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Preface

Antibodies are natural inhibitors of pathogens produced by B lymphocytes. The in
vivo biological process involving antigen presenting cells, T and B lymphocytes
necessary for their production are not addressed in this book, but can be found on
any immunology text book.

The breakthrough study by Kohler and Milstein was the ability to produce in vitro
antibodies by cell fusion. This finding catapulted the use of antibodies as therapeu-
tic agents. With the emergence of recombinant DNA technology and the innovative
ingenuity of scientists, these magic bullets are now continuously being developed
both for research and therapeutic purposes by a myriad of techniques and their use
in many clinical conditions are a testimony of their importance. This book provides
examples of these developments and the current areas of further research and im-
provements.

We have in this book the contribution of scientists that have been involved in the
development of these therapeutic antibodies from their conception and preclinical
testing to their use in the clinic. We believe that each chapter contributes to our
understanding of this process. In no case the path from discovery to application was
simple and is through perseverance and further improvements that each therapeutic
moiety reached its final marketed form.

Engineering of antibodies takes place allowing their use as targeting devices of
both other immunomodulators such as cytokines or cells themselves by the use of
chimeric receptors. The combination with gene transfer technologies to express
some of these moieties directly by the cells of the patient and thus achieve long-
term delivery is also being investigated. As always there is room for improvement
in this field and we expect that in the years to come more of these biologicals will
become available in more diverse therapeutic fields. Better understanding of molec-
ular mechanisms and the function of targeted molecules will lead to the production
of more specific targeted agents.

The science of pharmacology has been redrawn with the entrance of these bio-
logical agents in clinical practice. We need to consider introducing the term “bio-
pharmacology” when dealing with naturally occurring compounds that have been
modified by recombinant DNA technology. It is especially relevant in cases where
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vi Preface

two or more different targets are found in the same molecule such as in bi-specific
antibodies or immunocytokines. We are actually witnessing a revolution in medicine
and this book summarises it very well.

We dedicate this book to Kohler and Milstein for their seminal work on antibody
production.

We thank Professor Gustav Born who gave us the opportunity to edit this book;
Nathan Fox and Lin Wells for secretarial assistance, all the authors and Susanne
Dathe from Springer Verlag for their commitment and help to bring this book to
light.

London, United Kingdom Ahuva Nissim
London, United Kingdom Yuti Chernajovsky
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Abstract Since the first publication by Kohler and Milstein on the production of
mouse monoclonal antibodies (mAbs) by hybridoma technology, mAbs have had
a profound impact on medicine by providing an almost limitless source of thera-
peutic and diagnostic reagents. Therapeutic use of mAbs has become a major part
of treatments in various diseases including transplantation, oncology, autoimmune,
cardiovascular, and infectious diseases. The limitation of murine mAbs due to im-
munogenicity was overcome by replacement of the murine sequences with their
human counterpart leading to the development of chimeric, humanized, and hu-
man therapeutic antibodies. Remarkable progress has also been made following the
development of the display technologies, enabling of engineering antibodies with
modified properties such as molecular size, affinity, specificity, and valency. More-
over, antibody engineering technologies are constantly advancing to enable further
tuning of the effector function and serum half life. Optimal delivery to the target
tissue still remains to be addressed to avoid unwanted side effects as a result of
systemic treatment while achieving meaningful therapeutic effect.

A. Nissim
Bone and Joint Research Unit, William Harvey Research Institute, Barts and The London, Queen
Mary’s School of Medicine and Dentistry, University of London, Charterhouse Square, London
EC1M 6BQ, United Kingdom
e-mail: a.nissim@qmul.ac.uk

Y. Chernajovsky, A. Nissim (eds.) Therapeutic Antibodies. Handbook of
Experimental Pharmacology 181.
c© Springer-Verlag Berlin Heidelberg 2008
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4 A. Nissim, Y. Chernajovsky

1 Development of Monoclonal Antibodies
by Mouse Hybridoma Technology

The development of mouse hybridoma technology by Kohler and Milstein in 1975
initiated high hopes for the production of antibodies for therapy (Kohler and
Milstein 1975). Mouse hybridomas were the first reliable source of monoclonal anti-
bodies and were developed for a number of in vivo therapeutic applications (Meeker
et al. 1985; Cosimi et al. 1981). Clinical studies have, however, been disappointing
due to the fact that the monoclonal antibodies (mAbs) were of murine origin and
therefore triggered human immune responses (Shawler et al. 1985). Understanding
the structure–function of antibody was the key element to address this problem. At
the amino terminus, immunoglobulins have two identical target-binding variable do-
mains (Fv portions), each of which forms a pocket where two polypeptide chains
– the heavy and light chain – come together. Two heavy chains are linked to two
light chains by disulfide bonds, and the two heavy chains are linked to each other
by disulfide bonds in a flexible hinge region. The effector function of immunoglob-
ulin encompass the Fc portion composed of constant region at the carboxyl termini
of both heavy chains (Fig. 1). To reduce the potential human anti-mouse antibody
(HAMA) responses, chimeric antibodies containing mouse variable domain regions
fused to human constant regions were developed (Boulianne et al. 1984). Studies
by Hwang and Foote (2005) have demonstrated that substitution of mouse with hu-
man Fc dramatically reduce the anti-antibody response (AAR). While with mAb
84% had marked, 7% tolerable and 9% negligible HAMA responses with chimeric
Abs there were only 40% marked, 27% tolerable, and 33% negligible human an-
tichimeric antibodies (HACA) responses. To counteract both HAMA and HACA
responses associated with murine and chimeric antibodies, humanization was done
by grafting mouse complementarity-determining regions (CDRs), the hypervariable
regions that bind to the specific antigen, into human antibody backbone (Fig. 1 inset
and Jones et al. 1986). In terms of immunogenicity of humanized mAbs, there is a
dramatic decrease in marked anti-humanized antibody (HAHA) responses to only
9%. Nevertheless, the tolerable and negligible responses are similar to the chimeric
mAbs with 36% and 55% incidence, respectively (Hwang and Foote 2005). Another
problem arising from using the humanization approach was that the antibody vari-
ant in which only CDRs had been replaced had reduced affinity (Reichmann 1988).
This was overcome by the conversion of human amino acids in framework region
to their corresponding mouse sequences. This was followed by a “resurfacing” ap-
proach in which only the surface exposed mouse residues are replaced by human
amino acids (Padlan 1991; Zhang 2005)

The number of chimeric and humanized antibodies approved by the American
Food and Drug Administration (FDA) is constantly growing. The chimeric anti-
body is still dominating the therapeutic mAbs with four FDA approved products,
led by Remicade (anti-TNFα) for the treatment of autoimmune diseases such as
rheumatoid arthritis (Elliott et al. 1993) and Rituxan (anti-CD20) to treat B cell
lymphoma (Coiffier et al. 1998) and rheumatoid arthritis (Cambridge et al. 2003).
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Fig. 1 Antibody parts and their functions: IgG molecules comprise a two each heavy and light
chains linked by disulphide bonds (green bars). Each chain contain a variable (V) domain (the
VH domain, green; and VL, orange) and constant (s) domains (CH1, CH2, and CH3 or one CL do-
main; purple). Binding to antigen (light blue) is mediated by direct interaction of complementarity-
determining regions (CDRs). CDRs are shown at the top left. VH-CDRs are indicated as H3, H2,
and H1 for VH-CDR3, VH-CDR2, and VH-CDR1, repectively. VL-CDR1, VL-CDR2, and VL-
CDR3 are L3, L2, and L1, respectively. The Fc region of IgG interacts with Fc receptors expressed
by effector cells or with complement, leading to destruction of the target pathogen. The Fc also
binds the salvage receptor FcRn to extend the half-life of human IgG. Glycosylation is needed to
the FcR interaction and is attached to the conserved asparagine (Asn) residue at position 297. Part
of the image is reproduced, with permission, from Nature (Carter, 2006)

The first humanized antibody has been Campath, which binds human CD52 and is
used to treat patients with B cell chronic lymphocytic leukaemia (Dyer 1999) and
acute transplant rejection (Morris and Russell 2006). Additional prominent exam-
ple is humanized antireceptor tyrosine kinase ERB2, Herceptin to treat breast cancer
(Eiermann 2001). Currently, there are nine approved humanized mAbs (Table 1).

Transgenic animals superseded the mouse hybridoma technology for the pro-
duction of human mAbs. By transgenic technology human antibody genes were
introduced into mice lacking their own immunoglobulin loci. These mice can be
immunized with specific antigens and their B cells used for generating hybrido-
mas as for the generation of mouse mAbs, but in this case producing intact hu-
man antibodies (Jakobovits et al. 1993). The immune response in transgenic mice
is sometimes less robust and thus there is a need for an increased number of immu-
nizations. The main advantage is that mAbs from transgenic mice often have high
affinity reflecting in vivo affinity maturation and thus obviate the need of in vitro
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Table 1 Mabs approved for therapy

Name (USAN) Target Isotype Species Indication Class

Synagis RSV F prot IgG1K Humanized Antiinfective
(palivizumab)

Amevive CD2 IgG1 fusion Immunomodulatory
(alefacept)

Enbrel TNF alpha IgG1 fusion Immunomodulatory
(etanercept)

Humira TNF alpha IgG1K Human Immunomodulatory
(adalimumab)

OKT3 CD3 IgG2a Murine Immunomodulatory
(muromonab-CD3)

Raptiva CD11a IgG1kappa Humanized Immunomodulatory
(efalizumab)

Remicade TNF alpha IgG1K Chimeric Immunomodulatory
(infliximab)

ReoPro GP 2b/3a IgG1K Fab Chimeric Immunomodulatory
(abciximab)

Simulect CD25 IgG1 Humanized Immunomodulatory
(basiliximab)

Xolair IgE IgG1 kappa Humanized Immunomodulatory
(omalizumab)

Zenapax CD25 IgG1 Humanized Immunomodulatory
(daclizumab)

Tysabri a4 integrin IgG4 Humanized Immunomodulatory
(natalizumab)

Orencia CTLA4-Ig IgG1 Human Immunomodulatory
(abatacept)

Avastin VEGF IgG1 kappa Humanized Oncology
(bevacizumab)

Bexxar CD20 IgG2a Murine Oncology
(tositumaomb)

Campath hu CD52 IgG1 Humanized Oncology
(alemtuzumab)

Erbitux hu EGFr IgG1kappa Chimeric Oncology
(cetuximab)

Herceptin Her2 IgG1K Humanized Oncology
(trastuzumab)

Vectabix EGFR IgG2 Humanized Oncologic
(panitumumab)

Mylotarg hu CD33 IgG4kappa Humanized Oncology
(gemtuzumab
ozogamicin)

Rituxan CD20 IgG1K Chimeric Oncology
(rituximab)

Zevalin hu CD20 IgG1kappa murine Oncology
(ibritumomab
tiuxetan)
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Table 1 (continued)

Name (USAN) Target Isotype Species Indication Class

CEA-Scan CEA IgG1 (Fab′)2 Murine Radiotherapy and
(arcitumomab) imaging

Myoscint Myosin IgG2aK Fab Murine Radiotherapy and
(imciromab) Imaging

NeutroSpec CD15 IgM Murine Radiotherapy and
(fanolesomab) imaging

Oncoscint hu tu-assoc gp 72 IgG1K Murine Radiotherapy and
(satumomab) Imaging

Prostascint PSMA IgG1K murine Radiotherapy and
(capromab) imaging

Verluma 40kDa GP IgG2b Fab Murine Radiotherapy and
(nofetumomab) imaging

Lucentis VEGF IgG1 Humanized Ocular
(ranibizumab)

Sources are www.fda.gov/cder/rdmt web sites and (Carter 2006) with permission from Nature.
Products are grouped according to their therapeutic application. Further details and references are
listed in (Carter 2006). Rnibizumab and panitumumab have been approved last year. Ranibizumab
developed by Genentech is a humanized, Fab directed against VEGF. It was derived from the full-
length bevacizumab and is approved for the treatment of colorectal cancer. Ranibizumab has been
shown to completely penetrate the retina and enter the subretinal space after intravitreal injection.
Co-development of Abgenix with Amgen, panitumumab (rHuMAb-EGFr) targets EGFR. Panitu-
mumab is an entirely human monoclonal demonstrating antitumor activity in advanced, refractory
colorectal cancer

affinity maturation. In addition, the initial output is intact human mAb including
the Fc portion, which allows immediate screening for effector function. Antibodies
raised by this technology can be produced either in the same hybridoma cell line
generated after immunization or in cell lines such as Chinese hamster ovary. None
of the antibodies derived from these mice have yet made it to the market, although
35 have already entered clinical development. Four antibodies anti-EGFR, RANKL,
CTLA-4, and CD4 are now in phase 3 development. So far there has been no Anti
Antibody Response reported in the clinical trial (Lonberg 2005).

2 Display Technologies

The simplest robust technology for raising mAbs against a given target therapeutic
protein is phage display technology (Winter 1994). The libraries encompass a mix-
ture of filamentous bacteriophage each displaying a different antibody fragment and
specificity. To build a library, antibodies fragments such as Fab (VH + CH1/VL+
CL heterodimers connected via a disulfide bridge) (Griffiths et al. 1994), single
chain variable fragment (VH and VL joined by a polypeptide linker of at least
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incubation of phage
with antigen

•Unbound phage are washed
•Bound phage are eluted
•Re-infect TG1
•Phage propagation
•Repeated panning

Enriched phage after the
last round of panning

At the end of panning E.coli HB2151
are infected with phage from
last round. Individual clones correspond to
individual monoclonal scFv raisedB

C D

E

or or or

Fab scFv dAb

A

Fig. 2 Principle of phage display. The phage display libraries encompass a mixture of filamentous
bacteriophage each displaying a different antibody fragment and specificity. Fab, scFv, or dAb
antibody fragments (Fig. 2 inset) are cloned as a fusion with phage coat protein (A, VH in red; VL
in orange; and gIII in blue) resulting in libraries of millions or billions of phage each displaying
different antibody fragments (Fig. 2A,B). The library is then used to select against an immobilized
target protein to capture the phage that bind specifically to the protein (Fig. 2C). Unbound phage are
washed while bound phage are eluted and then infect E. coli TG-1 bacteria. Phage are propagated
and used for further round of selection. At the end of the panning E. coli HB2151 are infected
and individual bacterial clone producing antibody fragments are screened for binding to the target
antigen. For further details see (Harrison et al. 1996)

12 amino acids, (scFv) (Nissim et al. 1994), and single VH or VL domain antibody
(dAbs) (Holt et al. 2003) were cloned as a fusion with phage coat protein, resulting
in libraries of millions or billions of phage each displaying different antibody frag-
ments (Fig. 2 inset, A and B). The library is then used to select against a target
protein to capture the phage that bind specifically to the protein (Fig. 2C–E). The
ability to rapidly screen large number of antibodies against the target protein has ob-
vious advantages over the laborious generation of hybridomas. Moreover, the DNA
encoding the selected antibody fragment is packaged with the protein (Fig. 2A).
This link between phenotype (binding affinity) and genotype (antibody gene seg-
ments) allows simultaneous recovery of the gene encoding the selected antibody
(Hoogenboom 2005). Libraries were built from immune fragments isolated from
immunized animals or infected humans, resulting in biased library toward certain
specificities. When an immune library was made from an immunized animal, it ba-
sically replaces the hybridoma approach but with the ability to obtain many more
antibodies and with rare antibody specificities (McWhirter and Alexion Antibody
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Technologies 2006; Throsby 2006). An attractive application of immune libraries
is to develop virus or toxins-neutralizing antibody fragments that can replace the
current treatment by serum-derived polyclonal antibodies, which suffers from po-
tential drawbacks such as limited production capacity and batch-to-batch variation
(de Kruif et al. 2006). Naı̈ve libraries were later on built from a pool of healthy
donors followed by a synthetic repertoire rearranged in vitro, which is not biased
and therefore can be used for selecting specificities against a wide range of targets
(Vaughan 1996; Hoogenboom 2005). Nevertheless, the advantage of the semisyn-
thetic repertoires is the ability to control the type and number of germline gene
segments as well as the sequence of the synthetic CDRs (Nissim et al. 1994; de
Wildt et al. 2000; Silacci 2005). Large and diverse semisynthetic libraries have been
a valuable source of antibodies against a large number of target proteins including
self nonimmunogenic as well as antigens that are species-crossreactive. Anti-TNFα
antibody, Humira (Adalimumab), derived from phage display is the only human
antibody approved by the FDA to treat rheumatoid arthritis. The human mAb Adal-
imumab appears to be less immunogenic than the chimeric Infliximab. In three ran-
domized trials, the cumulative incidence of anti-Adalimumab antibodies in 1 062
patients with rheumatoid arthritis was 6% (Kress 2002). Concomitant methotrexate
therapy was associated with a reduced incidence of antibody development; 12% of
patients treated with Adalimumab alone were antibody-positive vs. <1% of patients
treated with Adalimumab and methotrexate (Weinblatt 2003). The question whether
fully human mAb are less immunogenic than humanized mAb can not be addressed
yet until more human antibodies will be used in clinic. This will come up probably
soon as many antibody fragments derived from phage display are now in clinical
and preclinical trails (leading candidate listed in Hudson 2005).

A less common route to generate human antibodies includes ribosome display
(Hanes and Pluckthun 1997) and yeast display (Boder and Wittrup 1997). The ad-
vantage of yeast display is the availability of posttranslational modification in the
yeast host but ribosomal display is used more often along side phage display for
affinity maturation. In ribosome display, mRNA is transcribed from antibody cDNA
libraries, and subsequently translated in vitro to produce complexes where ribo-
somes are still connected to both mRNA and nascent polypeptide. The ribosome
display selection is similar to phage display with antibody–ribosome–mRNA com-
plex being selected by binding to an immobilized target antigen. Selected mRNA
is released from the ribosome followed by RT-PCR to generate a population of se-
lected DNA, as the starting point for further rounds of selection. While offering
similar benefits as phage display, this technology has the potential ability to gener-
ate larger libraries by overcoming the need to transform cells to generate a library.
The main advantage, however, is the integral PCR step in the procedure that makes
this technology a convenient approach for affinity maturation. An affinity matured
ribosomal display antibody was recently developed, CAT-354, which is a human
anti-IL-13 monoclonal antibody for potential treatment of severe asthma (Blanchard
2005).



10 A. Nissim, Y. Chernajovsky

3 Development of Technologies to Tailor the Properties
Determining the Clinical Potential of Antibodies

Minimizing immunogenicity in the clinical setting poses considerable challenges
but the clinical potential of mAbs does not exclusively depend on that. Other prop-
erties such as affinity, effector function, tissue penetration, and pharmacokinetics
are also very important. Scientists have gone a long way in the development of tech-
nologies to tailor mAb to tune these functions and to make candidate mAbs real
drug candidates.

3.1 Affinity

The clinical utility of an antibody depends on its affinity for the target antigen. Im-
proving affinity can improve the potency, pharmacokinetics, and reduce the dosing
needed. Nevertheless, increased affinity does not always translate to increased po-
tency and in many cases there is an affinity threshold. This is most common for
tumor targeting where higher affinity antibodies do not necessarily have superior
tumor targeting as this might diminish penetration or cause binding to normal tis-
sues that have lower expression of the targeted tumor marker. The mAb raised by
hybridoma technology either from mice or from transgenic mice usually have high
affinity and do not need affinity maturation. The beauty of display technology is the
ability to tailor the affinity to the optimal binding affinity and avoid the threshold
affinities. In general the initial selected antibody from display libraries often bears
lower than the desired affinity. The different approaches to improve antibody affinity
can be divided into chain or CDR shuffling. Chain shuffling involves shuffling the
VH or VL of a given antibody with a repertoire of the corresponding chain thereby
creating a mini-library of the lead antibody. This mini-library is then used for selec-
tion for higher affinity binders using stringent selection (Marks 2004). CDR shuf-
fling was developed originally by Barbas et al. (1994) and involved mutation within
the CDRs and reselection in stringent conditions (Neri et al. 1997).

3.2 Effector Function

3.2.1 Engineering the Fc

In some cases, binding of mAbs to the target protein and neutralization of its activ-
ity is sufficient. For example, two mAbs approved for clinical use, Herceptin (anti-
Her2/Neu) and anti-EGFR, provide therapeutic benefit in part by blocking growth
signals after binding to their corresponding receptor. More commonly, however, de-
struction of target cells such as the removal of tumor cells or viral-infected cells
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is desired. Destruction of target cells is mediated by effector functions and each of
these is mediated through interaction of the Fc portion of mAbs with a specific set
of Fc receptors. These include antibody-dependent cytotoxicity (ADCC), phagocy-
tosis, and complement-dependent cytotoxicity (CDC). ADCC and phagocytosis are
mediated by binding to FcR and CDC by binding to the complement proteins.

The importance of carbohydrate linked to Asn297 of IgG in the interaction with
Fc-receptor has long been recognized (Fig. 1). Moreover, the interaction with the
Fc is sensitive to changes in the composition of the carbohydrate. Molecular en-
gineering technology has been used to tune the composition of the carbohydrate
by mainly reducing the fructose moiety, which was shown to significantly increase
binding to FcγR and thus enhance ADCC. ADCC response have also been tuned by
engineering the amino acid sequence of the Fc region to improve binding to FcγRs
(Shields 2001). More recently, computational design methods have been used to tai-
lor the effector functions of Alemtuzumab and Trastuzumab achieving a more than
100-fold increase in the potency of ADCC, as well as increases in the percentage
of tumor cells that are killed (Lazar 2006). In the same manner, detailed mapping
of C1q to human IgG1 has been used to improve the CDC of Rituximab (Idusogie
2001).

