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ABSTRACT: Much progress has been made during
the last few decades in the treatment of malignancies.
Many types of cancer cells comprising the tumor mass
carry molecular markers that are not expressed or
are expressed at much lower levels in normal cells.
These findings provide new leads to drug design
and development of therapeutic strategies involving
monoclonal antibodies (mAbs) or related antibody
drugs to treat malignancies. This article reviews recent
advances in this targeting approach with a focus on
the evolution and current use of prospective antibody
drugs as effective ways to treat cancer. Additionally,
the development of prospective antibody-drug
conjugates will also be briefly described.
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1. Introduction
In 1986, the US Food and Drug Administration
(FDA) approved the first monoclonal antibody drug,
muromonab (a murine IgG1 specific for CD3), as a
therapy for transplant patients experiencing rejection
(1). Since then, the pharmaceutical industry has entered
a new era of targeted therapy. Dozens of monoclonal
antibodies (mAbs), including murine, chimeric, and
humanized antibodies, have been developed for use
against multiple diseases, including (but not limited
to) autoimmune disorders and cancer, in humans (2).
Early in 2008, engineered antibodies were predicted to
account for over 30% of all revenue in the biotechnology
market (3). The latest global forecast is that the protein
engineering market could reach $168 billion by 2017,
and the market’s growth is primarily attributed to mAbs,
which account for more than 50% of revenue (4).

Cancer remains one of the leading causes of mortality
worldwide, affecting over 10 million new patients every
year. Currently, the clinical treatment options mainly
include surgical resection, radiation, and chemotherapy.
Although over 90 chemotherapeutic drugs have been
approved for clinical use by the FDA, their efficacy has
been severely hindered by dose-limiting toxicity and
patient morbidity (5). The story of targeted therapy for
malignant cancer is quite a long one. Targeted cancer
therapies can be defined as drugs developed against a
specific target based on its important biological function
in cancer (6,7). Drugs developed for targeted therapy
including some small molecules, such as tyrosine kinase
inhibitors, and antibody-related drugs. With dramatically
improved antitumor action and a substantial reduction
in toxicity, mAbs represent a major advance in targeted
therapy.
Increased understanding of the molecular events
involved in cancer development has led to the
identification of a large number of novel targets and,
in parallel, to the development of multiple approaches
to anticancer therapy (8). Given the urgent need for
clinical options and the need for a better prognosis
for patients with malignant tumors, new therapeutic
strategies must be developed with new drugs (9). The
ability of antibodies to exploit antigenic differences
between normal and malignant tissue and to induce a
variety of antitumor responses while having minimal
effect on normal cells offers significant advantages
to conventional forms of therapy (10). As a result,
pharmacological research on molecular agents, including
antibody-related drugs, is making greater progress than
ever before. Research on antibody-drug conjugates has
also appeared and made significant progress thanks to
careful optimization of several parameters, including
mAb specificity, drug potency, linker technology, and the
stoichiometry and placement of conjugated drugs (11).
2. Stages of antibody development
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The concept of targeted therapy using mAbs has been
put into practice and revised for several years. Recent
studies have used tumor-specific antigens that facilitate
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targeted oncologic therapy. Targeted therapy focuses
on specific signal transduction molecules in malignant
cells, including crucial molecules involved in cell
invasion, metastasis, apoptosis, cell-cycle control, and
tumor-related angiogenesis (12). mAbs are developed
with a high specificity for antigens expressed on tumor
cells; thanks to their specific affinity for a selected
target, antibody drugs can affect proximal events in
signaling pathways that drive abnormal growth and
have relatively low toxicity (10). Unlike many small
molecules, mAbs offer unique target specificity,
offering better efficiency and fewer side effects (13).
The high specificity and affinity of mAbs suggest a
bright future for their development and clinical use.
First-generation mAbs were murine antibodies.
Second-generation mAbs include chimeric antibodies,
humanized antibodies, and fully humanized antibodies.
The main objective of modifying antibodies is to reduce
their immunogenicity (14). As was just mentioned, the
first generation of mAbs typically consisted entirely
of mouse cells, so they were viewed as foreign by the
human immune system. The human immune system
can generate unique and highly specific antibodies to
all foreign antigens. This ability is unmatched since
the immune system can also vary individual antibody
isotypes in order to optimize the body's antibody
response. The second generation of mAbs involves
"humanized antibodies". This term refers to modifying
the protein sequences of antibodies from non-human
species to increase their similarity to antibody variants
produced naturally in humans (15,16).

