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Review Article

Recent advances in the development of anti-HER2 antibodies and 
antibody-drug conjugates
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Abstract: Human epidermal growth factor receptor 2 (HER2)-targeted therapies have revolutionized the 

treatment of HER2-positive breast cancer, both in the metastatic and early stage settings. While trastuzumab and 

lapatinib had been the mainstays of treatment in combination with chemotherapy, innate and acquired resistance 

to these therapies occur. More recently, two additional HER2-directed therapies have been approved for HER2-

positive breast cancer. Pertuzumab is a humanized monoclonal antibody that binds to the extracellular portion of 

the receptor on a domain distinct from the binding site of trastuzumab. The addition of pertuzumab to trastuzumab 

results in synergistic tumor cell inhibition and has been shown to significantly improve clinical outcomes for 

patients with HER2-positive metastatic breast cancer (MBC) compared to trastuzumab plus chemotherapy alone. 

In addition, ado-trastuzumab emtansine (T-DM1), a novel antibody-drug conjugate linking trastuzumab with the 

cytotoxic maytansinoid, DM1, is an effective treatment for HER2-positive breast cancer that has progressed on 

other HER2-directed therapies. Both pertuzumab and T-DM1 are relatively well tolerated. This review presents 

the mechanisms of action as well as phase I, II and III clinical data describing the safety and efficacy of pertuzumab 

and T-DM1 for HER2-positive breast cancer.
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Background and scope of the problem

Approximately 20% of breast cancers are characterized 
by amplification of the human epidermal growth factor 
receptor 2 (HER2) gene and overexpression of HER2, 
which functions as a driver oncogene for such tumors 
(1,2). Overexpression of HER2 leads to increased signal 
transduction and activation of the MAPK and PI3K/
Akt pathways (3). HER2-positive breast cancers have 
historically been associated with decreased relapse free 
survival, decreased overall survival (OS) and poorer 
prognosis (1,4-6). In contrast to normal cells which 
express approximately 20,000 HER2 receptors on the cell 
membrane, each HER2-positive breast cancer cell expresses 
approximately one to two million HER2 receptors, making 
HER2 an attractive candidate for targeted therapy (7). 
Indeed, trastuzumab (Herceptin, Genentech, South San 

Francisco, CA, USA), a humanized monoclonal antibody 
directed against the extracellular juxtamembrane domain 
IV of HER2, revolutionized the treatment of HER2-
positive breast cancer. This leads to decreased HER2 
signaling and cell growth inhibition by several proposed 
mechanisms: (I) decreased ligand independent signaling; 
(II) increased destruction of HER2 after endocytosis; (III) 
immune activation; and (IV) inhibition of shedding of the 
extracellular domain (8). Trastuzumab has been proposed to 
induce antibody-dependent cellular cytotoxicity (ADCC) (9) 
as its IgG1 Fc heavy chain domain can bind and activate 
the Fc receptor of immune effector cells once trastuzumab 
is bound to the tumor cell (10). Consistent with this 
hypothesis, trastuzumab had decreased anti-tumor activity 
in mice with deletion of FcγR (11), whereas augmenting the 
response of natural killer cells enhanced antitumor activity 
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of trastuzumab in mouse xenograft models (12). Two 
retrospective clinical studies correlated improved outcomes 
with trastuzumab with the presence of an FcR genotype 
that yields a stronger binding between FcR and the immune 
cell (13,14). In contrast, analysis from a larger cohort of 
patients did not find a correlation between FcR genotype 
and outcome with trastuzumab treatment (15). Trastuzumab 
also has been shown to inhibit angiogenesis, and decrease 
signaling through PI3K and MAPK pathways, leading to 
cell death (9,16,17).

In a seminal phase III study, addition of trastuzumab to 
chemotherapy prolonged the time to progression (TTP) and 
OS in patients with metastatic breast cancer (MBC) (18). In 
the adjuvant setting, addition of trastuzumab also resulted in 
improved disease free survival (DFS) and OS for patients with 
non-metastatic breast cancer (19-21). Indeed, trastuzumab 
has altered the natural history of breast cancer: emerging 
data indicate that patients with trastuzumab-treated HER2-
positive breast cancer now have a better survival than patients 
with HER2-normal breast cancer (22,23).

Despite overall promising activity in HER2-positive 
breast cancer, only half of patients had a tumor response 
and 50% of patients had progression of their disease 
by 7.4 months, indicating that de novo and acquired 
resistance to HER2-targeted therapy exists (18). In general, 
trastuzumab-resistant tumors continue demonstrating 
HER2 amplification and dependence on HER2 signaling, 
thus the development of additional HER2-targeted 
agents is clinically relevant. Subsequent to the approval 
of trastuzumab, the oral small molecule tyrosine kinase 
inhibitor lapatinib became available for patients with 
HER2-positive MBC whose disease had progressed on prior 
treatment with trastuzumab, taxane and an anthracycline. In 
contrast to trastuzumab, lapatinib binds to the intracellular 
adenosine triphosphate binding domain of ErbB1 (HER1, 
epidermal growth factor receptor, EGFR) and HER2 (24). 
The regulatory approval of lapatinib was based phase III 
data demonstrating the median TTP for lapatinib plus 
capecitabine was 8.4 months compared to 4.4 months for 
capecitabine alone (25). Since then, clinical synergy has 
been demonstrated with dual HER2-directed therapy in 
patients whose disease had progressed on trastuzumab. A 
phase III study evaluating heavily pretreated patients with 
trastuzumab-resistant, HER2-positive MBC showed that 
treatment with lapatinib and trastuzumab led to prolonged 
OS compared to lapatinib alone (24,26).

