
Members of the ERBB family of receptors 
are expressed in many cells of the epithelial, 
mesenchymal and neuronal lineages, in 
which they have diverse roles in develop-
ment, proliferation and differentiation1. 
All four members of the ERBB family are 
receptor tyrosine kinases (RTKs) with an 
analogous structure, consisting of an extra-
cellular ligand-binding domain, a single 
hydrophobic transmembrane region and 
an intracellular segment that contains a 
conserved tyrosine kinase domain2. These 
receptors interact with a family of 12 poly-
peptide growth factors, the binding of 
which stimulates both homodimeric and 
heterodimeric interactions between family 
members, leading to autophosphory lation 
of a number of cytoplasmic tyrosine resi-
dues3. These phosphorylated tyrosine residues 
serve as docking sites for many adaptor 
and signalling proteins that mediate the 
complex and diverse responses generated 
by receptor activation4. ERBB family recep-
tors activate several downstream pathways, 
including the RAS–ERK and PI3K–AKT 
pathways. Epidermal growth factor receptor 
(EGFR; also known as ERBB1) and ERBB4 
are classical RTKs. By contrast, ERBB2 
(also known as HER2) is unable to bind 
any known ligand, and ERBB3 is gener-
ally considered to be kinase-deficient1–4, 
although a recent study showed that ERBB3 
can bind ATP and has a low level of kinase 
activity5. Therefore, the activation of both 
ERBB2 and ERBB3 requires their hetero-
dimerization with other family members. 
Heterodimerization creates additional 
signalling diversity and amplification of the 
response among ERBB family members. 

Interestingly, the most potent mitogenic 
signals are created by ERBB2–ERBB3 
heterodimers6.

Aberrant tyrosine kinase activity of ERBB 
family members can result in unregulated 
growth stimulation and tumorigenesis in 
various tumour types, including breast, 
lung, brain, head and neck, and colon 
tumours7. Inappropriate activation of EGFR 
and ERBB2 in cancer can occur through 
a range of mechanisms, including overex-
pression (often due to gene amplification), 
point mutations, partial deletions and 
autocrine ligand–receptor stimulation8. 
Overexpression and/or mutation can lead to 
ligand-independent activation of EGFR and 
ERBB2, as well as to increased activation fol-
lowing engagement with the ligand. Owing 
to its lack of kinase activity, the oncogenic 
function of ERBB3 is predominantly medi-
ated through overexpression and interaction 
with EGFR or ERBB2 (REF. 8). The role of 
ERBB4 is more complex because it has mul-
tiple isoforms with differing activities, some 
that seem to be oncogenic and others that 
seem to be tumour suppressive9. However, 
the recent observation that point mutations 
in ERBB4 are present at low levels in several 
tumour types has definitively confirmed that 
activated ERBB4 can be pro-tumorigenic10.

The frequent activation of ERBB family 
members in cancer makes them attractive 
therapeutic targets. As EGFR and ERBB2 are 
the family members with the best-defined 
roles in cancer, most drug development 
programmes and clinical trials have been 
based on targeting these receptors; there-
fore, we focus our discussion on targeting 
these proteins. Although most strategies 

have used these drugs individually, in this 
Opinion article, we describe how over the 
past 10 years, extensive preclinical studies 
and initial clinical data suggest that target-
ing either EGFR or ERBB2 combinatori-
ally — by using two different antibodies, or 
an antibody and a tyrosine kinase inhibitor 
(TKI) — has additive or even synergistic 
antitumour activity. We discuss the mecha-
nisms that lead to this synergy and describe 
how this strategy is being translated to 
the clinic.

EGFR- and ERBB2-targeted therapies
Various small-molecule TKIs directed to 
EGFR have been developed over the past 
30 years7 (FIG. 1), and many preclinical 
in vitro and animal studies have indicated 
that these molecules should have consid-
erable promise in the treatment of solid 
tumours11,12. First-generation EGFR TKIs, 
such as erlotinib and gefitinib, are reversible 
inhibitors that compete for kinase domain 
binding with endogenous ATP7, thus pre-
venting its tyrosine-phosphorylating activity 
and blocking downstream signalling. These 
agents are the ‘poster child’ for targeted ther-
apy for solid tumours: a subset of patients 
with non-small-cell lung cancer (NSCLC) 
that contains mutations in the kinase 
domain of EGFR respond well to EGFR 
TKIs. However, this finding is the exception 
because EGFR-targeted TKIs have gener-
ally performed poorly as single agents13,14. 
Afatinib is a second-generation EGFR TKI 
that binds irreversibly to the free cysteine in 
the kinase domain of EGFR, but its efficacy 
has not yet been comprehensively evaluated.

EGFR-targeted antibodies that prevent 
ligand binding (such as cetuximab and 
panitumumab) have also been developed 
and are approved in several countries for 
the treatment of colon cancer, as well as 
head and neck cancer12 (FIG. 1; TABLE 1). 
EGFR TKIs directly bind to the kinase 
domain and block its kinase activity, 
whereas EGFR-targeted antibodies bind 
extracellularly, blocking ligand binding 
and, in some cases, preventing receptor 
dimerization12. The responses to EGFR-
targeted antibodies are relatively low, with 
improvements in survival usually lasting 
only several months, and efficacy is again 
restricted to certain patient subtypes15. In 
particular, only patients with colon cancer 
whose tumours are KRAS wild-type seem 
to respond to EGFR-targeted antibodies15. 
Recently, mixtures of new EGFR-targeted 
antibodies — including Sym004 and 
MM-151— have been developed, and these 
target non-overlapping epitopes on EGFR.
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For ERBB2, no specific TKIs have 
been described, although lapatinib is a 
TKI that inhibits both EGFR and ERBB2. 
ERBB2-targeted antibodies include trastu-
zumab and pertuzumab. As ERBB2 has no 
ligand, antibodies specific for this receptor 
can inhibit activity through mechanisms 
such as preventing dimerization16, although 
the exact mechanism by which some 
ERBB2-targeted antibodies function is 
unknown.

Preclinical dual ERBB targeting
In the earliest report describing the use of 
two inhibitors directed against the same 
receptor (dual targeting), it was shown 
that a small-molecule EGFR-specific TKI 
(PD153035) and the EGFR-specific antibody 
C225 (now known as cetuximab) had addi-
tive antiproliferative activity in vitro against 
A431 epidermoid carcinoma cells, which 

contain an amplified EGFR gene17. This dual 
inhibitor concept was then validated in 
xenograft models against several cancer cell 
lines, using the EGFR-targeted monoclonal 
antibody 806 (mAb 806) and the prototypi-
cal EGFR-specific TKI AG1478; indeed, syn-
ergistic inhibition of xenograft growth was 
observed in a model of head and neck cancer 
using HN5 cells, which also have an ampli-
fied EGFR gene18. The synergy between 
these two EGFR-targeting agents was later 
extended to A431 xenografts19. Since then, 
this dual targeting approach has been  
confirmed and extended20–23.

