
INTRODUCTION
Cytotoxic drugs and therapeutic mon-

oclonal antibodies represent two major
classes of agents currently used for can-
cer treatment. The therapeutic activity of
cytotoxic drugs is, in general, limited by
their narrow therapeutic window. Meth-
ods to enhance and improve the selectiv-
ity of cytotoxic drugs and significantly
improve the therapeutic index are cur-
rently being pursued. One particular
method is targeting drug carriers such as
antibodies; this is the objective of anti-
body-drug conjugates (ADCs), in which
cytotoxic drugs are attached via chemical
linkers to antibodies that recognize can-

cer cell antigens and deliver the cytotoxic
drug only to the cells of interest.

ADCs can be viewed as sophisticated
delivery systems for antitumor cytotoxic
drugs. Critical parameters for ADC de-
velopment include target antigen selec-
tion, conjugate internalization by tumor
cells, drug potency and stability of the
linker between drug and antibody. Other
important considerations include the
conjugation methods, drug-to-antibody
ratio and the effects of drug conjugation
on antibody properties.

To date, two ADCs approved by the
U.S. Food and Drug Administration
(FDA) include gemtuzumab ozogamicin

(approved in 2000 for treating relapsed
CD33-positive acute myeloid leukemia in
older patients) and brentuximab vedotin
(approved in 2011 for treating patients
with Hodgkin lymphoma after failure of
autologous stem cell transplant or after
failure of at least two prior multi-agent
chemotherapy regimens) (1–3). Gem-
tuzumab ozogamicin was recently with-
drawn from clinical use when post-
 approval studies showed no benefit of
adding this ADC to chemotherapy for the
treatment of acute myeloid leukemia (4).

The rationale for the development of
ADCs was defined in a number of previ-
ous reviews (5–7). The underlying princi-
ple is to combine the selectivity, favor-
able pharmacokinetics, biodistribution
and functional activity of antibodies with
high agents of cytotoxic potency. The
 antimitotic drug maytansine was chosen
for use in the targeted delivery approach
because of its high in vitro potency (8).
The maytansinoids bind tubulin compet-
itively with vinca alkaloids and are ap-
proximately 100 times more potent than
vincristine (9,10). Maytansine is too toxic
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to use alone, but an analog of the clini-
cally studied drug maytansine was
linked to trastuzumab (T-DM1) is an
ADC. As such, T-DM1 offers a delivery
system to target HER2-positive breast
cancer. T-DM1 has been administered
safely at therapeutically effective doses
(11,12). In this report, we summarize evi-
dence from clinical studies and discuss
the potential impact of the use of an
HER2 ADC in the treatment of HER2-
overexpressing breast cancer.

TRASTUZUMAB AND DM1

Trastuzumab
The design of an ADC centers on the

selection of an antigen that is relatively
tumor specific and accessible to an anti-
body binding to the tumor cell. A vali-
dated antibody target for breast cancer
is HER2, a 185-kDa transmembrane re-
ceptor protein encoded by the proto-
 oncogene HER2/neu, that when overex-
pressed, can be as dense as 1.5 million
copies per cell, making HER2 an ideal
target for an ADC (13). By protein ex-
pression or genomic analysis, approxi-
mately 20–30% of breast tumors over -
express this surface antigen (13–15).
HER2-positive breast cancer was re-
ported to be a poor prognostic factor and
a predictive risk factor for decreased
 disease-free survival and overall survival
rates (14,16).

Trastuzumab, a humanized mono-
clonal antibody, targets the extracellular
domain of the HER2 receptor. As adju-
vant treatment, trastuzumab reduces the
recurrence of HER2-positive breast can-
cer by approximately 50% and mortality
by 30% (17–20). Given its prognostic,
predictive and therapeutic implications,
an accurate HER2 assessment for breast
cancer patients is crucial; only patients
with HER2 overexpression are eligible
for trastuzumab treatment.

Interlaboratory reproducibility of the
assessment of HER2 status continues to
be a concern as well as intratumoral
HER2 heterogeneity, which occurs in
5–15% of tumors (21–23). Accurate HER2
testing is critical, and evaluating molecu-

lar markers and further defining the sig-
naling pathways in HER2 disease are the
next apparent steps in advancing the un-
derstanding of this subtype of invasive
breast cancer.

