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Abstract

To date, more than 30 antibodies have been approved 
worldwide for therapeutic use. While the monoclonal 
antibody market is rapidly growing, the clinical use of 
therapeutic antibodies is mostly limited to treatment of 
cancers and immunological disorders. Moreover, anti-
bodies against only five targets (TNF-α, HER2, CD20, 
EGFR, and VEGF) account for more than 80 percent of 
the worldwide market of therapeutic antibodies. The 
shortage of novel, clinically proven targets has re-
sulted in the development of many distinct therapeutic 
antibodies against a small number of proven targets, 
based on the premise that different antibody mole-
cules against the same target antigen have distinct bio-
logical and clinical effects from one another. For exam-

ple, four antibodies against TNF-α have been approved 
by the FDA -- infliximab, adalimumab, golimumab, and 
certolizumab pegol -- with many more in clinical and 
preclinical development. The situation is similar for 
HER2, CD20, EGFR, and VEGF, each having one or 
more approved antibodies and many more under 
development. This review discusses the different bind-
ing characteristics, mechanisms of action, and bio-
logical and clinical activities of multiple monoclonal 
antibodies against TNF-α, HER-2, CD20, and EGFR and 
provides insights into the development of therapeutic 
antibodies.
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Introduction

The therapeutic potential of monoclonal antibodies 
had been well recognized by the pharmaceutical 
industry, and just one decade after the develop-
ment of hybridoma technology by Milstein and 
Köhler (Köhler and Milstein, 1975), the first ther-
apeutic monoclonal antibody (muromonab, Orthoclone 
OKT3) was approved for clinical use in 1986. 
Subsequent technological advances such as chi-
merization/humanization of murine antibodies, 
transgenic mice, and antibody phage display 
(Clark, 2000) have enabled the discovery, en-
gineering, and development of monoclonal anti-
bodies with high efficacy and low side effects, es-
pecially in terms of immunogenicity. Recent ad-
vancements in this area include antibody-drug con-
jugates (ADCs) (Carter and Senter, 2008), bispe-
cific antibodies (Müller and Kontermann, 2010), 
and Fc engineering for longer half-life and greater 
effector functions (Kaneko and Niwa, 2011). Using 
currently available technological platforms, it is 
now possible to produce highly functional anti-
bodies against virtually any antigen or epitope. 
However, until recently, the number of clinically 
successful target antigens to which these tech-
nologies can be applied was surprisingly small. As 
a result, only a handful of therapeutically relevant 
antigens, including cell-surface proteins HER2, 
CD20 and EGFR, and soluble ligands TNF-α and 
VEGF, have been targeted by multiple antibodies, 
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Figure 1. Mechanisms of action for 
therapeutic antibodies. Antibodies 
against soluble ligands, such as an-
ti-TNF-α antibodies infliximab, adali-
mumab, golimumab and certolizu-
mab pegol, interfere with ligand-re-
ceptor interaction (A). Anti-EGFR 
antibodies cetuximab, panitumumab 
and nimotuzumab inhibit ligand 
binding to the receptor (A) and thus 
stabilize the inactive conformation of 
EGFR (B). HER2 is in a con-
stitutively active conformation, and 
anti-HER2 antibodies trastuzumab 
and pertuzumab block homo- and 
heterodimerization of HER2 with 
ErbB recetors (C). For antibodies 
targeting CD20, which does not 
have a known ligand and probably is 
not a receptor, the major mecha-
nisms of action is Fc-mediated ef-
fector functions (D). Most of other 
antibodies, especially of IgG1 sub-
type, that bind a cell surface antigen 
can also mediate ADCC/CDC for ef-
fective cell killing. See text for vari-
ous other possible mechanisms not 
shown in this figure, such as re-
ceptor internalization and sensitiza-
tion of the target cells.

with great clinical and commercial success. While 
these antibodies target the same antigen, their bio-
logical and clinical characteristics, as well as their 
modes of action in many cases, differ widely from 
one another, hence justifying attempts to develop 
new candidate antibodies against antigens that 
have already been targeted by other approved an-
tibody drugs. Detailed comparisons of antibodies 
that target the same antigen (TNF-α, HER2, EGFR 
or CD20) are given in this review, with emphases 
on their biochemical/biophysical properties and 
mechanisms of action (Figure 1).

