcomes include
PFS, the duration of objective responses, safety, and clinical
benefit rate, defined as the proportion of patients achieving
an objective response or stable disease for at least 6 months
from randomization. >’

Interestingly, the Phase III KATHERINE study of
T-DM1 versus trastuzumab as adjuvant therapy for patients
with HER2-positive primary breast cancer who have residual
tumor present pathologically in the breast or axillary lymph
nodes following preoperative therapy was initiated some
months ago. The estimated enrollment is 1,484 patients, and
the first results are expected with great interest.3** There is
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no doubt that T-DM1 may set a new standard for anticancer
therapy as a drug with minimal toxicity and significant
efficacy in previously treated HER2-positive breast cancer
patients.

Moreover, in the top of the scientific interest is the
combination of two or more antibodies and TKIs that act
synergically. Table 3 summarizes the combinations of two
or more mAbs and TKIs in Phase III trials. The researchers
believe that pertuzumab binds an epitope on ERBB2 that
does not overlap with the binding epitope of trastuzumab
and for this reason has a complementary action to that of
trastuzumab. This was evaluated in a Phase II trial where the
combination of trastuzumab and pertuzumab was well toler-
ated and showed promising results, with an overall response
rate of 24.2% and a median PFS of 5.5 months.* In the light
of these encouraging results, the CLEOPATRA study was
conducted. This trial examined the activity of combined
trastuzumab and docetaxel chemotherapy with or without
pertuzumab in a Phase III randomized study in patients with
HER2-positive metastatic breast cancer. The median PFS was
18.5 months in the pertuzumab group and 12.4 months in the
control group (HR 0.62, 95% CI1 0.51-0.75; P<<0.001). More-
over, the OS rates are in favor of the trastuzumab-pertuzumab
group of patients.*® Based on this important trial, the US FDA
approved, 1 year ago, pertuzumab (PERJETA™; Genentech)
in combination with trastuzumab and docetaxel for the treat-
ment of HER2-positive metastatic breast cancer.”!

Moreover, the combination of an antibody with a TKI
showed promising results in various types of cancers and
can possibly represent an important therapeutic tool for the
near future. Interestingly, in the breast cancer setting, a Phase
III study of lapatinib-TKI and trastuzumab showed superior
PFS and OS rates compared with lapatinib in patients with

advanced ERBB2-positive cancer who had progressed after
having previously been treated with trastuzumab (HR 0.73,
95% C10.57-0.93; P=0.008).>> Similar results were obtained
in the neoadjuvant setting. Pathological complete response
was significantly higher in the combination group who were
given lapatinib and trastuzumab (51.3%; 95% CI143.1-59.5)
(Table 3).* Dual therapy with trastuzumab and lapatinib,
however, shows important benefit for HER2-positive breast
cancer.’!

Beyond current-day

medical research

A future goal with highly effective drug combinations on the
basis of personal mutational landscape and transcriptome
architecture is the next-generation genome diagnostics-based
therapeutics.

Breakthrough sequencing technologies® now reveal
the importance not only of protein-coding sequences for
identifying intragenetic variation but also noncoding, regu-
latory natural variants which affect transcription and gene
expression, ensuring biodiversity in human physiology and
evolution.™ Genome-wide association studies have shown
that most (88%) of disease-associated variants in suscep-
tibility loci are within the noncoding region of the human
genome.*® Therefore, protein-coding and noncoding mapping
of the genome using next-generation sequencing technolo-
gies for whole-genome sequencing/whole-exome sequenc-
ing and RNA (ribonucleic acid)-sequencing can improve
our understanding of cancer and other common disease
pathogenesis.’”® Understanding inter-individual genetic
variation as a cause of diversity in phenotypes® and interpa-
tient tumor genetic and genomic mutational heterogeneity,”*
or both coding and noncoding DNA (deoxyribonucleic acid)

Table 3 Combinations of two or more mAbs and TKils in Phase Il trials

Study Number of Arms Endpoints HR; 95% CI
patients

CLEOPATRA?® (combination 808 Placebo + trastuzumab + docetaxel PFS: 12.4 vs 18.5 months HR 0.62;

of mAbs) (control group) vs pertuzumab + 95% Cl1 0.51-0.75;
trastuzumab + docetaxel P<0.001
(pertuzumab group)