3.2.2 Arming Mab with Effector Function

Antibody engineering has advanced to the point that other effector functions can
be engineered into mAb regardless of the characteristics or presence of the Fc por-
tion. mAb effector functions are increased by arming with either radionuclide drugs
(Wu and Senter 2005) or potent toxins (Kreitman 1999; Kreitman et al. 2000) or by
engineering recombinant bi-specific antibodies that simultaneously bind the target
and activate receptors or immune effector cells such as CD3 and FcR (von Mehren
2003; Baltman Greenberg Science 2004). The FDA has recently approved three
mAb conjugates for cancer. Two of these are murine radiolabelled mAbs to treat
B cell lymphoma, a CD-20-specific IgG2lk radiolabeled with 90Y (Ibritumomab
Tiuxetan) (Wahl 2005) and a CD-20 IgG2al radiolabelled with 131I (Tositumomab)
(Borghaei 2004). The third mAb conjugate is a humanized CD-33 specific IgG4k
mAb conjugated to a calicheamicin derivative that induces double strand breaks
(Gemtuzumab Ozogamicin) for the treatment of leukemia (Linenberger 2005).
Gemtuzumab Ozogamicin is actually the only approved mAb-drug conjugate, but
many more are in different phases of clinical trials (Wu and Senter 2005). Smaller
antibody fragment with shorter half life and rapid blood clearance and therefore with
limited unwanted exposure to normal tissues are also been armed with effector func-
tion. For example, fragments conjugated to pseudomonase exotoxine QA are been
tested (Wu and Senter 2005). An additional approach to increase the effector func-
tion of mAb is by antibody-directed enzyme prodrug therapy (ADEPT), which uses
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mAb to specifically deliver an enzyme that activates a subsequently administered
prodrug. Phase 1 trial of ADEPT was reported by Francis et al. (2002) using murine
F(ab’)2 anti-CEA fragment linked to carboxypeptidase G2 followed by prodrug bis-
iodo-phenol mustard (ZD276P) in patients with advanced colorectal carcinoma. The
main problem in this trial was, however, the immunogenicity of the murine F(ab’)2
and the conjugated enzyme.

3.2.3 Immunocytokines

Fusion of antibody or antibody fragments to cytokines capable of augmenting im-
mune response is an alternative approach to localize therapy (Maas et al. 1993).
Such recombinant fusion proteins, called immunocytokines, combine the targeting
power of the mAb to direct the cytokine to specific antigens, thus achieving an ef-
fective local concentration in the desired microenvironment, without the toxicity
associated with systemic cytokine administration. In the past decade, several groups
have developed immunocytokines, including those fused to TNFα (Gillies et al.
1991) IL-2, granulocyte/macrophage colony stimulating factor (GM-CSF) (Tao and
Levy 1993; Zhao et al. 1999), and IL-12 (Gillies et al. 1998). Indeed, one of the first
successful constructions of a fully active immunocytokine was that of a chimeric hu-
man/mouse anti-ganglioside GD2 antibody, ch14.18 with IL-2 (Gillies et al. 1992).
GD2 is expressed on many tumors of neuroectodermal origin, such as neuroblas-
toma, melanoma, and certain sarcomas.

4 Pharmacokinetics

The pharmacokinetics of antibodies in blood is an important factor in assessing their
clinical potential. Most likely, it is desired to increase the half life of antibody to im-
prove efficacy. Alternatively, it might be advantageous to decrease half life in cases
where nonspecific binding is high. Half life of antibody can range from several min-
utes for antibody fragments such as dAb or scFv up to several weeks for an intact
antibody. There are several approaches to improve the pharmacokinetics. In case of
intact antibody, it can be tuned by tailoring the interaction between mAb and its
salvage receptor, FcRn. This receptor binds and transport IgGs in the circulation,
and thus rescues Ab from a default degradation (Ghetie 1997; Ward et al. 2005).
Binding to FcRn is pH dependent via His310 and His435 on Fc. IgG can bind FcRn
in endosomes under slightly acidic conditions (pH 6.0–6.5) and can recycle to the
cell surface, where it is released under almost neutral conditions (pH 7.0–7.4). Fc
derivatives that increase binding to FcRn at pH 6.0 are desired to increase half life
(Hinton 2004) while Fc mutation attenuating interaction with FcRn are used to re-
duce half life (Carlos Vaccaro 2005; Kenanova 2005).

Antibody fragment lacking Fc can be engineered to superior molecules with
an increased half life (Hudson 2005). The most commonly used format antibody
fragment scFv (25kDa) can be engineered to a larger fragment by increasing the
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number of scFv building block. Depending on the linker length, dimeric diabody
of 55 KDa (two scFv), triabody of 80 kDa (three scFv) or tetravalent tetrabodies
of 110 kDa (four scFv) were constructed for imaging studies. These fragments are
smaller than intact antibody and they can be cleared faster and have improved tumor
binding and penetration in comparison with scFv and Fab. It seems that bivalent di-
abody is advantageous as it has better tumor retention in comparison with scFv but
still has more rapid tumor penetration and clearance in comparison with intact an-
tibody (Robinson 2005; Hudson 2005) for review. Minibodies (scFv–CH3 dimer)
account for higher tumor uptake but with still better clearance. Both diabody and
minibodies augment the avidity alongside increase in size (Fig. 3).

Fig. 3 Antibodies, their fragments, and pharmacokinetic properties: (a) Different antibody formats
and their respective molecular weights (kDa) and serum half life. VL is indicated in orange, VH
in purple, while C domain in blue. (b) Biodistribution of different mAb formats in two xenograft
models. Left graph: tumor (solid lines) and blood levels (dashed lines) plotted vs. hour after in-
jection (h) for anti-Her2/Neu Mabs IgG 741F8 (blue), diabody C6.5 (black), and scFv C6.5 (red)
in severe combined immune deficient (SCID) mice bearing solid subcutaneous SK-OV-3 tumors
expressing Her2/Neu. Right graph: tumor-to-blood ratios of anti-CEA T84.66 immunoglobulin,
minibody, diabody, and scFv in mice with LS174 colon carcinoma xenografts plotted vs. time after
infusion. These studies show the superior tumor targeting of diabodies with high tumor uptake and
rapid blood clearance when compared with immunoglobulin with higher blood pool and scFv with
poor tumor uptake and rapid clearance. The image is reproduced, with permission, from Nature
(Hudson 2005)
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The half life of antibody fragments can also be modified by conjugation to
polyethylene glycol (PEG) (Chapman et al. 1999). At least two PEGylated antibody
fragments have progressed to clinical trials, including Certolizumab pegol (Cimzia;
UCB; a humanized TNF-specific Fab′ conjugated to PEG). Certolizumab pegol has
half-life of ≈14 days in patients, which is comparable with the parental IgG, and
it is well tolerated (Choy 2002). The potential advantages of PEGylated fragments
over IgG include the lack of any undesirable Fc-mediated effects (Chapman 2002).

5 Conclusions

Design of a therapeutic antibody involves target selection, antibody generation, and
engineering for optimal efficacy. When mAbs were first discovered in the 1980s,
the choices of therapeutic application were very limited, but since then tremendous
progress has been made. The ability to engineer human like or human antibodies
and to improve mAb affinity and effector function of choice has led to a big step
in the use of mAbs in clinical settings. The big step was the development of an-
tibody library technology, which already led to one human antibody approved for
therapy with many more in clinical and preclinical trials. This technology not only
enables the development of intact human antibodies but the development of non-
native antibody forms that can be tuned to the desired affinity, pharmacokinetics,
and effector function. Since clinical studies are still limited to one approved human
mAb developed by these technologies, it remains to be seen if further improvements
are needed. For example semisynthetic or synthetic phage or ribosomal display li-
braries bear nonnative CDR3, which might be immunogenic. Possibly, libraries will
need further tuning to generate more human antibody germline-like sequence reper-
toires for further therapeutic application. So far, apart from the anti-TNFα to treat
rheumatoid arthritis, the most promising therapeutic mAbs are the ones developed
to kill tumors either by effector function or by delivering death signals. Probably
the best approach in the future will be to combine cocktails of anti-tumor mAbs that
recognize different tumor epitopes that will be used in combination with chemo- or
radiotherapy. It is unlikely that even an optimized mAb will be curative as monother-
apy. In contrast to using mAbs to treat cancer, using mAbs as immunomodulatory
agonists is much more complicated and many more precautions need to be addressed
in regards to structural design of the mAb and clinical trials. This issue has gained
urgency after the failure of a clinical trial using an anti-CD28 mAb for treatment of
autoimmune diseases. CD-28 normally regulates T cell proliferation and cytokine
production and is important in immune system homeostasis (Gardner 2006).

Development of therapeutic mAbs has shifted largely from academia to the in-
dustrial sector. This stimulates a lot of competition but due to intellectual property
confidentiality less information is available in regards to preclinical trials. Consid-
ering the great promise of mAbs in diagnosis and therapy, we hope that the design
and conduct of clinical trials will have open access to results and data for the most
important reason, the patient.
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Abstract Monoclonal antibodies (mAbs) are a well-established product class of
biotechnology-derived pharmaceuticals for treating multiple diseases. A growing
number of mAbs are being tested in clinical trials worldwide. Many of the second
generation mAbs entering the clinic today are highly engineered, produced from re-
combinant cell lines, and present new safety challenges for regulators and industry
scientists responsible for their safety evaluation. The increasing complexity of an-
tibodies and the variety of recombinant production cell systems used for antibody
manufacturing require a well thoughtout approach for preclinical safety evaluation
of mAbs. The focus of this chapter is to provide the reader with a basic frame-
work for preparing a scientifically sound preclinical package for safety evaluation
of therapeutic mAbs. We outline the general considerations for planning a preclin-
cal program and the issues critical for success. We describe the types of preclinical
safety studies and the timing for their conduct in relation to clinical trials. We also
share some of the lessons learned about toxicity of mAbs from previous antibody
development programs. A list of relevant regulatory documents issued by various
government agencies and selected references to other useful texts and publications
are also provided in the chapter. We believe that applying the principles described
in this chapter will improve the quality and relevance of the preclinical safety data
generated to support the future development of mAbs therapeutics.

1 Introduction

During the past 20 years, great progress has been made in developing monoclonal
antibodies (mAbs) as major biotherapeutics for a wide variety of diseases, including
cancers, inflammatory diseases, autoimmune conditions, and infections. There are
19 approved mAbs for therapeutic use in the US today (Table 1) and a growing
number of mAbs are being tested in clinical trials worldwide (Reichert et al. 2005;
Adams and Weiner 2005; Kim et al. 2005). An ever-increasing number of mAbs for
diagnosis and treatment are most likely to fill the pipelines of many companies in
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Table 1 Approved antibodies for therapeutic use

Approval
date

Antibody Name Target Antibody type Indication Company

1986 (US) Muromonab-
CD3

OKT3 CD3 Murine,
IgG2a

A & I∗ Johnson &
Johnson

1984 (US) Abciximab ReoPro PIIb/IIIa Chimeric,
IgG1, Fab

Hemostasis Centocor

1987 (US)
1988 (EU)

Rituximab Rituxan CD20 Chimeric,
IgG1

Cancer Genentech

1997 (US)
1999 (EU)

Daclizumab Zenapax CD25 Humanized,
IgG1

A & I∗ Roche

1998 (US)
1998 (EU)

Basiliximab Simulect CD25 Chimeric,
IgG1

A & I∗ Novartis

1998 (US)
1999 (EU)

Palivizumab Synagis RSV Humanized,
IgG1

Infections MedImmune

1998 (US)
1999 (EU)

Infliximab Remicade TNFα Chimeric,
IgG1

A & I∗ Centocor

1998 (US)
2000 (EU)

Trastuzumab Herceptin HER2 Humanized,
IgG1

Cancer Genentech

2000 (US) Gemtuzumab
ozogamicin

Mylotarg CD33 Humanized,
IgG4,
immunotoxin

Cancer Wyeth

2001 (US)
2001 (EU)

Alemtuzumab Campath-
1H

CD52 Humanized,
IgG1

Cancer Genzyme

2002 (US)
2004 (EU)

Ibritumomab
tiuxetan

Zevalin CD20 Murine, IgG1,
radiolabeled
(Yttrium 90)

Cancer Biogen Idec

2002 (US)
2003 (EU)

Adalimumab Humira TNFα Human, IgG1 A & I∗ Abbott

2003 (US) Omalizumab Xolair IgE Humanized,
IgG1

A & I∗ Genentech

2003 (US) Tositumomab-
I131

Bexxar CD20 Murine,
IgG2a,
radiolabeled
(Iodine 131)

Cancer Corixa/GSK

2003 (US)
2004 (EU)

Efalizumab Raptiva CD11a Humanized,
IgG1

A & I∗ Genentech

2004 (US)
2004 (EU)

Cetuximab Erbitux EGFR Chimeric,
IgG1

Cancer Imclone

2004 (US)
2005 (EU)

Bevacizumab Avastin VEGF Humanized,
IgG1

Cancer Genentech

2004 (US) Natalizumab Tysabri α4-
intergrin

Humanized,
IgG4

A & I∗ Biogen Idec

2006 (US) Panitumumab Vectibix EGFR Human, IgG2 Cancer Amgen
∗A & I = Autoimmune and inflammatory indications

the near future as a result of breakthroughs in antibody technologies coupled with
identification of additional molecular targets of disease. Therefore, it is essential to
conduct appropriate preclinical safety studies of mAbs to support more rapid clinical
development of antibody therapeutics and ensure patient safety.
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The first generations of mAb therapeutics were produced from mouse hybrido-
mas and had limited success in the clinic. This was partially due to their inabil-
ity to effectively interact with human effector cells and their rapid clearance from
the system because of immunogencity (Carter 2006). With the advent of recom-
binant DNA technology, generation of chimeric and humanized mAbs (by graft-
ing of the Fc portion and variable regions of the mouse antibodies with human
counterparts) has alleviated some of these problems (Carter 2006). Many new
technologies are now available that allow production of fully human antibodies
(Hoogenboom 2005; Lonberg 2005; Carter 2006). Recombinant technology has
also allowed further refinements of antibody sequences to alter the binding affin-
ity and Fc effector functions. It is thus possible to customize mAbs for desired
effector functions, such as antibody-dependent cellular cytotoxicity (ADCC) and
complement-dependent cytotoxicity (CDC). Most of the mAbs in the clinic today
are genetically modified to incorporate more human characteristics aimed at re-
ducing immunogenicity and enhancing interaction with human effector cells. The
second generation of mAbs that are modified to alter glycosylation, target binding
affinity, and half-life are now entering product development in an effort to improve
efficacy and to increase the chances for clinical success (Adams and Weiner 2005;
Carter 2006).

In parallel with the advances in antibody engineering, there has also been an
evolution of the technology for generation of high titer mAb producing cell lines
of both mammalian and nonmammalian origins (Carson 2005). A variety of differ-
ent expression systems and production cell lines are now available for small and
large-scale commercial manufacture of mAbs (Birch and Racher et al. 2006). Thus,
the increasing complexity of antibody engineering and the variety of recombinant
production cell systems available for antibody generation make it more critical than
ever that a thorough and thoughtful approach be taken to the preclinical safety eval-
uation of monoclonal antibodies. In addition to their novel peptide nature, complex
structure, unique biologic functions, and longer half-lives, the more routine utiliza-
tion of engineered antibodies to treat chronic diseases (Kim et al. 2005) also adds to
the potential safety concerns for their prolonged clinical use.

In this chapter, we provide a basic framework for preparing a scientifically sound
preclinical package for safety evaluation of therapeutic mAbs. We outline the gen-
eral considerations for planning a preclincal program and the issues critical for suc-
cess. We describe the types of preclinical safety studies and the timing for their
conduct in relation to clinical trials. We also share some of the lessons learned from
previous development of antibodies. We identify the relevant regulatory documents
along with selected references to other useful texts and publications. The chapter
will serve as a roadmap, providing guiding principles and directing the reader to ad-
ditional sources of information. We hope that application of the principles described
in this chapter will improve the quality and relevance of the preclinical safety data
generated to support the development of mAbs therapeutics.
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2 Goals of Preclinical Safety Evaluation

The three main goals of preclinical safety evaluation of monoclonal antibodies and
any biopharmaceutical are:

1. To determine a safe starting dose for the first in human Phase 1 clinical trial and
subsequent dose escalation schemes

2. To identify potential target organs of toxicity and to determine whether the toxi-
city is reversible after a period of time following the end of treatment

3. To identify parameters that can be used to monitor safety in the clinical trials

Meeting these goals is achieved through the conduct of in vitro and in vivo non-
clinical studies aimed at defining and understanding the toxicological properties of
the antibody. To design an appropriate safety assessment of an antibody, it is best
to have first characterized its pharmacological properties such as receptor affinity,
receptor occupancy, and biological activity related to its intended therapeutic appli-
cation. An understanding of the exposure response relationship is an integral part of
the preclinical safety evaluation of monoclonal antibodies. Initial estimates of phar-
macokinetic (PK) parameters are helpful in designing the duration of the recovery
period, for example, in repeated dose-toxicity studies. Since the toxicology pack-
age is intended to support the clinical program from Phase I to approval, clearly
defined clinical trials are a prerequisite for designing the supporting toxicology pro-
gram. General considerations for planning a nonclincial safety evaluation program
for a monoclonal antibody will be discussed below and the issues that are critical
for success will be highlighted.

2.1 General Considerations

2.2 Start with the End in Mind

The most efficient way to plan a nonclincial development strategy is to start with
the end in mind and to work backwards. This may seem counter-intuitive, but ex-
perience has proven time and time again that it is the most effective approach. A
very useful exercise to do at the outset of the program is to write the label for the
product in collaboration with clinical, regulatory, and manufacturing. This exercise
will help define the key components (e.g., indication, patient population, dosing reg-
imen, duration of treatment, route of administration, formulation, etc.) required for
designing the toxicology package.

2.3 Coordinate the Preclinical Safety Program in Step with the
Phases of Clinical Development

The next step in the process is to list all of the nonclinical pharmacology and toxicol-
ogy studies anticipated to be conducted over the entire course of the development of
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the product from the investigational new drug (IND) phase to postmarketing. Then
divide the studies into categories according to when they will be conducted as fol-
lows: (1) prior to initiation of Phase I clinical trial, (2) Prior to or concurrently with
Phase II, and (3) concurrently with Phase III pivotal trials. Working backwards, this
will allow determination of which studies are required for registration of the product
i.e., to file the Biologics License Application (BLA), but need not be completed to
initiate pivotal Phase III clinical trials. Examples of such studies are chronic toxicity
studies and reproductive and developmental toxicology studies. Next identify tox-
icology studies that are required to be completed to support initiation of Phase III
and Phase II trials. Often they are one and the same. Finally, identify which studies
are necessary for the IND submission.

The utility of this approach is that it allows coordination of the timing of the
conduct of the safety study in step with the phases of drug development. The neces-
sity for safety studies and the timing of their conduct is not solely governed by the
clinical trials, but also by the chemistry, manufacturing and controls (CMC) devel-
opment strategy that will be discussed in the next section. One of the most common
occurrences in toxicology programs is need to conduct similar toxicity studies more
than once because of lack of coordination with Clinical and CMC. Often the dura-
tion of treatment in the Phase I trial is shorter that the intended labeled clinical use of
the product. Thus, the duration of treatment is longer in Phase II and beyond. If the
IND-enabling studies are designed strictly to support the shorter duration Phase I
trial then they will not be adequate to support Phase II and will necessitate the
conduct of a second toxicity study of longer duration. The advantage of planning
backward is that one can anticipate the need for the longer duration toxicity study
beyond the initial IND and elect to conduct the longer duration toxicity study up-
front. The longer duration toxicity study will provide toxicology coverage for both
Phase I and II, and avoid unnecessary duplication of effort and resources.

2.4 Plan for Process Development Changes

A classic example of a CMC trigger for the need to conduct additional safety eval-
uations is a process change in the manufacture of the antibody. Changes can consist
of upstream changes to the culture conditions of cell lines for recombinant derived
mAbs or even a change in the production cell line itself, and downstream purifi-
cation changes or formulation changes. Efforts will be undertaken to demonstrate
comparability of the new product to the old process first using analytical methods.
However, if the changes are of a sufficient magnitude that comparability cannot be
assured using in vitro analytical methods alone, then a bridging toxicity study or an
entirely new toxicity study will be necessary.
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2.4.1 Keep Product for Comparability Studies and Bridging Strategies

A bridging toxicity study in which the old and new product is compared in a trun-
cated study design (e.g., a short duration with a subset of endpoints) using at least
one dose level of the old product to compare with the new is the most cost effective
approach. It is essential that a sufficient supply of the early phase material is retained
for a bridging study. It is a widespread practice to continue process development af-
ter initiation of the Phase I trial. Therefore, it is prudent to plan for a bridging study
and include material for the study in the initial estimates of drug supply needs. If
early phase material has not been reserved to conduct a bridging study then it may
be necessary to conduct a comprehensive toxicity study de novo with antibody from
the new process, essentially repeating what has done already with the early process
material.