In the past 2 years, pertuzumab (Perjeta, Genentech) and 
ado-trastuzumab emtansine (T-DM1, Kadcyla, Genentech) 

have been FDA-approved for HER2-positive breast cancer. 
This article reviews the current evidence supporting 
pertuzumab and T-DM1 for HER2-positive breast cancer. 
Figure 1 summarizes the site of action of trastuzumab, 
lapatinib, pertuzumab and T-DM1 on HER2. 

Pertuzumab

Mechanism of action, preclinical and phase I clinical studies

Pertuzumab is a recombinant, humanized monoclonal 
antibody targeting HER2. Unlike trastuzumab which 
binds HER2 at juxtamembrane domain IV, pertuzumab 
binds HER2 at the extracellular dimerization subdomain 
II critical for heterodimerization (Figure 1). In this way, 
pertuzumab more effectively blocks HER2 receptor 
heterodimerization with other HER family members, 
including EGFR, HER3, and HER4 (27,28). In preclinical 
models, pertuzumab inhibited tumor growth even if HER2 

Figure 1 Schematic of the binding sites on human epidermal 
growth factor receptor 2 (HER2) for FDA-approved HER2-
directed therapies. HER2 is a transmembrane receptor. Activation 
of HER2 results in cell signaling through the MAPK (RAS, RAF, 
MEK, and ERK) pathway and PI3K/Akt/mTOR pathways, leading 
to cellular proliferation. Trastuzumab and T-DM1 binds to the 
juxtamembrane domain of HER and inhibits cell signaling. T-DM1 
is then endocytosed and DM-1 is released within the cell, where it 
can exert its cytotoxic effect via inhibiting microtubule function. 
In contrast pertuzumab binds domain II of the extracellular 
domain of HER2, preventing receptor heterodimerization with 
HER1, HER3, and HER4, and cell signaling. The tyrosine kinase 
inhibitor lapatinib binds the intracellular adenosine triphosphate 
binding domain of HER1 and HER2 and results in inhibition of 
cell signaling.
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was not overexpressed, presumably due to inhibition of 
receptor heterodimerization (29-31). Pertuzumab inhibited 
the growth of HER2-overexpressing cell lines in vitro 
and potent synergy was observed with the combination of 
trastuzumab and pertuzumab (32,33). Tumor regression also 
occurred when pertuzumab was added after progression on 
trastuzumab alone (32). Given these promising preclinical 
data, a phase I clinical trial of pertuzumab in solid tumors 
was undertaken (34). Twenty-one patients with advanced 
solid tumors were included in the study and treated with 
0.5 to 15 mg/kg pertuzumab every 3 weeks. A maximum 
tolerated dose (MTD) was not achieved, even at 15 mg/kg, the 
highest dose tested. Partial responses (PR) were seen in a 
patient with ovarian cancer and in a patient with pancreatic 
islet carcinoma. Neither tumor overexpressed HER2. Stable 
disease (SD) of 2.5 months or greater duration was seen 

in six patients. Three additional phase I studies have been 
performed, alone or in combination with chemotherapy 
(35-37) (Table 1).

Phase II and III studies

Given the preclinical data demonstrating synergy between 
trastuzumab and pertuzumab (32,33), the combination 
was evaluated in the metastatic setting. In a phase II single 
arm clinical trial, 66 patients with HER2-positive MBC 
who had progressed on trastuzumab were treated with 
trastuzumab and pertuzumab. Trastuzumab was given 
either as an 8 mg/kg IV loading dose followed by 6 mg/kg 
q3 weeks or as a 4 mg/kg loading dose followed by 2 mg/kg 
IV weekly, and pertuzumab was given as an 840 mg IV loading 
dose followed by 420 mg IV q3 weeks (38). An objective 

Table 1 Completed trials of pertuzumab

Study Patient population Study design
Number of 

subjects
Treatment regimen Outcome

Agus, et al. 2005 (34) Solid tumors Phase I dose 

escalation

21 Pertuzumab every 3 weeks 2 PR

Yamamoto, et al. 2009 (37) Solid tumors Phase I dose 

escalation

18 Pertuzumab every 3 weeks 2 SD

Albanell, et al. 2008 (35) Solid tumors Phase I 19 Pertuzumab every 3 weeks; 

Capecitabine days 1-14

11 SD

Attard, et al. 2007 (36) Solid tumors Phase Ib 19 Pertuzumab and docetaxel 

every 3 weeks

14 SD

Baselga, et al. 2010 (38) Pretreated HER2-

positive MBC

Phase II 66 Pertuzumab and 

trastuzumab

ORR: 24.2%; CBR 

50%

Gianni, et al. 2010 (39) Pretreated HER2-

negative MBC

Phase II 79 Pertuzumab 7.7% (6/79) with PR 

or SD >6 months

Baselga, et al. 2012 (40,41); 

“CLEOPATRA”

HER2-positive 

MBC

Phase III 808 THP vs. TH PFS 18.5 vs. 12.4 

months; OS: NR vs. 

37.6 months (41)

Gianni, et al. 2012 (42); 

“NeoSPHERE”

Neoadjuvant 

HER2-positive BC

Phase II 417 THP vs. TH vs. TP vs. HP pCR: 45.8% vs. 29% 

vs. 24% vs. 16.8% 

Schneeweiss, et al. 2013 

(43); “TryPhaena”

Neoadjuvant HER2-

positive BC

Phase II 225 HP → FEC → THP; FEC → 
THP; TCHP

Cardiac safety; pCR 

61% vs. 57% vs. 