3. Mechanisms of mAbs in cancer therapy
The mechanisms underlying the therapeutic efficacy
of mAb-based immunotherapy have often been
investigated (Figure 1). First, mAbs can induce signal
arrest and lead to apoptosis in targeted tumor cells
by binding with their specific receptor, inducing
modulation of the receptor or interfering with ligand
binding and/or dimerization of the receptor (17). mAbs
can display action through Fc-based mechanisms such as
antibody-dependent cell-mediated cytotoxicity (ADCC)
and complement-dependent cytotoxicity (CDC), which
can be influenced by the nature of glycosylation of the
antibodies (13,18-21).
In ADCC, mAb binds to the tumor antigen. The Fc
region of the mAb is exposed and interacts with the Fc
gamma receptors (FcγR) on the surface of effector cells,
such as natural killer cells, macrophages, monocytes,
and eosinophils. Stimulatory effects are mediated
through FcγRI on macrophages, dendritic cells (DCs),
and neutrophils and through FcγRIIIa on NK cells,
DCs, and macrophages (22). The FcγR immunoreceptor
tyrosine-based activation motif (ITAM) is then
phosphorylated, triggering the activation of effector
cells and the secretion of various substances such as
cytokines, lytic enzymes, perforin, granzymes, and TNF
that mediate the destruction of target cells. In murine
models, the cytotoxicity resulting from FcR activation
of a NK cell, γδ T cell, or macrophage is responsible
for antitumor activity (23). Previous studies have
found that ADCC plays a key role in the effectiveness

Figure 1. Mechanisms underlying the therapeutic efficacy of mAb-based immunotherapy. (a) mAbs can induce signaling
inhibition and lead to apoptosis in targeted tumor cells by binding with their specific receptor, inducing modulation of the
receptor or interfering with ligand binding and/or dimerization of the receptor. (b) The Fc region of an antibody recognizes the
Fc gamma receptors (FcγR) on the surface of immune effector cells, while the Fab domain specifically bounds to a target cell.
The FcγR ITAM is then phosphorylated, triggering the activation of the effector cell. (c) C1q binds to the antibody, triggering the
complement cascade that leads to the formation of the membrane attack complex (MAC) (C5b to C9) on the surface of the target
cell as a result of classic pathway complement activation.
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of therapeutic antibodies, which require antibodies,
antigen-coated target cells, and FcγR-bearing effectors
(24-27).
In contrast, CDC involves C1q, a bundle of six
heterotrimeric subunits consisting of globular heads and
collagen-like tails. C1q binds the antibody that triggers
the complement cascade, leading to the formation of
membrane attack complex (MAC) (C5b to C9) on the
surface of the target cell as a result of classic pathway
complement activation (28).
There are five classes of immunoglobulins ‒ IgA,
IgD, IgE, IgG and IgM ‒ that are classified on the
basis of the constant region of the heavy chain. Most
therapeutic antibodies developed for clinical use are of
the human IgG1 isotype, which can induce a stronger
ADCC or CDC in comparison to other heavy-chain
isotypes of human antibodies (21). In addition to its
effector mechanisms, IgG1 has a long half-life in blood
that is as long as 21 days or so (29,30). Previous studies
found that IgG1 ≥ IgG3 >> IgG4 ≥ IgG2 in terms of the
strength of their ADCC effector action and that IgG3
≥ IgG1 >> IgG2 ≈ IgG4 in terms of their level of CDC
effector action (20,31).
4. Targets and typical mAb drugs
About 50% of mAbs in the commercial clinical pipeline
have been studied as cancer agents (32). MAbs for
cancer therapy have greatly helped cancer patients.
For researchers, the first challenge in developing
an effective mAb-based therapeutic strategy is the
identification of the right antigen to attack the surface
of target cells (10). In order for an antigen to be of use

in targeted antibody therapy, the targeted molecule must
be expressed at sufficiently elevated levels on tumor
cells relative to normal cells. For example, about 20%
of breast cancers have increased amounts of the HER2
protein, so HER2 can serve as a target for development
of an antibody drug to treat breast cancer patients with
elevated HER2 (33,34).
There are several existing targets of mAb
development that have been successfully used in
antibody development, and several mAbs have been
approved by the US FDA for treatment of cancer
(Table 1). Many more mAbs are still in the clinical or
preclinical stages of research. According to sales figures
for 2012, Rituximab, which is commonly used to treat a
variety of human lymphomas and chronic lymphocytic
leukemia, has become the largest-selling biologic drug
in clinical oncology.
5. Development of antibody-drug conjugates
Antibodies are modified via attachment to protein
toxins or highly potent, low-molecular-weight drugs to
enable antibodies to function as cytotoxic anticancer
agents, and the toxins delivered to the interior of
cancer cells act as bullets to cancer cells (48). The
magic bullet concept put forth by Paul Ehrlich is over
100 years old, while the first credible experiments
linking chemotherapeutic agents to antibodies were
performed almost 55 years ago (49-51). Antibodydrug conjugates, or ADCs, are a new class of highly
potent biopharmaceutical drugs designed as a targeted
therapy for the treatment of cancer. These conjugates
consist of an antibody with high specificity (a whole

Table 1. Representative target antigens and monoclonal antibodies for the treatment of cancer in clinical use
Target

mAbs

Trade name

Molecular type

Main indication

Company

Year

Ref.