2.5 Start Assay Development Early

The final general consideration is the need to start assay development early, well in
advance of the planning for the toxicity study. The lead time for assay development
can be anywhere from nine months to a year. Additional time will be necessary if the
assay has to be transferred to a contract research organization (CRO) and validated
prior to implementation of testing specimens from the toxicity study. Product spe-
cific assays are needed to determine the stability and concentration of the antibody
in a number of settings and matrices.

2.5.1 Dose Solution Analysis

It is a Good Laboratory Practice (GLP) requirement that the concentration of the
antibody in the solution used for dose administration be verified. The CMC group
may have an assay in place for lot release testing of the formulated antibody that can
be adapted. Please be aware that the antibody will be diluted to levels considerably
lower than that found in the final drug product, so additional assay development will
be needed to ensure detection of antibody at low concentrations.

Demonstration of the stability of the dose solution under the conditions of use
will also be necessary. Following dilution of the antibody to prepare the dosing
solution, it may be held in the viviarium at room temperature for up to 8 h on the
day of dose administration. Similarly, stability data are required on the formulated
drug product for the duration of the dosing period, i.e., until after the last dose is
administered. Quite often the toxicology studies are conducted well in advance of
clinical product manufacture and initiation of formal product stability studies. It is
wise to alert the CMC group or other group responsible for assay development that
an assay to demonstrate antibody product stability will be needed to support the
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toxicity study in advance of the formal stability program. Stability testing can be
conducted concomitantly with the toxicity study.

2.5.2 PK Assay

For the purposes of assessing the PK and toxicokinetics (TK) of the antibody it will
be necessary to have an assay to measure the antibody concentration in serum from
animals. The assays typically employed for this purpose are enzyme-linked immuno
sorbent assay (ELISA) and utilize serum as the matrix rather than plasma. Assay
performance in serum from all species employed in the safety evaluation program
should be examined. One of the biggest challenges in developing an assay to assess
PK is the interference observed in the presence of an immune response against the
antibody. It is beyond the scope of this text to discuss the assay development per se;
however, it is important to be aware of the assay limitations when examining the PK
data and making interpretations about exposure.

2.5.3 Immunogenicity Assay

Many antibodies, whether murine, chimeric, or humanized, are immunogenic in
animals. The induction of antibody formation in animals should be included as an
endpoint in PK and toxicity studies, particularly if they involve repeated dose
administration. Measurement of immunogenicity using ELISA is subject to the
same limitations observed with the PK assay because of cross interference between
the drug (therapeutic antibody) and antidrug antibodies. The impact of antibody for-
mation on exposure and consequently the evaluation of safety endpoints should be
taken into consideration during interpretation of the overall findings of the study.
Other assay platforms such as electrochemiluminescence (ECL) can be explored for
measurement of immunogenicity. Given the complexities of these assays, the sooner
assay development can begin the better.

3 Critical Issues for Success

3.1 Relevant Species

The single most important element in conducting a successful preclinical safety
evaluation of a monoclonal antibody is choosing the most relevant animal species
for toxicity testing (Chapman et al. 2007). A relevant species is one in which
the antibody is pharmacologically active and expression of the target antigen is
present and exhibits a similar tissue-cross reactivity profile to humans. Ideally the
properties of the antigen in the animal should be comparable with those in humans
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in biodistribution, function, and structure. This provides the opportunity to evaluate
the toxicity arising from binding of the antibody to the target antigen, known as on-
target toxicity. Furthermore, the greater the similarities in the tissue distribution of
the target antigen in the animal species and in humans the more likely it is that target
organs of toxicity identified in animals will be predictive for potential toxicities in
humans. An animal species that expresses the target antigen, but has a somewhat
different tissue distribution may still be of relevance for evaluating toxicity so long
as these differences are taken into consideration for human risk assessment. Abso-
lute equivalence of antigen density or affinity for the mAb is not necessary for an
animal model to be useful. The need for a relevant animal model for safety evalua-
tion is so critical to the overall success of the drug development program that species
cross-reactivity should be included as part of the selection criteria when screening
antibodies during lead selection.

Toxicity studies in nonrelevant species may not simply be uninformative, but
may be misleading and are, therefore, discouraged. When no relevant model exists,
there are two options, neither of which is entirely satisfactory. The first option is
the use of transgenic animals that have been engineered to express the human target
antigen. The utility of a transgenic animal for safety evaluation is determined by the
extent to which the pharmacodymanics resulting from the antibody antigen interac-
tion are similar to those anticipated in humans. The pharmacokinetic properties of
the antibody in the transgenic mouse model are quite likely to be very different than
in humans.

The second option is to consider developing a surrogate antibody to the human
therapeutic antibody that is cross-reactive with the homologous antigen in animals
suitable for toxicity testing. The disadvantage of this approach is that the safety eval-
uation will not be performed on the antibody that will be administered to humans.
It should be noted that no two antibodies are exactly alike and there is inherent risk
in this approach. Furthermore, the production process, impurities, pharmacokinet-
ics, binding affinity, and mechanism of action may differ between the surrogate and
therapeutic antibodies. In addition, the use of a surrogate antibody adds consider-
able cost to the product development because of the need to produce two antibodies
for the program.

When it is not feasible to use either transgenic animal models or surrogate anti-
bodies, it may still be advisable to conduct an assessment of the off-target toxicities
of the antibody focused on evaluation of any functional effects on the major physio-
logical systems (e.g., cardiovascular and respiratory) akin to a safety pharmacology
study. Although information may be gained from these studies, the challenge is to
know to what extent it is relevant to human risk assessment. The more information
available on the pharmacology of the antibody intended for clinical use the better
the utility of these alternative approaches can be assessed. Surrogate antibodies have
been successfully used to evaluate reproductive and developmental toxicity and sup-
port licensure of monoclonal antibody products, e.g., Infliximab (Remicade�) and
Efalizumab (Raptiva�).
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3.2 Science-Driven Approach

Stating that taking a science-driven approach to design safety studies is the key to
success may seem a little bit like stating the obvious. However, many scientists are
confronted with the pressure to simply conduct whatever studies are requested of
them by a regulatory authority, even if they are not relevant. Taking a “check the
box” approach to the safety evaluation of a mAb may ultimately do a disservice to
both the mAb product development program and the regulatory agency. First of all,
a study critical to elucidating the toxic potential of the antibody may fail to be done
during preclinical testing, only to be discovered later in the clinic. Typically, the
sponsor will know the properties of the antibody better than the agency. The sponsor
can facilitate the review process by furnishing the pharmacology and toxicology
reviewer with pertinent information about the mAb so that together they can assure
human safety.

3.2.1 Knowledge of the mAb and Target Antigen Biology

Knowledge of the biology of the antibody and its target antigen will allow better
design of a toxicity study that will evaluate the safety and potential toxicity of the
antibody. In order for mAbs to be clinically effective, a combination of mechanisms
of action directed at their desired effects is typically needed. In this regard, mAbs
provide multiple effector functions and other properties that make them attractive
therapeutics. Some of the most relevant attributes are: (1) mAbs interact with host
immune cells to induce ADCC; (2) certain isotypes of mAbs fix complement and
thus induce CDC; (3) many mAbs have the potential to alter signal transduction of
the target receptors thereby inducing profound changes in the target cell; (4) mAbs
can also block interaction of the target antigen with its ligand(s); (5) mAbs also can
enhance phagocytic ability of professional phagocytes via antibody-dependent cel-
lular phagocytosis (ADCP); and finally (6) antibodies can also be used for targeted
delivery of payloads, including radionuclides, toxins, and cytotoxic drugs.

3.3 Exposure

Antibodies typically have long half-lives compared with small molecule drugs and
as a result, the antibodies may be present in the body long-after administration. In
addition their pharmacological effects may last for a very long time after mAb ad-
ministration (Kimby 2005). For this reason, it is important to consider the exposure–
response relationship rather than the dose–response relationship during the design
and interpretation of results from toxicity studies. For example, to assess if toxicity
is reversible a recovery period is typically included in multiple-dose toxicity stud-
ies. The recovery period is intended to determine whether toxicity diminishes in
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the absence of antibody. Although antibody is not administered during the recovery
period, it takes 5 half-lives for 97% of the antibody to be eliminated. The duration of
the recovery period should take into account the half-life of the antibody and ensure
that exposure to the antibody is diminished or absent for a period of time to assess
the potential for recovery or reversibility of toxicity.

When there is a difference of greater than tenfold in affinity of the antibody
across species, it is helpful to use exposure rather than nominal dose administered
to ensure appropriate design of the studies. Specifically, if the affinity of the anti-
body for the monkey target antigen is tenfold less than for the human target then
the dose administered to monkeys should be adjusted upwards to ensure adequate
exposure in the toxicity study. Exposure–response relationships are also helpful for
interspecies comparisons and determination of the therapeutic index and desired
safety margin for the initial starting dose in humans, and subsequent dose-escalation
schema. Antibody PK parameters (e.g., clearance) will likely differ across species.
Therefore, the dose levels and dose schedule or intervals between doses will need
to be adjusted to achieve equivalent exposure levels across species. Failure to adjust
dose levels and dose schedules based on the species may result in errors either in
direction, i.e. in inadequate dosing in the toxicity studies, or more egregiously in
over-dosing in humans in the clinical trials.

Exposure can be estimated by including toxicokinetic assessments in toxicity
studies. The ideal approach is to conduct a single-dose PK study where multiple
blood samples are collected at numerous time intervals adequate to fully describe
the serum concentration–time profile of the antibody. This allows reliable estimates
of the PK parameters such as area under the serum concentration–time curve (AUC),
clearance, volume of distribution, and half life. If it is not possible to conduct
a PK study, then collection of blood samples after the first and in particular the
last dose in a multiple-dose toxicity study may provide sufficient serum concen-
tration data to allow estimation of PK parameters. Blood samples can be collected
during the recovery period including the recovery necropsy to assist in determi-
nation of the terminal elimination half-life. At a minimum it is advisable to col-
lect peak and trough blood samples before and after each dose, respectively. This
will at least provide model-predicted maximum serum concentration (Cmax) and
model-predicted minimum serum concentration (Cmin) values, and an increase in
the latter over the time course of the study will indicate dose accumulation. Dose
levels in toxicity studies of antibodies usually span 1 to 2 orders of magnitude. It
is not uncommon to have disproportionately higher levels of dose accumulation at
the top end of the dose range or conversely nonlinear PK at the low dose levels
manifest as faster clearance of the antibody and lower exposure. It is important to
be aware of these differences in exposure when relating the toxicities observed to
the doses administered, especially when defining the highest nonseverely toxic dose
(HNSTD) and no adverse effect level (NOAEL) that will be used to determine the
starting dose in humans. It is also very helpful to define the multiples of the clin-
ical dose that were evaluated in the toxicity studies when presenting the results to
regulatory agencies.
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4 Preclinical Safety Studies

The preclinical safety studies described in this section are applicable to monoclonal
antibody products that encompass murine, chimeric, humanized or fully human in-
tact immunoglobulins, or any portion of immunoglobulins including fragments, sin-
gle chain antibodies, and diabodies that can interact with specific target antigens.
Antibodies may contain native immunoglobulin sequences or engineered sequences
and be produced from hybridomas or recombinant cell lines. Antibody products also
include payload antibodies carrying radionuclides, toxins, or cytotoxic drugs, where
the antibody is serving as a vector for targeted delivery of the payload. The latter,
known as antibody drug conjugates (ADC) or immunoconjugates, are considered
as drugs products from a regulatory perspective. Preclinical safety studies that are
required for drug products must be conducted in addition to the studies for antibody
products to characterize the potential toxicity of the cytotoxic drug. We strongly
recommend a Pre-IND meeting with the Food and Drug Administration (FDA) be-
fore initiating pivotal preclinical safety studies (Siegel 2004). In the subsections that
follow we describe the various types of preclinical safety studies and the timing of
their conduct in relation to the phase of clinical development.

4.1 Preclinical Safety Studies to Support Phase I

A typical Phase I IND-enabling safety package for a monoclonal will contain at
a minimum: (1) a human tissue cross-reactivity study and (2) a general toxicity
study in at least one relevant species. Safety packages should normally include two
relevant species; however, it is not uncommon that only one relevant species can be
identified, most often a nonhuman primate. All preclinical safety studies intended
to support human clinical trials must be conducted in compliance with GLP.

4.1.1 Human Tissue Cross-Reactivity Studies

When the same or related antigenic determinant is expressed on human cells or tis-
sues other than the intended target tissue, binding of the antibody may be observed.
Nontarget tissue binding known as tissue cross-reactivity may result in undesired
effects that raise a safety concern. Accordingly, the potential for cross-reactivity
with nontarget human tissue or cells must be assessed. A panel of 32 tissues from
three unrelated human donors should be evaluated by immunohistochemisty with
several concentrations of antibody. There are a number of CROs that specialize in
cross-reactivity studies. They can furnish the panel of human tissues, generate an
appropriate protocol, and conduct any experiments necessary to optimize the con-
ditions for the therapeutic antibody, including labeling with biotin if required, to
conduct the IHC study.
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4.1.2 General Toxicity Studies

As described earlier in this chapter (Sect. 4.1), the single most important element
in conducting a successful preclinical safety evaluation of a monoclonal antibody
is choosing the most relevant animal species for toxicity testing. Relevant animal
species for testing of monoclonal antibodies are those that express the desired epi-
tope and demonstrate a similar tissue cross-reactivity profile as for human tissues.
A variety of techniques, such as immunochemical or functional assays, can be used
to identify a relevant species. One of the ways to identify relevant species for toxi-
city testing is to conduct species cross-reactivity studies. Tissues from a variety of
species commonly used for toxicity testing can be surveyed immunohistochemically
using commercially available multispecies tissue microarrays. Evaluation of anti-
body binding to cells from animals by FACS can also be employed and is typically
more sensitive than immunohistochemical analysis of tissue sections. Comparison
of the DNA and amino acid sequences of the target antigen across species should
be performed and the percent homology to the human sequence determined if the
sequence of the animal orthologue is available. An understanding of the functional
role of the target antigen and whether it is similar across species is another consid-
eration for determining the relevance of a species for preclinical safety evaluation.
As described earlier (Sect. 3.2.1) knowledge of the biology of the target antigen,
antibody, and it mechanism of action will allow better selection of an appropriate
species for toxicity testing. It is customary to include a justification for the relevancy
of the species selected for toxicity testing in the IND submission outlining the ratio-
nale for the selection. If safety is assessed in only one species, it is wise to provide a
summary of experiments conducted that demonstrated the lack of additional relevant
species.

Toxicity Study Design

The toxicity study design is determined in a number of ways by the clinical trial
duration, size, scope, indication, and phase of development it is intended to support.
The duration of the toxicity study should equal or exceed the duration of the clinical
trial and use at least the same number or more doses of antibody than will be admin-
istered to humans. The route of administration in animals should be the same as for
clinical use. Antibodies are most often administered by intravenous infusion to hu-
mans. Antibodies can be administered to nonhuman primates as a 1–2 h intravenous
infusion and are usually administered to rodents as a slow intravenous (IV) bolus
injection rather than an infusion. The dose schedule may be identical to the human
dose schedule or the intervals between doses in animals may be decreased com-
pared with the intervals in humans. The shorter intervals may be driven by a need to
compensate for faster clearance rates of the antibody in animals or to diminish the
impact of immunogenicity on exposure in the study.

A typical toxicity study has three dose levels: low, mid, and high doses of the
antibody and includes a control group. The vehicle the antibody is formulated in
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Table 2 Typical study design for a toxicity study of a mAb in nonhuman primates

Group Treatment Dose Level Dose Schedule Animal Numbers
(mg kg−1) (male/female)

Main Recovery

1 Vehicle control – Q1 wk× 4 3M/3F 2M/2F
2 Antibody Low dose Q1 wk× 4 3M/3F 2M/2F
3 Antibody Mid dose Q1 wk× 4 3M/3F 2M/2F
4 Antibody High dose Q1 wk× 4 3M/3F 2M/2F

is traditionally used as the control article. Dose levels should be selected to provide
information on the dose–response relationship, including a toxic dose and a NOAEL
dose. Toxicity testing should be performed in both male and female animals and
results should be segregated according to gender for statistical analysis purposes.
Thus, the numbers of animals in toxicity studies are usually quoted as the number
per sex per group. An example of a multiple-dose toxicity study design for an an-
tibody in nonhuman primates is presented in Table 2. The number of animals per
group may vary depending on the species being tested. The number of animals per
group is typically larger for rodents than for nonrodent species, particularly if the
nonrodent species is a nonhuman primate. The number of rodents used for general
toxicity studies ranges from 10 to 15 per group in the main portion of the study plus
an additional 5–10 animals per group in the recovery portion of the study. Much
fewer animals per group are used for nonrodent species, ranging from 3 to 4 in the
main and 2–3 in the recovery portions of the study, respectively. The number of an-
imals used per dose level determines the probability of detecting a toxic effect and
should be adequate to assess potential toxicity. If toxicokinetic analyses are included
in the study, additional rodents are typically added to the study for the purpose of
blood collection. The number of animals required is dependent on the number of
timepoints needed. Normally, sufficient blood samples can be collected from the
main and recovery animals in nonrodent species without the need for additional
animals dedicated for toxicokinetic analysis.

The standard endpoints assessed in a general toxicity study are listed in Table 3.
Clinical signs, body weight, and changes in food consumption can serve as general
indicators that the animal is not feeling well and experiencing some type of toxicity.
Laboratory measurements of hematology, serum chemistry, and urinalysis parame-
ters, collectively known as clinical pathology, provide information about the func-
tional status of the major organ systems like the liver, kidney, hematopoietic, and
immune systems. The frequency of clinical pathology assessments varies depending
on the species used for toxicity testing. The blood volumes allowable for sampling
for hematology and serum chemistry are greater in larger animals and thus multiple
timepoints can be evaluated in life. Anatomic pathology assessments, which include
macroscopic and microscopic examination of tissues and organs, allow definitive
identification of the target organs of toxicity. For a very comprehensive account of
the standard practices for conducting toxicity studies we highly recommend a book
chapter by Roy and Andrews (2004). The standard clinical pathology parameters
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Table 3 Standard endpoints in a general toxicity study

Endpoint Frequency of Assessment

Clinical observations (cage side) Twice daily
Detailed clinical observations Weekly
Body weight Weekly
Food consumption Daily
Ophthalmology Baseline, once during dosing phase and during recov-

ery if changes observed
Vital signs Every 30 min for 4 h post dose
ECG Baseline, once during dosing phase and during recov-

ery if changes observed (nonrodents only)
Hematology (inc. coagulation) Periodically in-life (nonrodents) and at termination
Serum chemistry Periodically in-life (nonrodents) and at termination
Urinalysis Periodically in-life (nonrodents) and at termination
Gross pathology At termination
Organ weights At termination
Histopathology At termination

and anatomic pathology tissues and organs examined in toxicity studies can be
obtained from any CRO and are listed in the book chapter by Roy and Andrews
recommended earlier.

Single and Multiple-Dose Toxicity Studies

The decision to conduct a single-dose toxicity and/or a multiple-dose toxicity study
to support the initial Phase I trial is driven by the patient population, disease indi-
cation, intended number of cycles of treatment in humans, and risk benefit relation-
ship. The duration of animal dosing for antibodies has generally been 1–3 months
for repeated dose toxicity studies to support Phase I trials. For life-threatening ill-
nesses like cancer, shorter dosing periods or acute single-dose toxicity studies may
be adequate to support a short duration Phase I trial.

4.2 Preclinical Safety Studies to Support Phase II

Repeated-dose toxicity studies of longer duration than performed for the IND may
be required to support Phase II. The preclinical toxicity study duration generally
should meet or exceed the duration of the planned clinical trial. For example, if
the Phase I study and supporting toxicity study were 1 month in duration and the
proposed Phase II study is for 3 months duration, then a subchronic toxicity study
of at least 3 months duration will be required to support the Phase II trial(s). It is
not uncommon for a sponsor to want to obtain initial human safety on an antibody
product as quickly as possible and to choose to evaluate a shorter dosing period at
the early phase of development than required for ultimate licensure and use of the
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product. If the timeline allows it is obviously a better use of resources (e.g., animals
and money) to conduct the 3-month subchronic toxicity study at the outset to sup-
port both the 1-month Phase I and 3-month Phase II trials with a single preclinical
toxicity study.

4.3 Preclinical Studies to Support Phase III

One-month and 3-month toxicity studies conducted to support the Phase I and II
trials may be adequate to support initiation of Phase III trials under certain cir-
cumstances. In general, longer duration studies are usually needed owing to the
increased number of patients that will be exposed to the antibody. For antibodies
intended for chronic administration, studies of 6–9 months duration are required for
the Biologics License Application for marketing authorization (Table 4) and may
be required to support Phase III depending on the duration of the pivotal Phase III
studies.

4.4 Preclinical Safety Studies to Support Marketing

The preclinical safety studies required for the marketing approval of an antibody
usually include single and repeated dose toxicity studies, local tolerance studies, re-
production and developmental toxicity studies, and safety pharmacology studies. In
addition, antibodies intended for chronic administration require chronic toxicology
studies and for nononcology indications may require evaluation of carcinogenic po-
tential for approval. These types of studies and their relation to the conduct of human
clinical trials are presented in the International Conference on Harmonisation (ICH)
M3 guidance (Table 5). Antibodies whose targets are present on immune cells or can
functionally cause immune suppression or stimulation should also be evaluated for
immunotoxicity. Genotoxicity studies routinely conducted for small molecule phar-
maceuticals are not applicable to antibodies and, therefore, should not be conducted
for antibody products.