TNF-α

TNF-α is the single most successful antibody tar-
get molecule, worth more than 15 billion USD in 
combined worldwide sales in 2010 alone. There 
are three anti-TNF-α IgG1 antibodies (infliximab/ 
Rem icade, adalimumab/Humira, and golimu-
mab/Simponi), one pegylated antibody fragment 
(certolizumab pegol/Cimzia), and an antibody-like 
Fc-fusion protein (etanercept/Enbrel) approved for 
the treatment of various autoimmune disorders. 
The approved indications for these molecules in-
clude rheumatoid arthritis, psoriasis, psoriatic ar-
thritis, Crohn’s disease, ulcerative colitis, and anky-

losing spondylitis (Williams et al., 2007). TNF-α is 
expressed as a homotrimeric transmembrane pro-
tein on activated macrophages and T lymphocytes. 
Proteolytic cleavage of the extracellular domain re-
leases soluble trimeric TNF-α, and both mem-
branous and soluble TNFs are able to bind TNF re-
ceptors (TNFR1 and TNFR2). Upon binding to 
TNFR, TNF-α mediates apoptosis and in-
flammation and regulates immune functions by ac-
tivating NF-κB, the MAPK pathways, and death 
signaling. As a master pro-inflammatory cytokine, 
TNF-α plays a protective role against infection and 
injury in normal immune responses; however, 
chronically elevated levels of TNF-α have also 
been associated with the pathogenesis of many 
autoimmune and inflammatory diseases (Feldmann 
et al., 1996; Ritchlin et al., 1998). While there are 
many TNF-α antagonistic antibodies, their modes 
of action are basically the same, i.e., inhibition of 
the TNF-TNFR interaction. The efficacies of these 
agents, therefore, are mostly determined by factors 
other than their modes of action, such as affinity, 
immunogenicity, tissue penetration, and serum 
half-life. While there is no head-to-head, direct 
comparison clinical study featuring anti-TNF-α 
agents, several meta-analyses have suggested 
that their efficacies for rheumatoid arthritis are sim-
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ilar to one another (Alonso-Ruiz et al., 2008; 
Kristensen et al., 2007; Launois et al., 2011). 
    It is difficult to directly compare the immunogenicity 
data of different antibodies from different studies 
since the patient groups, assays used, and criteria 
for determining immunogenicity vary among the 
studies (Emi Aikawa et al., 2010). Given this limi-
tation in interpreting the immunogenicity data, it is 
generally accepted that infliximab, a mouse-human 
chimeric antibody with human constant regions 
(~75% of the immunoglobulin sequence) and 
mouse variable regions (~25% of the sequence), is 
more immunogenic than humanized or human anti-
body agents such as adalimumab, golimumab, and 
certolizumab pegol (Yoon et al., 2010). The in-
cidence of human anti-chimeric antibody (HACA) 
reaction by infliximab ranges from 3% to 53% de-
pending on the dosage and drug combination, 
which correlates with a reduced duration of re-
sponse to treatment (Maini et al., 1998). Fully hu-
man anti-TNF-α antibodies, adalimumab and goli-
mumab, show markedly lower immunogenicity pro-
files, with a 5-12% HAHA (human anti-human anti-
body) response for adalimumab (Abbott, 2002) and 
4% for golimumab (Centocor, 2009). Similarly, 8% 
of patients developed immunogenicity upon treat-
ment with certolizumab pegol, a humanized anti-
body (Rivkin, 2009; UCB, 2008).
    The affinity of these antibodies is in the picomo-
lar range, although some variations exist in the re-
ported values depending on the assay format; Kd 
values of these antibodies against soluble TNF-α 
are 127 pM, 44 pM, 18 pM, and 90 pM for adalimu-
mab, infliximab, golimumab (Shealy et al., 2010), 
and certolizumab pegol (UCB, 2008), respectively. 
While the affinities of these antibodies are similar, 
there are some differences in their antigen-binding 
profiles (Kim et al., 2007; Kohno et al., 2007). 
Infliximab binds trimeric soluble TNF-α at a 2:1 ra-
tio in vitro, with a complex of six antibody mole-
cules and three trimeric TNF-α being the dominant 
species. Adalimumab also is known to form high 
molecular weight complexes with the trimeric antigen. 
It is likely that golimumab also has a similar binding 
stoichiometry, as these IgG1 molecules are bivalent. 
As a result, various combinations of antibody: tri-
meric antigen interactions are possible. On the oth-
er hand, certolizumab pegol is a monovalent, pegy-
lated Fab' and thus does not cross-link antigens to 
form large supramolecular complexes. Together 
with its lack of Fc-mediated effector function, this 
binding characteristic of certolizumab pegol may 
explain some of its distinct biological effects such 
as better tissue penetration, lack of ADCC and 
CDC, and reduced neutrophil degranulation and 
superoxide production (Nesbitt et al., 2007; Cassinotti 