66%

HER2, human epidermal growth factor receptor 2; MBC, metastatic breast cancer; BC, breast cancer; THP, docetaxel, 

trastuzumab and pertuzumab; TH, docetaxel and trastuzumab; TP, docetaxel and pertuzumab; HP, trastuzumab and pertuzumab; 

FEC, 5-fluorouracil, epirubicin, cyclophosphamide; TCHP, docetaxel, carboplatin, trastuzumab and pertuzumab; ORR, objective 

response rate; CBR, clinical benefit rate; PR, partial response; SD, stable disease; PFS, progression free survival; pCR, pathologic 

complete response; OS, overall survival.
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response rate (ORR) of 24.2% with a clinical benefit rate 
(CBR) of 50% was seen including 5 (7.6%) complete 
responses (CR), 11 (16.7%) PR, and 17 (25.8%) SD lasting 
6 months or greater (38). Despite the promising preclinical 
data with pertuzumab in tumors that do not overexpress 
HER2 (29-31), existing clinical data published by Gianni 
et al. (39) suggests it should be reserved for patients with 
HER2-positive breast cancer. In this study (39), 79 patients 
with HER2-normal MBC were treated with pertuzumab 
given either as a 840 mg loading dose followed by 420 mg 
q3 weeks or as 1,050 mg q3 weeks. Only two out of 78 
evaluable patients had a PR, indicating little efficacy in this 
population.

The promising early clinical data in HER2-positive 
disease led to a phase III randomized, double-blind 
trial, clinical evaluation of pertuzumab and trastuzumab 
(CLEOPATRA). In this study, 808 patients with HER2-
positive MBC who had not received prior trastuzumab 
therapy in the metastatic setting were randomized to receive 
docetaxel and trastuzumab with either pertuzumab (THP) 
or placebo (TH). Only 11% of patients had received 
trastuzumab in the adjuvant or neoadjuvant setting, thus 
this study primarily tested the activity of dual HER2 
monoclonal antibody therapy in a trastuzumab-naïve 
population. Median PFS was 12.4 months with placebo 
and 18.5 months with pertuzumab [hazard ratio (HR) 0.62 
(95% CI: 0.51-0.75), P<0.0001] (40). After a median of 30 
months follow-up, OS was 37.6 months [95% CI: 34·3-
NE (not estimable)] for the placebo arm, and median OS 
had not been reached in the pertuzumab group (95% CI: 
42.4-NE), (HR 0.66, 95% CI: 0.52-0.84; P=0.0008) (41). 
Based on these data, on June 12, 2012 the FDA approved 
pertuzumab in combination with trastuzumab and docetaxel 
for HER2-positive MBC in patients who had not received 
prior HER2-directed therapy or chemotherapy for metastatic 
disease. The European Medicines Agency (EMA) gave its 
approval on March 5, 2013.

Results of two landmark studies led to the September 
2013 FDA approval of pertuzumab in the neoadjuvant setting 
for HER2-positive disease. In the phase II NeoSphere 
(Neoadjuvant Study of Pertuzumab and Herceptin in an 
Early Regimen Evaluation) study, 417 patients with HER2-
positive locally advanced, inflammatory breast cancer or 
breast cancer with tumors >2 cm were randomized to receive 
four cycles of one of four regimens: pertuzumab, trastuzumab 
and docetaxel (THP), trastuzumab and docetaxel (TH), 
pertuzumab and docetaxel (TP) or pertuzumab and 
trastuzumab (HP). The primary endpoint was pathologic CR 

(pCR) rate, defined as absence of invasive cancer in the breast 
(ypT0/is). Treatment with THP resulted in the highest pCR 
rate of 45.8% (95% CI: 36.1-55.7%), compared to 29% 
(20.6-38.5%), 24% (1.8-33.7%) and 16.8% (10.3-25.3%) 
for TH, TP and HP, respectively. Rates of pCR in both the 
breast and axillary lymph nodes (ypT0/isypN0) were 39.3% 
(30-49.2%) for THP, 21.5% (14-30.5%) for TH, 17.7% 
(10.7-26.8%) for TP, 11.2% (5.9-18.8%) for HP. Notably, 
rates of pCR in the hormone receptor positive (ER+) group 
were lower compared to those that were hormone receptor 
negative (ER–): 22% vs. 54.4% (THP), 12% vs. 29.8% (TH), 
8.7% vs. 26% (TP), and 2% vs. 20% (HP) for ER-positive vs. 
ER–, respectively (42).

Similarly, TryPhaena (ToleRabilitY of Pertuzumab, 
Herceptin and AnthracyclinEs in NeoAdjuvant breast 
cancer) demonstrated favorable results with the addition 
of pertuzumab to trastuzumab and chemotherapy in the 
neoadjuvant setting (43). In this phase II study, 225 patients 
were enrolled onto one of three arms: (I) Arm A—three 
cycles of pertuzumab, trastuzumab with concurrent 
5-fluorouracil, epirubicin, cyclophosphamide (FEC) 
followed by three cycles of docetaxel, pertuzumab and 
trastuzumab; (II) Arm B—three cycles of FEC followed 
by three cycles of docetaxel, pertuzumab and trastuzumab; 
and (III) Arm C—six cycles of docetaxel, carboplatin, 
pertuzumab and trastuzumab (TCHP) chemotherapy. 
Though the primary outcome of the study was cardiac 
safety, the secondary outcome of pCR in the breast (ypT0/
is) or breast and axilla (ypT0/isyN0) was impressive in all 
three arms. Breast only pCR rates were 61.6% (56.2% 
ypT0/isyPN0, Arm A), 57.3% (54.7% ypT0/isypN0, Arm 
B), and 66.2% (63.6%, ypT0/isypN0, Arm C). The FDA 
approved three neoadjuvant regimens for HER2-positive 
breast cancer: FEC ×3 followed by THP ×3, TCHP ×6, and 
THP ×4 followed by surgery and FEC.