Table 4 Duration of multiple-dose toxicity studies required for mAb marketing

Duration of Clinical Trial Duration of Nonclinical Study

Rodents Nonrodents

Up to 2 weeks 1 month 1 month
Up to 1 month 3 months 3 months
Up to 3 months 6 months 3 months
>3 months 6–9 months 6–9 months

Adapted from ICH M3
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Table 5 Selected guidance documents for preclinical safety evaluation of mAb

Document Title Web site

FDA PTC Points to Consider in the Manufacture
and Testing of Monoclonal Antibody
Products for Human Use

http://www.fda.gov/cber/
gdlns/ptc mab.pdf

ICH S6 Preclinical Safety Evaluation of
Biotechnology-Derived Pharmaceu-
ticals

http://www.fda.gov/cder/
Guidance/1859fnl.pdf

ICH M3 Nonclinical Safety Studies for the Con-
duct of Human Clinical Trials for Phar-
maceuticals

www.fda.gov/cder/Guidance/
1855fnl.pdf

21CFR58 Good Laboratory Practice for Nonclini-
cal Laboratory Studies

http://www.access.gpo.gov/nara/
cfr/waisidx 03/21cfr58 03.html

OECD GLP Good Laboratory Practice http://www.oecd.org/department/
0,2688,en 2649 34381 1 1 1 1 1,
00.html

ICH S8 Immunotoxicity Studies for Human
Pharmaceuticals

http://www.fda.gov/CBER/
gdlns/ichs8immuno.htm

4.4.1 Local Tolerance

Local tolerance at the site of antibody administration should be evaluated. The for-
mulation intended for marketing should be tested. Quite often local tolerance can
be evaluated in single or repeated dose toxicity studies, thus obviating the need for
separate local tolerance studies.

4.4.2 Reproduction and Developmental Toxicity Studies

The aim of reproduction toxicity studies is to reveal any effect(s) on mammalian
reproduction. The combination of studies selected should allow exposure of ma-
ture adults and all stages of development from conception to sexual maturity. To
allow detection of immediate and latent effects of exposure, observations should
be continued through one complete life cycle, i.e., from conception in one genera-
tion through conception in the following generation. A combination of studies for
effects on (1) fertility and early embryonic development, (2) prenatal and postna-
tal development, including maternal function, and (3) embryo–fetal development
should be conducted. At the earlier phases of clinical development, repeated dose
toxicity studies can provide information regarding potential effects on reproduction,
particularly male fertility. Evaluation of male fertility, when appropriate, should be
completed before Phase III trials.

The need for reproductive and developmental toxicity studies is dependent upon
the clinical indication and intended patient population. Studies should be carried out
in instances in which the antibody product is intended for repeat or chronic admin-
istration to women of childbearing potential. The specific study design and dosing
schedule may be modified based on issues related to antibody species specificity,
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immunogenicity, biological activity, and/or a long elimination half-life. Monoclonal
antibodies with prolonged immunological effects may raise specific concerns re-
garding potential developmental immunotoxicity. These concerns can be addressed
in a developmental toxicity study design modified to assess immune function of the
neonate. Developmental immunotoxicology studies can be quite challenging de-
pending on the species used for testing and availability or lack thereof of historical
data, especially for nonhuman primates. We strongly advise consultation with ex-
perts regarding the conduct of developmental immunotoxicology studies.

4.4.3 Safety Pharmacology

Safety pharmacology studies measure functional indices of potential toxicity. The
aim of safety pharmacology studies is to reveal any functional effects on the major
physiological systems (e.g., cardiovascular, respiratory, renal, and central nervous
systems). These functional indices may be investigated in separate studies or incor-
porated in the design of toxicity studies. Cardiovascular assessments such as electro-
cardiogram, blood pressure and heart rate, and detailed clinical observations (which
may reveal effects on the central nervous system (CNS) and respiratory systems)
should be included in the general toxicity studies to support the IND, in particular
in nonrodent species. If a safety pharmacology signal is observed in these initial
toxicity studies, then specialized studies should be conducted as a follow-up. Data
from unanesthetized and unrestrained animals are preferred for in vivo safety phar-
macology testing. We recommend the use of telemetry for this purpose. In teleme-
try studies, a transmitting device implanted into test animals continuously transmits
cardiac function data to a remote receiver using radio frequency communications,
and allows evaluation of cardiac function in an anesthetized and unrestrained ex-
perimental animal. Investigations may also include the use of isolated organs or
other test systems not involving intact animals. All of these studies may allow for
a physiology-based explanation of specific organ toxicities, which should be consi-
dered carefully with respect to human use and indication(s).

4.4.4 Carcinogenicity

Standard carcinogenicity bioassays involving the conduct of long-term carcino-
genicity studies in two rodent species, typically the rat and the mouse, are usually
inappropriate for antibody products. In general, carcinogenicity has not been eval-
uated for most of the commercial antibodies on the market today with a couple
of exceptions. However, assessment of carcinogenic potential should still be con-
sidered depending upon the duration of clinical dosing, patient population, and/or
biological activity of the antibody (e.g., antibodies causing immunosuppression).
When there is a concern about carcinogenic potential, a variety of approaches may
be considered to evaluate risk. Antibody products that have the potential to support
or induce proliferation of transformed cells possibly leading to neoplasia should be



Preclinical Safety Evaluation of Monoclonal Antibodies 37

evaluated for antigen expression in various malignant and normal human cells. The
ability of the antibody to stimulate growth of normal or malignant cells expressing
the antigen should be determined. When in vitro data give cause for concern about
carcinogenic potential, further studies in relevant animal models may be needed. In-
corporation of sensitive indices of cellular proliferation in long term repeated dose
toxicity studies may provide useful information.

4.4.5 Pharmacokinetics

Pharmacokinetic and toxicokinetic studies are warranted to the extent necessary to
understand exposure in the safety studies conducted, to allow cross-species compar-
isons, and to predict margins of safety for clinical trials based on exposure. The im-
portance of the exposure–response relationship in interpretation of the results from
toxicity studies was described earlier in the chapter (Sect. 3.3). Traditional small
molecule distribution and excretion studies that attempt to assess mass balance are
not relevant for antibodies. However, studies of biodistribution may provide the ini-
tial evidence for inappropriate tissue targeting by an mAb or explain toxicities that
are observed in animals. Interpretation of the data should consider the antibody
species of origin, isotype, binding to serum proteins, route of administration, and
level of antigen expression in the recipient. Even if antigen is expressed in an animal
model, the mAb may bind the human target antigen and its animal counterpart with
different affinities. Antibody half-life may also be affected by glycosylation, sus-
ceptibility to proteases, presence of circulating antigen, and host immune response.
The presence of antibodies to the therapeutic mAb may alter biodistribution. The
expected consequence of metabolism of antibodies is the degradation to individual
amino acids. Therefore, classical biotransformation studies as performed for phar-
maceuticals are not needed for unconjugated antibodies.

4.4.6 Immunotoxicity Studies

Toxicity to the immune system encompasses a variety of adverse effects. These in-
clude suppression or enhancement of the immune response. Suppression of the im-
mune response can lead to decreased host resistance to infectious agents or tumor
cells, whereas enhancement of the immune response can stimulate the expansion of
autoreactive immune cells and lead to autoimmune disease. Parameters evaluated
in standard toxicity studies can indicate signs of immunotoxicity, such as changes
in total leukocyte counts (white blood cells) and absolute differential leukocyte
counts, gross changes in any lymphoid tissues at necropsy, and histopathological
changes of the spleen and thymus. However, with standard toxicity studies, doses
near or at the maximum tolerated dose can result in changes to the immune sys-
tem related to stress. These effects on the immune system are most likely mediated
by increased corticosterone or cortisol release. Commonly observed stress-related
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immune changes include increases in circulating neutrophils, decreases in circulat-
ing lymphocytes, decreases in thymus weight, decreases in thymic cortical cellular-
ity and associated histopathologic changes (“starry sky” appearance), and changes
in spleen and lymph node cellularity. Increases in adrenal gland weight can also be
observed. In situations with clear clinical observations (e.g., decreased body weight
gain, decreased activity), some or all of the changes to lymphoid tissue and hema-
tology parameters might be attributable to stress rather than to a direct immunotoxic
effect. Caution needs to be exercised when attributing changes in the immune sys-
tem observed in general toxicity studies to stress rather than to immunotoxicity. The
evidence of stress should be compelling.

If immunotoxiciy is suspected then additional endpoints to assess immunotox-
icity need to be incorporated in subsequent general toxicity studies or specific
immunotoxicity studies need to be conducted. Immunophenotyping is one of the
easier endpoints to incorporate into standard toxicity studies. Immunophenotyp-
ing is the identification and/or enumeration of leukocyte subsets using antibod-
ies. Immunophenotyping is usually conducted by flow cytometric analysis or by
immunohistochemistry. Immunophenotyping is not a functional assay. Studies to
assess immune functions such as T cell dependent antibody response (TDAR) have
been conducted to assess immunotoxicity of mAb. TDAR plus additional functional
assays are described in the ICH S8 draft guidance for immunotoxicity studies for
human pharmaceuticals (Table 5). Although the S8 guidance is intended for small
molecule drugs and not biologics-like antibodies, it is, nonetheless, informative and
relevant portions can be applied to immunotoxicity testing of antibodies.

4.4.7 Additional Comments

We described most of the different types of safety studies earlier that might be
conducted for the sake of completeness. Not all of these studies may be required
for every antibody product. Indications in life threatening or serious diseases with-
out current effective therapy may warrant a case-by-case approach to the preclin-
ical safety evaluation where particular studies may be abbreviated, deferred, or
omitted to expedite development. The studies typically conducted for antibody
products based on indications that are life threatening or not, are presented in
Table 6

4.5 Preclinical Studies with Payload Antibodies

In addition to the studies outlined earlier for naked or unconjugated monoclonal
antibodies, other studies are required for payload antibodies (Table 6). Immuno-
conjugates should be tested for stability ex vivo in plasma from humans and each
of the animal species used for toxicity testing. Immunoconjugate stability should
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Table 6 Preclincal Safety Studies of mAbs requited based on disease indication

Study type Indication

Life Threatening Nonlife Threatening

Tissue cross-reactivity Yes Yes
General toxicity Yes Yes
Immunotoxicty Yes Yes
Safety Pharmacology Yes Yes
Chronic toxicity No Yes
Reproductive & developmen-
tal toxicity

Yes Yes

Carcinogenicity No Yes
Genetic toxicity No No

Additional studies for pay-
load Abs
PK/TK: conjugate, Ab & free
payload

Yes NA

Plasma stability Yes NA
Metabolism (drug payload) Yes NA
Distribution yes NA

To date antibodies carrying payloads such as radionuclides, toxin, or cytotoxic drugs have only
been developed for life-threatening oncology indications

also be assessed in vivo. Individual components of an immunoconjugate should
be measured during pharmacokinetic and tissue distribution studies in animals and
compared with the distribution of unconjugated antibody. The target tissues for the
various components and the potential toxicities should be established. Immunocon-
jugates containing radionuclides, toxins, or drugs should undergo animal toxicity
testing, even when the target antigen is not present in an animal species, because
of possible conjugate degradation and release of the payload or activity in sites
that are not the result of mAb targeting. The toxicity studies should contain three
dose levels of the immunoconjugate and at least one dose level of the free drug
and unconjugated antibody to allow comparisons of toxicities produced by the in-
dividual components. For the unconjugated antibody and the free drug, the dose
level should be the molar equivalent to the high dose of the immunoconjugate if
possible. If the unconjugated free drug at the equivalent high-dose level will not be
tolerated then the maximum tolerated dose (MTD) can be used. The toxicity profile
of each component should adequately describe the incidence and severity of possi-
ble adverse effects. Results should be correlated closely with studies of conjugate
stability. Depending upon the nature of the components of the immunoconjugate
and the stability of the conjugate itself, separate studies of the components may be
warranted. Studies of the immunoconjugate should be performed in a species with
the relevant target antigen, whenever available, and generally in rodents if a target
antigen-positive species is not available. In cases where the cytotoxic drug in the
conjugate is a new chemical entity, toxicity testing in two species, rodent and non-
rodent, should be considered. For immunoconjugates containing radionuclides there
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should be complete accounting of the metabolism of the total dose of administered
radioactivity and an adequate number of time points to determine early and late
elimination phases in PK and TK assessments.

4.6 Guidance Documents

Table 5 lists the recommended guidance documents that provide useful information
that is relevant for planning and executing a preclinical safety evaluation package
for a monoclonal antibody product. We recommend starting with the ICH S6 “Pre-
clinical Safety Evaluation of Biotechnology-Derived Pharmaceuticals” document.
It is the primary guidance for preclincal safety evaluation of biotechnology-derived
products including monoclonal antibodies. It indicates the goals of preclincal stud-
ies, outlines principles for study design, and provides an overview of the types of
safety studies that are required. The FDA issued a revised version of the “Points to
Consider (PTC) in the Manufacturing and Testing of Monoclonal Antibody Products
for Human Use” in 1997. The PTC has a broad scope and covers manufacture and
testing, and preclinical studies and clinical studies of mAbs. Reading Section III,
Preclinical Studies, of the PTC document will provide the necessary information
for designing a preclinical safety evaluation program. The information provided is
more detailed in some aspects that in the ICH S6 document and is focused on mAbs
specifically. There is a thorough description of cross-reactivity studies of mAbs.
There is also a section on preclincal studies with immunoconjugates that is helpful.
The ICH M3 “Nonclinical Safety Studies for the Conduct of Human Clinical Trials
for Pharmaceuticals” guidance is similar in content to S6 with more detailed infor-
mation on the recommended duration of repeated-dose toxicity studies and types
of reproductive toxicity studies required in relation to the phases of clinical devel-
opment. There are two documents that describe good laboratory practice for the
conduct of preclincial safety studies; one issued by the FDA and the second one
issued by the Organization for Economic Cooperation and Development (OECD).
The FDA document is published in the Code of Federal Regulations, Title 21, Part
58 (21CFR58). It prescribes good laboratory practices that are intended to assure the
quality and integrity of the preclinical safety data submitted in support of initiation
of clinical trials in humans. Both documents describe the conditions and process
by which studies should be performed, monitored, recorded, archived, and reported.
The OECD also provides information on the organization and management of multi-
site studies that is helpful. Finally, the ICH S8 “Immunotoxicity Studies for Human
Pharmaceuticals” guideline provides recommendations on nonclinical testing for
immunosuppression induced by low molecular weight drugs. Although the S8 guid-
ance is intended for small molecule drugs and not biologics like antibodies, it is,
nonetheless, informative and relevant portions can be applied to immunotoxicity
testing of antibodies.
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4.7 Antibody Toxicities

Toxicity of mAbs can result from their effector functions, the antigen and asso-
ciated pathways, or mechanism of action and have been encountered in previous
development programs of therapeutic antibodies. More recently the potential toxi-
cities associated with the use of super-agonist antibodies have been illustrated. We
describe here selected examples of the types of toxicities observed.

A variety of side-effects and toxicities have occurred because of binding of mAbs
to antigen on tissues other than the intended target organ or tumor. Binding of
Cetuximab (anti-EGFR, Erbitux�) to normal skin due to expression of the target
antigen causes significant skin eruptions (Robert et al. 2001; Herbst and Langer
2002). Trials for anti-CD40L antibody were discontinued because of expression of
the target on platelets, which resulted in severe thromobolytic events (Sidiropoulos
and Boumpas 2004). Toxicity seen with Trastuzumab (anti-Her2, Herceptin�) is
the result of binding of this antibody with low levels of target antigen expressed
on heart tissue (Slamon et al. 2001). Toxicity can also result from binding to the
intended target. Rapid lysis of normal and tumor B cells upon binding of Ritux-
imab (anti-CD20, Rituxan�) results in infusion related toxicity (Byrd et al. 1999).
The use of anti-CTLA-4 antibodies in clinical trials demonstrated CTLA-4 pathway
related toxicity, which leads to uncontrolled general activation of T cells resulting
in autoimmunity (Phan et al. 2003). Treatment of patients with Bevacizumab (anti-
VEGF, Avastin�) results in multiple toxicities including hypertension, bleeding,
proteinuria, and thrombosis. It is very likely that these toxicities are related to dis-
ruption of the normal functions of vascular endothelial cell growth factor (VEGF)
(Hurwitz et al. 2004).

Concerns arising from target-biology related toxicities have been most recently
illustrated by experiences with two therapeutic mAbs, Natalizumab (α4-intergrin,
Tysabri�) and TGN1412 (αCD28) (Suntharalingam et al. 2006). Shortly after
accelerated approval of Natalizumab for treatment of multiple sclerosis (MS), it
was recalled from the market and clinical trials were suspended because it induced
a rare fatal viral demyelinating disease, progressive multifocal leukoencepphalopa-
thy (PML), in two patients (Scott 2005; Berger Koralnik 2005; Berger 2006a).
Nataltizumab is an IgG4 mAb, which lacks significant effector function but binds
to α4β1-integrin and blocks migration of lymphocytes to the various tissues and
organs. Lymphocytes routinely conduct immune surveillance in the body to check
for infection emerging from new pathogens or previously dormant viruses. One of
the most favored hypotheses is that Natalizumab inhibited the migration and homing
of lymphocytes to the CNS, which resulted in the activation of a latent polyomavirus
JC in the brain that led to the development of PML (Berger 2006b). The FDA
approved return of Natalizumab to the market subject to a special restricted dis-
tribution program following a comprehensive review of more than 3 000 patients
that revealed a total of five cases of PML.

A second highly publicized case of target-related toxicities with mAbs was the
initiation of a Phase I trial with TGN1412, a new super-agonist immune system al-
tering antibody, which targets the CD28 antigen expressed abundantly on T cells.
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The first in man administration of this super-agonist mAb in six healthy volunteers
led to devastating toxicities because of massive activation of T cells. Minutes af-
ter receiving the first dose of the antibody all six healthy volunteers manifested
severe systemic inflammatory responses. The response started with a release of pro-
inflammatory cytokines, which was manifested clinically as nausea, headaches, di-
arrhea, hypotension, vasodilatation, and fever. The condition of the subjects became
very critical in next 12–16 h and was characterized by pulmonary infiltrates, renal
failure, and disseminated intravascular coagulation. Patients also had unexpected
depletion of monocytes and marked lymphopenia within 24 h of the initial antibody
infusion (Suntharalingam et al. 2006).

It is clear from the above examples that mAbs that are functionally immunomod-
ulatory can alter the immune response in fundamental ways. It is, therefore, rec-
ommended that mAbs that work through effector functions such as ADCC, CDC,
or ADCP or have the functional ability to induce a robust biologic response should
be thoroughly evaluated in relevant in vitro and in vivo models before first in man
clinical trials are initiated. Furthermore, it is necessary to understand the biology
of the antigen and antibody across species, especially those aspects that cannot be
fully evaluated in preclinical animal models, so that human risk assessment is made
in light of the limitations of the preclinical models and appropriate starting doses
are selected.

5 Summary

Although therapeutic antibody products have been with us for over two decades,
the complexity and diversity of antibody products entering clinical development has
greatly increased in the past few years. We have a variety of recombinant antibody
products (e.g., chimeric and humanized mAb, single chain and dimeric Fvs), fully
human antibodies, and a host of methods for their production. Antibodies have been
engineered to enhance their effector functions and alter their half lives. It is more
important than ever that appropriate preclinical safety evaluations are designed to
support clinical development and ensure patient safety. Preclinical testing concerns
surrounding mAb products include their effector function(s), tissue cross-reactivity,
immunogenicity, and stability. The critical issues for conducting a successful pre-
clinical safety evaluation of a monoclonal antibody product are identifying a rele-
vant species for toxicity testing, using knowledge of the biology of the target antigen
and antibody to inform the design of the studies, and interpretating of the results
in terms of the exposure–response relationship. Preclinical testing schemes should
parallel to the extent feasible those anticipated for clinical use with respect to dose,
concentration, schedule, route, and duration. Preclinical safety testing of mAb is
designed to identify possible toxicities in humans, to estimate the likelihood and
severity of potential adverse events in humans, and to identify a safe starting dose
and dose escalation scheme. It is essential that they are designed appropriately to
identify key toxicities and parameters for monitoring safety in the clinic. Preclinical
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studies should be conducted in step with the clinical trials to ensure that appropriate
studies for assessing human risk have been conducted prior to each stage of develop-
ment. It is important to be very familiar with the guidance documents for preclincal
safety testing and to be knowledgeable about the biology of antibodies and target
antigens through continued review of the literature and interactions with the scien-
tific community. Finally, regular communication with the FDA or other regulatory
authorities is essential.
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their thermodynamic stability suggests. However, suboptimal variable domains can
be engineered for improved stability and folding efficiency while preserving their
antigen-binding specificity and affinity, either by a limited number of point muta-
tions or by grafting their antigen specificity to superior variable domain frameworks.

1 Introduction

Today, therapeutic monoclonal antibodies and antibody-derived immunotoxins
represent one of the fastest growing areas of pharmacological development.
Antibody-based therapeutics make use of the high specificity and selectivity of
the antibody–antigen interaction to neutralize venoms, toxins, and pathogenic in-
fections, modulate cell–cell signaling by blocking cell surface receptors and their
ligands or by activating cell surface receptors, to direct immune effector functions
such as antibody-dependent cellular cytotoxicity and complement-dependent cyto-
toxicity toward tumor cells expressing particular surface antigens, or to specifically
deliver drugs, enzymes, radioisotopes, and toxins to the tumor cells, thus minimiz-
ing the systemic toxicity of those drugs.