The combination of cetuximab and gefi-
tinib was shown to have synergistic in vitro 
antiproliferative activity against A431 cells 
and additive activity against a range of other 
cancer cell lines21. This combination was 
also synergistic when used to treat A431 
xenografts, with the dual treatment inducing 

complete regressions, which were not seen in 
the single-treatment groups. Cetuximab used 
in combination with either gefitinib or erlo-
tinib showed greater than additive antipro-
liferative activity against a range of head and 
neck cancer cell lines and lung cancer cell 
lines in vitro that expressed different levels of 
EGFR22. Both combinations also had more 
than additive antitumour activity in an H226 
lung cancer xenograft model, which overex-
presses EGFR. Dual treatment of the biliary 
tract cancer cell line HuCCT1, which overex-
presses EGFR, with cetuximab and erlotinib 
induced greater than additive apoptosis both 
in vitro and in xenograft models23.

More recently, the ERBB2-targeted 
antibody trastuzumab in combination with 
lapatinib has been shown to inhibit the 
in vitro and xenograft growth of human 
breast cancer cell lines significantly more 
than either agent alone24. In particular, dual 
treatment with trastuzumab and lapatinib 
caused complete regression of BT474 breast 
cancer xenografts, which have an amplified 
ERBB2 gene, whereas single-agent treat-
ment caused only partial tumour regression. 
These studies were extended to an MCF7 
breast cancer xenograft model expressing 
transfected ERBB2 (REF. 25). This combina-
tion of ERBB2 inhibitors had synergistic 
in vitro antiproliferative activity against gas-
tric cancer cell lines and enhanced apoptosis 
compared with single-agent treatment26. N87 
gastric xenografts (which contain amplified 
ERBB2) that were treated with trastuzumab 
in combination with lapatinib also showed 
more complete regression than those treated 
with single agents26.

The use of two antibodies directed 
towards EGFR or ERBB2 also has higher 
antitumour activity in a range of cancer 
models than single agents. The combination 
of two EGFR-targeted antibodies, mAb 806 
and mAb 528, displayed synergistic anti-
tumour activity against A431 xenografts and 
U87MG glioma xenografts transfected with 
a constitutively active EGFR mutant20. Dual 
targeting of ERBB2 by trastuzumab and 
pertuzumab showed synergistic inhibition of 
tumour growth in both lung and breast can-
cer xenograft models27. An additional study 
showed that this antibody combination had 
synergistic antitumour activity against two 
gastric cancer xenograft models28.

Mechanisms of increased efficacy
The targeting of EGFR signalling with two 
inhibitors leads to more efficient inhibi-
tion of the receptor by several mechanisms. 
As discussed in detail below, these include 
increased receptor inhibition, blockade of 

Figure 1 | EGFR and ERBB2 structure and therapeutic targets. Both epidermal growth factor recep-
tor (EGFR) and ERBB2 have an extracellular domain, a single transmembrane domain and an intra-
cellular kinase domain. EGFR has a ligand-binding cleft in its extracellular domain, and this cleft 
interacts with a number of ligands, including EGF and transforming growth factor-α (TGFα). In the pres-
ence of ligand, dimers form through interactions between the dimerization loop (dashed oval) on each 
monomer. Dimerization results in the activation of the kinase domain and the initiation of intracellular 
signalling pathways (FIG. 2). ERBB2 does not bind any known ligand and usually needs to form hetero-
dimers with other members of the ERBB family to be activated, although overexpression of ERBB2 can 
lead to the formation and activation of homodimers. Given their role in tumorigenesis, EGFR and ERBB2 
are attractive therapeutic targets in various cancers. Therapeutic antibodies are directed to the extra-
cellular domains of EGFR and ERBB2 and tyrosine kinase inhibitors (TKIs) to the kinase domains (as listed 
in blue boxes). Drugs that have been approved for the clinic are indicated in bold. Afatinib has been 
granted priority review for approval by the US Food and Drug Administration in 2013. Yellow and green 
circles indicate segments for which the crystal structures have not yet been solved. Figure is modified, 
with permission, from REF. 7 © (2012) Macmillan Publishers Ltd. All rights reserved.
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additional signalling pathways, prevention 
of ERBB heterodimerization, changes in 
receptor conformation, enhanced antibody-
dependent cell cytotoxicity (ADCC) and 
receptor downregulation (FIGS 2–4). The 
most generally applicable of these mecha-
nisms is the enhanced inhibition of EGFR 
kinase activity, which leads to reduced 
downstream signalling20,24,29.

Antibody–TKI combinations that enhance 
inhibition. The combined use of an antibody 
and a TKI to target EGFR results in more 
effective inhibition of kinase activity than the 
use of single agents. Indeed, more efficient 
blockade of EGFR signalling using the com-
bination of various EGFR-targeted antibod-
ies and reversible TKIs (see below) (FIG. 2a) 
has been observed in a range of tumour 
xenograft models and in a lung cancer trans-
genic model19–23,29,30. Likewise, compared with 
single agents, more efficient inhibition of 
ERBB2 with the combination of trastuzumab 
and lapatinib has been reported in gastric and 
breast cancer xenograft models24–26.

The different mechanisms of action of 
TKIs and antibodies may contribute to this 
enhanced inhibition. For example, because 
erlotinib and gefitinib are reversible inhibi-
tors7, if the TKI is replaced by ATP at the cell 
surface, there is the potential for EGFR reac-
tivation. The co-binding of antibody reduces 
this reactivation by preventing ligand-
induced or ligand-independent dimeriza-
tion, leading to more sustained EGFR 
inhibition, and this is one of the important 
ways in which dual targeting causes greater 
EGFR inhibition19. Different threshold lev-
els of EGFR activation lead to alterations 
in the range of downstream targets that are 
phosphorylated by EGFR; a higher level of 
activation activates more pathways31. Thus, 
the more efficient inhibition of EGFR that 
is generated by the use of dual targeting not 
only leads to the more efficient blockade of 
key downstream signalling pathways (such 
as the AKT and ERK pathways) but also 
leads to the blockade of a greater range of 
signalling pathways (FIG. 2a). Indeed, the 
combination of cetuximab and erlotinib 

inhibits a greater range of downstream path-
ways than the single agents in colon cancer 
cells in vitro29.