Ongoing clinical studies of pertuzumab

Several studies with pertuzumab are ongoing. In the 
frontline metastatic setting, PHEREXA (NCT01026142) 
will evaluate whether pertuzumab and trastuzumab with 
capecitabine will improve PFS compared to trastuzumab and 
capecitabine and PERUSE will evaluate the combination 
of pertuzumab, trastuzumab and taxane in 1,500 patients. 
PERTAIN (NCT01491737) is a phase II study randomizing 
250 patients with ER+ and HER2-positive MBC to either 
trastuzumab, aromatase inhibitor +/– pertuzumab or taxane, 
trastuzumab +/– pertuzumab followed by trastuzumab, 
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aromatase inhibitor +/– pertuzumab. Finally, VELVET is 
evaluating pertuzumab, trastuzumab and vinorelbine in a 
single arm phase II frontline study in patients with HER2-
positive MBC.

Whether the addition of pertuzumab to a trastuzumab-
based chemotherapy regimen in the adjuvant setting 
will improve outcomes is currently being evaluated in 
a 4,880-patient phase III clinical trial (APHINITY, 
NCT01358877) that completed accrual in August 2013. 
In addition, a phase II neoadjuvant study (KRISTINE, 
NCT02131064) will evaluate six cycles of neoadjuvant 
TCHP followed by trastuzumab and pertuzumab post-
operatively (Arm A) compared to six cycles of neoadjuvant 
T-DM1 and pertuzumab followed by T-DM1 and 
pertuzumab post-operatively (Arm B) to complete one year 
of adjuvant therapy.

Adverse events (AE) for pertuzumab

In the phase I study, the most common side effects of 
pertuzumab alone were grade 1 or 2 rash or diarrhea (34). These 
anti-EGFR toxicities are consistent with its mechanism 
of action as an inhibitor of HER2 heterodimerization 
with EGFR. The most frequent AE of pertuzumab in 
combination with trastuzumab were grade 1 or 2 diarrhea 
(64%), fatigue (33%) and nausea (27%) (40). The most 
common side effects of docetaxel, trastuzumab and 
pertuzumab were diarrhea, alopecia, neutropenia, nausea, 
fatigue, and rash. Among these, only diarrhea and rash 
were increased more than 5% compared docetaxel and 
trastuzumab. A greater than 5% increase in incidence of 
mucosal inflammation, febrile neutropenia and dry skin 
was also seen over the control arm (40). About half of the 
women in TryPhaena who received docetaxel developed 
neutropenia, however, fewer than 10% developed febrile 
neutropenia (42). An increased incidence of febrile 
neutropenia, rash, mucosal inflammation was seen, in 
addition to diarrhea. When docetaxel was discontinued, 
most side effects, except for diarrhea, pruritis and rash, 
resolved (40).

Though an early study in eleven patients raised 
concerns for cardiac side effects of pertuzumab (44), adding 
pertuzumab to trastuzumab and chemotherapy does not 
increase the risk of cardiotoxicity (38,41,43,45). In the 
phase II study of pertuzumab and trastuzumab, three of 
66 patients had a decrease in LVEF >10% from baseline 
and an absolute LVEF <50% during the course of the 
study. All were asymptomatic (38). Rates of any grade LV 

dysfunction were 4.4% for THP and 8.3% for TH. Grade 3 
LV systolic dysfunction was seen in 1.2% of patients treated 
with pertuzumab vs. 2.8% in the control group (40). In 
CLEOPATRA, a 9% incidence of LVEF decline and 1% 
symptomatic LV dysfunction was seen with THP, compared 
to 5% and 2% for TH, respectively, and the difference was 
not statistically significant. Furthermore, in the neoadjuvant 
TryPhaena in which the primary endpoint was cardiac safety, 
only two patients, both in the FECTHP arm, experienced 
symptomatic left ventricular systolic dysfunction. Eleven patients 
of 225 had decreases in LVEF >10% and LVEF <50%. In all, 
these incidences are similar to the incidence of LVEF decline for 
trastuzumab with chemotherapy (21,46). Exploratory analyses 
in Asian woman (47) and older women (48) also indicate that 
pertuzumab has an acceptable safety profile.

Taken together, the published data indicate that adding 
pertuzumab to chemotherapy and trastuzumab improves 
PFS and OS and does so with manageable side effects. 
To this end, the 2014 National Comprehensive Cancer 
Network (NCCN) and American Society of Clinical 
Oncology (ASCO) Clinical Practice guidelines both 
recommended pertuzumab and trastuzumab with taxane 
chemotherapy as the preferred option for first-line therapy 
of HER2-positive MBC (49).

T-DM1

Mechanism of action and preclinical data

T-DM1 is another HER2 directed antibody therapy 
recently approved for treatment of HER2-positive breast 
cancer. T-DM1 is a novel antibody-drug conjugate (ADC) 
whereby trastuzumab is stably linked to the microtubule-
inhibitor, DM-1. DM-1 is a derivative of maytansine, a 
potent tubulin-binder originally identified from plant 
species including Rhamnaceae and Euphorbiaceae, as well 
as some mosses (50). Maytansine inhibits microtubule 
polymerization and promotes depolymerization with a 
potency 100-fold greater than vinca alkaloids, however, 
dose-limiting neuropathy, diarrhea and fatigue prevented 
its clinical development (51,52). DM-1 is a maytansinoid 
with a thio-containing moiety that allows for linkage 
of DM-1 to antibodies via disulfide bonds. Given the 
potency of maytansine, the clinical activity of microtubule 
inhibitors such as taxanes for breast cancer, and the 
selectivity of HER2 as a target of antibody-directed 
therapies, a variety of reducible and non-reducible thioether 
linkers between trastuzumab and DM-1 were evaluated 
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to identify an ADC for trastuzumab. Among these, 
T-DM1 was the most potent and least toxic of a series of 
trastuzumab-linked DM-1 molecules tested (51,53,54). 
T-DM1 is synthesized by covalently binding the linker 
molecule SMCC [N-succinimidyl-4-(maleimidomethyl) 
cyclohexanecarboxylate] to the lysine residues on trastuzumab 
and then reacting the maleimide moiety of SMCC with the 
thioether group of DM-1. T-DM1 contains an average of 
3-3.5 DM1 molecules for each trastuzumab antibody (53).