Trastuzumab was approved in 1998 for
the treatment of metastatic breast cancer
and in 2006 for the adjuvant treatment of
HER2-overexpressing breast cancer (24).
The exact mechanisms by which tras -
tuzumab causes regression of HER2-
overexpressing tumors are still under in-
vestigation, but several effects have been
reported in the literature. These mecha-
nisms include antibody-dependent cellu-
lar cytotoxicity, angiogenesis inhibition
and reduced downstream signaling
through phosphatidylinositol 3-kinase
and mitogen-activated protein kinase,
which ultimately results in cell-cycle ar-
rest and apoptosis (25–27).

Mature data from four large phase III
trials, in which trastuzumab was evalu-
ated in the adjuvant setting, have
demonstrated significant improvements
in both disease-free and overall survival
for patients with HER2-positive breast
cancer (17–20). However, most patients
with HER2-positive metastatic breast
cancer will eventually have disease pro-
gression during anti-HER2 therapy,
while the tumor continues to overexpress
HER2. Various treatment strategies have
demonstrated that continuous HER2
blockade can provide significant clinical
benefit to patients who have previously
received trastuzumab. One clinical strat-
egy is to continue trastuzumab therapy
but combine it with either an alternative
chemotherapy regimen or an alternative
anti-HER2 drug (13,28,29). Another clini-
cal strategy is to combine an alternative
anti-HER2 drug with an alternative
chemotherapy regimen (30). Hence,
HER2 remains a viable therapeutic target
despite progression on trastuzumab, and
there is great need for additional or en-
hanced HER2 targeted agents.

DM1
Preclinical and clinical studies indicate

that trastuzumab has enhanced anti -
tumor effects when combined with

 microtubule-directed agents (31,32).
Thus, a maytansinoid, which is an ex-
tremely potent microtubule-directed
drug, is attractive for combination with
trastuzumab. Maytansine was originally
isolated from members of the plant fami-
lies Rhamnaceae and Euphorbiaceae, as well
as some mosses (9,33). The maytansi-
noids bind tubulin at a site that binds
vinca alkaloids and are approximately
100 times more potent than vincristine.
To link maytansinoids to antibodies
through disulfide bonds, a thiol-contain-
ing maytansinoid, DM1 (N-methyl-N-[3-
mercapto-1-oxopropyl]-L-alanine ester of
maytansinol), was synthesized, which
demonstrated an advantage over disul-
fide and thioether linkers (34).

T-DM1
DM1 is linked to trastuzumab to

make T-DM1 by using the bifunctional
reagent SMCC (N-succinimidyl-4-
[maleimidomethyl] cyclohexanecarboxy-
late). SMCC is first added to lysine
residues on the protein to produce a linker
modified antibody. The thiol group in
DM1 is then reacted with the maleimide
group of the linker to form a nonreducible
thioether bond (Figure 1). An average of
3.5 DM1 moieties is linked to each
trastuzumab molecule in T-DM1 (35).

The biological effects of disulfide link-
ers were investigated by constructing
various T-DM1 conjugates, since the
 stability of the linker not only compro-
mises potency but can also exacerbate
toxicity. Trastuzumab conjugated to DM1
through a nonreducible thioether linkage
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Figure 1. Illustration of T-DM1. An average
of 3.5 DM1 moieties is linked to each
trastuzumab molecule in T-DM1. T-DM1 is
the first ADC with a nonreducible thioether
linker in clinical trials.



displayed better efficacy and lower toxic-
ity than trastuzumab conjugated with re-
ducible disulfide linkers (34,35). T-DM1
is internalized upon binding to HER2-
overexpressing tumor cells. It is believed
that maytansine is released secondary to
intracellular proteolytic degradation (36).

The pharmacokinetics of T-DM1 were
assessed in nonclinical and clinical stud-
ies. Preliminary results demonstrated
that T-DM1 exhibits dose-proportional
pharmacokinetics in species that do not
overexpress the HER2 oncogene (mice
and rats) and a dose-dependent decrease
in clearance associated with an increas-
ing dose in species that do overexpress
the HER2 oncogene (monkeys and hu-
mans) (35,37). Results from a preclinical
absorption, distribution, metabolism and
excretion study of T-DM1 in rats suggest
that T-DM1 nonspecifically distributes to
tissues without accumulation (38). The
DM1 component of T-DM1 is primarily
metabolized through the biliary route,
mainly by CYP3A4 and, to a lesser ex-
tent, by CYP3A5 (39). T-DM1 is neither
an inducer nor an inhibitor of major CYP

isoforms, which is consistent with the
lack of evidence of drug-drug interac-
tions observed in phase I and II clinical
studies of T-DM1 combined with taxanes
and pertuzumab (14,40). Pertuzumab is a
humanized monoclonal antibody that
binds to subdomain II of the HER2 extra-
cellular domain, whereas trastuzumab
binds to subdomain IV (18).