Prevention of heterodimerization. There 
is considerable heterodimerization and 
crosstalk between all four members of the 
ERBB family2–4. As ERBB2 cannot bind 
ligand, it needs to heterodimerize with other 
ERBB family members to be activated, unless 
it is substantially overexpressed32. ERBB3 
has a kinase domain with limited or no 
activity and therefore needs to heterodimer-
ize with other ERBB proteins to become 
phosphorylated and signal6. The activation 
of non-targeted ERBB family members can 
reduce the effectiveness of both EGFR- and 
ERBB2-targeted therapies33–35. Inhibition 
of EGFR and ERBB2 by lapatinib, in com-
bination with an antibody such as trastu-
zumab, is one strategy for reducing crosstalk 
between ERBB family members (FIG. 2b). 
This approach has been shown to reduce 
the heterodimerization of ERBB2 with 
EGFR and with ERBB3 in breast cancer cell 

Table 1 | Single-agent activity of EGFR and ERBB2 inhibitors

Inhibitor Reagent 
type*

Development 
stage

ERBB-binding site Notes on the mechanism of action

EGFR

Cetuximab Antibody Approved Ligand-binding site in domain III Blocks ligand binding and impedes dimerization16. Mediates 
ADCC79

Panitumumab Antibody Approved Ligand-binding site in domain III Blocks ligand binding and impedes dimerization16. Mediates 
ADCC80

mAb 806 Antibody Clinical trial Residues 287–302 in domain II Epitope is only transiently exposed as EGFR moves from 
its inactive to its active state81,82, an event that is generally 
restricted to cancer cells. Inhibits EGFR activity, but the exact 
mechanism is unknown

mAb 528 Antibody Experimental Ligand-binding site in domain III Blocks ligand binding and impedes dimerization16

Gefitinib TKI Approved Kinase domain (preferentially binds 
kinase-active conformation)

Inhibits kinase activity by competing reversibly with ATP. Most 
active against kinase domain mutants expressed in NSCLC7,83,84

Erlotinib TKI Approved Kinase domain (preferentially binds 
kinase-active conformation)

Inhibits kinase activity by competing reversibly with ATP. Most 
active against kinase domain mutants expressed in NSCLC7,83,84

PD153035 TKI Experimental Kinase domain Inhibits kinase activity by competing reversibly with ATP85

AG1478 TKI Experimental Kinase domain Inhibits kinase activity by competing reversibly with ATP18

ERBB2

Trastuzumab Antibody Approved Domain IV Suggested modes of action include impeding dimerization, 
increasing endocytic destruction, inhibiting receptor cleavage 
and mediating ADCC activity; the relative contribution of these 
mechanisms in patients is uncertain16,86

Pertuzumab Antibody Approved Dimerization loop Inhibits homodimerization and heterodimerization16. Mediates 
ADCC28

EGFR and ERBB2

Lapatinib TKI Approved Kinase domain (preferentially binds 
kinase-inactive conformation of EGFR)

Inhibits kinase activity of both receptors by competing 
reversibly with ATP87,88

Afatinib TKI Clinical trial Kinase domain Inhibits kinase activity of both receptors by competing 
irreversibly with ATP89,90

ADCC, antibody-dependent cell cytotoxicity; EGFR, epidermal growth factor receptor; mAb, monoclonal antibody; NSCLC, non-small-cell lung cancer; TKI, 
tyrosine kinase inhibitor. *As a class, ERBB TKIs increase the cell-surface expression of their target receptors by decreasing receptor internalization19,24.
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lines harbouring amplified ERBB2 (REF. 24). 
Interestingly, a recent study showed that this 
same combination of inhibitors stimulates 
a subsequent increase in ERBB3 expres-
sion, which helps to restore ERBB2–ERBB3 
heterodimerization, preventing full signal-
ling inhibition even in the presence of two 
inhibitors35.

The enhanced antitumour activity when 
using two ERBB2-targeted antibodies, tras-
tuzumab and pertuzumab, was shown to be 
partly due to a marked reduction in hetero-
dimerization of ERBB2 with both EGFR 
and ERBB3, leading to less phosphory lation 
and less activation of both receptors28. 
This work suggests that dual antibody 
approaches directed towards ERBB2 may 
be more efficient at preventing ERBB cross-
talk than antibody and TKI combinations, 
although additional studies are required to 
confirm this.

EGFR-specific antibody–TKI combina-
tions that alter receptor conformation and 
glycosylation. The early demonstration of 
a synergistic antitumour response using 
the EGFR-targeted antibody mAb 806 
and the EGFR-specific TKI AG1478 also 
showed that AG1478 induced a change in 
the conformation of EGFR, thus stimulat-
ing the formation of an inactive dimer to 
which mAb 806 bound with greater affinity18 
(FIG. 2c). Furthermore, long-term treatment 
with AG1478 altered the glycosylation of 
the cell-surface EGFR in a manner that also 
increased mAb 806 binding19.

Antibody–TKI combinations that increase 
surface receptor expression and ADCC. In 
addition to altering EGFR conformation 
and glycosylation, AG1478 increased the 
cell-surface expression of EGFR in vitro 
by preventing receptor internalization in 
A431 epidermoid carcinoma cells that 
over express the receptor because of an 
amplified EGFR gene19. This increase in 
cell-surface EGFR, and hence increase  
in the cell-surface EGFR-targeted antibody 
mAb 806, may increase ADCC activity, an 
observation that was later confirmed using 
cetuximab in combination with erlotinib 
against lung cancer cells expressing EGFR36. 
Thus, TKIs can increase antibody binding 
to cell-surface EGFR by a range of mecha-
nisms, leading to more efficient receptor 
inhibition and signalling blockade and 
possibly increasing ADCC activity against 
target cells (FIG. 2c,d).

The EGFR and ERBB2 TKI lapatinib 
increases the amount of ERBB2 on the sur-
face of breast cancer cells that overexpress 