et al., 2008; Palframan et al., 2009; Launois et al., 
2011).

HER2

HER2 overexpression is found in ~30% of human 
breast cancers and is associated with poor disease 
prognosis (Hudis, 2007). Two therapeutic anti-
bodies targeting HER2 are discussed below: tras-
tuzumab (Herceptin) and pertuzumab (Omnitarg). 
Unlike TNF-α inhibitors, which function via the es-
sentially same mechanism, these two antibodies 
bind to distinct epitopes on HER2 and have differ-
ent mechanisms of action. Receptor tyrosine kin-
ases (RTKs) such as HER2 and EGFR have a rel-
atively large extracellular domain (ECD) consisting 
of multiple sub-domains, and they undergo multi-
step activation processes that include ligand binding, 
conformational changes, and homo/heterodim eriza-
tion (Schmitz and Ferguson, 2009). Antibody bind-
ing to different parts of RTKs can thus affect re-
ceptor function and signaling in different ways. 
    Despite being one of the most successful mono-
clonal antibody therapies, the mechanism of action 
for trastuzumab has not yet been fully elucidated. 
Trastuzumab is a humanized IgG1 antibody that 
binds HER2 with a Kd of ~5 nM (Genentech, 2002), 
which is considered moderate compared to many 
other therapeutic antibodies with a sub-nanomolar 
Kd. Indeed, it has been reported that anti-HER2 an-
tibodies with moderate affinity are characterized by 
greater tumor accumulation and tissue penetration, 
whereas high-affinity antibodies tend to localize in 
the perivascular region of a tumor and do not pen-
etrate well into the tumor interior (Rudnick et al., 
2011). This is also in contrast with antibodies tar-
geting soluble ligands, such as anti-TNF-α agents, 
which typically have sub-nanomolar affinity and 
can bind and neutralize ligands at low serum 
concentration. While it is known that trastuzumab 
binds to domain IV of HER2-ECD, the exact molec-
ular consequence of trastuzumab binding to HER2 
is still under debate. Recent studies reported that 
trastuzumab inhibited HER2 homodimer-mediated 
cell growth (Ghosh et al., 2011) as well as li-
gand-independent HER2-HER3 heterodimerization 
(Junttila et al., 2009). Antibody-dependent cellular 
cytotoxicity (ADCC) is thought to mediate the ef-
fects of trastuzumab (Lewis et al., 1993; Cooley et 
al., 1999; Clynes et al., 2000; Gennari et al., 2004; 
Arnould et al., 2006; Barok et al., 2007; Valabrega 
et al., 2007). However, the relative importance of 
ADCC in trastuzumab action is debatable since 
~70% of patients with HER2 overexpressing meta-
static breast cancer did not respond to trastuzu-
mab monotherapy (Vogel et al., 2002). Interpreting 
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the effects of ADCC is further complicated by the 
fact that many cancer patients have impaired im-
mune function due to the advanced stage of the 
disease or previous cancer therapies (Valabrega et 
al., 2007). A recent study suggested that the vary-
ing responses of patients with HER2-positive can-
cer to trastuzumab may be partly due to a differ-
ence in FcγRIIIa genotype, suggesting an im-
portant role for ADCC in the clinical effects of tras-
tuzumab (Musolino et al., 2008). Downregulation of 
HER2 via internalization and degradation by trastu-
zumab and consequent reduction in receptor dime-