Many factors influence the clinical potential of an antibody-based therapeutic
agent. The clinical efficacy and safety depend first and foremost on the target against
which an antibody is directed, and on the epitopes the antibody recognizes within
this target. A second factor is the effector functions utilized by the therapeutic agent
to elicit the desired response. A third factor is the pharmacokinetics of the antibody-
derived construct. Apart from effects mediated by the Fc-part of a full-size antibody,
the size of an antibody-derived construct will influence both tissue penetration and
clearance rate. A fourth factor is the immunogenicity of the construct, particularly
if an antibody-based drug is to be administrated repeatedly over a prolonged time
span; adverse effects can range from loss of activity and altered pharmacokinet-
ics to life-threatening anaphylactic shock. Although early clinical applications of
murine monoclonal antibodies were hampered by the problem of immunogenicity,
new technologies have provided solutions to this problem. Because of the modular
structure of antibodies, replacement of the murine constant domains by the corre-
sponding human constant domains was relatively simple, giving rise to chimeric
antibodies, in which 4 out of 12 domains (two VL and two VH domains) retain the
murine sequence, and eight domains (CL,CH1,CH2 and CH3) are derived from a
human antibody. This step alone has significantly reduced the fraction of patients
that produce human anti-mouse-antibodies. Humanization of the variable domains
by CDR graft or resurfacing further reduces the sequence fraction derived from the
nonhuman antibody to those residues that in genuine human antibodies show the
highest sequence variability.

In addition, the biophysical properties of the therapeutic agent, such as its
thermodynamic stability and its aggregation propensity can critically affect the
pharmacokinetics of such molecules (Willuda et al. 1999, 2001). Thus the engi-
neering of modern antibody-based therapeutics has gone beyond humanization to
address these issues. By combining the knowledge gained from an analysis of the
biophysical properties of natural antibody variable domains, the effects of mutations
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obtained in directed evolution experiments, and the detailed structural comparison
of antibodies, it has now become possible to engineer antibodies for higher thermo-
dynamic stability and more efficient folding.

2 Antibody Structure

Figure 1 shows some of the commonly used antibody constructs:
Figure 1A shows a full-length antibody of the IgG class, consisting of two heavy

chains (cyan) and two light chains (magenta). Two antigen recognition sites are
located at the ends of the two arms. The light chain consists of two domains, the
light chain variable domain VL and the light chain constant domain CL. In the IgG,
the heavy chain consists of four domains: the heavy chain variable domain VH and
three constant domains, CH1,CH2, and CH3. Each domain forms a β-sandwich (im-
munoglobulin fold) and contains at least one intradomain disulfide bond. Light and
heavy chain are linked by a disulfide bond from the C-terminus of the light chain
to a cystein within the CH1 domain or the hinge between CH1 and CH2. The two

Fig. 1 Structures of various antibody-derived constructs. (A) Full-size monoclonal antibody
(IgG2a) based on PDB entry 1IGT (Harris et al. 1997). The light chain is shown in magenta, the
heavy chain in cyan. The location of the antigen binding site is indicated by triangles. (B) Anti-
body Fab fragment, consisting of the antibody light chain and the first two domains of the heavy
chain. (C) Antibody single chain Fv fragment, consisting of the variable domains of the light and
heavy chain connected by a flexible linker. (D) Single domain VH antibody mimicking the anti-
gen binding mode of camelid heavy chain IgGs. (E) Immunotoxin 4D5MocB-ETA, consisting of a
scFv recognizing the he epithelial cell adhesion molecule (Ep-CAM) connected by a linker to the
to a truncated form of Pseudomonas aeruginosa exotoxin A
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heavy chains are linked by disulfide bonds between the hinge regions. The antigen
recognition sites are formed by the VL/VH heterodimer. The CH2 domains are
glycosylated, the sugar residues being located at the interface of the two domains.
CH2 and CH3 domains of the two heavy chains form the Fc-part of the molecule,
which contains the binding sites for complement and Fc-receptor interaction and is
thus responsible for harnessing immune effector functions in vivo.

Figure 1B shows a Fab fragment, consisting of a light chain and the Fd-fragment
(VH and CH1) of the heavy chain. The Fab fragment contains one antigen binding
site and is unable to activate immune effector functions. The two chains may or may
not be linked by a disulfide bond. If additional hinge region cysteins are retained in
the construct, disulfide-linked Fab′2 can be produced.

Figure 1C shows a single chain fragment (scFv) (Bird et al. 1988; Huston et al.
1988), consisting of a VL/VH heterodimer connected by a flexible linker. Depend-
ing on the length of this linker, scFv can be monomeric or, if the linker is too short
to connect the two domains without strain, form dimers (diabodies), trimers (tribod-
ies), or even tetramers as the VL domain of one molecule pairs with the VH domain
of a second molecule (Kortt et al. 1997). Since the antigen recognition site of Fab
fragments and scFvs is identical to that of a full size antibody, they can be derived
from monoclonal antibodies. Alternatively, they can be selected from gene libraries
using phage display or ribosome display.

In contrast, single-domain VH antibodies (Davies and Riechmann 1994; Davies
and Riechmann 1995) (Fig. 1D) mimic the antigen recognition sites of a class of
antibodies only found in camels, dromedaries, and llama that lack the light chain
(Hamers-Casterman et al. 1993). Engineered replacement of hydrophobic residues
in the VL/VH interface region of the human VH3 domain give rise to a VH domain
that is stable in the absence of a VL domain and can be randomized to yield a library
that mimics the antigen binding mode of camelid heavy chain IgGs (Tanha et al.
2001).

Since Fabs, scFvs, and single-domain antibodies lack the intrinsic ability of
antibodies to activate immune effector functions, they are usually used as building
blocks for more complex constructs. Multiple scFv of the same specificity can be
combined to obtain constructs with higher avidity, either as diabodies, daisy-chained
on the same polypeptide chain, or brought together by multimerization domains
(Willuda et al. 2001). The same can be done with scFv of different specificities to
yield multispecific constructs, either targeting multiple overexpressed tumor anti-
gens on the same target cell in an attempt to further increase the targeting effi-
ciency or using different specificities to crosslink immune effector cells to the tumor
cells. Antibody-derived constructs can be genetically fused to toxins and other
biomolecules to give rise to immunotoxins. Peptidic tags can facilitate radiolabeling
(Waibel et al. 1999) of such constructs for radioimmunotargeting. ScFv and Fabs
can be chemically linked to liposomes to target their load of drugs, DNA, or siRNA
to specific cells. (Fig. 1E) shows one example of an immunotoxin currently in Phase
II/III clinical trials under the name of ProxiniumTM (Viventia Biotech): a human-
ized scFv derived from a monoclonal antibody against the epithelial cell adhesion
molecule (Ep-CAM) genetically fused to a truncated form of Pseudomonas aerugi-
nosa exotoxin A (ETA (252-608)KDEL) (Di Paolo et al. 2003).
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3 Antibody Variability

The human antibody repertoire comprises five different classes of antibodies, IgA,
IgD, IgE, IgG, and IgM, some of which are further subdivided into several sub-
classes. The different classes differ in their heavy chain constant domains. They
fulfill different roles in the natural immune response, as they differ in their ability to
interact with the various Fc receptors and their ability to activate complement. Two
classes of light chains, lambda and kappa, associate with these heavy chains to form
an intact antibody.

Antigen specificity is determined by the variable domains located at the N-
terminus of heavy and light chain. Their variability is produced by genetic recombi-
nation of gene fragments during the differentiation of a hematopoetic stem cell into
a B cell and by somatic hypermutation of the V-domains in the activated B cells. The
germline contains a large number of different V genes, and this variety is needed,
since antigen binding interactions are not limited to the CDR-3s, which derive their
diversity from the genetic recombination of V, J, and D gene segments, but also in-
volve germline-encoded CDR-1s and CDR-2s as well as residues in the outer loop.
On the basis of their sequence similarity, human kappa light chains are subdivided
into seven distinct germline families (Tomlinson et al. 1995; Lefranc et al. 1999),
Vκ1–Vκ7, of which four (Vκ1–Vκ4) are significantly represented in the mature an-
tibody repertoire. Of the 11 lambda light chain families, the first three (Vλ1–Vλ3)
are most frequently used in the rearranged repertoire. The different VL germline
families differ not only in their sequence, but also encode CDR-L1 loops of dif-
ferent lengths. Human VH domains fall into seven sequence families (Tomlinson
et al. 1992; Lefranc et al. 1999), which comprise three structural subtypes, char-
acterized by distinct framework conformations and packing of hydrophobic core
residues (Honegger and Plückthun 2001). In addition, the different germline fami-
lies are characterized by different CDR-H1 and CDR-H2 lengths and conforma-
tions. Murine antibody sequences are subdivided into 19 Vκ families and 15 VH

families, representing four distinct structural subtypes. Of three known murine Vλ
germline genes, only one is commonly used in rearranged antibodies. The seven
human Vκ germline family consensus sequences show 43–74% sequence iden-
tity, while the murine germline family consensus sequences show 43–78% sequence
identity, the genetic distance between any murine germline family consensus se-
quence and the closest human germline family consensus sequence corresponds to
64–86% sequence identity, using residues L1–L108 for comparison (AHo number-
ing scheme,1 L1–L90 according to the Kabat numbering scheme). The seven hu-
man VH germline families share between 36 and 78% sequence identity, comparing

1 The AHo numbering scheme (Honegger and Plückthun 2001). Yet another numbering scheme for
immunoglobulin variable domains: an automatic modeling and analysis tool. J Mol Biol 309:657–
670.) is used throughout this chapter, since it unambiguously indicates the position of each residues
in the 3D-structure of the variable length CDR loops, which is not the case for other numbering
schemes used. Figure 2 indicates the correspondence between the residue numbers according to
Kabat (Kabat et al. 1991. Sequences of proteins of immunological interest, NIH Publication No.
91-3242) and the AHo numbering scheme.
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Table 1 Stability of human consensus variable domains against thermal denaturation (Tm) and
chemical denaturation by guanidinium chloride

Domain Tm (◦C) GdmCl50 (M) ∆GNU(H2O) (kJ mol−1) m (kJM−1 mol)

HuCAL Vκ1 63.9 2.1 29.0 14.1
HuCAL Vκ2 63.0 1.5 24.8 16.1
HuCAL Vκ3 72.7 2.3 34.5 14.8
HuCAL Vκ4 59.2 1.5 n.d.2 n.d.2

HuCAL Vλ1 63.8 2.1 23.7 11.1
HuCAL Vλ2 49.9 1.0 16.0 16.2
HuCAL Vλ3 49.0 0.9 15.1 15.9
HuCAL VH1a n.d.a 1.5 13.7 10.1
HuCAL VH1b n.d.a 2.1 26.0 12.7
HuCAL VH2 n.d.a 1.4 n.d.b n.d.2

HuCAL VH3 n.d.a 3.0 52.7 17.6
HuCAL VH4 n.d.a 2.3 n.d.b n.d.b

HuCAL VH5 n.d.a 2.2 16.5 7.0
HuCAL VH6 n.d.a 1.2 n.d.b n.d.2

1 No Tm values could be determined for VH domains, since these domains precipitate upon thermal
denaturation
2 The unfolding curves of hVκ4, hVH2, hVH4, and hVH6 were not compatible with a two-state
model

residues H1–H108, the 15 murine VH domain 31–74%, while any murine germline
family consensus sequence shows at least 60% sequence identity to the closest hu-
man germline family consensus sequence.

4 Variable Domain Stability

To evaluate the influence of this germline diversity on the biophysical properties
of antibody-derived constructs, we have analyzed the human germline family con-
sensus domains on which the Human Combinatorial Antibody Library (HuCAL)
is based (Knappik et al. 2000). In Fig. 2, rows J–P, an alignment of these consen-
sus sequences representing the different human germline families is shown, with a
header summarizing the location, surface exposure, and likeliness of involvement in
antigen binding and other interfaces. Each of these domains was expressed with the
CDR-3 sequence appropriate for its type. For isolated VH domains, the long CDR-
H3 sequence was used, as it had a stabilizing effect on the domains and allowed the
isolated domain to be expressed in native form, for scFvs, the short CDR-H3 derived
from the scFv 4D5 (Eigenbrot et al. 1993) was used. CDR-L3 of the Vκ domains
is that of scFv 4D5, for Vλ, a consensus sequence derived from an alignment of
rearranged human Vλ sequences was used. The different consensus domains were
produced by periplasmic expression in E. coli, purified and their thermodynamic
stability assessed by thermal and chemical denaturation (Ewert et al. 2003). The
results of this analysis are summarized in Table 1.
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Generally, thermal unfolding was reversible for the VL domains, but led to ir-
reversible aggregation and precipitation for the VH domains. For the VL domains,
the stability against thermal unfolding correlates reasonably well with their thermo-
dynamic stability as assessed by chemical denaturation by guanidinium chloride
(Table 1) or urea (data not shown). For Vκ4,VH2,VH4, and VH6, the free energy
of unfolding (∆GNU(H2O)) could not be quantitated because these domains formed
soluble aggregates, which lead to denaturation curves that were not compatible with
a two-state model of the unfolding process. The hVH3 germline family consensus
domain was by far the most stable VH domain. Interestingly, the unpaired VHH do-
mains derived from camelid heavy chain antibodies (Hamers-Casterman et al. 1993;
Muyldermans et al. 1994; Ewert et al. 2002) and murine VH domains selected for
their exceptional stabilities (Wörn and Plückthun 1998a) share the structural fea-
tures that distinguish the human VH3 domains from VH domains derived from other
germline families. hVH1 was found to be the next most stable VH domain, fol-
lowed by VH5. In contrast hVH2,hVH4, and hVH6 were found to be barely viable
in the absence of a VL domain, they exhibited low cooperativity during denaturant-
induced unfolding, lower production yields, and higher aggregation tendencies. The
biophysical properties of VL domains differed to a lesser extent than those of VH

domains. In general, isolated Vκ domains showed a higher thermodynamic stability
and a higher yield of protein expressed in soluble form than isolated Vλ domains.
hVκ3 was found to be the most stable of the kappa domains, hVλ1 the most stable
of the lambda domains.

5 Influence of Variable Domain Stability on the Stability of scFv,
Fab Fragments, and Full-Size Antibodies

5.1 scFv Stability

The interaction between VL and VH domain in the scFv leads to a mutual stabi-
lization of the two domains, depending on the intrinsic stability of the two domains
and the strength of the interface. (Wörn and Plückthun 1998b; Ewert et al. 2003;
Röthlisberger et al. 2005). When two intrinsically weak V-domains interact in a
scFv, the resulting construct can be significantly more stable than either of the com-
ponent domains (Fig. 3A). If one of the domains is significantly more stable than the
other, the interface between the two domains stabilizes the weaker domain to some
extent, but not sufficiently for the two domains to unfold cooperatively. Depending
on the strength of the interaction and the difference in the intrinsic stability of the
two domains, an equilibrium unfolding intermediate may be observed in which one
of the domain is unfolded, while the other is still native (Fig. 3B,C). If both domains
are intrinsically very stable, the interface is not able to stabilize the scFv beyond the
stability of the more stable domain. (Fig. 3D).
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Fig. 3 Influence of domain stability on the stability of the scFv. (A) A weak VL domain (w.t.
AB48, Proba et al. 1997) is coupled to a weak VH domain (ab48 Cys H23 Ala) in VH-linker-VL
orientation. The resulting scFv shows a cooperative equilibrium unfolding curve with a midpoint
at significantly higher denaturant concentration than the midpoints of either of the two constituent
domains (indicated by dashed lines). (B) A weak VL domain is coupled to a VH domain of in-
termediate stability (ab48 Lys H77 Arg, Asn H59 Ser, Tyr H106 Val (Proba, Wörn et al. 1998)).
The resulting scFv shows an equilibrium unfolding curve with poor cooperativity and a midpoint
denaturant concentration intermediate between those of the two constituent domains. (C) A weak
VL domain is coupled to a very strong VH domain (disulfide-restored ab48 Lys H77 Arg, Asn H59
Ser). The unfolding curve of the scFv shows a clear unfolding intermediate, although the unfolding
curve of the VL domain is shifted to higher denaturant concentrations than that of the free VL do-
main, VL in the scFv fully unfolds at denaturant concentrations at which VH has not even started to
unfold. The unfolding curve of the VH domain within the scFv is not affected by the presence of the
VL domain. (D) A very strong VL domain (4D5) is coupled to a very strong VH domain (disulfide-
restored ab48 Lys H77 Arg, Asn H59 Ser). The resulting scFv shows an equilibrium unfolding
curve with poor cooperativity and a midpoint denaturant concentration intermediate between those
of the two constituent domains

5.2 Stability of the CL/CH1 Heterodimer

The intrinsic stability of the constant domains was found to be in the same range
as that of rather weak variable domains (Röthlisberger et al. 2005). The isolated
murine Cκ had a denaturation midpoint of around 1 M GdmCl or 3.2 M Urea. The
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isolated murine CH1γ domain could not be produced in E. coli, neither by periplas-
mic expression nor as cytoplasmic inclusion bodies, probably due to the rapid degra-
dation of the peptide chain. Despite the large hydrophobic interaction area between
the CH1 and Cκ domain, unlinked CH/CL heterodimers, though produced in soluble
form upon periplasmic expression, dissociated upon extraction from the periplasm,
leading to the precipitation of the CH domain. Only the disulfide linked heterodimer
could be produced in sufficient amounts to determine its stability. Its equilibrium de-
naturation midpoint lay at the same denaturant concentration as that of the isolated
CL domain, indicating that the intrinsic stability of the CH domain cannot be higher
than that of the CL domain, and probably is significantly lower. However, in con-
trast to the scFv, which unfolds very quickly in the presence of the denaturant, the
disulfide-linked CL/CH heterodimer equilibrates very slowly, taking up to 2 weeks
to reach equilibrium at guanidinium concentrations corresponding to the midpoint
of the unfolding curve.

5.3 Stability of the Fab Fragment and of Full-Size Antibodies

In a non-disulfide linked Fab fragment containing both a weak VL and a weak VH

domain, the Fab fragment showed cooperative unfolding with a midpoint denaturant
concentration that was significantly higher than that of either the disulfide-linked
CL/CH heterodimer or the scFv containing the same variable domains. At the
same time, this Fab fragment showed the same very slow unfolding kinetics as the
disulfide-linked CL/CH heterodimer. In non-disulfide linked Fab fragments contain-
ing the more stable variable domains, the constant domains became limiting for the
thermodynamic stability, as the unfolding curve revealed a first unfolding transition
with very slow equilibration, followed by a second transition at higher denaturant
concentration, but with fast equilibration. However, if the interchain disulfide bridge
linking the C-termini of the two chains of the Fab was present, the resultant Fab
again showed cooperative unfolding, with both the very high unfolding midpoint
of the very stable V-domains and the very slow unfolding kinetics of the disulfide-
linked CL/CH heterodimer (Röthlisberger et al. 2005).

This kinetic barrier to the unfolding of the Fab fragment is not only seen in
chemical denaturation, but also in thermal denaturation. Vermeer et al. analyzed
the irreversible thermal unfolding of whole IgGs by differential scanning calorime-
try (DSC) and circular dichroism spectroscopy. While in the DSC thermogram of a
murine IgG1 (murine monoclonal antibody against human chorionic gonadotropin)
only a single, though rather broad, endothermic transition was observed (Vermeer,
1998), in a murine IgG2b (murine monoclonal antibody directed against the glyco-
sylated N-terminal region of the β-chain of human hemoglobin A1c), two unfolding
peaks were observed, (Vermeer and Norde 2000), which represented the indepen-
dent unfolding of the Fab and the Fc fragment (Vermeer et al. 2000). The apparent
melting temperature (Tm) of the Fab is highly dependent on the heating rate, as is
the enthalpy of unfolding. Although the irreversibility of the thermal unfolding and
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the subsequent aggregation of the denatured protein render the analysis more com-
plex, their results also suggest the presence of a kinetic barrier to the unfolding of
the Fab and in addition show that at least in this particular antibody, the FabSS is
less stable than the Fc fragment and thus is limiting for the thermal stability of the
whole antibody.

6 Antibody–Antigen Interactions

Analysis of the many antibody–antigen complex structures available in the PDB
databank (Berman et al. 2000) reveals the diversity of binding modes used in the
recognition of different antigens (Fig. 4). The different binding modes correlate with
structural features in the antibody, and with the utilization of antibodies derived

Fig. 4 (A–C) Superimposed structures of antibody–antigen complexes were sorted into three
classes according to the type of antigen recognized. (A) Antibodies recognizing haptens and pro-
truding loops, (B) antibodies recognizing peptides and linear epitopes of proteins, and (C) antibody
recognizing flat structural epitopes in proteins. The antigens are colored yellow, the VL domains
pale pink (framework) and magenta (CDRs), the VH domains cyan (framework) and blue (CDRs).
The solvent accessible surface buried in complex formation was calculated using the program
NACCESS (Hubbard and Thornton 1993). Pie charts indicate the average size of the interaction
surface and the average contribution of the six CDRs to the interaction surface
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from particular germline families. Small antigens (haptens) tend to insert deeply
along the axis of the VL/VH pseudodimer in antibodies whose CDR-H3 is very
short or preferentially assumes an extended conformation. These complexes tend to
contain antibodies with a long CDR-L1 and CDR-H2, which help to form a deep
binding pocket. The same binding mode is employed by antibodies that bind to
highly exposed loops of a protein antigen. In contrast, in antibodies recognizing
more or less planar structural epitopes in proteins, a kinked CDR-H3 conformation
allows CDR-H3 residues to fill the hapten binding pocket along the pseudo-twofold
axis. Short CDR-L1 and CDR-H2 loop contribute to flat shape of the paratope, as
CDR-H3 gets buried between antigen and antibody. Linear epitopes in peptides,
oligonucleotides, and oligosaccharides also prefer antibodies with an open hapten
binding pocket, although they do not insert as deeply. (Fig. 4).