Figure 2 | Enhanced antitumour mechanisms mediated by dual EGFR therapy. Dual therapy with 
a tyrosine kinase inhibitor (TKI) and a specific antibody enhances antitumour activity by several mecha-
nisms. Some major mechanisms have been demonstrated, including decreased signal intensity (part a); 
decreased receptor heterodimerization (part b); induction of a conformational change in the receptor 
(part c); and induction of antibody-dependent cell cytotoxicity (ADCC) (part d). Ligand-bound epidermal 
growth factor receptor (EGFR) (part a) homodimerizes and becomes autoactivated, leading to down-
stream signalling through a variety of pathways that can drive cancer growth and survival. Reversible 
EGFR-specific TKIs bind to the ATP pocket of EGFR, substantially reducing signalling. However, these TKIs 
can be replaced by ATP at the binding site, resulting in sustained signalling at low levels. The addition of 
an EGFR-targeted antibody, in combination with the TKI, inhibits such EGFR activation by preventing 
ligand binding and EGFR dimerization. Thus, even if the TKI is replaced by ATP, the receptor remains 
unable to signal. Consequently, this dual inhibition is more effective at preventing EGFR signalling and 
blocks a greater range of pathways than either agent used alone (several representative signalling path-
ways are indicated). This is probably the main mechanism associated with the use of dual therapeutics. 
EGFR and ERBB2 (part b) can heterodimerize, diversifying and increasing signalling compared with that 
from EGFR homodimers. The addition of a TKI specific for either receptor reduces signalling from the 
heterodimer but does not directly prevent dimerization. Adding an EGFR-targeted or ERBB2-targeted 
antibody in combination with the TKI directly reduces heterodimerization and prevents downstream 
signalling. EGFR-specific TKIs (part c) can change the conformation of EGFR (shown as dark yellow ovals), 
increasing the binding of certain EGFR-targeted antibodies and thereby making them more efficient at 
inhibiting the receptor. TKIs directed towards EGFR (part d) cause retention of the receptor on the cell 
surface, resulting in increased levels of cell-surface EGFR-targeted antibody. This higher concentration 
of surface antibody interacts and activates natural killer cells more efficiently, stimulating a stronger 
ADCC response to the cancer cell. Thick black arrows indicate strong signalling, thin grey arrows indicate 
weak signalling, inhibiting arrows indicate no signalling and dashed arrows indicate multiple steps. 
Although the details are different, dual antibody therapy also functions through these mechanisms; how-
ever, the use of two antibodies decreases rather than increases cell-surface expression of the ERBB  
receptors. JAK, Janus kinase; STAT, signal transducer and activator of transcription.
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ERBB2 by preventing receptor internaliza-
tion both in vitro and in a xenograft model 
using BT474 cells. This, in turn, increases 
the number of non-active ERBB2 homo-
dimers and ERBB2–ERBB3 heterodimers24. 
By contrast, trastuzumab activates ERBB2, 
leading to its internalization and degrada-
tion24. Importantly, trastuzumab cannot 
induce ERBB2 internalization when used 
in combination with lapatinib, leading to 
an increase in the amount of antibody on 
the cell surface, in both the in vitro and 
xenograft models. This higher surface den-
sity of trastuzumab leads to a significant 
increase in ADCC24 (FIG. 2d). Given that the 
EGFR-targeted antibody cetuximab and 
the ERBB2-targeted antibody trastuzumab 
both mediate some of their antitumour 
activity through ADCC37,38, these observa-
tions on the combination of antibody and 
TKI are clinically important. Recently, 
two groups have shown independently 
that in genetic mouse models of breast 
cancer driven by Erbb2, murine antibodies 
directed towards ERBB2 mediate part  
of their antitumour activity through  
T-cell-dependent immune responses that 
involve both CD4+ and CD8+ T cells39,40.  
It would be interesting to determine 
whether trastuzumab also stimulates  
T cell responses and whether the lapatinib-
mediated increase in ERBB2 cell-surface 
expression increases this activity.

Dual antibody combinations that decrease 
surface receptor expression and signal-
ling. The most important feature of dual 
antibody therapy is the ability to stimulate 
EGFR internalization and degradation, 
leading to a dramatic loss in cell-surface 
receptor20,41 (FIG. 3). Although this is the 
opposite effect to the result of a combina-
tion of TKI and antibody (which increases 
cell-surface receptor levels), it has the 
same overall effect of blocking receptor 
activation and downstream signalling 
more efficiently than the use of single anti-
bodies. This downregulation of cell-surface 
EGFR was first shown in glioma xeno-
graft models expressing EGFR variant III 
(EGFRvIII)20, which is a ligand-independent 
EGFR mutant expressed in glioma that 
innately has low levels of internaliza-
tion42. Treatment with the EGFR-targeted 
antibodies mAb 528 or mAb 806 alone 
inhibited glioma xenografts expressing 
EGFRvIII, but neither mAb 528 nor mAb 
806 alone caused EGFR downregulation. 
By contrast, treatment with both anti-
bodies synergistically reduced tumour 
growth and stimulated a marked decrease 
in cell-surface EGFRvIII, even in an ortho-
topic xenograft model in which tumours 
were grown in the brain20.

More recently, it was shown that the 
administration of two new antibodies 
with non-overlapping epitopes specific for 

domain III of EGFR (the domain that con-
tains the epitope for cetuximab) removes 
up to 80% of the EGFR molecules from 
the surface of many EGFR-expressing can-
cer cells41. This downregulation of EGFR 
caused a marked reduction in downstream 
signalling and inhibited cell proliferation 
and migration. This combination of anti-
bodies stimulated EGFR internalization 
and degradation, mostly by preventing 
endosomal recycling of EGFR back to 
the cell surface41. Unlike ligand-induced 
downregulation, EGFR was not activated 
by this antibody combination, leading 
to synergistic inhibition of the prolifera-
tion and the migration of cells secreting 
autocrine ligand41. Sym004, which is a 
combination of two new EGFR-targeted 
antibodies that bind non-overlapping 
epitopes on domain III, also efficiently 
causes EGFR downregulation by pro-
moting receptor internalization and 
degradation43.

Clearly, removing substantial amounts 
of EGFR from the cell surface severely 
curtails EGFR signalling. However, the 
published preclinical data suggest that 
removing EGFR from the surface has 
even more important antitumour effects 
than simply the inhibition of signal-
ling. One plausible explanation is that 
this approach also blocks the non-kinase 
functions of EGFR. Functions ascribed 

Figure 3 | Dual antibody therapy increases EGFR degradation. The bind-
ing of ligand to epidermal growth factor receptor (EGFR) (part a) is blocked 
by most EGFR-targeted antibodies (part b). These antibody–EGFR complexes 
are internalized slowly into the cell, where EGFR can be ubiquitylated (Ub) 
and targeted for lysosomal degradation. However, some EGFR molecules 
remain on the cell surface, mediating persistent signalling (part b). Addition 

of a second EGFR-targeted antibody that binds to a non-overlapping epitope 
promotes the crosslinking of EGFR, stimulating increased internalization and 
degradation of the receptor (part c). Consequently, the amount of cell- 
surface EGFR is markedly reduced, causing a further reduction in receptor 
signalling. Thick black arrows indicate strong signalling; thin grey arrows 
indicate weak signalling; and inhibiting arrows indicate no signalling.
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to the non-activated EGFR include pro-
tection against p53-upregulated modu-
lator of apop tosis (PUMA)-mediated 
apoptosis44 and prevention of autophagy 
through maintenance of glucose uptake45. 
Furthermore, EGFR downregulation, but 
not kinase inhibition, has been shown to 
sensitize prostate cancer cells to chemo-
therapy46. Therefore, the downregulation 
of EGFR that is mediated by dual antibody 
therapy probably invokes additional anti-
tumour activities that are not associated 
with kinase inhibition alone.