CLINICAL TRIALS
T-DM1 is the first HER2-targeted ADC

with a stable and unique SMCC linker to
enter the clinic. A phase I study in pa-
tients (N = 24) with HER2 metastatic
breast cancer whose disease had pro-
gressed on earlier trastuzumab-based
therapy assessed the safety and tolerabil-
ity of T-DM1 administered every 3 wks
by intravenous infusion over 30–90 min
(Table 1) (41). T-DM1 was well tolerated.
There were no cardiac events requiring
treatment discontinuation or dose modi-
fication. Local review of multiple-gated
acquisition scans and echocardiograms
demonstrated no reduction in left ven-
tricular ejection function of >10 percent-

age points. Dose-limiting grade 4 throm-
bocytopenia was observed in cycle 1
for two of three patients treated at
4.8 mg/kg. The maximum tolerated dose
of T-DM1 every 3 wks was 3.6 mg/kg.
Thrombocytopenia at the maximum tol-
erated dose was generally grade 1–2 and
rapidly reversible. Declines in platelet
levels occurred in almost all patients re-
ceiving T-DM1 at doses >1.2 mg/kg, and
nadirs were observed on approximately
d 8. Platelet recovery was generally rapid
by d 15.

Of the 24 patients enrolled to the
every-3-wks schedule, 6 had a partial re-
sponse. These patients had previously
been treated with a median of 3.5
 chemotherapy cycles in addition to
trastuzumab for metastatic breast cancer.
All patients had received at least one
previous antimicrotubule agent (that is,
paclitaxel, docetaxel or vinorelbine), and
four patients had received more than
two antimicrotubule agents. Nine of fif-
teen patients who received the maximum
tolerated dose of 3.6 mg/kg every 3 wks
had measurable disease, and four (44%)
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Table 1. Data from clinical trials of single agent T-DM1, administered every 3 wks, in HER2-positive metastatic breast cancer.

Overall Progression-free 
Trial N Study design Study population response rate survival Grade ≥3 AE

Krop et al. (41) 24 Phase I single arm Treated with chemotherapy 25%a NR Thrombocytopenia
and progressed on T

Dieras et al. (40) 77 Phase Ib/II single  Treated with chemotherapy Relapsed NR Relapsed patients: 
arm, T-DM1 and and progressed on T patients: 35%; fatigue, 
pertuzumab first-line thrombocytopenia, 

patients: 58% cellulitis; first-line 
patients: 
thrombocytopenia,
increased LFTS

Burris et al. (42) 112 Phase II single arm Treated with chemotherapy 26% 4.6 months Hypokalemia, 
and progressed on HER2 thrombocytopenia,
therapy fatigue

Krop et al. (43) 110 Phase II single arm Treated with A, TX, C and 35% 7 months Thrombocytopenia
L and/or T

Perez et al. (29,49) 137 Phase II randomized No prior chemotherapy for T-DM1: 64%; T-DM1: T-DM1: 
T-DM1 versus T + D metastatic disease T + D: 58.0% 14.2 months; thrombocytopenia, 

T + D: 9.2 months increased LFTS;
T + D: neutropenia, 
leukopenia

AE, Adverse events; NR, not reported; T, trastuzumab; A, anthracycline; TX, taxane; C, capecitabine; L, lapatinib; D, docetaxel.
aPatients treated with the maximum tolerated dose of 3.6 mg/kg (N = 9): 44%.



of these patients had a confirmed partial
response. The maximum tolerated dose
of T-DM1, 3.6 mg/kg every 3 wks, was
selected for phase II trials of patients
with HER2-positive metastatic breast
cancer.