CD20

Rituximab
Ibritumomab*
Tositumomab
Ofatumumab

Rituxan
Zevalin
Baxxar
Arzerra

Chimeric human/mouse antibody
Murine IgG1
Murine IgG2a
Human IgG1ĸ

B-cell lympoma
B-cell lympoma
B-cell lymphoma
Choronic lymphocytic
leukemia

Roche
Spectrum pharms
Smithkline Beecham
Glaxo Grp Ltd

1997
2002
2003
2009

34
35
36
37,38

CD52

Alemtuzumab Campath

Humanized IgG1

B-cell chronic lyphocytic
leukaemia

Ilex pharmaceuticals 2001 39

EGFR

Cetuximab

Humanized IgG1

Colon, lung cancer

2004 40

Panitumumab Vectibix

Fully human IgG2

Colon cancer

Imclone/BristolMyersSquibb
Amgen

HER2

Trastuzumab
Pertuzumab

Humanized IgG1
Humanized IgG1

Breast cancer
Metastatic breast cancer

Roche
Genentech

1998 33
2012 42,43

VEGF

Bevacizumab Avastin

Recombinant humanize IgG

Colon, lung, breast and
renal cancer

Roche

2004 44

Erbitux

Herceptin
Perjeta

RANKL Denosumab

Xgeva

Human IgG2

Breast and prostate carcinoma Amgen

CTLA-4 Ipilimumab

Yervoy

Human IgG1ĸ

Melanoma

* Coupled

with 90Y or 111In.
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mAb or an antibody fragment) linked via a stable
chemical linker with labile bonds to a "small" (300
to 1,000 Da) biologically active toxin or drug with
manageable toxicity (Figure 2) (52,53). Conjugated
mAbs are also referred to as tagged, labeled, or
loaded antibodies and are divided into three groups:
mAbs with radioactive particles attached, mAbs with
chemotherapy drugs attached, and mAbs attached to
cell toxins. Thus, ibritumomab tiuxetan (Zevalin®) and
tositumomab (Bexxar®) are, strictly speaking, examples
of radiolabeled mAbs that fall under ADC drugs.
Denileukin difitox (trade name: Ontak) is the first
ADC drug that was approved in 1999 by the US FDA
for the treatment of diffuse large B-cell lymphoma.
Although it is not an mAb, IL-2 normally attaches
to certain cells that contain the CD25 antigen, which
makes it useful for delivering the toxin to these cells.
Gemtuzumab ozogamicin (trade name: Mylotarg) was
later approved for the treatment of acute myelogenous
leukemia in 2000 (54). However, Pfizer/Wyeth
withdrew the drug from the market in June 2010
(55,56). Another ADC that was approved in 2011 was
Brentuximab vedotin (SGN-35, trade name: Adcetris,
marketed by Seattle Genetics and Millennium/Takeda),
which is clinically used to treatment relapsed and/or
refractory Hodgkin's lymphoma and systemic anaplastic
large-cell lymphoma.
With the FDA approval of trastuzumab emtansine
(T-DM1, trade name: Kadcyla, marketed by Genentech
and Roche) on February 22, 2013, the development of
antibody-drug conjugates based on antibodies ushered
in a new era of personalized cancer treatment with
greater clinical efficacy and manageable toxicity. The