Intuitively, it would be expected that the 
receptor downregulation that is induced by 
dual antibody therapy would lead to fewer 
antibody molecules on the cell surface 
overall and, therefore, to reduced ADCC. 
However, although the combination of 
trastuzumab and pertuzumab reduced the 
amount of cell-surface ERBB2 on gastric 
cancer cells, this combination still resulted 
in increased in vitro ADCC activity28. This 
finding suggests that the binding of two 
antibodies per target receptor may be more 
important for inducing ADCC activity than 
the total amount of antibody on the cell sur-
face, as it leads to more efficient activation of 
natural killer cells. Additional studies with 
two EGFR-targeted antibodies are needed to 
determine whether this observation is more 
generally applicable.

Overcoming drug-resistant receptor muta-
tions. EGFR should be an attractive target 
in glioma — a particularly lethal form of 
brain cancer — as it is frequently over-
expressed or mutated (particularly in the 
extracellular domain)47,48. However, strong 
clinical responses to gefitinib and erlotinib 
are rare in high-grade glioma47. In the case 
of gefitinib at least, this is not due to its 
inability to cross the blood–brain barrier49. 
The EGFRvIII extracellular-domain mutant 
of EGFR is expressed in 30% of high-grade 
gliomas50. This form of EGFR is resistant 
to some EGFR-targeted therapeutics, such 
as gefitinib, when they are used as single 
agents51. As discussed above, the combina-
tion of two EGFR-targeted antibodies has 
been shown to synergistically inhibit the 
growth of glioma xenografts20 through  
the removal of EGFRvIII from the cell sur-
face by an unknown mechanism. This study 
indicated that dual targeting may have a role 
in overcoming the innate resistance that is 
mediated by the mutation of EGFR.

Extracellular domain EGFR mutations 
in glioma are autoactivating and oncogenic, 
whereas most EGFR molecules are in the 
kinase-inactive conformation; however, 
erlotinib and gefitinib preferentially bind to 
the active conformation48. Lapatinib, which 
has been shown to preferentially bind to the 
inactive conformation of EGFR, was found to 

be more effective than erlotinib at inhibiting 
the growth of glioma cells through an EGFR-
dependent mechanism48. Unfortunately, lapa-
tinib does not cross the blood–brain barrier 
at sufficient levels to inhibit glioma growth48. 
Although the strategy has not been tested, 
these observations suggest that using dual 
TKIs, one specific for the active conforma-
tion of EGFR and the other for the inactive 
conformation, may also enhance antitumour 
activity, particularly if gefitinib can lower  
the dose of lapatinib that is required for the  
effective inhibition of growth.

Lung cancers also frequently express 
mutant EGFR; however, in contrast to 
gliomas, these cancers have various EGFR 
kinase domain mutations that render them 
sensitive to EGFR TKIs. Nevertheless, resist-
ance invariably develops following treatment 
with an EGFR TKI, often as a result of sec-
ondary mutations within the kinase domain 
that alter the binding of the TKI52. The most 
common of these secondary mutations is 
T790M, which causes resistance to both gefi-
tinib and erlotinib52. Using both genetic and 
xenograft lung cancer models, it has been 
shown that T790M-containing tumours 
were relatively resistant to both cetuximab 
and afatinib as single agents30. However, the 
combination of both agents caused signifi-
cant tumour shrinkage, indicating that dual 
targeting is a possible strategy for overcoming 
acquired resistance30 (FIG. 4).

Localization of receptors to organelles. Dual 
combination therapy may enhance anti-
tumour activity by additional mechanisms 
that have not yet been studied. Following acti-
vation, EGFR can traffic to the nucleus, where 
it can function as a transcriptional co-activator 
for several oncogenes and can promote the 
replication and repair of DNA53. Importantly, 
increased levels of nuclear EGFR have been 
associated with resistance to both cetuximab54 
and gefitinib55. Similarly, EGFR and EGFRvIII 
have been shown to translocate to the mito-
chondria in the presence of activated SRC56,57. 
Mitochondrial EGFR and EGFRvIII can con-
tribute to chemoresistance and have a role in 
regulating glucose metabolism in cancer cells. 
Combination EGFR therapy may prevent 
nuclear and/or mitochondrial localization of 
EGFR, thus enhancing the antitumour  
activity of dual targeting.

Clinical trials
Combination of an antibody and a TKI. 
Initial studies of dual EGFR targeting 
involved the combination of cetuximab 
with gefitinib (TABLE 2). A Phase I study 
in patients with NSCLC refractory to 

Figure 4 | Dual EGFR therapy overcomes TKI resistance. The usual response to ligand binding of 
epidermal growth factor receptor (EGFR) (part a) is increased in patients with lung cancer who have 
point mutations in the kinase domain (for example, L858R). Such mutations produce receptors that 
are autoactive (shown in dark yellow) (part b). Lung cancers expressing these mutated EGFRs are 
addicted to the EGFR pathway and respond to treatment with EGFR-specific tyrosine kinase inhibitors 
(TKIs) (part c). Invariably, however, patients develop resistance to EGFR TKI therapy, and the lung can-
cer begins to regrow. A major mechanism of resistance is the selection of cells expressing EGFR with 
a secondary point mutation of the kinase domain (for example, T790M; shown in blue), which 
decreases the binding of the TKI, leading to reactivation of EGFR signalling (part d). Although EGFR-
targeted antibodies also have only modest antitumour activity against EGFR with double mutations, 
the combination of a TKI and an antibody markedly inhibits tumour growth (part e). The mechanism 
associated with this increased antitumour activity has not yet been elucidated. Thick black arrows 
indicate stronger signalling than thin black arrows.
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platinum-based chemotherapy established 
the safety of the combination of cetuximab 
(250 mg m–2 per week) and gefitinib (250 mg 
per day). Although no tumour responses 
were observed, four of the patients had sta-
ble disease58. Another study reported safety 
and efficacy data for this combination from 
a Phase I study in patients with colorectal 
cancer (CRC), head and neck cancer or 
NSCLC59. The combination was generally 
tolerable at full-dose cetuximab (250 mg m–2 
per week) and gefitinib at 500 mg per day. In 
addition, preliminary efficacy data demon-
strated promising efficacy in patients with 
CRC, with an overall response rate of 56%.