rization and signaling has also been reported as a 
possible mechanism of action of trastuzumab (zum 
Buschenfelde et al., 2002). Trastuzumab blocks 
shedding of HER2, which is thought to be related 
to its antitumor activity (Molina et al., 2001), and in-
hibits angiogenesis (Izumi et al., 2002; Klos et al., 
2003). Another proposed mechanism for trastuzu-
mab is inhibition of the PI3K/Akt pathway (Nagata 
et al., 2004). Trastuzumab binding to HER2 inhibits 
binding of Src to the cytoplasmic domain of HER2, 
thus reducing Src activity, which in turn reduces the 
tyrosine phosphorylation of PTEN. Dephosphorylated 
PTEN is subsequently recruited to the plasma 
membrane and activated, which in turn dephos-
phorylates and inactivates Akt, leading to apopto-
sis and inhibition of proliferation. Finally, inhibition 
of Akt by trastuzumab allows p27kip1 to enter the 
nucleus and inhibit cdk2, resulting in cell cycle ar-
rest at G1 phase (Kute et al., 2004).
    Another humanized anti-HER2 antibody, pertuzumab, 
binds to an epitope in domain II of HER2-ECD with 
a Kd of ~2.2 nM and inhibits the ligand-dependent 
heterodimerization of HER2 with other ErbB re-
ceptors such as EGFR and HER3 (Persson et al., 
2005). HER2 is the preferred dimerization partner 
of HER3, which has impaired tyrosine kinase activ-
ity, and the PI3K/Akt pathway activated by the 
HER2/HER3 heterodimer is one of the most important 
HER2-related cancer cell survival/proliferation 
mechanisms (Hynes and MacDonald, 2009). 
Structural analysis of pertuzumab-HER2 binding 
has shown that the antibody sterically interferes 
with receptor dimerization and subsequent signal-
ing (Franklin et al., 2004). By blocking HER2 heter-
odimerization, pertuzumab shows biological effects 
against cancers that do not overexpress HER2 
(Agus et al., 2002). Unlike trastuzumab, which is 
substantially less effective when tested as the 
F(ab')2 fragment (Spiridon et al., 2004) or in mice 
lacking Fc receptor (Clynes et al., 2000), the Fab 
fragment of pertuzumab is as effective as the IgG1 
form in inhibiting the growth of HER2 + tumors 
(Agus et al., 2002), implying that pertuzumab may 
be less dependent on ADCC than trastuzumab. On 

the other hand, pertuzumab does not inhibit the li-
gand-independent activation of HER2 as trastuzu-
mab does. With different epitopes and mecha-
nisms of action, the two antibodies synergistically 
inhibit the survival of BT474 human breast cancer 
cells in vitro (Nahta et al., 2004).
    The different mechanisms of action and clinical 
effects of the two anti-HER2 antibodies suggests 
the possibility of developing antibodies against 
novel HER2 neutralizing epitopes that function 
differently from trastuzumab and pertuzumab. 
Recently, bacterial cell display-based screening of 
HER2 peptides revealed several new epitopes that 
can be targeted by antibodies to inhibit cell growth 
and proliferation (Rockberg et al., 2008, 2009). 
While it remains unclear whether or not antibodies 
against those epitopes really are different from 
trastuzumab or pertuzumab in terms of mechanism 
of action, the multistep activation mechanisms of 
RTKs such as HER2 and EGFR can be exploited 
to develop neutralizing antibodies with unique bio-
chemical and clinical properties.