success development of T-DM1 for metastatic breast
cancer has done away with the view that ADCs are
only useful against blood cancers (57,58). ADCs are
also showing promising efficacy and limited adverse
toxicity in the treatment of cancer. According to a
previous study, at least 30 ADCs are now in clinical
use, accounting for around 15% of the clinical-stage
anticancer antibody-based pipeline and outnumbering
other modified mAbs (57,59).
6. mAb-related drugs being developed for cancer
therapy
Despite all the advances, there are still many questions
to answer besides the identification of optimal cellular
targets and antibody forms. Personalized therapies
now need to identify the optimal dose, schedule, and
combinations of agents for specific malignancies for
specific patients (60). High specificity and high affinity
are both important for antibodies developed as cancer
therapies to have little impact on normal cells. The right
target that is highly expressed on tumor cells but little
expressed in normal cells must be chosen. To obtain a
high affinity, more work has to be done to design the
antigen-binding site. Dozens of MAbs are in various
clinical stages, some of which are the later stages of
phase II and III, indicating development of promising
drugs for FDA approval (32,61).
For ADCs, MAbs that cross-react with the
corresponding target antigen expressed on cells from
rodents and/or non-human primates must be selected
whenever possible because most target antigens
used in ADCs are tumor-selective rather than tumorspecific (62,63). Thanks to the development of linker
technology and utilization of sufficiently potent toxins,
some promising ADCs are currently undergoing clinical
trials, and ADCs to treat hematologic malignancies
and solid tumors that are in phase II or III are shown
in Table 2. Most ADCs in clinical development utilize
humanized or fully human mAbs (63).
7. Main problems

Figure 2. Mechanism of antibody-drug conjugate. An
antibody-drug conjugate consists of an antibody (whole mAb
or an antibody fragment) linked via a stable chemical linker
with labile bonds to a biologically active cytotoxic anticancer
toxin or drug. After binding to the targeted cell receptor, ADC
is internalized and degraded, and the toxin or drug that is
released ultimately induces cell death by acting on specific
genes or proteins.

Although there has been much progress in the
development of antibody drugs with considerable
specificity in patients with advanced cancer, problems
and limitations still exist. mAbs are large molecules
that would be expected to have limited distribution
within solid tumor blood vessels, and the limited
penetration of full-length antibodies into solid tumors is
as an important factor restricting their efficacy (70,71).
Despite the fairly mild side effects of mAbs, such as
fever, chills, weakness, headaches, nausea, vomiting,
diarrhea, low blood pressure, and rashes, the major
drawback of mAbs is their immunogenicity, which
may induce production of anti-drug antibodies that
can neutralize a drug's therapeutic activity, provoke
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Table 2. Representative emerging antibody-drug conjugates in Phase 2 or Phase 3 clinical studies for cancer therapy
Agent

Company

Target

CD22
Inotuzumab ozogamicin Pfizer
(CMC-544)
Glembatumumab vedotin Celldex Therapeutics GPNMB*

Toxin

Main indication

ozogamicin

63

Highest stage (phase) Ref.

SAR3419

Sanofi-aventis

CD19

Maytansine DM4

relapsed/refractory acute
III
lymphoblastic leukemia
advanced GPNMB-expressing II
breast cancer
Diffuse Large B-cell Lymphoma II

BT062

Biotest

CD138

Maytansine DM4

Multiple Myeloma

II

66

Anti-PSMA ADC

Progenics

PSMA

MMAE

Prostate Cancer

II

67

CD56

Maytansine DM-1 Small Cell Lung Cancer

I/II

68

Lorvotuzumab mertansine ImmunoGen
*

MMAE

64
60,65

glycoprotein NMB.

autoimmune symptoms, and affect the pharmacokinetic
process (72-75). Although sequence humanization
was believed to be sufficient to tackle these problems,
multiple clinical examples now demonstrate that
humanization does not suffice to avoid immune
responses (76-79). Side effects due to target inhibition
have also emerged. For example, bevacizumab, which
targets tumor blood vessel growth (HER2), may cause
side effects such as high blood pressure, bleeding, poor
wound healing, blood clots, and kidney damage (45,80).
Although a study suggested that brain metastases
are not a risk factor for intracranial hemorrhage
with bevacizumab treatment (81), bevacizumab may
potentially increase the risk of bleeding.
In ADCs, the antibodies serve as a carrier to
internalize the toxic component of an immunoconjugate,
potentially making it more therapeutically active
(82), so combining the cytotoxicity of highly potent
natural or synthetic anti-neoplastic agents with mAbs
conjugated by blood-stable optimized linkers is a key
strategy for a new generation of ADCs (56). The first
challenge is to ensure drug potency, which means
to make sure that sufficient quantities of the ADC
reach the target tumor cells (11,59). The second task
is to design appropriate linker molecules to couple
drugs to the antibody. These molecules must maintain
antibody binding capacity following conjugation and
also undergo selective, rather than systemic, enzymatic
or chemical degradation inside the cell or on the cell
surface (71).
8. Outlook and prospects for the future
After years of preclinical development, antibody
drugs offer vast resources for drug discovery and new
drug research. As new targets emerge, new avenues
for drug design will open. Investigation of natural
compounds will also offer more options for ADC
drug research. Modern biological techniques have
allowed the rapid production of chimeric antibodies,
humanized antibodies, and totally human antibodies.
Understanding of the effects and molecular mechanisms
of these antibodies has improved with the development

of functional genomics, proteomics, and molecular
research, and the number of clinical trials using
antibody-related drugs to treat cancer has increased
markedly. Some studies have found impressive clinical
responses, indicating the beginning of a new and
exciting phase of cancer treatment. Moreover, bispecific
mAb consisting of fragments of two different mAbs
have appeared. These mAbs bind to two different
types of antigen, pointing the way for antibody drug
development. Thus, antibody drugs have a promising
future that offers better personalized therapy and
combination therapy to treat malignant cancer.
References
1.