T-DM1 exerts its anti-tumor effect via a variety of 
mechanisms. After binding of T-DM1 to HER2 on the breast 
cancer cell, the HER2-T-DM1 complex is endocytosed 
and T-DM1 is proteolytically degraded within the cell 
lysosome, allowing release of Lys-SCC-DM-1 (55). Lys-
SCC-DM-1, via its inhibition of microtubules, causes cell 
cycle arrest and cell death (53). As it cannot cross the cell 
membrane, cytotoxic effects only occur in the cell in which 
it is internalized without affecting neighboring cells (56). 
Thus, T-DM1 functions as a targeted cytotoxic agent. 
T-DM1 binds HER2 with the same binding affinity as 
trastuzumab (57). It both inhibits HER2 cell signaling and 
targets cells for ADCC, consistent with the mechanism of 
action of trastuzumab itself (53,57).

Phase I studies of single agent T-DM1 

Table 2 summarizes the completed clinical trials of T-DM1. 
The safety and tolerability of T-DM1 was first evaluated 
in a multi-center, open label phase I dose escalation study. 
T-DM1 was given either weekly (n=28) (59) or every 3 weeks 
(n=24) (58) to patients with HER2-positive MBC that had 
progressed on trastuzumab. All patients had received at least 
one microtubule inhibitor and four patients had received 
more than two. Patients were heavily pretreated as they had 
received a median of 4 prior lines of therapy (range, 1-8). 
In the q3 week arm, T-DM1 was evaluated at doses ranging 
from 0.3 to 4.8 mg/kg IV every three weeks (58). The dose-
limiting toxicity (DLT) of transient thrombocytopenia 
occurred at 4.8 mg/kg, and the MTD/recommended phase 
2 dose was 3.6 mg/kg IV every 3 weeks. Of the 24 patients 
treated, six PR were observed. Among the nine patients 
treated at the MTD who had measurable disease, four 
(44%) patients had a confirmed PR, with a clinical benefit 
rate of 73%. 

The init ia l  weekly dose was 1.2 mg/kg weekly 
and the MTD was 2.9 mg/kg weekly. The DLT was 
thrombocytopenia. Thirteen of 28 patients (46.4%) had 

Table 2 Completed trials of ado-trastuzumab emtansine (T-DM1)

Study Patient population Study design
Number of 

subjects
Treatment regimen Outcome

Krop, et al. 2010 (58) Pretreated HER2-

positive MBC

Phase I dose 

escalation

24 T-DM1 every 3 weeks ORR 44%; CBR 73%

Beeram, et al. 2012 

(59)

Pretreated HER2-

positive MBC

Phase I dose 

escalation

28 T-DM1 every week Confirmed ORR 46.4%; 

6-month CBR 57.1%

Aogi, et al. 2011(60) Pretreated HER2-

positive MBC

Phase I dose 

escalation

10 T-DM1 every 3 weeks PR 20%

Burris, et al. 2011 (61) Pretreated HER2-

positive MBC

Phase II 112 T-DM1 3.6 mg/kg every 

3 weeks

ORR 25.9

Krop, et al. 2012 (62) Pretreated HER2-

positive MBC

Phase II 110 T-DM1 3.6 mg/kg every 

3 weeks

ORR 32.7%

Hurvitz, et al. 2013 (46) Frontline HER2-

positive MBC

Phase II randomized 137 T-DM1 vs. HT ORR 64.2% vs. 58%; PFS 

14.2 vs. 9.2 months

Verma, et al. 2012 (63); 

“EMILIA”

Pretreated HER2-

positive MBC

Phase III randomized 991 T-DM1 vs. Capecitabine 

and lapatinib

ORR 43.6% vs. 30.8%; 

PFS 9.6 vs. 6.4 months

Krop, et al. 2014 (64); 

“TH3RESA”

Pretreated HER2-

positive MBC

Phase III randomized 602 T-DM1 vs. Physician’s 

choice

PFS 6.2 vs. 3.3 months

HER2, human epidermal growth factor receptor 2; MBC, metastatic breast cancer; T-DM1, ado-trastuzumab emtansine; HT, 

trastuzumab and docetaxel; ORR, objective response rate; CBR, clinical benefit rate; PR, partial response; PFS, progression free 

survival.
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confirmed objective PR with a median duration of response 
of 18.6 months and a 57.1% 6-month clinical benefit rate (59). 
This dosing schedule appeared to be relatively well tolerated, 
though 68% of patients reported AEs grade 3 or worse.

Aogi et al. (60) described results of a third phase I study 
in 10 Japanese patients. T-DM1 was administered q3 weeks 
at 1.8, 2.4 and 3.6 mg/kg. One grade 3 transaminitis was 
reported and the MTD was identified as 3.6 mg/kg. Two 
PR were observed.

Phase II studies of single agent T-DM1

Given the promising activity seen in phase I studies, 
several phase II studies have been completed with 
the 3.6 mg/kg q3-week dosing schedule. TDM4258g 
was a single-arm proof-of-concept study that enrolled 
112 patients with HER2-positive MBC who progressed 
on HER2-directed therapy (61). Patients had received 
a median of eight prior therapies; all had received prior 
trastuzumab and almost two-thirds (66/112) had received 
prior lapatinib. By independent review, the ORR was 25.9% 
(95% CI: 18.4-34.4%). Of 75 patients who had previously 
discontinued trastuzumab due to progression, 21 achieved 
objective responses (ORR 28.0%, 95% CI: 18.2-38.9%). Of 
the 66 patients who previously had received lapatinib, the 
ORR was 24.2% (95% CI: 14.5-36.0%). The median PFS 
was 4.6 months (95% CI: 3.9-8.6 months) (61).