EGFR

Epidermal growth factor receptor (EGFR) is over-
expressed in various cancers, including colorectal 
cancer, head-and-neck cancer, and non-small cell 
lung carcinoma (Nicholson et al., 2001). Although 
EGFR is expressed in many normal tissues, target-
ing of EGFR with neutralizing antibodies has pro-
ven to be effective in extending the survival of cer-
tain cancer patients (Cunningham et al., 2004; 
Cohenuram and Saif, 2007). Two anti-EGFR anti-
bodies, cetuximab (Erbitux) and panitumumab 
(Vectibix), have been approved for the treatment of 
colorectal and head-and-neck cancers. Both of 
them bind to the same domain (domain III of EGFR 
ECD) and inhibit receptor activation and signaling 
(Li et al., 2005; Freeman et al., 2008). Nimotuzumab 
is another anti-EGFR antibody that has been ap-
proved in Europe and several other countries and 
is in phase II trials in the U.S. Several other anti- 
EGFR antibodies such as zalutumumab and neci-
tumumab are also in various stages of development.
    Cetuximab is a mouse-human chimeric IgG1 
with high affinity (Kd ~200 pM) (Goldstein et al., 
1995) and has been approved for the treatment of 
metastatic colorectal cancer (mCRC) and squ-
amous cell carcinoma of the head and neck 
(SCCHN) as a monotherapy or in combination with 
irinotecan (for mCRC) or radiotherapy (for 
SCCHN). Upon binding to EGFR, cetuximab di-
rectly blocks ligand binding and locks the receptor 
in an autoinhibitory conformation, thereby prevent-
ing the receptor from assuming the extended con-
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formation required for dimerization (Li et al., 2005). 
As a result, downstream signaling pathways such 
as the JAK/STAT, PI3K/Akt, and MAPK pathways 
are blocked, which inhibits cancer cell survival and 
proliferation (Baselga, 2001; Meira et al., 2009). 
Cetuximab also causes cell cycle arrest similarly to 
trastuzumab by increasing the expression of 
p27kip1, which then inhibits cdk2 in the nucleus 
(Kiyota et al., 2002; Wu et al., 1996). It also re-
duces angiogenesis (Perrotte et al., 1999; Petit et 
al., 1997) and metastasis (Huang et al., 2002) by 
decreasing the levels of angiogenic factors and 
matrix metalloproteinases. Antibody-dependent 
cellular cytotoxicity (Kawaguchi et al., 2007; Kurai 
et al., 2007), induction of apoptosis by increased 
expression of the proapoptotic protein Bax (Mandal 
et al., 1998), and sensitization of cancer cells to 
chemotherapeutic agents (Mahtani and Macdonald, 
2008) or radiation (Gebbia et al., 2007) are other 
mechanisms of action that have been proposed for 
cetuximab.
    Panitumumab is a fully human IgG2 antibody 
made by XenoMouse transgenic technology 
(Jakobovits et al., 2007). It binds to domain III of 
EGFR with an affinity higher than that of cetuximab 
(Kd ~50 pM) (Kim and Grothey, 2008), and it func-
tions by blocking ligand binding to EGFR (Freeman 
et al., 2008; Schmitz and Ferguson, 2009). Similar 
to cetuximab, the suggested mechanisms of action 
for panitumumab include decreased EGFR signaling, 
cell cycle arrest, reduced angiogenesis, and receptor 
downregulation by internalization (Messersmith and 
Hidalgo, 2007; Yang et al., 1999). As it has a fully 
human immunoglobulin sequence, panitumumab 
has lower immunogenicity compared to cetuximab 
(Yoon et al., 2010). Since it is an IgG2, pan-
itumumab is also expected to have much weaker 
effector functions than cetuximab and be less likely 
to damage normal EGFR-expressing cells, al-
though a recent study indicated that panitumumab 
is effective in triggering ADCC by neutrophils and 
monocytes (Schneider-Merck et al., 2010).
    Nimotuzumab is a humanized IgG1 antibody 
with a much lower affinity than both cetuximab and 
panitumumab. Probably as a result of this, it shows 
antitumor activity without the severe skin rashes 
commonly associated with other anti-EGFR anti-
bodies (Ramakrishnan et al., 2009). Due to its low-
er affinity, nimotuzumab can form stable bivalent 
attachments to EGFR-overexpressing cells, but not 
to cells with a normal level of EGFR expression, 
minimizing skin toxicity. The low-affinity strategy 
has also been employed in the development of 
adecatumumab, which targets a pan-epithelial anti-
gen EpCAM. These antibodies exemplify the fine 
balance between affinity, toxicity, and distribution 