Similarly designed studies have exam-
ined the combination of cetuximab and 
erlotinib as an alternative TKI. A Phase I 
study, involving a range of tumours but 

predominantly NSCLC, showed that cetuxi-
mab (250 mg m–2 per week) combined with 
erlotinib (150 mg per day) was tolerable60. 
A modest response rate of 8% was observed 
in patients with NSCLC. A Phase Ib–
Phase II study evaluated the activity and 
safety of the combination of cetuximab 
(500 mg m–2 every second week) and erlo-
tinib (100 mg per day) in patients with 
EGFR-mutant lung adenocarcinoma with 
acquired resistance to erlotinib therapy61. 
The combination treatment was tolerable 
at these doses; however, no marked clinical 
activity was observed. In contrast to these 
data, a similarly designed study in patients 
with acquired resistance to EGFR TKIs 
tested the combination of cetuximab with 
the irreversible EGFR TKI afatinib (40 mg 
per day)62. An encouraging response rate 

of 36% was observed, with an acceptable 
safety profile. Additional data using this 
combination are being generated.

The Phase II DUX study evaluated the 
combination of cetuximab (250 mg m–2 per 
week) and erlotinib (100 mg per day) in  
50 patients with chemotherapy-refractory 
CRC29. Treatment was tolerable at these 
doses, although higher rates of EGFR-
related toxicities such as skin rashes and 
low blood magnesium levels were seen 
than for either agent alone. The overall 
response rate was 31%, but no responses 
were observed in patients with mutant 
KRAS, which was consistent with the known 
effects of this mutation as a biomarker of 
resistance to cetuximab monotherapy. In 
patients with wild-type KRAS tumours, 
the observed response rate was 41%, with 

Table 2 | Clinical trials of antibody and TKI combinations

Therapeutic 
candidates*

Trial 
number‡

ERBB 
target

Dose Phase Cancer type Outcome Refs

Cetuximab 
and gefitinib

NCT00162318 EGFR 100–250 mg m–2 cetuximab 
weekly (escalating dose); 
250 mg gefitinib daily

I NSCLC (refractory to 
chemotherapy)

MTD established 58

NCT00820417 EGFR 200–250 mg m–2 cetuximab 
weekly; 100–500 mg gefitinib 
daily (escalating dose)

I CRC, head and neck 
cancer, and NSCLC

MTD established; 
responses observed in 
CRC

59

Cetuximab 
and erlotinib

NCT00408499 EGFR 150–250 mg m–2 cetuximab 
weekly; 100–150 mg erlotinib 
daily (escalating dose)

I Various, mainly NSCLC MTD established 60

NCT00716456 EGFR 500 mg m–2 cetuximab 
fortnightly; 100 mg erlotinib 
daily

Ib/II Lung adenocarcinoma 
(acquired resistance to 
erlotinib therapy)

Safety established; no 
responses observed

61

NCT00784667 
(DUX)

EGFR 250 mg m–2 cetuximab weekly; 
100 mg erlotinib daily

II CRC (refractory to 
chemotherapy)

41% response rate in 
patients with wild-type 
KRAS tumours

29

Cetuximab 
and afatinib

NCT01090011 EGFR 
and 
ERBB2

500 mg m–2 cetuximab 
fortnightly; 40 mg afatinib daily

Ib/II NSCLC (acquired 
resistance to erlotinib 
therapy)

MTD established; 36% 
response rate

62

Cetuximab 
and lapatinib

NCT01184482 EGFR 
and 
ERBB2

250 mg m–2 cetuximab weekly; 
750–1,250 mg lapatinib 
(escalating dose) daily

I Various solid tumours MTD not yet reached 65

Panitumumab 
and erlotinib 
plus 
gemcitabine

NCT00550836 EGFR 4 mg kg–1 panitumumab 
fortnightly; 100 mg 
erlotinib daily; 1,000 mg m–2 
gemcitabine weekly

II, 
randomized

Pancreatic cancer No improvement in PFS 
in combination group

66

Trastuzumab 
and lapatinib

NCT00320385 ERBB2 2 mg kg–1 trastuzumab weekly; 
1,000 mg lapatinib daily

III, 
randomized

Trastuzumab-refractory, 
ERBB2-positive 
metastatic breast 
cancer

Improved PFS and 
overall survival

67

Trastuzumab 
and lapatinib 
plus 
paclitaxel

NCT00553358 ERBB2 2 mg kg–1 trastuzumab weekly; 
1,000 mg lapatinib daily 
(biological therapy alone for 
6 weeks, then addition of 
80 mg m–2 paclitaxel weekly for 
12 weeks)

III, 
randomized

ERBB2-positive 
early breast cancer 
(neoadjuvant setting)

51% pathological 
complete response  
rate for combination 
group; superior to 
monotherapy with 
antibody or TKI (plus 
paclitaxel)

68

CRC, colorectal cancer; EGFR, epidermal growth factor receptor; MTD, maximum tolerated dose; NSCLC, non-small-cell lung cancer; PFS, progression-free 
survival; TKI, tyrosine kinase inhibitor. *The antibody is the first listed candidate, and the TKI is the second. Chemotherapeutic agents (paclitaxel and gemcitabine) 
are included in some trials. ‡ClinicalTrials.gov trial number. 
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median progression-free survival (PFS) 
and overall survival times of 5.6 months 
and 12.9 months, respectively. These results 
seem promising compared with those for 
cetuximab monotherapy (response rate of 
13%; median PFS of 3.7 months; and median 
overall survival of 9.5 months)63. Further 
evaluation of this combination in advanced 
CRC is warranted. Interestingly, these results 
using cetuximab in combination with a 
reversible EGFR TKI in CRC seem more 
encouraging than for their use in NSCLC.

It has been proposed that some of the 
efficacy in the DUX study may be related to 
inhibition of other ERBB family members, 
such as ERBB2, as erlotinib has been shown 
to have inhibitory effects on this receptor64. 
A similar strategy for CRC involves the 
combination of the TKI lapatinib, which 
targets both EGFR and ERBB2, with cetuxi-
mab. This combination has been tested in a 
Phase I study with escalating doses of  
lapatinib combined with a standard dose  
of cetuximab65. To date, the maximum  
tolerated dose has not been established.

EGFR inhibitors such as erlotinib have 
shown limited benefit for advanced pancre-
atic cancer. A randomized Phase II study 
compared the combination of the EGFR-
specific antibody panitumumab (4 mg kg–1 
every second week), erlotinib (100 mg per 
day) and the chemotherapeutic gemcitabine 
(1,000 mg m–2 per week) (a triple combi-
nation called PEG) with the combination 
of gemcitabine plus erlotinib66. The study 
included a lead-in phase to confirm the 
safety of the triple combination treatment. 
This study reported a trend towards an over-
all survival benefit for the PEG combina-
tion, but these results should be interpreted 
with caution, as there was no PFS difference 
between the study groups. Hence, further 
randomized studies are required.