A randomized clinical trial of OKT3 monoclonal antibody
for acute rejection of cadaveric renal transplants. Ortho
Multicenter Transplant Study Group. N Engl J Med. 1985;
313:337-342.
2. Alkan SS. Monoclonal antibodies: the story of a discovery
that revolutionized science and medicine. Nat Rev
Immunol. 2004; 4:153-156.
3. Holliger P, Hudson PJ. Engineered antibody fragments and
the rise of single domains. Nat Biotechnol. 2005; 23:11261136.
4. MarketsandMarkets Blog. http://www.marketsand
marketsblog.com/protein-engineering-market.html
(accessed September 1, 2013).
5. B l a n c o E , K e s s i n g e r C W, S u m e r B D , G a o J .
Multifunctional micellar nanomedicine for cancer therapy.
Exp Biol Med (Maywood). 2009; 234:123-131.
6. Hait WN, Hambley TW. Targeted cancer therapeutics.
Cancer Res. 2009; 69:1263-1267; discussion 1267.
7. DeVita VT, Jr, Chu E. A history of cancer chemotherapy.
Cancer Res. 2008; 68:8643-8653.
8. Alvarez RH, Valero V, Hortobagyi GN: Emerging targeted
therapies for breast cancer. J Clin Oncol. 2010; 28:33663379.
9. Stapnes C, Gjertsen BT, Reikvam H, Bruserud O. Targeted
therapy in acute myeloid leukaemia: Current status and
future directions. Expert Opin Investig Drugs. 2009;
18:433-455.
10. Christiansen J, Rajasekaran AK. Biological impediments
to monoclonal antibody-based cancer immunotherapy. Mol
Cancer Ther. 2004; 3:1493-1501.
11. Alley SC, Okeley NM, Senter PD. Antibody-drug
conjugates: targeted drug delivery for cancer. Curr Opin

www.ddtjournal.com

183

Drug Discoveries & Therapeutics. 2013; 7(5):178-184.

Chem Biol. 2010; 14:529-537.
12. Schuler PJ, Hoffmann TK, Gauler TC, Bergmann C,
Brandau S, Lang S. Immunotherapy of head and neck
cancer : Current developments. HNO. 2013;61:559-572.
13. Tazi I, Nafil H, Mahmal L. Monoclonal antibodies in
hematological malignancies: Past, present and future. J
Cancer Res Ther. 2011; 7:399-407.
14. Harding FA, Stickler MM, Razo J, DuBridge RB. The
immunogenicity of humanized and fully human antibodies:
Residual immunogenicity resides in the CDR regions.
MAbs. 2010; 2:256-265.
15. Riechmann L, Clark M, Waldmann H, Winter G. Reshaping
human antibodies for therapy. Nature. 1988; 332:323-327.
16. Hoogenboom HR. Designing and optimizing library
selection strategies for generating high-affinity antibodies.
Trends Biotechnol. 1997; 15:62-70.
17. Campoli M, Ferris R, Ferrone S, Wang X. Immunotherapy
of malignant disease with tumor antigen-specific
monoclonal antibodies. Clin Cancer Res. 2010; 16:11-20.
18. Iannello A, Ahmad A. Role of antibody-dependent cellmediated cytotoxicity in the efficacy of therapeutic anticancer monoclonal antibodies. Cancer Metastasis Rev.
2005; 24:487-499.
19. Takamuku K, Akiyoshi T, Tsuji H. Antibody-dependent
cell-mediated cytotoxicity using a murine monoclonal
antibody against human colorectal cancer in cancer patients.
Cancer Immunol Immunother. 1987; 25:137-140.
20. Kaneko Y, Nimmerjahn F, Ravetch JV. Anti-inflammatory
activity of immunoglobulin G resulting from Fc sialylation.
Science. 2006; 313:670-673.
21. Natsume A, Niwa R, Satoh M. Improving effector functions
of antibodies for cancer treatment: Enhancing ADCC and
CDC. Drug Des Devel Ther. 2009; 3:7-16.
22. Kohrt HE, Houot R, Marabelle A, Cho HJ, Osman K,
Goldstein M, Levy R, Brody J. Combination strategies to
enhance antitumor ADCC. Immunotherapy. 2012; 4:511527.
23. Clynes RA, Towers TL, Presta LG, Ravetch JV. Inhibitory
Fc receptors modulate in vivo cytotoxicity against tumor
targets. Nat Med. 2000; 6:443-446.
24. Hamada-Tsutsumi S, Suzuki K, Akahori Y. Antibodydependent cell-mediated cytotoxicity is induced by a singlechain Fv-protein III fusion in the presence of a rabbit
anti-protein III polyclonal antibody. Immunol Lett. 2011;
136:44-48.
25. Cragg MS, French RR, Glennie MJ. Signaling antibodies in
cancer therapy. Curr Opin Immunol. 1999; 11:541-547.
26. Perussia B, Loza MJ. Assays for antibody-dependent
cell-mediated cytotoxicity (ADCC) and reverse ADCC
(redirected cytotoxicity) in human natural killer cells.
Methods Mol Biol. 2000; 121:179-192.
27. Hubert P, Amigorena S. Antibody-dependent cell
cytotoxicity in monoclonal antibody-mediated tumor
immunotherapy. Oncoimmunology. 2012; 1:103-105.
28. Moore GL, Chen H, Karki S, Lazar GA. Engineered
Fc variant antibodies with enhanced ability to recruit
complement and mediate effector functions. MAbs. 2010;
2:181-189.
29. Clark MR: IgG effector mechanisms. Chem Immunol.
1997; 65:88-110.
30. Nimmerjahn F, Ravetch JV. Translating basic mechanisms
of IgG effector activity into next generation cancer
therapies. Cancer Immun. 2012; 12:13.
31. Dangl JL, Wensel TG, Morrison SL, Stryer L, Herzenberg
LA, Oi VT. Segmental flexibility and complement fixation