required when developing therapeutic antibodies 
targeting a cell surface antigen.
    For anti-EGFR antibodies, KRAS mutation is a 
predictive biomarker of resistance to antibody 
treatment (Heinemann et al., 2009; Lièvre et al., 
2006). KRAS is a small G protein that is critically 
involved in the Ras/MAPK pathway downstream of 
EGFR. Mutation of KRAS activates this signaling 
pathway even in the presence of EGFR-neutralizing 
antibodies. On the other hand, the EGFR ex-
pression level (as determined by IHC) is not corre-
lated with the response to anti-EGFR antibody ther-
apy (Cunningham et al., 2004; Saltz et al., 2004), 
and some patients with EGFR-negative tumors 
have been reported to respond to anti-EGFR ther-
apy (Chung et al., 2005). The reason for this appa-
rent paradox is not yet clear, although it is gen-
erally undisputed that cetuximab and panitumumab 
exert clinical efficacy exclusively by binding to 
EGFR. Whatever the reason, unlike KRAS muta-
tion status, the EGFR expression level is not con-
sidered to be a predictive biomarker when cancer 
patients are subjected to anti-EGFR antibody 
therapy. Novel or alternative therapeutic options 
are being investigated in patients with KRAS muta-
tion for whom cetuximab or panitumumab treat-
ment offers little or no clinical benefit (Dunn et al., 
2011; Lee et al., 2011).