Krop et al. (62) published the results of TDM4374g, a 
confirmatory phase II study of T-DM1 in 110 patients who 
previously received chemotherapy and two HER2-directed 
therapies including lapatinib and trastuzumab. The ORR was 
32.7% (95% CI: 24.1-42.1%) and median PFS 7.2 months.

In the frontline setting, T-DM1 was compared head-to-
head with trastuzumab plus docetaxel (HT) in a randomized 
phase II trial for the treatment of HER2-positive locally 
advanced or MBC (TDM4450g) (65). A total of 137 subjects 
were enrolled. Patients were eligible to enroll if they had 
not received chemotherapy for metastatic disease and if they 
were ≥6 months from prior chemotherapy in the adjuvant 
setting. Sixty-seven patients were treated with T-DM1, 
compared to 70 patients treated with HT. Toxicity and 
investigator assessed PFS were the primary endpoints. The 
median PFS was 14.2 months for T-DM1 vs. 9.2 months for 
HT (HR 0.59; 95% CI: 0.36 to 0.97; P=0.035). There were 
three CRs in the HT arm and seven CRs in the T-DM1 arm 
(P=0.453). For patients who received T-DM1, the ORR was 
64.2% (95% CI: 51.8% to 74.8%) compared to 58.0% (95% 
CI: 45.5% to 69.2%) for HT. OS was similar between the two 

arms, although at the time of reporting, only 13 deaths had 
occurred. Compared to HT, fewer grade 3/4 AEs were seen 
in the T-DM1 arm (46.4% vs. 90.9% for TDM-1 and HT, 
respectively). Overall, T-DM1 treatment resulted in fewer 
treatment discontinuations (7.2%) compared to for HT 
(34.8%) and fewer serious AEs (20.3% vs. 25.8%).

Phase III studies

The phase III randomized EMILIA trial (TDM4370) 
unequivocally demonstrated the efficacy of T-DM1 in 
patients with HER2-positive, trastuzumab-pretreated 
MBC (63). A total of 991 subjects with HER2-positive 
advanced breast cancer, previously treated with taxane 
and trastuzumab were randomized to receive TDM-1 
or lapatinib plus capecitabine. Primary endpoints were 
independently assessed PFS, OS, and safety. A statistically 
significant improvement in ORR was seen with T-DM1 
compared with lapatinib and capecitabine (43.6% vs. 30.8%, 
P<0.001). Median PFS was 9.6 months for T-DM1 vs. 6.4 
months with lapatinib and capecitabine (HR 0.65; 95% CI: 
0.55 to 0.77; P<0.001), and median OS at the second interim 
analysis was 30.9 vs. 25.1 months (HR 0.68; 95% CI: 0.55 to 
0.85; P<0.001). Fewer grade 3 or greater toxicities were seen 
with T-DM1 compared to lapatinib and capecitabine, with 
rates of 41% and 57%, respectively. Thrombocytopenia and 
elevated transaminases were more common with T-DM1, 
while diarrhea, nausea, vomiting, palmar-plantar dysesthesia 
were more common in the lapatinib and capecitabine arm. 
Based on this seminal result, both the FDA and EMA have 
licensed T-DM1 as monotherapy for HER2-positive MBC in 
patients who had previously received taxane and trastuzumab-
based therapy (66).

TH3RESA was a randomized, open label trial evaluating 
T-DM1 vs. treatment of physician’s choice in patients 
who had previously received two or more HER2 directed 
therapies, including trastuzumab and lapatinib as well as 
taxane chemotherapy (64). A total of 602 patients were 
enrolled: 404 received T-DM1 and 198 patients received 
therapy per physician’s choice. At the time of reporting, 
44 patients had crossed over to the T-DM1 arm. For the 
T-DM1 arm, median PFS was 6.2 months, compared to 
3.3 months for TPC (stratified HR 0.528, 0.422-0.661, 
P<0.001). Interim OS data also demonstrated a trend 
toward improvement in the T-DM1 arm (HR 0.552, 95% 
CI: 0.369-0.826, P=0.0034). T-DM1 treatment resulted in 
fewer grade 3 or greater AE compared to TPC: 32% vs. 
43%, respectively. Grade 3 thrombocytopenia was the only 



Wong and Hurvitz. New HER2 antibody therapies for breast cancer

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2014;2(12):122www.atmjournal.org

Page 8 of 14

AE more frequently seen with T-DM1 and was seen in 
5% of patients treated with T-DM1, compared with 2% in 
the control arm. Grade 3 neutropenia, diarrhea and febrile 
neutropenia were all more common for TPC than for 
T-DM1 arm. 

Ongoing studies

Several additional phase II and III studies with T-DM1 are 
ongoing. MARIANNE (NCT01120184) is a three-arm 
phase III study evaluating the combination of pertuzumab 
and T-DM1 in HER2-positive first-line locally advanced 
or MBC. Patients will be randomized to receive T-DM1 
alone, T-DM1 with pertuzumab, or trastuzumab plus 
taxane (docetaxel or paclitaxel). Clinical trials in non-
metastatic HER2-positive breast cancer are also underway. 
NCT01196052 (TDM4874g) is a single arm, phase II 
study of T-DM1 in the adjuvant and neoadjuvant setting. 
The primary endpoint is safety. In the phase II randomized 
study, ATEMPT (NCT01853748), T-DM1 will be 
compared to paclitaxel and trastuzumab in patients with 
resected stage I disease. And two neoadjuvant studies are 
ongoing with the primary endpoint of pCR rate: ADAPT 
is evaluating T-DM1 vs. trastuzumab (NCT01745965) 
and I-SPY2 (NCT01042379) is comparing T-DM1 and 
pertuzumab with standard therapy. Moreover, as previously 
described, KRISTINE (NCT02131064) compares six 
3-week cycles of neoadjuvant T-DM1 and pertuzumab 
(Arm A) with TCHP (Arm B), followed by T-DM1 and 
pertuzumab (Arm A) or trastuzumab and pertuzumab (Arm 
B) after surgery.