Arguably, the strongest data supporting 
dual targeting of ERBB family members 
have been observed in breast cancer. A 
Phase III study of lapatinib and trastuzumab 
showed superior PFS and overall survival 
compared with lapatinib in patients with 
advanced ERBB2-positive cancer who had 
progressed after having previously been 
treated with trastuzumab67. The benefit 
in overall survival was observed despite 
considerable crossover of patients from 
the lapatinib monotherapy group, which 
would be expected to lessen the differential 
efficacy between the two groups. Similar 
superior efficacy results were also observed 
in a Phase III study in the neoadjuvant set-
ting (in which patients receive this combi-
nation before surgery). The combination of 

trastuzumab, lapatinib and the chemothera-
peutic paclitaxel achieved better pathologi-
cal complete response rates than lapatinib 
or trastuzumab plus chemo therapy68. This 
combination is also being evaluated in the 
adjuvant setting (in which patients receive 
this combination after surgery).

In summary of the above clinical trials in 
different tumour types, the combination of 
cetuximab and reversible EGFR TKIs does 
not seem to be particularly active against 
NSCLC. An initial trial with cetuximab and 
an irreversible TKI displayed encourag-
ing activity, consistent with preclinical data 
using an irreversible TKI62. Dual therapy 
with cetuximab and erlotinib in CRC showed 
promising clinical activity29, but a randomized 
trial is needed to confirm this. Overall, these 
early clinical trials suggest that dual EGFR 
therapy has increased clinical benefit over 
monotherapy, but the best combination needs 
to be determined for each tumour type. Dual 
therapy with trastuzumab and lapatinib, 
however, shows significant clinical benefit for 
ERBB2-positive breast cancer67.

Combination of two or more antibodies. 
Recently, clinical testing has begun on two 
EGFR-targeted antibody mixtures (TABLE 3). 
The first was the Sym004 antibody mixture, 
which is currently undergoing Phase I/II 
clinical evaluation in patients with  
KRAS-wild-type refractory or recurrent 
advanced metastatic CRC who have pro-
gressed following EGFR-targeted therapy. 
Preliminary data from the Phase I component 
of the trial showed that Sym004 was tolerated 
well in doses up to 12 mg kg–1 with no unex-
pected toxicities, and preliminary signs of 
clinical activity were observed69. Final results 
from the Phase I/II study are expected before 
the end of 2013. An open-label Phase II study 
of Sym004 in patients with squamous cell 
carcinoma of the head and neck who failed 
prior EGFR-targeted therapy is also ongoing. 
The second EGFR-targeted antibody mixture, 
MM-151, entered a Phase I trial in early 2013 
and consists of three antibodies that target 
non-overlapping epitopes on EGFR. Thus, 
the efficacy of targeting EGFR with multiple 
antibodies against non-overlapping epitopes 
has yet to be determined.

Trastuzumab was initially approved 
in 1998 for the treatment of women with 
ERBB2-positive breast cancers, either as a 
first-line therapy in combination with pacli-
taxel chemotherapy or as a single agent for 
those who have received one or more chemo-
therapy regimens70. Trastuzumab has since 
also been approved for adjuvant treatment of 
ERBB2-overexpressing breast cancer, as well 

as for the treatment of ERBB2-positive meta-
static gastric cancers71,72. Pertuzumab binds 
an epitope on ERBB2 that does not overlap 
with the binding epitope of trastuzumab and, 
as such, has a mode of action that is comple-
mentary to that of trastuzumab. In a Phase II 
trial, single-agent pertuzumab had limited 
activity in patients with ERBB2-negative 
breast cancer. As highlighted above, the com-
bination of trastuzumab and pertuzumab 
has enhanced preclinical activity in breast 
and gastric cancer models. Subsequently, the 
combination was first evaluated in a Phase II 
clinical trial in patients with advanced 
ERBB2-positive breast cancer in whom 
disease progression had occurred during 
prior trastuzumab-based therapy. The com-
bination of trastuzumab and pertuzumab 
was well tolerated and showed encourag-
ing results, with an overall response rate of 
24.2% and a median PFS of 5.5 months73. 
The encouraging Phase II results prompted 
a series of clinical trials looking at the activ-
ity of the combination in both the metastatic 
and adjuvant settings.

The CLEOPATRA study investigated 
the activity of combined trastuzumab and 
docetaxel chemotherapy with or without 
pertuzumab in a Phase III randomized study 
in patients with ERBB2-positive metastatic 
breast cancer74. The median PFS was sig-
nificantly longer in the pertuzumab group 
(18.5 months) than in the control group 
(12.4 months). Although the survival data 
are not yet complete, the interim analysis 
of overall survival showed a strong trend 
in favour of the group treated with trastu-
zumab in combination with pertuzumab. 
Importantly, the safety profile was generally 
similar in both groups, with no increase in 
left ventricular systolic dysfunction (the 
most serious side effect seen with trastu-
zumab and docetaxel) in the antibody com-
bination group. Based on the CLEOPATRA 
study, in June 2012 the US Food and 
Drug Administration approved the use of 
pertuzumab in combination with trastu-
zumab and docetaxel for the treatment of 
ERBB2-positive metastatic breast cancer.

Another study for which results have 
been published is the NEOSPHERE trial. 
NEOSPHERE investigated the combination 
of pertuzumab and trastuzumab with or with-
out docetaxel in women with ERBB2-positive 
breast cancer in the neoadjuvant setting75. 
Results showed that patients receiving per-
tuzumab, trastuzumab and docetaxel had a 
significantly improved pathological complete 
response rate (46%) compared with patients 
given trastuzumab plus docetaxel (29%). The 
combination of trastuzumab and pertuzumab 
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without chemotherapy eradicated tumours 
in 17% of patients and showed a favourable 
safety profile.

Overall, the initial results from clinical 
trials investigating the activity of combin-
ing two antibodies against ERBB2 are very 
encouraging and confirm preclinical results, 
suggesting that targeting this receptor with 
non-overlapping antibodies leads to superior 
target inhibition. Importantly, the combi-
nation seems to be well tolerated, with no 
increase in cardiac toxicity. If the clinical 
results with the ERBB2-targeted antibody 
combination are also seen in the current 
EGFR clinical trials, this may have a consid-
erable effect on the future development of 
antibody therapy.

Conclusions and future directions
The preclinical rationale for using two 
inhibitors of the same receptor, either an 

antibody and a TKI or two antibodies, has 
been successfully translated to the clinic for 
ERBB2-positive breast cancer, and the com-
bination of pertuzumab, trastuzumab and 
docetaxel is now approved. Dual therapy 
using a specific antibody in combination 
with TKIs against EGFR-positive tumours 
has generated results that are more ambigu-
ous. However, several encouraging clinical 
trials suggest that certain combinations 
have enhanced activity in particular types 
of cancer; confirmation of these findings 
awaits additional randomized trials. Clinical 
data from trials of dual EGFR-targeted 
antibodies are eagerly awaited, given the 
overwhelming preclinical data that sup-
port this approach. Until recently, there has 
been no driving hypothesis for using two 
TKIs in combination. However, recent data 
on glioma48 suggest that using TKIs against 
both the open and the closed conformations 

of the EGFR kinase domain might have 
broader antitumour activity than single-
agent TKIs.