CD20

CD20 is a putative tetra-transmembrane cell sur-
face antigen expressed only on B cell precursors 
and mature B cells. Its function has not yet been 
clearly elucidated, but studies have suggested that 
CD20 is involved in B cell growth and differ-
entiation and probably functions as a calcium 
channel (Beers et al., 2010). The selective deple-
tion of CD20+ cells does not result in excessive 
toxicity (McLaughlin et al., 1998) since pre-existing 
plasma cells as well as hematopoietic stem cells 
lack CD20, and also normal B cells are replenished 
by stem cell differentiation. This makes CD20 an 
ideal target for treatment of cancers of B cell line-
age such as non-Hodgkin’s lymphoma (NHL) and 
chronic lymphocytic leukemia (CLL). Currently, 
there are four approved antibody drugs targeting 
CD20. Ibritumomab tiuxetan (Zevalin) and tositu-
momab-I131 (Bexxar) are murine antibody radio-
immunoconjugates. Rituximab (Rituxan/MabThera) 
is a human-mouse chimeric IgG1 antibody approved 
for the treatment of NHL, CLL, and rheumatoid ar-
thritis (RA), as well as Wegener’s granulomatosis 
and microscopic polyangiitis. Ofatumumab (Arzerra) 
is a fully human IgG1 monoclonal antibody for CLL. 
While all of these target and deplete CD20+ cells, 
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they differ from one another in preclinical and clin-
ical characteristics.
    Rituximab is the first antibody drug approved for 
an oncological indication. It binds to the large ex-
tracellular loop of CD20 (Teeling et al., 2006) with a 
binding affinity of approximately ~8 nM (Genentech, 
1997). ADCC is thought to be the major mecha-
nism of action for rituximab (Clynes et al., 2000; 
Flieger et al., 2000). CD20 is neither shed nor in-
ternalized upon antibody binding (Einfeld et al., 
1988; Press et al., 1987), allowing effective cell kill-
ing by ADCC. Being a type I antibody that induces 
CD20 redistribution into lipid rafts (Cragg and 
Glennie, 2004), rituximab also strongly elicits com-
plement-dependent cytotoxicity (CDC) by cluster-
ing multiple Fc regions (Cragg et al., 2003). This 
antibody is also reported to induce apoptosis of 
CD20+ cells (Byrd et al., 2002; Pedersen et al., 
2002), although the nature and significance of this 
mode of action remain controversial. Finally, ritux-
imab sensitizes cancerous cells to radio- or che-
motherapy (Demidem et al., 1997; Skvortsova et 
al., 2006) and is used not only as a single agent 
but also in combination with chemotherapeutic 
agents.
    Ofatumumab is another type I anti-CD20 mono-
clonal antibody. It is a fully human antibody made 
from a transgenic mouse expressing human 
antibodies. Its epitope encompasses both the small 
and large extracellular loops of CD20 (Uchiyama et 
al., 2010). With a binding affinity of ~5 nM, ofatu-
mumab also has a slower off-rate compared to rit-
uximab (Teeling et al., 2004). Its distinct epitope 
and slow dissociation allow the antibody to bind 
much closer as well as longer to the cell surface, 
which may explain more rapid complement in-
duced cell killing by ofatumumab than rituximab 
(Beum et al., 2008). In fact, when tested on CEM 
cells transduced with human CD20, ofatumumab 
induced CDC better than rituximab, showing lytic 
activity against cells expressing as few as 4,500 
CD20 molecules per cell and reaching full activity 
at a CD20 density of 60,000 molecules/cell. On the 
other hand, rituximab requires at least 30,000 
CD20 molecules per cell to show lytic activity and 
does not achieve full lysis even at 135,000 CD20 
molecules/cell (Teeling et al., 2006). Studies sug-
gest that ofatumumab also more potently induces 
ADCC than rituximab by binding more tightly to 
FcγRIIIa on NK cells (Craigen et al., 2009).
    Unlike rituximab and ofatumumab, tositumomab 
is a type II antibody that does not induce CD20 re-
distribution into lipid rafts (Beers et al., 2010). Type 
II antibodies are not strong activators of CDC but 
instead induce a unique mode of cell death involv-
ing homotypic adhesion of B cells. The existence 

of multiple functional epitopes that drive different 
cellular responses upon antibody binding, on an 
antigen with relatively small extracellular domains, 
illustrates the point that antibodies with novel 
mechanisms of action and improved efficacies can 
be developed against an established target antigen.