Analysis of the residues involved in antigen contacts shows that residues outside
the classical CDR definitions (Chothia and Lesk 1987; Kabat et al. 1981) can be
involved in binding interactions. It is thus preferable to refer to these more detailed
analyses summarized in Fig. 2, especially if some information on the type of antigen
or binding mode of the antibody is available. For protein binders, residues at the
N-termini of the domains, the outer half of the CDR-1 loop, and the outer loops
may be directly involved in antigen contact, while for hapten and peptide binders,
residues usually deeply buried in the VL/VH dimer interface and inaccessible to
protein antigens are accessible to antigen contact.

The shape of the paratope is not only determined by the residues directly involved
in antigen contacts. Residues whose side chains are buried in the domain core may
alter the conformation of the CDR loops. Given the large differences of the core
packing between VH domains derived from different germline families, it is at first
sight surprising that CDR grafting works as well as it does. This is only possible
because a layer of invariant residues (Cys 23, Cys 106, Trp 43, Gln/Glu 6) divides
the core of the immunoglobulin variable domain into an upper core, consisting of
residues buried directly underneath the CDRs, whose packing can strongly affect
antigen affinity and a lower core, whose packing strongly correlates with the frame-
work subtype, but has little or no influence on antigen binding.

Upper core residue 31, which intercalates between the two beta sheets of the
immunoglobulin domain and divides the CDR-1 loop into an outer and an inner
loop, is probably the prime mediator translating changes of upper core packing into
changes of CDR-1 conformation (Honegger and Plückthun 2001). In Vκ, residues
L2 and L4 of the N-terminus, residues L25, L29, L31, and L41 of CDR-L1, residues
L58 of CDR-L2, residues L80, L82, and L89 of the outer loop, and residues L108
of CDR-L3 pack together to form the upper core of the domain. Some of the po-
sitions buried in Vκ are exposed in Vλ, because of the less ordered N-terminus
and the different CDR-L1 conformations in lambda light chains. The upper core of
the lambda domains is formed by residues L4 of the N-term, residues L25, L31,
and L41 of CDR-L1, residue L58 of CDR-L2, residues L80, L82, and L89 of the
outer loop, and residues L108 and L138 of CDR-L3. In VH, residues H2 and H4
of the N-term, residues H25, H29, H31, H39, and H41 of CDR-H1, residues H58
and H60 of CDR-H2, residues H80, H82, and H89 of the outer loop, and residues
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H108 and H138 of CDR-H3 pack together to form the upper core of the domain.
Although packing interactions in the lower core of the domain could conceivably
affect CDR-H2 orientation, and there exists a correlation between germline family,
structural subtype, identity of these lower core residues, and CDR-H2 length and
conformation in natural antibody domains, deliberate loop grafts to distantly related
frameworks (Willuda et al. 1999) showed no loss of binding affinity due to lower
core mismatch.

7 Stabilization and Humanization of Antibody Variable
Domains by Loop Grafts

7.1 Selection of a Suitable Acceptor Framework

The most frequently used method for the humanization of antibody variable domains
is the transfer of the complementary determining regions (CDRs) from their original
antibody framework to a human framework (Jones et al. 1986). If this CDR-graft
is performed with the primary goal of reducing the immunogenicity of murine
antibodies to be used in human in vivo applications, one chooses as graft accep-
tor the human framework whose sequence most closely matches the original murine
sequence. This may be a specific human germline sequence or a germline family
consensus sequence. If the closest human germline family consensus sequence is
used, the murine CDR donor and the closest human acceptor V-domain typically
show between 75% and 85% sequence identity for Vκ domains and 60–80% se-
quence identity for VH domains, excluding CDR 3. However, while a CDR graft
to a closely related framework may limit the problems posed by non-CDR residues
directly or indirectly affecting the antigen affinity, poor performance of the grafted
molecule can result from an insufficiently stable acceptor framework, which is more
likely to deform under the strain introduced by the grafted sequences. Although both
hVH3 and hVH1 offer acceptable biophysical properties, grafts to nonoptimized
hVH2,hVH4, and hVH6 frameworks are very likely to yield antibodies with sub-
optimal properties.

The same technique of CDR grafting can be used to improve the biophysical
properties of antibodies by grafting their antigen specificities to a framework with
superior biophysical properties (Jung and Plückthun 1997; Jung et al. 1999; Willuda
et al. 1999; Wörn et al. 2000). If the most stable human consensus frameworks
(hVκ3 and hVH3) are chosen as acceptor independent of the sequence of the murine
CDR donor, the sequence identity between CDR donor and acceptor framework can
be as low as 45%–50% for Vκ and 35%–40% for VH, excluding CDR 3. Therefore,
particular care has to be taken to transfer not only antigen contact residues, but
all residues likely to directly or indirectly influence antigen binding. In addition,
care has to be taken to avoid the introduction of destabilizing interactions between
CDRs and acceptor framework. In general, simply combining the CDR sequences
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from one antibody with the framework sequence of a second one is not sufficient to
retain antigen recognition.

That grafts to the most distantly related frameworks indeed can succeed is
demonstrated by the loop graft from a scFv recognizing the leucine zipper se-
quence of transcription factor GCN4 (Weber-Bornhauser 1998) (mVλ1mVH2) to
a extremely stable hybrid framework consisting of the hVκ1 domain of antibody
4D5 and the stability-evolved mVH4 domain of ab48 (Proba et al. 1998; Wörn and
Plückthun 1998b). The resulting grafted scFv showed significantly enhanced abil-
ity to inhibit GCN4-regulated gene expression when expressed as an intrabody in
yeast, and served as a starting point for an intrabody library (Wörn et al. 2000; Auf
der Maur et al. 2001, 2002). This example involved the transfer of the binding speci-
ficity from a murine VH domain sharing the structural characteristics of the poorly
behaved human VH2 and VH4 domains to one sharing the structural characteristics
of hVH3 and from a murine Vλ1 domain to hVκ1. The success of this graft de-
pended on the preservation of crucial mVλ1 residues in the VL/VH interface that
make no direct contact to the antigen, but affect the relative orientation of the two
domains.

7.2 Grafting Strategy

Rows Q and R in Fig. 2 outline a generic grafting strategy. Residue positions marked
in cyan (Row Q) are to be derived from the acceptor framework, residue positions
marked in magenta from the CDR donor (Row R). The latter comprise the following:

• Residues that may contact the antigen. Unless a structure of the CDR donor in
complex with its antigen is available, potential contact residues have to be iden-
tified using the information in rows G, H, and I in Fig. 2, which outline the prob-
ability of each residue to make contact to the antigen, derived from an analysis
of all the antibody–antigen complexes in the PDB.

• Conformationally critical residues adjacent to the contact residues. Prolin
residues offer less conformational flexibility than other amino acids, while
glycines increase the flexibility of the peptide chain. Substitutions involving these
residues can result in an altered loop conformation and thus affect the antigen
binding affinity.

• Residues in the upper core of the domain, indicated in row B. Particularly, po-
sitions L80, L82, and L89 in the outer loop of the VL domain have frequently
been implicated in failed grafts, as the side chains of these residues pack against
a critical residue in CDR-L1. The side chain of residue L31 intercalates between
the two beta sheets of the domain and translates changes in upper core pack-
ing to changes in the orientation and conformation of the CDR-L1 double loop.
N-terminal residues L2 and L4 pack against the same residue from the other side.
The same is true for the corresponding set of upper core residues in VH.

• Critical residues in the VL/VH interface are indicated by red and orange colors in
row F. These are usually highly conserved, and a mismatch between CDR donor
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and acceptor framework is rare, but any mismatch is quite likely to affect the
relative orientation of the two domains.

Application of these rules has been tested in many instances and will usually
yield a loop graft that retains most, if not all, of the antigen binding affinity. Rows
S, T, and U in Fig. 2 use the graft of the antigen specificity of murine anti-Ep-Cam
antibody moc31 (Myklebust et al. 1991) to the hVκ1 and hVH3 framework as a
specific example to demonstrate the results obtained with this strategy (Fig. 5).

7.3 Refinement of the Graft

If dealing with a particular antibody rather than a generic assessment, it may be
possible to further reduce the number of residues retained from the CDR donor. On
the basis of experimental structures or homology models of the CDR donor and the
acceptor framework, and a model of the grafted molecule, one may decide to accept
some conservative substitutions at the periphery of the putative antigen binding site.
In addition, the model of the graft can be analyzed for suboptimal contacts between

Fig. 5 Structural model of the 4D5mocB loop graft. Sequence postions that are the same in all
constructs are colored blue, those that correspond to the sequence of the framework donor are
colored cyan, those that correspond to the CDR donor are shown in magenta. Additional positions
changed to the sequence of the CDR donor in the actual constructs are highlighted in orange. A,
view onto the putative antigen combining site; B, side view; C, bottom view; D, cross section of
the model showing the core residues additionally taken from the sequence of the CDR donor in
construct 4D5mocB
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residues derived from the two different antibodies that might destabilize the grafted
molecule.

In this particular example, the VH domains of the CDR donor and of the acceptor
framework belong to different structural subtypes. The comparison of the structures
of VH domains of the same type as the CDR donor and of VH domains of the same
type as the acceptor framework revealed subtle differences in the takeoff angle of
CDR-H2. This could have been either a consequence of the different lower core
packing of the two domains or be caused by local sequence details within CDR-H2.
A Ser/Gly difference in position H56, affecting the β-bulge in strand c, was cor-
rected toward the sequence of the CDR donor, together with adjacent lower core
residue H55, to eliminate this potential cause for the different CDR-H2 takeoff an-
gle, yielding the VH domain of scFv 4D5mocA (Fig. 2, row V).

To test the alternative hypothesis of the different lower core packing in the two
VH domains affecting CDR-H2, a second construct was designed in which the
lower core residues of the CDR donor were retained, yielding the VH domain of
scFv 4D5mocB (Figure 5, row W). As it turned out, both scFv bound the anti-
gen with the same affinity. However, while the CDR donor moc31 was signifi-
cantly less stable that the 4D5 acceptor framework, scFv 4D5mocB turned out to
be more stable than scFv 4D5mocA, despite being closer in sequence to the very
unstable moc31 scFv. In the end, this difference in stability had a decisive influ-
ence on the biodistribution of the two scFv in a mouse tumor model (Willuda et al.
1999).

8 Rescuing Problematic Variable Domains
by Individual Point Mutations

Although CDR grafts to closely related frameworks usually are unproblematic, CDR
grafts for stabilization usually require a graft to a hVH framework of a different
subtype, typically hVH3. As the example of antibody 4D5mocA shows, changing to
a different VH framework subtype may sometimes lead to conflicts between frame-
work and CDRs. On the basis of a compilation of stabilizing mutations reported in
the literature, observed in the course of in-vitro evolution of antibody fragments to-
ward increased stability or identified by comparing antibody fragments of different
stability, a few rules could be established that allow the identification of problematic
residues within an antibody variable domain (discussed in more detail in Ewert et al.
2004).

• An EXCEL worksheet containing the CDR-graft template shown in Fig. 2,
the human and murine germline family consensus sequences and a number of
EXCEL visual basic macros facilitating the import and analysis of sequences
in Microsoft EXCEL is available for download from the AAAAA web site
(http://www.bioc.uzh.ch/antibody).

• Align the VL and VH sequence of your antibody to the global consensus se-
quence, the germline family consensus sequences and the header of the alignment
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shown in Fig. 2, making sure to center the gaps as specified in (Honegger and
Plückthun 2001).

• Any position that would retain the sequence of the CDR donor in a loop graft (as
described earlier) should not be changed in this approach. These positions are to
be excluded from the subsequent analysis.

• In VH domains, the subtype-determining residues at position H6, H7, and H10
(Honegger and Plückthun 2001) and the correlated core positions 19, 74, 78, and
93 should match those of the germline family consensus. H6 should either by a
Glu or a Gln. If H6 is a Glu, a Pro in H7 will be highly destabilizing, and H10
has to either be a Gly or a Pro. H9 should always be a Gly.

• The more highly conserved a given sequence position is, the more likely a devia-
tion from the consensus will have a negative influence on stability and/or folding.

• Row A in Fig. 2 indicates the average solvent exposure of each position.
Hydrophobic framework residues with a relative solvent exposure >75%
(indicated in blue) should be replaced by hydrophilic ones, with the exception
of Pro residues, which play an important structural role, and Val in positions L3
and H5, where the very high β-sheet propensity of Val outweighs the disadvan-
tage of having a hydrophobic residue on the surface.

• Hydrophilic residues in fully buried positions should be replaced by hydrophobic
ones unless the global consensus indicates a highly conserved hydrophilic core
residue. If the germline family consensus is hydrophobic, use this residue, other-
wise use the hydrophilic residue closest in size to the one found in the germline
family consensus. A Lys in position L13 is acceptable and does not need to be
replaced, since its side chain amino group can reach the solvent.

• Arg 77 and Asp 100 form a highly conserved, doubly hydrogen bonded buried
salt bridge in the lower core of both the VL and the VH domains, which should be
restored if they are not present in a given V-domain. The absence of this interac-
tions in light chain correlates with fibril formation (Helms and Wetzel 1996).
In VH domains, replacement of Arg H77 by Lys, as found in many murine
VH domains, already leads to a significant loss of stability (Proba, Wörn et al.
1998; Wörn et al. 2000). Replacement by an uncharged residue, as in hVH5,
should have an even stronger effect. Surrounding polar and charged groups form
a charge cluster around this central salt bridge and affect the degree of order
and definition of the hydrogen bonds connecting the residues contributing to this
charge cluster. This is present to the fullest extent only in VH3 domains (Ewert
et al. 2003).

• Gly, because of its exceptionally high flexibility, and Pro, with its very restricted
torsional freedom, can have a strong effect both on folding efficiency and on
stability. Highly conserved Pro and Gly residues should be conserved, even if
the individual sequence and the germline family consensus differ from the global
consensus. Non-Gly residues in positions with conserved positive Phi torsion
angles should be replaced by Gly.

If possible, analyze the environment of the proposed mutations in a homology
model of your antibody (If you are unable to build a homology model, have
one built by submitting your sequence to the WAM antibody modeling web site
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(http://antibody.bath.ac.uk/index.html)), or use the structure of a closely related
antibody (http://www.rcsb.org/pdb) or the human consensus Fv model representing
the framework combination of your antibody (http://www.bioc.uzh.ch/antibody).

An important point is that it is not necessary to introduce these mutations one-
by-one and investigate their contributions and their additivity. This has been done
in the past to derive the above mentioned rules. However, for practical applications,
we recommend to introduce a set of mutations all at once, making this into a very
fast and practicable procedure.

This method was tested successfully with two different scFvs containing the
hVH6 consensus framework (Ewert et al. 2003). Six mutations were proposed,
which either improved the expression yield of soluble protein, the thermodynamic
stability, or both properties. Combining all six mutations increased the expression
yield by a factor 4 to a level similar to that obtained with hVH3 containing antibodies
and increased the thermodynamic stability, measured by denaturant-induced equi-
librium unfolding, by 21 kJ mol−1. Five of the six mutations introduced addressed
issues common to the three poorly behaved human VH consensus frameworks,
hVH2,hVH4, and hVH6. All six mutations represent mutations toward the global
consensus sequence for human VH domains, which is dominated by the largest
human germline family, hVH3.

In another example, the expression of a very poorly expressed murine antipep-
tide mVκ1mVH1 scFv was dramatically improved by a similar series of nine mu-
tations, improving expression yield and stability sufficiently for us to crystallize
the antibody/antigen complex and to determine its structure (Kaufmann et al. 2002).
It needs to be stressed again that all mutations were introduced at once, with a rather
minimal experimental effort.

9 Concluding Remarks

Both in the process of designing loop grafting and in the process of introducing indi-
vidual and groups of mutations, the antibody sequence needs to be checked continu-
ously for consistency with structural requirements. This process greatly profits from
the availability of tables of preferred and allowed residues at all positions, which
are now becoming available (Honegger et al., unpublished). Furthermore, once the
rules for the identification of such mutations have been formulated with sufficient
precision, the process lends itself to automation.

For the mid-term future, we see three strategies for antibody improvement. First,
rule-based engineering, including CDR grafting, can be used, as outlined earlier,
to “rescue” antibodies with particularly valuable biological effects or recognition
properties. Second, evolutionary approaches (an iteration of randomization and se-
lection) can be used to further refine any antibody, with or without prior rule-based
engineering. Third, the sequence changes that reproducibly result in a marked
improvement of the biophysical properties of the antibody framework may be in-
troduced into the synthetic frameworks on which combinatorial antibody libraries
are based.
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Abstract Since the 1986 regulatory approval of muromonomab-CD3, a mouse mon-
oclonal antibody (MAb) directed against the T cell CD3ε antigen, MAbs have
become an increasingly important class of therapeutic compounds in a variety of
disease areas ranging from cancer and autoimmune indications to infectious and
cardiac diseases. However, the pathway to the present acceptance of therapeutic
MAbs within the pharmaceutical industry has not been smooth. A major hurdle
for antibody therapeutics has been the inherent immunogenicity of the most read-
ily available MAbs, those derived from rodents. A variety of technologies have been
successfully employed to engineer MAbs with reduced immunogenicity. Implemen-
tation of these antibody engineering technologies involves in vitro optimization of
lead molecules to generate a clinical candidate. An alternative technology, involving
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the engineering of strains of mice to produce human instead of mouse antibodies,
has been emerging and evolving for the past two decades. Now, with the 2006
US regulatory approval of panitumumab, a fully human antibody directed against
the epidermal growth factor receptor, transgenic mice expressing human antibody
repertoires join chimerization, CDR grafting, and phage display technologies, as
a commercially validated antibody drug discovery platform. With dozens of addi-
tional transgenic mouse-derived human MAbs now in clinical development, this
new drug discovery platform appears to be firmly established within the pharma-
ceutical industry.

1 Immunogenicity of Therapeutic Antibodies:
Problem and Solutions

The discovery of hybridoma methods in 1975 for isolating high specificity and
high affinity rodent monoclonal antibodies (MAbs) opened the door to a new class
of therapeutic compounds with potential applicability across a wide range of dis-
ease indications (Kohler and Milstein 1975). This promise appeared to be fulfilled
with the 1986 US regulatory approval of muromonab-CD3 for the treatment of
kidney transplant rejection (Goldstein et al. 1985). However, despite the fact that
muromonomab-CD3 acts as a potent immunosuppressive drug, it turned out to
be an intrinsically immunogenic molecule. Because rodent antibodies are foreign
proteins, the human immune system mounts its own antibody response to them,
leading to rapid clearance, reduced efficacy (Goldstein et al. 1985; Pendley et al.
2003; Kuus-Reichel et al. 1994), and an increased risk of infusion reactions (Baert
et al. 2003). A potential solution to the problem of immunogenicity, fully human
MAbs, did not at the time appear to be practical because of the limited availabil-
ity of target specific human antibodies (Larrick and Bourla 1986; James and Bell
1987; Houghton 1983; Olsson et al. 1984). Although very large panels of rodent
MAbs could be easily assembled and screened for optimal binding to the intended
target and low cross-reactivity to related molecules, analogous technologies for gen-
erating and isolating human MAbs with the full range of specificities and affinities
afforded by rodent hybridoma methods did not exist. The smaller pools of avail-
able reactive human antibodies might have been a factor in the selection of early
human MAb clinical candidates such as HA-1A, which entered clinical testing for
treatment of sepsis in the late 1980s and gained European regulatory approval in
1991 (Brun-Buisson 1994). This polyreactive authentic human MAb bound to its
intended target, lipid A, through relatively nonspecific hydrophobic interactions of
heavy chain V region framework residues (Helmhorst et al. 1998; Bieber et al.
1995). The 1992 clinical, and US regulatory, failure of HA-1A (Spalding 1992;
Edgington 1992; McCloskey et al. 1994), together with the observed immunogenic-
ity of muromonomab-CD3, contributed to a considerable cooling of enthusiasm for
antibody-based drugs within the pharmaceutical industry. However, 8 years after
the approval of muromonomab-CD3, a second MAb-based drug, the engineered
chimeric antibody fragment abciximab (Simoons et al. 1994), gained approval. This
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was followed by the approval of 18 additional MAb-based drugs in the last 10 years.
As a class of drug compounds, MAbs appear to have been rescued by the use
of technologies for reengineering rodent antibodies in vitro to replace framework
amino acid residues with corresponding human sequences (Morrison et al. 1984;
Jones et al. 1986). Additional technologies were also developed to directly isolate
synthetic MAbs from libraries of human and synthetic immunoglobulin sequences
(McCafferty 1990). Although these existing antibody engineering technologies ap-
pear to have been very successful in generating therapeutic products with acceptable
safety and efficacy, there may still be room for improvement. Although some of the
products generated by antibody engineering have not elicited patient immune re-
sponses, most of the approved MAb products, including examples from chimeriza-
tion, CDR grafting and phage display, have been found to be immunogenic (Pendley
et al. 2003).