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.
48.

of genetically engineered chimeric human, rabbit and
mouse antibodies. EMBO J. 1988; 7:1989-1994.
Reichert JM. Antibodies to watch in 2013: Mid-year update.
MAbs. 2013; 5:513-517.
Gajria D, Chandarlapaty S. HER2-amplified breast cancer:
Mechanisms of trastuzumab resistance and novel targeted
therapies. Expert Rev Anticancer Ther. 2011; 11:263-275.
Wong WM. Drug update: trastuzumab: anti-HER2 antibody
for treatment of metastatic breast cancer. Cancer Pract.
1999; 7:48-50.
Maloney DG, Grillo-Lopez AJ, Bodkin DJ, White CA,
Liles TM, Royston I, Varns C, Rosenberg J, Levy R. IDECC2B8: Results of a phase I multiple-dose trial in patients
with relapsed non-Hodgkin's lymphoma. J Clin Oncol.
1997; 15:3266-3274.
Krasner C, Joyce RM. Zevalin. 90yttrium labeled antiCD20 (ibritumomab tiuxetan), a new treatment for nonHodgkin's lymphoma. Curr Pharm Biotechnol. 2001; 2:341349.
Press OW, Eary JF, Gooley T, et al. A phase I/II trial
of iodine-131-tositumomab (anti-CD20), etoposide,
cyclophosphamide, and autologous stem cell transplantation
for relapsed B-cell lymphomas. Blood. 2000; 96:29342942.
Hagenbeek A, Gadeberg O, Johnson P, et al. First clinical
use of ofatumumab, a novel fully human anti-CD20
monoclonal antibody in relapsed or refractory follicular
lymphoma: Results of a phase 1/2 trial. Blood. 2008;
111:5486-5495.
Kluger N, Cartron G, Bessis D, Guillot B, Girard C.
Citrobacter koseri cellulitis during anti-CD20 monoclonal
antibody (ofatumumab) treatment for B-cell chronic
lymphocytic leukaemia. Acta Derm Venereol. 2010; 90:99100.
Keating M, Hallek M. Alemtuzumab, the first monoclonal
antibody (MAb) directed against CD52. Med Oncol. 2002;
19 (Suppl):S1-2.
Humblet Y. Cetuximab, an IgG(1) monoclonal antibody
for the treatment of epidermal growth factor receptorexpressing tumours. Expert Opin Pharmacother. 2004;
5:1621-1633.
Adams CW, Allison DE, Flagella K, Presta L, Clarke J,
Dybdal N, McKeever K, Sliwkowski MX. Humanization
of a recombinant monoclonal antibody to produce a
therapeutic HER dimerization inhibitor, pertuzumab.
Cancer Immunol Immunother. 2006; 55:717-727.
Sendur MA, Aksoy S, Altundag K. Pertuzumab in HER2positive breast cancer. Curr Med Res Opin. 2012; 28:17091716.
Bradbury J. Pertuzumab brake for prostate cancer? Lancet
Oncol. 2007; 8:287.
Schuster C, Eikesdal HP, Puntervoll H, Geisler J, Geisler S,
Heinrich D, Molven A, Lonning PE, Akslen LA, Straume O.
Clinical efficacy and safety of bevacizumab monotherapy in
patients with metastatic melanoma: Predictive importance
of induced early hypertension. PLoS One. 2012; 7:e38364.
Majima S, Wada T, Ikeda M. Pharmacological profiles and
results of clinical studies of denosumab (RANMARK(R)),
a human anti-RANKL antibody. Nihon Yakurigaku Zasshi.
2012; 140:295-302.
Trinh VA, Hwu WJ. Ipilimumab in the treatment of
melanoma. Expert Opin Biol Ther. 2012; 12:773-782.
FitzGerald DJ, Wayne AS, Kreitman RJ, Pastan I.
Treatment of hematologic malignancies with immunotoxins
and antibody-drug conjugates. Cancer Res. 2011; 71:6300-