Many of the preclinical studies using 
two EGFR inhibitors in combination were 
published before the effect of EGFR muta-
tions on the therapeutic response was 
well described, particularly for NSCLC. 
Therefore, our knowledge of the influence 
of EGFR genotype on the effectiveness of 
these combinations has not been extensively 
examined and needs further investigation. 
Likewise, the influence of KRAS mutational 
status has not been effectively explored in 
preclinical models, although the combina-
tion of cetuximab and erlotinib failed to pro-
duce a clinical response in any patients with 
KRAS-mutant colon cancer29.

The most obvious difference between 
dual therapy with a TKI and an antibody 
versus a combination of antibodies is that 

Table 3 | Clinical trials of antibody combinations

Therapeutic 
candidates

Trial 
number*

ERBB 
target

Dose Phase Cancer type Outcome Refs

Sym004 
(mixture 
of two 
monoclonal 
antibodies: 
mAb 992 and 
mAb 1024)

NCT01117428 EGFR Up to 12 mg kg–1 total 
dose weekly

I Advanced solid 
malignancies

Well tolerated with no 
unexpected toxicities; 
preliminary signs of clinical 
activity

69

•	9 or 12 mg kg–1 total 
dose weekly

•	12 or 18 mg kg–1 total 
dose fortnightly

II Advanced metastatic 
CRC (wild-type KRAS, 
refractory or recurrent, 
progression with prior 
anti-EGFR-based therapy)

Pending: trial ongoing None

NCT01417936 EGFR 12 mg kg–1 total dose 
weekly

II Squamous cell 
carcinoma of the head 
and neck (failed prior 
anti-EGFR-based therapy)

Pending: trial ongoing None

MM-151 
(mixture 
of three 
monoclonal 
antibodies)

NCT01520389 EGFR Up to 18 mg kg–1 total 
dose weekly, fortnightly 
or every third week

I Advanced solid 
malignancies

Pending: trial ongoing None

Trastuzumab 
and 
pertuzumab

NCT00301889 ERBB2 2 mg kg–1 trastuzumab 
weekly or 6 mg kg–1 
trastuzumab every 
third week plus 420 mg 
pertuzumab every third 
week

II Advanced ERBB2- 
positive breast cancer 
(progression with prior 
trastuzumab-based 
therapy)

Combination was active 
and well tolerated

73

Trastuzumab 
and 
pertuzumab 
plus 
docetaxel

NCT00567190 
(CLEOPATRA)

ERBB2 6 mg kg–1 
trastuzumab plus 420 mg 
pertuzumab every third 
week

III, 
randomized

Metastatic 
ERBB2-positive breast 
cancer

Triple combination 
significantly prolonged 
PFS compared with 
trastuzumab plus 
docetaxel, with no increase 
in cardiotoxic effects

74

Trastuzumab 
and 
pertuzumab 
with or 
without 
docetaxel

NCT00545688 
(NEOSPHERE)

ERBB2 6 mg kg–1 
trastuzumab plus 420 mg 
pertuzumab every third 
week

II ERBB2-positive breast 
cancer (neoadjuvant 
setting)

Triple combination 
significantly improved 
pathological complete 
response rate compared 
with trastuzumab plus 
docetaxel, without 
substantial differences in 
tolerability

75

 CRC, colorectal cancer; EGFR, epidermal growth factor receptor; PFS, progression-free survival. *ClinicalTrials.gov trial number.
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TKI dual therapy increases the amount of 
cell-surface EGFR but that antibody com-
bination therapy dramatically reduces it. 
Somewhat paradoxically, both strategies 
seem to enhance ADCC activity, albeit 
by different mechanisms; therefore, it is 
unlikely that either approach would have 
an advantage in this regard. One clear dif-
ference between the two approaches is that 
only the antibody combinations have the 
potential to inhibit the non-kinase activities 
of EGFR, as these combinations remove the 
receptor from the cell surface. Given that 
studies on the importance of non-kinase 
functions of EGFR in cancer remain in their 
infancy, the relevance of this with respect 
to a possible advantage for dual antibody 
therapy remains unknown. However, if 
further studies indicate that the non-kinase 
functions of EGFR are important, then 
dual antibody approaches may be a more 
effective clinical strategy than a TKI and an 
antibody. More generally, whether either 
approach is more effective for different types 
of cancer can be determined only by ongoing 
clinical trials.

There is considerable scope for further 
advances based on this large body of work in 
relation to dual inhibition, which has moved 
from discovery to clinical practice in less than 
a decade. One area of particularly intense 
research is the development of novel anti-
body constructs that can bind multiple sites 
on EGFR. For example, a novel tri-epitopic 
antibody fusion that combines three dif-
ferent EGFR epitopes in one molecule has 
been shown to inhibit cetuximab-resistant 
KRAS-mutant tumours in colon cancer 
xenograft models76. Another antibody of 
considerable interest is MEHD7945A, which 
is a conventional antibody that can bind both 
EGFR and ERBB3 simultaneously77. This 
antibody can inhibit both EGFR and ERBB3 
signalling and has broader antitumour activ-
ity against a range of tumours than single 
agents specific for either receptor. Given the 
recent observation that ERBB3 might have 
low levels of kinase activity5, ERBB3 may 
cause de novo resistance to EGFR and/or 
ERBB2 inhibitors, thus its direct inhibition 
might enhance the activity of these inhibi-
tors. More generally, targeting strategies that 
minimize heterodimerization and crosstalk 
between ERBB family members should be the 
focus of additional development strategies, 
as the success of the pertuzumab and trastu-
zumab combination shows that preventing 
these activities improves clinical outcomes.

Overall, these studies demonstrate that 
the best inhibition of tumour growth is 
obtained by minimizing signalling from 

the targeted receptor. Clearly, single agents 
are not sufficient to completely block the 
signalling of ERBB family members or the 
crosstalk between them. The lessons learned 
from this group of receptors should also 
apply to other RTKs that are activated in 
cancer. Indeed, preclinical data have vali-
dated this approach in several RTK systems, 
including the combination of two antibod-
ies that inhibit insulin-like growth factor 1 
receptor78. The strategy of dual inhibition 
should continue to find additional clinical 
uses, leading to improvements in patient 
outcomes.
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