Antibodies in development: Future directions

Three therapeutic antibodies, each against a differ-
ent new target, were approved in 2004: cetuximab 
(Erbitux) targeting EGFR, bevacizumab (Avastin) 
targeting VEGF, and natalizumab (Tysabri) target-
ing VLA-4. Each of these antibodies recorded ＞1 
billion USD in global sales in 2009. No new antigen 
with blockbuster potential was targeted by an ap-
proved antibody until 2010, when denosumab 
(Prolia/Xgeva) targeting RANKL and tocilizumab 
(Actemra) targeting IL-6 were approved. These 
were soon followed in 2011 by belimumab 
(Benlysta) against BLyS and ipilimumab (Yervoy) 
against CTLA-4. It is likely that the therapeutic po-
tential of more new targets, such as beta amyloid 
and VEGFR-2, will be realized in coming years. On 
the other hand, efforts are continuing to develop 
antibodies against existing targets. Particularly, 
many antibodies are under development against 
four of the most successful antibody targets 
(TNF-α, HER2, EGFR, and CD20) discussed in 
this review, reflecting the clinical validity and com-
mercial value of these molecules. Antibodies and 
antibody fragments/derivatives in clinical develop-
ment targeting these four antigens are summarized 
in Table 1. For cell-surface antigens (HER2, EGFR, 
and CD20), there is an emphasis on enhancing the 
biological effects of antibodies by strategies such 
as Fc modification (including glycoengineering), 
antibody-drug conjugation, and simultaneous tar-
geting of more than one target. This trend reflects 
the accepted view that for these well-proven oncol-
ogy targets, enhanced cell killing ability of the 
drugs is positively correlated with therapeutic 
efficacy. In contrast, for the soluble ligand TNF-α, 
the trend is apparently focused on the develop-
ment of antibody fragments and domain antibodies 
that are significantly smaller than immunoglobulins. 
With essentially identical mechanisms of action 
and no requirement for cytolytic or cytostatic activ-
ities, new anti-TNF-α molecules must gain a com-
petitive advantage over existing antibodies in areas 
such as affinity, serum half-life, immunogenicity, tis-
sue distribution, and development/production cost. 
Certolizumab pegol (a pegylated Fab'), for exam-
ple, has a unique distribution profile (Palframan et 
al., 2009) and can be produced less expensively 
from a bacterial host. Therefore, along with first-in- 
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Target      Name       Developer    Format   Stage     Notes
TNF-α CEP-37247 Domantis/Cephalon Domain Ab Phase II Single domain Ab
 ESBA-105 ESBAtech Ab fragment Phase II scFv
 ATN-103 Pfizer/Ablynx Nanobody Phase II Camelid VHH
HER2 Trastuzumab-DM1 Roche Humanized Phase III ADC
 Ertumaxomab TRION/Fresenius Trifunctional Phase II HER2/FcγRI/III
 MM-111 Merrimack Bifunctional Phase II HER2/3
 Zemab Novartis Ab fragment Phase I ADC
EGFR Necitumumab Eli Lilly Human Phase III  
 Zalutumumab Genmab Human Phase III  
 SYM004 Symphogen 2-Ab mixture Phase II Two αEGFR Abs
 RG-7160 Roche/Glycart Humanized Phase I Glycoengineered
CD20 Afutumumab Roche/Glycart Humanized Phase III Glycoengineered; type II
 Ocrelizumab Biogen Idec/Roche Humanized Phase III Type II
 Pro-131921 Progen Humanized Phase II Modified Fc; type I
 AME-133v MENTRIK biotech Humanized Phase II Modified Fc; type II
 Veltuzumab Immunomedics Humanized Phase II Type I
 FBT-A05 TRION/Fresenius Trifunctional Phase I CD20/CD3/ FcγRI

Table 1. Antibodies, antibody fragments, and antibody derivatives in various stages of clinical development that target the antigens discussed
in this review

class antibodies, more therapeutic antibodies that 
target established antigens with improved and/or 
unique therapeutic profiles are expected to enter 
the market in the near future.

Concluding remarks

Multiple therapeutic antibodies against one soluble 
ligand (TNF-α) and three cell surface proteins 
(HER2, EGFR, and CD20) were discussed in this 
review. While TNF-α is targeted by as many as 
four antibodies plus etanercept (a soluble re-
ceptor-Fc fusion protein), their mechanisms of ac-
tion are essentially the same, i.e., blockade of li-
gand binding to the cell surface receptor. In con-
trast, antibodies against a cell surface antigen tend 
to have unique mechanisms of action or different in 
vitro and in vivo characteristics, as evidenced by 
trastuzumab/pertuzumab and rituximab/ofatumumab. 
This may be explained by the fact that an antibody 
can influence cell survival and proliferation in many 
different ways by directly binding to the cell 
surface. While targeting a soluble ligand may 
sometimes be advantageous in such aspects as 
toxicity, specificity, and delivery, targeting a mem-
brane receptor is much more likely to yield anti-
bodies that are mechanistically and clinically dis-
tinct from existing molecules. It is thus expected 
that scientific and technological advancements in 
the field will continue to allow generation of novel 
agents that can overcome or supplement the limi-
tations of existing drugs.
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