www.ddtjournal.com

Drug Discoveries & Therapeutics. 2013; 7(5):178-184.

6309.
49. Strebhardt K, Ullrich A. Paul Ehrlich's magic bullet
concept: 100 years of progress. Nat Rev Cancer. 2008;
8:473-480.
50. Mathe G, Tran Ba LO, Bernard J. Effect on mouse leukemia
1210 of a combination by diazo-reaction of amethopterin
and gamma-globulins from hamsters inoculated with such
leukemia by heterografts. C R Hebd Seances Acad Sci.
1958; 246:1626-1628.
51. Feld J, Barta SK, Schinke C, Braunschweig I, Zhou Y,
Verma AK. Linked-in: Design and efficacy of antibody
drug conjugates in oncology. Oncotarget. 2013; 4:397-412.
52. Ducry L, Stump B. Antibody-drug conjugates: linking
cytotoxic payloads to monoclonal antibodies. Bioconjug
Chem. 2010; 21:5-13.
53. Kovtun YV, Audette CA, Ye Y, Xie H, Ruberti MF, Phinney
SJ, Leece BA, Chittenden T, Blattler WA, Goldmacher VS.
Antibody-drug conjugates designed to eradicate tumors
with homogeneous and heterogeneous expression of the
target antigen. Cancer Res. 2006; 66:3214-3221.
54. Duncan R, Gaspar R. Nanomedicine(s) under the
microscope. Mol Pharm. 2011; 8:2101-2141.
55. Ho M, Royston I, Beck A. 2nd PEGS Annual Symposium
on Antibodies for Cancer Therapy: April 30-May 1, 2012,
Boston, USA. MAbs. 2012; 4:562-570.
56. Beck A, Haeuw JF, Wurch T, Goetsch L, Bailly C, Corvaia N.
The next generation of antibody-drug conjugates comes of
age. Discov Med. 2010; 10:329-339.
57. Mullard A. Maturing antibody-drug conjugate pipeline hits
30. Nat Rev Drug Discov. 2013; 12:329-332.
58. Krop IE, Beeram M, Modi S, Jones SF, Holden SN, Yu W,
Girish S, Tibbitts J, Yi JH, Sliwkowski MX, Jacobson F,
Lutzker SG, Burris HA. Phase I study of trastuzumab-DM1,
an HER2 antibody-drug conjugate, given every 3 weeks to
patients with HER2-positive metastatic breast cancer. J Clin
Oncol. 2010; 28:2698-2704.
59. Govindan SV, Goldenberg DM. Designing immunoconjugates for cancer therapy. Expert Opin Biol Ther. 2012;
12:873-890.
60. Marshall JL. Maximum-tolerated dose, optimum biologic
dose, or optimum clinical value: Dosing determination of
cancer therapies. J Clin Oncol. 2012; 30:2815-2816.
61. Sassoon I, Blanc V. Antibody-drug conjugate (ADC)
clinical pipeline: A review. Methods Mol Biol. 2013;
1045:1-27.
62. Trail PA, Bianchi AB. Monoclonal antibody drug
conjugates in the treatment of cancer. Curr Opin Immunol.
1999; 11:584-588.
63. Trail PA. Antibody Drug Conjugates as Cancer
Therapeutics. Antibodies. 2013; 2:16.
64. Thomas X. Inotuzumab ozogamicin in the treatment of
B-cell acute lymphoblastic leukemia. Expert Opin Investig
Drugs. 2012; 21:871-878.
65. Keir CH, Vahdat LT. The use of an antibody drug conjugate,
glembatumumab vedotin (CDX-011), for the treatment of
breast cancer. Expert Opin Biol Ther. 2012; 12:259-263.
66. Ribrag V, Dupuis J, Tilly H, Morschhauser F, Laine F,
Haioun C, Copie C, Varga A, Lambert JM, Ziti-Ljajic
S, Caron A, Payrard S, Coiffier B. A Phase I study of
Sar3419, an anti-Cd19 antibody maytansinoid conjugate,
administered once weekly in patients with relapsed/
refractory B-Cell non Hodgkin's lymphoma. Clin Cancer
Res. 2013. [Epub ahead of print]