Cardiac safety will be the primary endpoint for 
NCT010904903 (“SAFE”-HEaRt), an open-label, phase II 
study of T-DM1 in HER2-positive MBC. KATHERINE 
(NCT01772472) is a randomized, multicenter, open 
label phase III study evaluating the efficacy and safety of 
T-DM1 vs. trastuzumab as adjuvant therapy for patients 
with HER2-positive breast cancer with residual disease in 
the breast or axillary lymph nodes following neoadjuvant 
therapy. Patients receive T-DM1 or trastuzumab q3 weeks 
for 14 cycles. Radiotherapy and hormonal therapy may also 
be given as indicated. The randomized, open label study 
KAITLIN (NCT01966471) will evaluate the safety and 
efficacy of taxane-based adjuvant therapy with either T-DM1 
and pertuzumab or trastuzumab and pertuzumab in patients 
who have undergone surgery and adjuvant anthracycline-
based chemotherapy. Table 3 summarizes the ongoing phase 
III trials of T-DM1.

Notable adverse events with T-DM1

The most frequent AEs for T-DM1 are transaminitis and 
thrombocytopenia. At the MTD the most common AEs 
were grade 1 or 2 thrombocytopenia, transaminitis, fatigue, 
nausea and anemia (58-60). Aogi reported 10% of AEs 
were grade 3 and 0.4% were grade 4 (60). Phase II studies 
confirmed the side effect profile (61,62). Notably, despite 
the fact that DM-1 is a cytotoxic microtubule inhibitor, 
very little neuropathy has been observed and alopecia is 
uncommon. Serious AEs were reported in 23% of patients, 
42% of these grade 3 or 4, including thrombocytopenia 
(5.4%), back pain (3.6%), fatigue (2.7%), and transaminitis 
(2.7%) (62).

Though the most frequent grade 3 or 4 toxicity of T-DM1 
was thrombocytopenia (58,59,61-63,65), hemorrhagic events 
are rare. Furthermore, while thrombocytopenia at times 
required dose reduction, no patients have discontinued study 
due to hemorrhage. Platelet counts usually nadir around day 
8 and recover by day 15.

The mechanism of thrombocytopenia is currently 
under investigation. In murine models, though murine 
megakaryocytes do not express HER2, T-DM1 is 
endocytosed into megakaryocytes and inhibits microtubule 
assembly (67,68). This effect was confirmed in platelets 
from healthy human donors and may be mediated by 
surface FcϒRIIb (69). T-DM1 does not affect platelet 
function as platelet aggregation and activation of healthy 
human donor platelets were not altered by treatment of washed 
platelets or platelet rich plasma with T-DM1 (69). Instead, 
thrombocytopenia may be related to altered platelet production 
by megakaryocytes in the bone marrow (69). In vitro and 
population pharmacokinetic modeling studies developed with 
data from TDM3569g and TDM4258g and validated with data 
from TDM4374g concluded that the thrombocytopenia may be 
due to depletion of platelet pools (70).

T-DM1 can cause transaminitis, but grade 3 transaminitis 
was generally <10% across all studies. Most instances of 
transaminitis resolve with dose reduction. One death has 
been attributed to abnormal liver function. This patient had 
underlying steatohepatitis and multiple other medical issues (62).

Cardiac AE are also very rare with T-DM1. In TDM4258g, 
no grade 3 decline in LVEF or symptomatic congestive 
heart failure was observed and only two patients had 
LVEF decrease to 40-45%. There were no treatment 
discontinuations due to cardiotoxicity (61). Similarly, there 
were no incidences of decreased EF >25% and no patients 
had LVEF <45 by the end of study in TDM4374g (62). 
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Of note, many of the patients enrolled on clinical studies 
of T-DM1 had received prior trastuzumab; therefore one 
possibility for the relatively low incidence of cardiac AEs 
is selection bias: patients at risk from cardiac dysfunction 
due to HER2-targeted therapies would already have been 
excluded from entering these studies. The ongoing frontline 
study comparing T-DM1 and trastuzumab (MARIANNE) 
in HER2-positive MBC will clarify this issue.

Biomarkers and predictors of response to T-DM1

Exploratory data indicate that tumor HER2-mRNA levels 
may be predictive of likelihood of response and duration 
of response in patients treated with T-DM1 (61,62,71). 
In the proof-of-concept phase II study (61), 74 of 95 
evaluable specimens were independently confirmed as 

being HER2-positive by immunohistochemistry or FISH. 
ORR was 33.8% among those with HER2-positive tumors, 
compared to 4.8% in HER2 normal tumors. Median PFS 
was 8.2 vs. 2.6 months for HER2-positive vs. HER2-normal 
subjects, respectively. Among HER2-positive tumors, those 
with HER2 mRNA levels above the median had an ORR of 
36% (95% CI: 18.5-56.9%) and impressively, median PFS 
(95% CI: 4.4 months to NE) was not reached. Those with 
HER2 mRNA levels below the median had ORR 28% (95% 
CI: 12.1-47.5%) and median PFS 4.2 months (95% CI: 2.7-
6.8 months). Similar data were reported by LoRusso et al. 
(72) which included retrospective analysis of TDM4374g 
and by Perez et al. (71) who analyzed data from the frontline, 
randomized phase II study (65). While patients with HER2 
mRNA levels at or above the median had an ORR of 72.4% 
(29/67) and the median PFS was not reached, those with 

Table 3 Ongoing phase II and III studies of ado-trastuzumab emtansine (T-DM1)

Study Patient population Study design Treatment regimen
Number of 

subjects

NCT01120184; 

“MARIANNE”