Blackwell et al*? (combination 296* Lapatinib vs lapatinib + trastuzumab PFS HR 0.73;

of mAbs and TKis) 95% Cl1 0.57-0.93;

P=0.008
Baselga et al** (combination 455%* Lapatinib vs trastuzumab vs lapatinib +  pCR was significantly higher in 51.3%;

of mAbs and TKiIs in
neoadjuvant setting)

trastuzumab

the combination group given 95% CI 43.1-59.5
lapatinib and trastuzumab than

in monotherapy groups

Notes: *Patients with HER2-positive metastatic breast cancer who presented progression on previous trastuzumab regimens; **patients with HER2-positive early breast

cancer with tumours >2 cm in diameter.

Abbreviations: Cl, confidence interval; HR, hazard ratio; mAbs monoclonal antibodies; pCR, pathological complete response; PFS, progression-free survival; TKI, tyrosine

kinase inhibitor; vs, versus.
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and RNA is crucial for understanding, preventing, and treat-
ing cancer.

However, the current high-throughput sequencing-based
confirmation of the previous concept of clonal mutation evo-
lution, interpatient, and perhaps, intra-tumor heterogeneity’*
dramatically increases the challenge in how to predict tumor
responsiveness and select the best possible therapeutic agent
combination treatment for an individual patient. However,
this is not the only problem in the effort to reach robust per-
sonalized treatment. Beyond a patient’s mutational landscape
assessment, the next and bigger challenge is to understand
how this heterogeneous genomic aberration affects individual
genome function, cellular signaling networks, and gene
expression regulation.” There is now a clear consensus that
personalized clinical medicine is much more complex than it
was first thought. Understanding transcriptional circuitry,¢!
driving gene expression regulation, represents a daunting
challenge which requires innovative developments in both
technologies and methods.

New exciting research efforts are emerging in exploring
genome-wide molecular mechanisms regulating gene expres-
sion and are behind cancer cell progression and metastasis. Now,
in the post-ENCODE era,®* breakthrough technologies includ-
ing high-throughput sequencing and arrays, as well as living-
cell imaging techniques, including visualization of interacting
molecules using biosensors coupled with novel computational
and mathematical approaches, allow the study of molecular
interactions, transcriptional circuitry, and gene expression
regulation through intracellular signaling networks.®* % As we
are now moving away from the standard, linear approach of
simplified single-gene transcription-dominated human biology
and medicine, which lasted ~60 years, to a much more complex
transcriptional network driving gene regulation,® the new post-
ENCODE age of genome network medicine (GNM) is just now
beginning.®’ The objective of GNM is patient-derived sampling
analysis for biospecimen-based cancer genome architecture
in large-scale international genomic studies.®® It is expected
that these patient-derived genomics will not only complete
the genetic mutations catalogue for each cancer type but also
can provide revolutionary information on how mutational and
epigenetics genome-wide landscape affects transcriptional
regulatory networks, gene function and cancer cell metastatic
or non-metastatic capacity. Although this goal appears over-
ambitious, it is perhaps the single way to dramatically improve
cancer patient outcome. This rational network-based approach,
combining advances in genome science and network biology,
provides high hopes for the future development of robust
biomarkers for assessing sensitivity or resistance to available

agents and the discovery of next-generation, network-based
drugs. The era of GNM has begun.?’

Conclusion

The single-agent T-DM1 after a recent regulatory approval
has been a standard treatment for trastuzumab plus chemo-
therapy refractory or relapsed HER2-positive breast
cancer.*>%%% Currently underway Phase III trials can expand
therapeutic indications including T-DM1 as first-line therapy
in the metastatic and adjuvant settings. Other combinations
of mAbs, or mAbs and TKIs, have been completed or are
underway evaluating potential more effective therapeutics in
HER2-positive breast cancer. However, all these drugs have
been developed on the basis of “central dogma” of simpli-
fied transcription. In contrast to this one gene-phenotype
linear relationship, a new post-ENCODE era has begun for
developing transcriptional networks and biological systems
interaction-based next-generation drugs. Rapid innovative
developments in genome science and network biology,
using breakthrough mapping and visualizing technologies
and complex bioinformatics for analytical approaches of
big data along with new and dynamic computational strate-
gies shape a new research environment in academia and the
pharmaceutical industry. The expectation for the future or
clinical GNM is adapted and transformed into a real-world,
patient-derived approach.
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