Two phase II single-arm studies of
T-DM1 were completed, and one phase II
study of a T-DM1 single-arm study is on-
going (42–44). In a study of 112 patients
who had received previous chemother-
apy and had tumor progression after
HER2-directed therapy, T-DM1 was asso-
ciated with an objective response rate of
25.9% on the basis of an independent re-
view (42). The median duration of re-
sponse was 9.4 months by investigator
assessment. The median progression-free
survival was 4.6 months. T-DM1 was
well tolerated with most adverse events
of grade 1–2. The most common grade 3
adverse events were hypokalemia (8.9%),
thrombocytopenia (8.0%) and fatigue
(4.5%). There was no dose-limiting car-
diotoxicity. Trastuzumab-induced car-
diotoxicity is a major concern and varies
according to the definition used in differ-
ent studies, but has been reported to be
as high as 30% when associated with
 anthracyclines (45–47).

In a study of 110 patients with HER2-
overexpressing metastatic breast cancer
who had received previous anthracy-
cline, trastuzumab, taxane, capecitabine
and lapatinib therapy with evidence of
progressive disease on their last regimen,
T-DM1 monotherapy led to an objective
response rate of 34.5%, a median dura-

tion of response of 7.2 months and a me-
dian progression-free survival of 6.9
months (43). T-DM1 was well tolerated
in this heavily pretreated population,
that is, median of seven agents for
metastatic disease with no cardiac events
requiring dose reductions or additional
new safety concerns.

Preliminary results from a randomized
phase II trial of T-DM1 versus tras -
tuzumab plus docetaxel in first-line,
HER2-positive metastatic breast cancer
were recently updated and presented
(48,49). In 137 patients, with a median
follow-up of 13.5 months, a significant
difference in the progression-free sur-
vival was seen in patients receiving
T-DM1 (14.2 versus 9.2 months, hazard
ratio [HR] 0.59, p = 0.035) (48).

On the basis of the efficacy and safety
profile of T-DM1 in the phase I and II
studies, three confirmatory, randomized,
phase III trials were initiated (Table 2)
(50–52). The EMILIA trial (a random-
ized, multicenter, phase III open-label
study of the efficacy and safety of
trastuzumab-MCC-DM1 versus
capecitabine plus laptinib in patients
with HER2-positive locally advanced or
metastatic breast cancer who have re-
ceived prior tras tuzumab-based therapy)
evaluated the safety and efficacy of T-
DM1 compared with lapatinib plus
capecitabine in patients with HER2-posi-
tive advanced breast cancer after prior
trastuzumab- and taxane-based chemo-
therapy (Table 3) (50). The investigators
have preliminarily reported that the me-

dian progression-free survival was 9.6
months in the T-DM1 cohort compared
with 6.4 months in the capecitabine and
lapatinib cohort (HR 0.650, 95% confi-
dence interval [CI] 0.55–0.77; p < 0.0001).
The objective response rate was signifi-
cantly higher in the T-DM1 cohort at
43.6% compared with 30.8% in the
capecitabine plus lapatinib cohort (95%
CI 6.0–19.4, p = 0.0002). The overall sur-
vival seemed to be improved for pa-
tients receiving T-DM1, but the median
overall survival was not reached at time
of reporting.

Dose reduction was necessary for
16.3% of patients randomized to T-DM1.
The capecitabine dose and the lapatinib
dose were reduced for 53.4% and 27.3%
of patients, respectively. The most com-
mon grade 3 or greater adverse events
for T-DM1 were thrombocytopenia and
increased liver function tests for the
T-DM1 cohort and diarrhea, palmar
plantar erythrodysesthesia and emesis
for the capecitabine plus lapatinib
 cohort.

The incidence of grade 3 or greater ad-
verse events was lower in patients ran-
domized to T-DM1 (40.8%) compared
with patients randomized to capecitabine
plus lapatinib (57.0%), as was the inci-
dence of adverse events resulting in
treatment discontinuation (5.9% versus
10.7%, respectively). Cardiac toxicity was
not increased. There was one death due
to toxicity in the T-DM1 group and five
deaths due to toxicity in the capecitabine
plus lapatinib group.
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Table 2. Phase III clinical trials evaluating T-DM1.

N (estimated 
Trial enrollment) Schema Status

NCT00829166: EMILIA Study (50) 991 Two arms: T-DM1 alone versus L + C after Closed to accrual
progression on T and TX

NCT01120184: MARIANNE Study (51) 1,092 Three arms: T-DM1 with P or T-DM1 with P Closed to accrual
placebo (blinded for P), versus T + TX 
in untreated metastatic breast cancer; 
may have had chemotherapy and T or L 
in adjuvant setting

NCT01419197: TH3RESA Study (52) 795 Two arms: T-DM1 versus treatment choice; Recruiting patients
may have received two lines of HER2 therapy

L, lapatinib; C, capecitabine; T, trastuzumab; TX, taxane; P, pertuzumab.