Front-line HER2-positive MBC Phase III randomized, 

open label

T-DM1 vs. T-DM1 and Pertuzumab 

vs. trastuzumab and taxane

1,092

NCT01196052 Adjuvant or neoadjuvant HER2-

positive BC

Phase II single arm, 

open label

T-DM1 after AC or FEC 

chemotherapy

153

NCT01853748; 

“ATEMPT”

Adjuvant stage I HER2-positive 

BC

Phase II randomized T-DM1 or paclitaxel and 

trastuzumab

500

NCT01745965; 

“ADAPT”

Neoadjuvant HER2-positive BC Phase II/III randomized 

open label

T-DM1 vs. trastuzumab 4,936

NCT0104237; 

“I-SPY2”

Neoadjuvant HER2-positive BC Phase II randomized 

open label

T-DM1 and pertuzumab vs. 

standard therapy

800

NCT02131064; 

“KRISTINE”

Neoadjuvant HER2-positive BC Phase II randomized 

open label

Arm A: TCHP → HP post-

operatively; Arm B: pre- and post-

operative T-DM1 and pertuzumab 

432

NCT01904903; 

“SAFE-HEaRt”

Any HER2-positiveBC Phase II single arm 

open label

T-DM1

NCT01772472; 

“KATHERINE”

Adjuvant HER2-positive BC 

with residual disease after 

neoadjuvant therapy

Phase III Randomized, 

open label

T-DM1 vs. trastuzumab for 14 

cycles

1,484

NCT01966471; 

“KAITLIN”

Adjuvant HER2-positive BC after 

anthracycline based adjuvant 

treatment

Phase III randomized, 

open label

Taxane, T-DM1 and pertuzumab 

vs. taxane, trastuzumab and 

pertuzumab

2,500

HER2, human epidermal growth factor receptor 2; MBC, metastatic breast cancer; BC, breast cancer; AC, adriamycin 60 mg/m2 

and cytoxan 600 mg/m2 once every two weeks [q2w] or q3w for four cycles; FEC, 5-flurouracil 500 mg/m2, epirubicin 100 mg/m2, 

cytoxan 600 mg/m2 q3w for three to four cycles; TCHP, taxotere, carboplatin, trastuzumab, pertuzumab q3w for six cycles; HP, 

trastuzumab, pertuzumab q3w for 1 year.
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mRNA levels below the median had a 53.8% (26/67) ORR 
and 10.6 month median PFS (71). Notably, median PFS 
was 8.8 months in those with mRNA levels at or above the 
median vs. 9.8 months for those below the median for the 
HT arm (71).

PIK3CA activating mutations have been associated 
with decreased response to HER2-targeted therapy (73). 
However, in a subgroup analysis of EMILIA, Baselga et al. 
demonstrated that while patients with PIK3CA mutations 
who received capecitabine and lapatinib had shorter median 
PFS and OS, PIK3CA mutation status did not affect 
outcomes in the T-DM1 group (74).

Combination anti-HER2 antibody therapy

As combining pertuzumab and trastuzumab is synergistic 
(32,33,40), combining pertuzumab and T-DM1 is an active 
area of research. Phillips et al. evaluated this combination 
preclinically and clinically in a phase Ib/II study (75). 
Combining T-DM1 and pertuzumab led to synergistic 
cell growth inhibition and induction of apoptosis in vitro, 
and synergy was also seen in murine xenograft models. 
In some cell lines, addition of neuregulin, the HER3 
ligand, decreased the inhibitory effect of T-DM1, but the 
effect of neuregulin could be counteracted by addition of 
pertuzumab. In their phase Ib/II study evaluating the safety 
and tolerability of TDM-1 with pertuzumab, the ORR 
was 44% for the phase Ib portion. For the phase II portion 
of the study, Miller et al. reported that nine PR were seen 
among 23 evaluable patients (76). A total enrollment of  
60 patients is planned and final results of the phase II 
portion of the study are eagerly awaited. TDM4652g is 
a phase Ib study evaluating the combination of T-DM1 
(weekly or every three weeks), weekly paclitaxel and 
pertuzumab every three weeks in patients with trastuzumab 
pre-treated HER2-positive MBC. The MTD was 2.4 
mg/kg T-DM1 weekly, paclitaxel 80 mg/m2 weekly and 
pertuzumab 840 mg loading, with 420 mg q3 weeks in the 
weekly T-DM1 arm (77); additional results are forthcoming. 
TDM1 and docetaxel with and without pertuzumab is also 
being evaluated in the neoadjuvant setting (78). A second 
neoadjuvant phase II study KRISTINE is ongoing to 
evaluate TDM-1 and pertuzumab pre- and post-operatively 
compared to TCHP followed by trastuzumab and 
pertuzumab. Finally, the phase III study MARIANNE will 
formally evaluate the efficacy of pertuzumab and T-DM1 
compared to T-DM1 alone or trastuzumab with taxane in 
the frontline metastatic or locally advanced setting (Table 3). 

Conclusions and future directions

Treatment of HER2-positive breast cancer improved 
significantly with the incorporation of HER2-directed 
therapies such as trastuzumab and lapatinib. Further 
advances have been made with the addition of pertuzumab 
and T-DM1, which both are relatively well-tolerated 
and have activity in HER2-positive disease refractory to 
trastuzumab and/or lapatinib. The improved outcomes seen 
with the use of trastuzumab, pertuzumab and T-DM1 for 
HER2-positive disease underscores the potential of HER2-
directed antibody and ADCs for HER2-positive breast 
cancer. To this end, several novel antibodies and ADCs are 
in early clinical development including MM302, an antibody 
linked to pegylated liposomal doxorubicin (NCT01304797) 
and MM111, an antibody fusion protein targeting the 
HER2/HER3 heterodimer (79). Active clinical research 
and development of novel therapies and combinations will 
hopefully result in continued improvements in outcomes for 
patients with HER2-positive breast cancer.
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