184

67. Lutz RJ, Whiteman KR. Antibody-maytansinoid conjugates
for the treatment of myeloma. MAbs. 2009; 1:548-551.
68. Wang X, Ma D, Olson WC, Heston WD. In vitro and in
vivo responses of advanced prostate tumors to PSMA
ADC, an auristatin-conjugated antibody to prostate-specific
membrane antigen. Mol Cancer Ther. 2011; 10:1728-1739.
69. Wood AC, Maris JM, Gorlick R, Kolb EA, Keir ST,
Reynolds CP, Kang MH, Wu J, Kurmasheva RT, Whiteman
K, Houghton PJ, Smith MA. Initial testing (Stage 1)
of the antibody-maytansinoid conjugate, IMGN901
(Lorvotuzumab mertansine), by the pediatric preclinical
testing program. Pediatr Blood Cancer. 2013; 60:18601867.
70. Lee CM, Tannock IF. The distribution of the therapeutic
monoclonal antibodies cetuximab and trastuzumab within
solid tumors. BMC Cancer. 2010; 10:255.
71. Firer MA, Gellerman G. Targeted drug delivery for cancer
therapy: the other side of antibodies. J Hematol Oncol.
2012; 5:70.
72. Chirmule N, Jawa V, Meibohm B. Immunogenicity to
therapeutic proteins: impact on PK/PD and efficacy. AAPS J.
2012; 14:296-302.
73. Perry LC, Jones TD, Baker MP. New approaches to
prediction of immune responses to therapeutic proteins
during preclinical development. Drugs R D. 2008; 9:385396.
74. De Groot AS, Scott DW. Immunogenicity of protein
therapeutics. Trends Immunol. 2007; 28:482-490.
75. Onda M. Reducing the immunogenicity of protein
therapeutics. Curr Drug Targets. 2009; 10:131-139.
76. Gordon MS, Margolin K, Talpaz M, Sledge GW Jr,
Holmgren E, Benjamin R, Stalter S, Shak S, Adelman D.
Phase I safety and pharmacokinetic study of recombinant
human anti-vascular endothelial growth factor in patients
with advanced cancer. J Clin Oncol. 2001;19:843-850.
77. Maillere B, Delluc S, Ravot G. The prediction of
immunogenicity of therapeutic proteins. Med Sci (Paris).
2012; 28:82-88.
78. Dore RK, Mathews S, Schechtman J, Surbeck W, Mandel
D, Patel A, Zhou L, Peloso P. The immunogenicity, safety,
and efficacy of etanercept liquid administered once weekly
in patients with rheumatoid arthritis. Clin Exp Rheumatol.
2007; 25:40-46.
79. De Groot AS, Martin W. Reducing risk, improving
outcomes: Bioengineering less immunogenic protein
therapeutics. Clin Immunol. 2009; 131:189-201.
80. Boige V, Malka D, Bourredjem A, Dromain C, Baey C,
Jacques N, Pignon JP, Vimond N, Bouvet-Forteau N,
De Baere T, Ducreux M, Farace F. Efficacy, safety, and
biomarkers of single-agent bevacizumab therapy in patients
with advanced hepatocellular carcinoma. Oncologist. 2012;
17:1063-1072.
81. Nishimura T, Furihata M, Kubo H, Tani M, Agawa S,
Setoyama R, Toyoda T. Intracranial hemorrhage in patients
treated with bevacizumab: report of two cases. World J
Gastroenterol. 2011; 17:4440-4444.
82. Oldham RK, Dillman RO. Monoclonal antibodies in cancer
therapy: 25 years of progress. J Clin Oncol 2008; 26:17741777.
(Received October 7, 2013; Revised October 27, 2013;
Accepted October 28, 2013)

www.ddtjournal.com