The MARIANNE study (a random-
ized, 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], ver-
sus the combination of trastuzumab
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 to T-DM1
plus pertuzumab to trastuzumab plus a
taxane for the first-line treatment of
HER2- positive, metastatic or locally re-
current breast cancer (51). The planned
enrollment is 1,092 patients. The pri-
mary endpoint is progression-free sur-
vival. Secondary endpoints include
safety, overall response rate, overall sur-
vival, duration of response and quality
of life (51).

The Trastuzumab Emtansine in Com-
parison 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 physi-
cian’s choice of treatment in HER2-
 positive metastatic breast cancer (52).

This randomized, two-arm study is eval-
uating the efficacy and safety of T-DM1
compared with treatment of the physi-
cian’s choice in patients with metastatic
or unresectable locally advanced or re-
current HER2-positive breast cancer.
Time on study treatment is until disease
progression or unacceptable toxicity oc-
curs. The primary outcomes are objec-
tive response rate by independent re-
view and overall survival. Secondary
outcomes include progression-free sur-
vival, the duration of objective re-
sponses, 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.

CLINICAL IMPLICATIONS
T-DM1 demonstrates significant

progress in the development of ADCs as
anticancer agents. In an attempt to im-
prove the efficacy and potency of
trastuzumab therapy, the ADC T-DM1
was designed to use the antibody to de-
liver cytotoxic therapy to overexpressing
tumors. In the nearly 1,000 women stud-
ied in the EMILIA trial, all of whom
had previously received a taxane and
trastuzumab, T-DM1 reduced the risk of

progression-free survival events by 35%
and the risk of death by 38% when com-
pared with capecitabine plus lapatinib
(50). In addition, the rate of grade 3 or
higher adverse events was about one-
third lower with T-DM1 than with the
combination therapy.

The success of the EMILIA trial raises
new opportunities for further explo-
ration. The European Organization for
Research and Treatment of Cancers
(EORTC) Elderly Task Force and Breast
Cancer Group is evaluating T-DM1 in el-
derly patients, defined as women over
the age of 70 years or over the age of
60 years with comorbidities (53). This
phase II trial uses T-DM1 after progres-
sion on pertuzumab plus trastuzumab or
pertuzumab plus trastuzumab with
metronomic chemotherapy. The aim is to
define HER2-targeted regimens with
minimal toxicity to delay or avoid the
use of classic chemotherapy because of
competing risks of death in this patient
group. There are also plans to investigate
T-DM1 in combination with chemother-
apy and pertuzumab in the neoadjuvant
setting (54).

In 2010, the FDA declined a biologic li-
cense application for T-DM1 under the
Accelerated Approval Regulations,
which require single-arm trials to dem-
onstrate efficacy in patients who are un-
responsive to all available therapies (55).
T-DM1 has now demonstrated signifi-
cant therapeutic effects in phase III trials
and may set a new standard for anti-
cancer therapy as a drug with minimal
toxicity and significant efficacy in previ-
ously treated HER2-overexpressing
breast cancer patients.

T-DM1 may eventually have a role as a
single agent as well as a role in early-
stage breast cancer. Data from ongoing
phase II and phase III studies of T-DM1
are eagerly anticipated.
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Table 3. EMILIA trial evaluated the safety and efficacy of T-DM1 compared with lapatinib
plus capecitabine in patients with HER2-positive, locally advanced breast cancer or
metastatic breast cancer after prior trastuzumab- and taxane-based chemotherapy.

Lapatinib + 
T-DM1 capecitabine

Progression-free survival 9.6 months 6.4 months HR 0.650, 95% CI 0.55–0.77; 
p < 0.0001

Objective response rate 43.6% 30.8% 95% CI 6.0–19.4, p = 0.0002

Median time to symptom 7.1 months 4.6 months HR 0.80, 95% CI 0.67–0.95, 
progression p = 0.0121

Dose reduction 16.3% Lapatinib 53.4%, 
capecitabine 27.3% NR

≥ Grade 3 AE 40.8% 57% NR

AE resulting in treatment 5.9% 10.7% NR
discontinuation

Death due to toxicity 1 5 NR

NR, not reported.
Preliminary results were presented at the annual American Society of Clinical Oncology
conference, 2012 (50).
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