Fig. 1 Evolution of therapeutic antibody technology and progress to the clinic. FDA-approved
MAbs have emerged between 10 and 12 years after the date that the new technologies on which
they were based were reported in the scientific literature (Morrison et al. 1984; Jones et al. 1986;
McCafferty et al. 1990; Kohler and Milstein 1975; Lonberg et al. 1994; Green et al. 1994)
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Transgenic mouse strains comprising human immunoglobulin repertoires rep-
resent an alternative platform technology for discovering low immunogenicity
therapeutic MAbs (Fig. 1). In contrast to antibody engineering technologies, which
involve the downstream modification and optimization of individual protein
molecules, transgenic technology is used for the upstream genetic engineering of
strains of mice that are then used as drug discovery tools to directly generate human
sequence antibodies that can be moved into the clinic without further optimiza-
tion. Twelve years after their appearance in the scientific literature (Lonberg et al.
1994, Green et al. 1994), immunoglobulin transgenic mice have now been validated
as drug discovery platforms by the regulatory approval of their first product, pan-
itumumab (Gibson et al. 2006). In this review, I discuss the development of the
technology and drugs derived from it.

2 Development of Techniques for Manipulation
of the Mouse Genome

2.1 Pronuclear Microinjection

Fundamental basic research in mouse embryology and molecular biology by a large
number of laboratories (Nagy et al. 2003) led to the development, in the early 1980s,
of a set of tools for the manipulation of the mouse genome (Fig. 2). The generation
of genetically engineered mice by direct microinjection of cloned DNA sequences
into the pronuclei of single-cell half-day embryos was reported by several groups
in 1981 (Gordon and Ruddle 1981; Costantini and Lacy 1981; Brinster et al. 1981;
Harbers et al. 1981; Wagner et al. 1981a, 1981b). The microinjected DNA con-
structs, which are inserted into mouse chromosomes and are propagated through
the germline, could include transcriptional regulatory sequences to direct expres-
sion to restricted differentiated cell types, including B cell expression of antibody
genes (Brinster et al. 1983). This first report of an expressed immunoglobulin gene
in transgenic mice involved a very small transgene; however, despite the fact that
very fine glass needles are employed for pronuclear microinjection, the sheer forces
experienced by the injected DNA do not prevent the use of this technique for in-
troducing much larger (>100 kb) transgenes into the mouse germline. (Costantini
and Lacy 1981; Taylor et al. 1992; Schedl et al. 1993; Lonberg and Huszar 1995;
Fishwild et al. 1996).

2.2 Embryonic Stem Cells

Because microinjected transgenes integrate relatively randomly over a large num-
ber of potential sites within the mouse genome, it does not provide for easy manip-
ulation of specific endogenous mouse genes. Microinjection could generate mice
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Fig. 2 Techniques developed for the manipulation of mouse embryos provide access for the mod-
ification of the germline. (A) Overview of mouse development. (B) Direct introduction of cloned
DNA sequences inserted randomly into mouse chromosomes through pronuclear microinjection of
half day embryos. (C) Embryonic Stem (ES) cells derived from 3.5-day blastocyst stage embryos
can be grown in culture, genetically modified, and then reintroduced into developing blastocysts
by insertion of a glass pipet into the blastocoel cavity. (D) Site-specific modifications of ES cell
genomes can be engineered through homologous recombination followed by selection and screen-
ing for specific recombinants in culture. (E) Large DNA fragments can be inserted into ES cell
chromosomes by transfection or yeast/bacterial cell fusion. (F) Entire chromosomes or chromo-
some fragments, which replicate without integration into endogenous mouse chromosomes, can be
introduced into ES cells by microcell-mediated chromosome transfer (MMCT). (G) The very short
(ca. 2–3 months) generation time of the mouse allows for rapid crossbreeding to combine multiple
independent genetic modifications into a single animal

that expressed human genes, but the mouse ortholog was typically still active.
This technical hurdle was overcome with the development of positive–negative
selection vectors that allowed for the selection and screening of specifically targeted
homologous recombination events in cultured cells, and with the parallel develop-
ment of embryonic stem (ES) cell lines that could be cultured and manipulated in
vitro and reintroduced into 3.5-day old blastocyst stage embryos to populate the
germline of the resulting chimeric mice. The combination of these two technolo-
gies led to the generation of strains of engineered mice comprising specifically tar-
geted modifications of their germlines (Mansour et al. 1988; Zijlstra et al. 1989;
Schwartzberg et al. 1989). The most commonly introduced specific modification
leads to the inactivation of an endogenous gene and the creation of what are com-
monly referred to as gene knockout mouse strains. Gene knockout technology has
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proved to be of enormous value for basic research, and applied to the endogenous
mouse immunoglobulin loci, important for the development of transgenic mouse
platforms for human antibody drug discovery.

In addition to applications for modifying endogenous mouse genes, ES cells have
also proved useful as an alternative to pronuclear microinjection for the introduc-
tion of large DNA clones such as YAC clones (Strauss et al. 1993; Choi et al. 1993;
Jakobovits et al. 1993; Davies et al. 1993). Very large human chromosome frag-
ments have also been introduced into the mouse germline using ES cell technology.
In this approach, called microcell-mediated chromosome transfer (MMCT), human
fibroblast-derived microcells are fused with mouse ES cells resulting in pluripotent
cell lines having a single human chromosome or chromosome fragment – including
a centromere and both telomeres – that replicates and assorts during cell division
without insertion into an endogenous mouse chromosome (Tomizuka et al. 1997).

3 Transgenic Mice with Human Immunoglobulin Genes

3.1 Expression of Human Antibody Repertoires

It was quickly recognized that the new tools developed for manipulating the mouse
germline might be practically applied toward the generation of human immunoglob-
ulin expressing transgenic mice. In 1985, Alt et al. (1985) suggested that transgenic
technology could be useful for generating new human sequence MAbs starting
from unrearranged, germline-configuration transgenes. The authors concluded that
although this was “conceptually outlandish,” it might “be realized in the not-too-
distant future.” A year later, Yamamura et al. (1986) reported the cell type spe-
cific expression of a human immunoglobulin gamma heavy chain transgene. This
was followed by reports of expression and rearrangement of germline configura-
tion (unrearranged) chicken and rabbit light chain transgenes in transgenic mice
(Bucchini et al. 1987, Goodhardt et al. 1987), a milestone that was recognized at
the time as contributing toward the development of a transgenic platform for dis-
covering human MAbs. Buttin (1987) commented that “recent progress in this field
invites us to believe that the creation of transgenic mice with B cells secreting a wide
spectrum of [human] antibodies is no longer out of reach.” In 1989, Bruggemann
et al. (1989) reported the expression of a repertoire of human IgM heavy chains
and the generation of a transgene-encoded immune response in mice. Three years
later, Taylor et al. (1992) reported mice comprising germline configuration human
heavy- and κ light-chain transgenes that produced a repertoire of human IgM and
IgG antibodies. This group showed in a later paper (Taylor et al. 1994) that the IgG
antibodies were a product of class switching, and that they comprised somatic muta-
tions consistent with functional affinity maturation. These reports, and many others
from a number of different laboratories, demonstrated that human gene sequences
could direct cell type specific expression of human immunoglobulins in mice, and
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that those exogenous gene sequences could undergo the normal rearrangements and
modifications required for generating primary and secondary antibody repertoires.
However, human immunoglobulin transgenic mice with intact functional endoge-
nous immunoglobulin loci also express mouse antibodies and chimeric mouse–
human antibodies. Creation of a more useful platform for human antibody drug
discovery, a mouse with disrupted endogenous immunoglobulin loci, requires com-
bining methods for introducing human immunoglobulin transgenes with the meth-
ods described earlier for generating gene knockout mice.

3.2 Transgenic Mouse Platforms for Therapeutic MAb
Drug Discovery

In 1994, two articles, one from my laboratory (Lonberg et al. 1994) and the
other from Green et al. (1994), reported the generation of mice with four differ-
ent germline modifications: two targeted disruptions (the endogenous mouse heavy-
and κ light-chain genes) and two introduced human transgenes (encoding the heavy
chain and κ light chain). Although both articles report the use of homologous recom-
bination in mouse ES cells to engineer similar disruptions of the endogenous mouse
loci, different technologies were used to construct and deliver the human sequence
transgenes. Lonberg et al. (1994) used pronuclear microinjection to introduce recon-
structed minilocus transgenes – the heavy chain containing 3 heavy-chain variable
(VH), 16 diversity (D), and all 6 heavy-chain joining (JH) regions together with µ
and γ1 constant-region gene segments. In the transgenic strains, this construct un-
derwent VDJ joining, together with somatic mutation and correlated class switching
(Taylor et al. 1994). The light-chain transgene included four Vκ, all five Jκ and the
κ constant region (Cκ). In contrast, Green et al. (1994) used fusion of yeast proto-
plasts to deliver yeast artificial chromosome (YAC)-based minilocus transgenes. In
this case, the heavy chain included 5VH, all 25 D and all 6 JH gene segments to-
gether with µ and δ constant-region gene segments. This construct underwent VDJ
joining and expressed both IgM and IgD. The light-chain YAC construct included
two functional Vκ and all five Jκ segments, together with Cκ. Neither group inacti-
vated the endogenous λ-light-chain locus, which in typical laboratory mouse strains
contributes to only∼5% of the B cell repertoire. Functional λ-light-chain expression
leads to a subpopulation of B cells producing hybrid B cell receptors and secreted
antibodies that have human heavy- and mouse λ-light chains. However, the presence
of this subpopulation did not prevent the isolation of hybridoma cell lines secreting
fully human monoclonal IgM (Green et al. 1994) and IgG (Lonberg et al. 1994)
MAbs recognizing the target antigens against which the mice had been immunized.

The ability of these engineered mouse strains, each comprising only a fraction
of the natural human primary V gene segment repertoire, to generate antibodies to
a variety of targets may reflect the relative importance of combinatorial diversity
(encoded in the germline library of V, D, and J gene segments) and junctional and
somatic diversity (a product of the assembly and maturation of antibody genes).
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Although naive B cell CDR1 and CDR2 sequences are completely encoded by
the germ line, junctional diversity, which is intact in minilocus transgenes, creates
much of the heavy-chain CDR3 repertoire. CDR3 sequences appear to be critical for
antigen recognition by unmutated B cell receptors and may be largely responsible
for the primary repertoire (Ignatovitch et al. 1997; Davis 2004; Tomlinson et al.
1996). Primary repertoire B cells having low affinity for the immunogen can then
enter into the T cell-mediated process of affinity maturation, which has been shown
to generate high-affinity antibodies from a very limited V-gene repertoire. An
extreme example of this is offered by a report of an engineered mouse strain having
only a single functional human VH gene and three mouse Vλ genes (Xu and Davis
2000). These animals demonstrated a specific antibody responses to a variety of
T-dependent antigens. High affinity, somatically mutated MAbs were characterized,
including a very high, 25 pM, affinity MAb against hen egg-white lysozyme. How-
ever, the minimal V-repertoire mice did not respond to the T-independent antigen,
dextran B512, and the authors suggested that responses to carbohydrate antigens
might drive evolutionary selection for large primary repertoires. Germline-encoded
recognition of such antigens may be important for developing a rapid primary pro-
tective response to pathogens, a feature that would be selected for in the wild, but
less important for isolating high-affinity antibodies from laboratory mice using hy-
perimmunization protocols that trigger T cell-dependent affinity maturation.

In addition to affecting the response to T-independent antigens and the kinetics
of overall immune reactions, repertoire size may have an impact on B cell develop-
ment and the size of different B cell compartments. Fishwild et al. (1996) compared
mice having different numbers of light-chain V gene segments and found that the
introduction of larger repertoires encoded by a κ light-chain YAC clone compris-
ing approximately half the Vκ repertoire led to increased population of the peri-
pheral and bone marrow B cell compartments relative to transgenic strains compris-
ing only four Vκ genes. The relative number of mature and immature B cells in these
compartments also appeared more normal in mice with larger V gene repertoires.
Mendez et al. (1997) generated transgenic mice having nearly complete heavy-chain
V repertoires and approximately half the κ-light-chain V repertoire, and compared
them with the minilocus mice of Green et al. (1994). This paper, and a later analysis
of the same mouse strains by Green and Jakobovits (1998), showed that V-region
repertoire size had a profound effect on multiple checkpoints in B cell development,
with larger repertoires capable of restoring B cell compartments to near normal
levels. Despite the fact that human immunoglobulin transgenic mice express B cell
receptors that are essentially hybrids of mouse and human components (e.g., human
immunoglobulin, mouse Igα, Igβ, and other signaling molecules), their B cells de-
velop and mature into what appear to be all of the normal B cell subtypes. Further-
more, the immunoglobulin transgenes undergo V(D)J joining, random nucleotide
(N-region) addition, class switching, and somatic mutation to generate high-affinity
MAbs to a variety of different antigens. The process of affinity maturation in these
animals even recapitulates the normal pattern of somatic mutation hotspots observed
in authentic human secondary repertoire antibodies (Harding and Lonberg 1995).
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Fig. 3 Human immunoglobulin sequences introduced in the germ line of mice comprising en-
dogenous Ig heavy-chain and κ-light-chain gene inactivations. The germline configuration of the
human immunoglobulin λ-light chain, κ-light chain and heavy chain is depicted above bars rep-
resenting those sequences used to assemble transgenes introduced into strains of mice used for
generation and isolation of human sequence MAbs. A (Tomizuka et al. 2000), B (Ishida et al.
2002), C (Nicholson et al. 1999), D (Mendez et al. 1997), E (Fishwild et al. 1996), F (Green et al.
1994), G (Lonberg et al. 1994), H (Zou et al. 1994)

There have now been multiple reports in the literature of transgenic mice having
immunoglobulin repertoires comprising human heavy- and light-chain sequences
in the background of disrupted endogenous heavy- and κ-light-chain loci (Fig. 3).
Several different technologies – including pronuclear microinjection and yeast
protoplast fusion with ES cells – have been employed for engineering these mouse
strains. The introduction of the largest fraction of the human germline repertoire
has been facilitated by microcell-mediated chromosome transfer. Using this tech-
nique, Tomizuka et al. (1997) generated ES cell lines and chimeric mice containing
fragments of human chromosomes 2 and 14, including the human κ-light-chain and
heavy-chain loci, respectively. In addition, they generated chimeric mice that incor-
porated an apparently intact human chromosome 22, comprising the λ light chain
locus. Germline transmission was obtained with the human κ-light-chain ES cell
lines. In a subsequent report, germline transmission was obtained with a human
heavy-chain ES cell line, and mice were created that expressed complete human
heavy- and light-chain repertoires in a genetic background that included disrup-
tions of the mouse heavy- and κ-light-chain loci (Tomizuka et al. 2000). Com-
pletely human, high-affinity (<nanomolar) MAbs were isolated from the animals.
Although both chromosome fragments could be transmitted through the germ line,
the κ-light chain-containing chromosome-2 fragment was found to be less mitot-
ically stable. The observed stability of the heavy chain-containing fragment may
derive from the fortuitous location of the immunoglobulin heavy-chain locus (IgH)
at the very telomere of the long arm of human chromosome 14. Because of the
structure of chromosome 14, a random deletion between IgH and the centromere re-
moved most of the nonimmunoglobulin genes leaving IgH, the centromere and both
telomeres functionally intact. The resulting 10- to 20-Mb fragment minimizes cross-
species trisomy, which would presumably be selected against during cell division.
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The observed stability of this fragment has now been exploited to create artificially
constructed human chromosome fragments that include the entire human heavy-
chain locus together with the entire human λ-light-chain locus (Kuroiwa et al. 2000).
Bruggemann and colleagues (Popov et al. 1999) have also generated human λ-light-
chain locus transgenes, using them to create transgenic mice that express partial
repertoires of all three human immunoglobulin loci in the background of disrupted
endogenous κ-light-chain and heavy-chain loci (Nicholson et al. 1999).

Another transgenic mouse platform, which generates chimeric antibodies rather
than fully human sequence antibodies, was developed by Rajewsky and colleagues
in 1994 (Zou et al. 1994). These mice comprise relatively precise replacements of
the mouse κ and γ1 constant-region gene segments with the corresponding human
gene sequences. The κ constant-region gene segment was replaced using homo-
logous recombination in mouse ES cells. For the γ1 gene, only the secreted exons
were replaced, and the engineering was accomplished in two steps using the Cre-
loxP recombination system, also in mouse ES cells.

4 Transgenic Mouse-Derived Human MAbs

The scientific literature includes a large number of reports describing the charac-
teristics of human MAbs derived from transgenic mouse platforms, and a review
of this literature provides an assessment of the functionality of these platforms
(Lonberg 2005). A very diverse set of antigens have been successfully targeted
with transgenic derived MAbs. These include small molecules (Ball et al. 1999;
Farr et al. 2002), pathogen-encoded proteins (Tzipori et al. 2004; Mukherjee et al.
2002; Mukherjee et al. 2002b; He et al. 2002; Greenough et al. 2005; Sheoran et al.
2005; Babcock et al. 2006; Coughlin et al. 2006; Vitale et al. 2006), polysaccha-
ride antigens (Chang et al. 2002; Maitta 2004), human-secreted proteins (Mendez
et al. 1997; Ishida et al. 2002; Villadsen et al. 2003; Bekker et al. 2004; Yang et al.
1999b; Huang et al. 2002; Mian et al. 2003; Ostendorf et al. 2003; Suarez et al.
2004; Parry et al. 2005; Rathanaswami et al. 2005; Burgess et al. 2006; Melnikova
and Bar-Eli 2006), cell-surface proteins (Fishwild et al. 1996; Mendez et al. 1997;
Fishwild et al. 1999; Yang et al. 1999, 2001; Holmes 2001; Borchmann et al. 2003;
Skov et al. 2003; Teeling et al. 2004; Schuler et al. 2004; Rowinski et al. 2004;
Heuck et al. 2004; Ramakrishna et al. 2004; Keler et al. 2003; Bleeker et al. 2004;
Suzuki et al. 2004; Imakiire et al. 2004; Mori et al. 2004; Garambois et al. 2004;
Trikha et al. 2004; Tai et al. 2005; Boll et al. 2005; Cohen et al. 2005; Kuroki et al.
2005; Sanderson et al. 2005; Tse et al. 2006; van Royen-Kerkhoff et al. 2005; Wang
et al. 2005; Ma et al. 2006; Melnikova and Bar-Eli 2006; Teeling et al. 2006; Wu
et al. 2006; Villadsen et al. 2007), and human tumor-associated glycosylation vari-
ants (Nozawa et al. 2004).

Most of the transgenic mouse-derived MAbs have binding affinities in the 0.1–
10 nM range, the same affinity range typically seen for MAbs derived from wild-type
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mice (Ball et al. 1999; Yang et al. 1999, 1999b; Keler et al. 2003; Cohen et al. 2005;
Burgess et al. 2006). This range is probably a function of the natural constraints
on affinity maturation operating in vivo (Foote and Eisen 1995; Roost et al. 1995).
However, there are also examples of transgenic-derived human MAbs with pico-
molar and even subpicomolar affinities. Villadsen et al. (2003) described a 10 pM
affinity antibody to IL-15, Wang et al. (2005) described a 4 pM affinity MAb to the
insulin-like growth factor receptor, and Rathanaswami et al. (2005) reported several
anti-IL-8 MAbs in the 1–10 pM range, with one MAb having a measured affinity in
the 0.5–1 pM range.

5 Transgenic Mouse-Derived Human MAbs in the Clinic

5.1 Panitumumab and Zalutumumab

The 2006 regulatory approval in the US for panitumumab was a significant milestone
for transgenic mouse-derived MAbs, and marked the first commercial validation of
immunoglobulin transgenic mouse drug discovery platforms. Panitumumab binds
to the epidermal growth factor receptor (EGFR) with very high affinity (Kd =
5×10−11M−1) and blocks ligand binding (Rowinski et al. 2004; Yang et al. 1999,
2001; Foon et al. 2004). In preclinical mouse xenograft models, it was found to be
more potent than the lower affinity mouse antibody m225 (Yang et al. 1999), the
parent of the already marketed mouse/human IgG1 chimeric anti-EGFR antibody,
cetuximab (Cunningham et al. 2004).

There has been no direct comparison of the safety and efficacy of cetuximab
and panitumumab in a side-by-side clinical study. In addition, the fact that ce-
tuximab is an IgG1 antibody and panitumumab an IgG2 antibody further com-
plicates any attempt to compare the two drugs. However, an initial survey of the
available literature suggests that the fact that panitumumab is a fully human anti-
body derived from a transgenic mouse may differentiate it from the chimeric ce-
tuximab (Cohenuram and Saif 2007). In early phase I and II trials, panitumumab
was associated with a higher frequency of skin rashes than cetuximab; however,
skin rashes (which are related to the mechanism of action of EGFR-targeted drugs,
including small molecules, and in this case are not a product of drug immuno-
genicity) have been positively correlated with activity for cetuximab (Calvo and
Rowinsky 2005), and in a renal cell carcinoma trial, involving a relatively small
number of patients, skin rashes correlated with longer cancer progression–free sur-
vival for panitumumab (Rowinski et al. 2004). Later trials appear to indicate that
the two molecules have similar clinical activity. In a randomized, 2-arm (231 pa-
tients in the treatment arm) phase III trial in 2nd line, chemotherapy refractory,
EGFR+, metastatic colorectal carcinoma patients (Gibson et al. 2006), there was an
8% objective response rate, with 28% of the patients having stable disease (com-
pared with a 0% response rate and 10% stable disease in the control cohort). This



80 N. Lonberg

compares to the clinical responses seen for cetuximab monotherapy in a 346 patient
phase II trial in a similar set of refractory, EGFR+, metastatic colorectal carcinoma
patients (Lenz et al. 2006). Approximately, 12% of the cetuximab-treated patients
were classified as objective responders, and 32% as stable disease. Panitumumab
was dosed at 6 mg kg−1 every 2 weeks while the chimeric cetuximab was first
given at a (roughly) 50% higher loading dose (400 mg m−2), followed by a sim-
ilar weekly dose of 250 mg m−2. The lower dosing schedule selected for panitu-
mumab was a reflection of the longer clearance time for the fully human antibody;
however, the terminal half life (7.5 days) is still shorter than is typically found for
IgG molecules. This is presumably due to the large antigen sink provided by nor-
mal tissue expression of EGFR. Gibson et al. (2006) reported that no patients had
detectable levels of anti-panitumumab antibodies after treatment, and that while
5% of the patients had low-grade infusion reactions, none had grade 3 or 4 reac-
tions. In contrast, 7.5% of the cetuximab patients experienced hypersensitivity re-
actions with 1.7% having grade 3 or 4 reactions, despite the fact that most of those
patients had been pretreated with antihistamines to prevent infusion reactions. Lenz
et al. (2006) also reported that over 4% of the cetuximab-treated patients developed
human antichimeric antibodies.

Because panitumumab is a human IgG2 antibody and, because IgG2 antibodies
are poor mediators of Fc dependent cell killing, the activity of the drug may be a
function of non-Fc mediated mechanisms. These could involve blockade of ligand-
induced receptor signaling and/or altered signaling directed by MAb binding. This
is consistent with the observation that the MAb is active in mouse xenograft mod-
els while a sibling human IgG2 antibody that does not block ligand binding has no
activity (Yang et al. 2001). However, although IgG2 molecules do not show signif-
icant binding to human FcγRIII (CD16), they do bind to the common H131 vari-
ant of FcγRIIa (CD32A, Parren et al. 1992). This variant is also associated with
clinical responses to rituximab (Weng and Levy 2003). It is, therefore, a formal
possibility that in human patients some of the activity of the panitumumab is me-
diated through FcγRIIa in H131 individuals. Gibson et al. (2006) did not report
any data on the FcγRIIa allotype of the patients that responded to panitumumab;
however, if a positive correlation between the H131 allotype and clinical responses
were found it might indicate that some of the activity of the MAb is Fc medi-
ated. Because IgG1 is a more potent mediator of Fc-dependent activity, it might
then follow that a human IgG1 variant of panitumumab could have improved ac-
tivity. This theory could be tested in the near future as clinical data becomes avail-
able for a second EGFR binding MAb, zalutumumab, derived from transgenic mice
(Bleeker et al. 2004; Lammerts et al. 2006). Zalutumumab is now in phase 3 test-
ing for treatment of EGFR-positive squamous cell cancer of the head and neck.
Preclinical studies of 2F8 show that like panitumumab, it is also more potent than
m225 in mouse xenograft models (Bleeker et al. 2004). However, unlike panitu-
mumab it is an IgG1 antibody and may function by eliciting Fc-mediated effector
cell activity in addition to blocking ligand binding and normal receptor functioning.
A comparison of the clinical activity of these two molecules may provide some
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insight into the role of Fc-receptor interaction on the efficacy and safety of these
drugs.

5.2 MAbs in Phase 3 Clinical Testing

There are at least eight transgenic mouse-derived human MAbs in Phase 3 clini-
cal trials (Table 1). These include zalutumumab, the EGFR binding MAb discussed
earlier, two different antibodies directed against CTLA-4, and one each directed
against CD20 and CD4 for treatment of cancer, two neutralizing MAbs directed
against TNFα and the common subunit of IL-12 and IL-23 for inflammatory indi-
cations, and an antibody directed against RANKL for bone loss.

5.2.1 Denosomab

Denosomab is an antibody directed against RANKL, a TNF family member that
stimulates the maturation and activation of osteoclasts, which mediate bone re-
sorption. The drug is now in phase 3 clinical trials for treatment of bone loss in
postmenopausal women and in cancer patients with treatment induced bone loss
or skeletal disease caused by bone metastases. A single subcutaneous dose escala-
tion, phase 1 study in osteoporotic patients showed dose-dependent and sustained
activity (up to 6 months) in blocking bone resorption, with no reported serious drug-
related adverse events (Bekker et al. 2004). Denosomab was found to have dose-
dependent pharmacokinetics (PK), with a terminal half life of 32 days at the highest
3 mg kg−1 dose. A second single dose trial in patients with multiple myeloma or
bone metastases from breast cancer showed decreased bone metabolism that per-
sisted for the 84-day study follow-up period, and a mean half life of 46 days after a
single 3 mg kg−1 dose (Body et al. 2006). These studies measured bone metabolism
using urine concentrations of peptide products of collagen catabolism as an indirect
measure. Another trial, in postmenopausal women, looked at 3-month and 6-month
repeat dosing, and also directly measured bone density (McClung et al. 2006). Con-
sistent with the reduction in bone metabolism seen in the single dose studies, bone
density was found to be increased for the 12 months of the study, even for patients
given only 60 mg of drug every 6 months. The adverse event profile for the treat-
ment group was not significantly different from that of the placebo group, and only
2 of the 314 treated patients showed transient levels of anti-denosomab antibod-
ies in single blood samples, which were not confirmed in later blood samples. The
low incidence of measurable antidrug antibodies, the safety profile, and the very
long half-life and sustained drug activity are all consistent with an antibody that is
relatively nonimmunogenic. Because infrequent dosing may be very important for
patient compliance for a parenterally delivered protein-based therapeutic that is di-
rected at chronic indications such as osteoporosis, low immunogenicity could be a
critical feature for the success of this product.
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5.2.2 Ipilimumab and CP-675206

The two transgenic mouse-derived human antibodies directed against CTLA-4, ip-
ilimumab, and CP-675206, also do not appear to elicit strong patient antidrug an-
tibody responses, despite the fact that the mechanism of action for these drugs re-
sults in a very potent up-modulation of patient immune responses. CTLA-4 is a
negative T cell signaling molecule that binds to the two ligands CD80 and CD86,
both of which are also recognized by the positive T cell signaling molecule CD28
(Korman et al. 2006). Ipilimumab (Keler et al. 2003) is a human IgG1 antibody,
while CP-675206 (Ribas et al. 2005) is an IgG2 antibody. Both molecules bind
to human CTLA-4 so as to block ligand binding and antagonize CTLA-4 signal-
ing, resulting in the activation of certain T cell responses. Experiments with ham-
ster MAbs that block mouse CTLA-4 show that the resulting enhanced immune
responses can mediate tumor rejection in syngeneic mouse tumor models (Leach
et al. 1996). Preclinical experiments in cynomolgus monkey models demonstrated
that ipilimumab could stimulate humoral immune responses to coadministered vac-
cines (Keler et al. 2003). Clinical data in cancer patients has been reported for
both ipilimumab (Phan et al. 2003; Hodi et al. 2003; Ribas et al. 2004; Attia et al.
2005; Blansfield et al. 2005; Maker et al. 2005, 2005b, 2006 Sanderson et al. 2005;
Beck et al. 2006; Thompson et al. 2006) and CP-675206 (Ribas et al. 2004, 2005,
Reuben et al. 2006). Objective and durable antitumor responses were observed for
both drugs. Rosenberg and colleagues conducted a trial in patients with metastatic
melanoma who were treated with ipilimumab at 3 mg kg−1 every 3 weeks for up
to six cycles or were given a loading dose of ipilimumab at 3 mg kg−1 followed
by 1 mg kg−1 every 3 weeks for up to six cycles. All patients were administered
a subcutaneous gp100 peptide vaccine (Attia et al. 2005). The overall objective
response rate for the 56 patients in the combined cohorts was 13%, with ongo-
ing complete and partial responses reported at 25, 26, 30, 31, and 34 months. A
follow-up paper by this group included additional metastatic melanoma patients
treated with and without the vaccine, some receiving ipilimumab doses as high as
9 mg kg−1, together with 61 renal cell carcinoma patients treated with ipilimumab
at up to 3 mg kg−1 (Beck et al. 2006). The overall objective response rate for the
198 patients in this report was 14%. This group also combined ipilimumab and high
dose IL-2 in metastatic melanoma patients and reported a 22% objective response
rate in patients administered ipilimumab at 3 mg kg−1. In a phase 1 single dose,
monotherapy, dose escalation trial of CP-675206 in metastatic melanoma, with pa-
tients receiving doses as high as 15 mg kg−1, the authors reported a 10% objec-
tive response rate (Ribas et al. 2005), although one of the four responders had also
received ipilimumab (Ribas et al. 2004). The serious adverse events reported for
both ipilimumab and CP-675206 comprise a spectrum of immune-related inflam-
matory responses including rash, enterocolitis, and hypophysitis (Jaber et al. 2006;
Blansfield et al. 2005; Ribas et al. 2005; Beck et al. 2006). However, because the
mechanism of action of CTLA-4 blocking MAbs involves the activation of immune
responses, these have been considered as target-related toxicities, and have in fact
correlated with clinical responses (Beck et al. 2006, Reuben et al. 2006). Beck et al.
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(2006) reported 36% and 35% objective response rates for melanoma and renal cell
cancer patients having enterocolitis, with response rates of only 11% and 2% for pa-
tients without enterocolitis. The inflammatory adverse events have been reported to
respond to medical management, which may include corticosteroids. Interestingly,
corticosteroid treatment does not appear to abrogate objective tumor responses (At-
tia et al. 2005; Beck et al. 2006). Despite the observed up-regulation of immune
responses in patients treated with these two MAbs, the drugs themselves do not ap-
pear to be readily recognized and cleared by the human immune system. A terminal
half-life of 22 days was reported for CP-675206 (Ribas 2005), and 1-month post-
dosing serum trough levels of 10µg ml−1 ipilimumab were reported after 5 months
of repeated monthly dosing at 3 mg kg−1 (Sanderson et al. 2005). Sanderson et al.
(2005) also reported that these repeatedly dosed patients did not develop a measur-
able antibody response to ipilimumab. These data are consistent with the data from
preclinical studies that showed no evidence of monkey anti-human antibody for-
mation in cynomolgus macaques dosed five times over 140 days (Keler et al. 2003),
despite the fact that the MAb upregulated the monkey humoral immune responses to
coadministered vaccines. There was no sign of immune clearance by monkey anti-
human antibodies, with drug titers never falling below 20µg ml−1 over the course
of the 5-month study.

5.2.3 CNTO 1275 and Golimumab

Another transgenic-derived human MAb in phase 3 development is CNTO 1275,
which is directed against the common p40 subunit shared by IL-12 and IL-23.
Results have been reported from a phase 1 trial in multiple sclerosis (Kasper et al.
2006) and from phase 1 and 2 trials in psoriasis (Kauffman et al. 2004, Toichi et al.
2006, Krueger et al. 2007). In the phase 1 psoriasis trial, the drug showed sustained
activity over 16 weeks of follow-up with a single i.v. administration, with 67% of
the patients achieving at least a 75% improvement (assessed by the Psoriasis Area
and Severity Index). There were no treatment-related serious adverse events, and no
infusion reactions. Antidrug antibodies were detected in 1 of 18 patients; however,
presence of drug in the serum because of the very long terminal half life, 19–27 days,
precluded accurate assessment in most of the patients. A similar 20–31 day terminal
half-life was observed in the multiple sclerosis trial where the drug was given by
subcutaneous administration. One of the 16 treated patients developed a detectable
antidrug response; however, as with the psoriasis trial, the persistence of the drug in
the serum made it difficult to accurately measure antidrug antibodies. In the phase
2 psoriasis trial, 237 patients received the drug for up to four weekly 90 mg sub-
cutaneous doses. Antidrug antibodies were detected once or more in the 52 weeks
of monitoring in 12 (4%) of the treated patients. However, the measured antibody
response did not correlate with injection site reactions, which occurred at the same
2% frequency in both placebo and drug-treated cohorts. Patients given only a single
subcutaneous dose, at either 45 or 90 mg, showed sustained disease-modifying re-
sponses for over 6 months following treatment. Together with the observed sustained
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clinical benefit, the approximately 20–30 day terminal half-life of CNTO 1275 ap-
pears to indicate that it does not elicit a strong drug-clearing antibody response.
As further clinical data are reported, it will be interesting to compare the immuno-
genicity, PK, safety, and efficacy of the transgenic mouse-derived CNTO 1275 to
the phage display derived ABT-874, which is also directed against the common p40
subunit of IL12 and IL-23 (Mannon et al. 2004, Fuss et al. 2006). The phage display
antibody also showed some signs of immunogenicity, with antidrug antibodies de-
tectable in 3 of 63 patients, and 2 of those patients showing evidence of early clear-
ance of the drug from the serum (Mannon et al. 2004); however, because patients
received up to 7 weekly doses of the drug, it is difficult to compare the data to that
reported for CNTO 1275. The terminal half life of ABT-874 was not reported.

Data should also soon be available to compare a second pair of antibodies di-
rected against a shared target but derived from the competing transgenic mouse and
phage display technology platforms. Both golimumab, a human sequence antibody
from transgenic mice is now in phase 3 clinical testing in rheumatoid arthritis, and
adalimumab, a phage display derived antibody currently approved for the same indi-
cation, are high affinity TNFα blocking MAbs (Weinblatt et al. 2003). Both are also
IgG1 molecules formulated for subcutaneous administration. This comparison may
be of particular interest because adalimumab has been reported to elicit antidrug
antibodies at a high frequency, despite the fact that it was genetically engineered
from a lead molecule originally isolated from a phage display library constructed
from human immunoglobulin sequences. The formation of these antidrug antibod-
ies correlated with adverse events and reduced efficacy in a study of 15 rheumatoid
arthritis patients (Bender et al. 2007). Another approved TNFα blocking antibody,
infliximab, is a chimeric mouse–human antibody that also elicits a strong antidrug
antibody response, which correlates with infusion reactions and reduced efficacy
(Baert et al. 2003). Data from a third MAb derived from an alternative technology
may provide some insight into the relative importance of factors such as drug tar-
get, patient population, and intrinsic immunogenicity on the efficacy and safety of
antibody-based therapeutics.

5.2.4 Zanolimumab

Zanolimumab is a transgenic mouse-derived human antibody directed against the
T cell antigen CD4 (Fishwild et al. 1999). Results from an 85 patient, placebo-
controlled, phase 2 trial in psoriasis have been reported (Skov et al. 2003), and the
drug is now in phase 3 clinical testing in cutaneous T cell lymphoma. In the pub-
lished psoriasis study, there was an observed dose-dependent decrease in circulat-
ing CD4+ cells, particularly in the CD45RO+ memory T cell population. This may
translate to efficacy in the cancer setting where the drug is currently being developed
(Villadsen et al. 2007). The drug was well tolerated with one likely drug-related se-
rious adverse event, a rash appearing after the second dose at 160 mg. No patients
developed antidrug antibodies. In the published preclinical study (Fishwild et al.
1999), the antibody was found to be nonimmunogenic in chimpanzees; however,
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it did induce a blocking antibody response in a majority of the dosed cynomol-
gus monkeys (demonstrating that primate models may, in some cases, overestimate
immunogenicity).

5.2.5 Ofatumumab

Ofatumumab (Teeling et al. 2004), a transgenic mouse-derived antibody directed at
the B cell surface antigen CD20, is also in phase 3 clinical development. Although
this antibody shares the same target as the mouse–human chimeric MAb rituximab,
which is currently approved for treatment of non-Hodgkin’s lymphoma (NHL) and
rheumatoid arthritis (Coiffier et al. 1998, Cohen et al. 2006), it recognizes a distinct
epitope and may, as a result, have a different mechanism of action (Teeling et al.
2006). Rituximab appears to recognize only one of the two extracellular loops of
CD20, while the ofatumumab epitope comprises residues from both loops and the
antibody is a more potent mediator of complement-dependent cytotoxicity in vitro
than rituximab. This difference in potency is more pronounced at lower antigen
density, and may translate into greater activity in low CD20 expressing lymphomas
such as chronic lymphocytic leukemia (CLL), where the drug is currently being
tested in phase 3 clinical trials. Because of the potential difference in mechanism
of action and activity between ofatumumab and rituximab, a comparison of their
relative safety and efficacy profiles may not be as useful for evaluating the potential
of human vs. chimeric antibodies; however, the process for selecting ofatumumab
as the lead clinical candidate (Teeling et al. 2004, Teeling et al. 2006) does highlight
an important advantage of the transgenic mouse platform over other antibody drug
discovery platforms. Unlike antibody engineering technologies for making low im-
munogenicity MAbs, where an early lead candidate is then modified or optimized
in vitro to reduce immunogenicity, with the transgenic mouse platforms, the pro-
cess of lead optimization is bypassed, making it possible to test each potential lead
candidate in a series of increasingly sophisticated in vitro and in vivo assays in
essentially the same molecular form as it will eventually be used in humans. Re-
sources that would otherwise be devoted to optimization of a small number of lead
hits can be devoted to better characterization of a larger number of lead candidates
comprising a wider variety of functional properties.

5.3 MAbs in Phase 1 and 2 Clinical Testing

The available published scientific literature does not include the same level of de-
tailed data on drug tolerability, PK, and efficacy for molecules that have not yet
entered phase 3 clinical testing; however, published abstracts from scientific meet-
ings and discussions in review articles does provide some information. A transgenic
mouse-derived anti-CD30 MAb, MDX-060 (Borchmann et al. 2003; Heuck et al.
2004; Boll et al. 2005), has been tested in Hodgkin’s lymphoma and anaplastic



Human Monoclonal Antibodies from Transgenic Mice 89

large cell lymphoma patients (Borchmann et al. 2004; Borchmann et al. 2005;
Klimm et al. 2005). Fifty-six patients were reported to have been treated with up
to 15 mg kg−1 every week for 4 weeks without significant infusion reactions. The
preliminary results were interpreted to indicate that the drug was well tolerated
and had clinical activity. Preclinical results have also been published for additional
transgenic-derived MAbs now in clinical testing. These include antibodies directed
against IL-15 (Villadsen et al. 2003), PSMA (Holmes 2001), Clostridium difficile
toxins A and B (Babcock et al. 2006), CD40 (Tai et al. 2005), anthrax protective anti-
gen (Vitale et al. 2006), hepatocyte growth factor (Burgess et al. 2006), melanoma
antigen glycoprotein NMB (Tse et al. 2006), insulin-like growth factor receptor (Co-
hen et al. 2005), and αv integrins (Trikha et al. 2004; Martin et al. 2005).

6 Conclusions

Transgenic mice that express human antibody repertoires have proven to be useful
for generating high-affinity human sequence MAbs against a wide variety of poten-
tial drug targets. The clinical experience with a variety of transgenic mouse derived
fully human antibodies in human patients shows promising efficacy and safety pro-
files for several of these molecules. Furthermore, the overall experience to date is
that the technology has succeeded in delivering human MAbs that demonstrate rela-
tively low immunogenicity and have relatively long in vivo half lives. Twelve years
after the first publications describing transgenic mice having disrupted endogenous
immunoglobulin loci and expressing human heavy and light chain repertoires, the
US regulatory approval of panitumumab provides commercial validation for this
drug discovery platform. In addition, the variety and very large number of different
clinical and preclinical programs involving human MAbs from transgenic mice sug-
gest that the technology will continue to contribute new therapeutic drugs.
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Abstract Tumor necrosis factor alpha (TNF) is an important cell-signaling compo-
nent of the immune system. Since its discovery over 20 years ago, much has been
learned about its functions under normal and disease conditions. Nonclinical studies
suggested a role for TNF in chronic immune-mediated inflammatory diseases, such
as rheumatoid arthritis, Crohn’s disease, and psoriasis, and therefore neutralizing
monoclonal antibodies specific to human TNF were developed for clinical eval-
uation. Treatment with anti-TNF monoclonal antibodies (infliximab, adalimumab,
and certolizumab pegol) has been shown to provide substantial benefit to patients
through reductions in both localized and systemic expression of markers associated
with inflammation. In addition, there are beneficial effects of anti-TNF treatment
on markers of bone and cartilage turnover. Further exploration of changes in these
markers and their correlation with clinical measures of efficacy will be required to
allow accurate prediction of those patients most in need of these treatments. Both
the clinical and commercial experience with these anti-TNF antibodies provide a
wealth of information regarding their pharmacological effects in humans.

1 Introduction

Tumor necrosis factor-alpha (TNF) is a proinflammatory cytokine, and is a known
mediator of chronic immune-mediated inflammatory diseases, such as rheuma-
toid arthritis (RA), Crohn’s disease (CD), and psoriasis. TNF is expressed as a
transmembrane precursor that undergoes proteolytic processing to form a soluble
trimer. The binding of both the membrane-bound and soluble forms of TNF to
its receptors, TNFR1 and TNFR2, initiates the expression of several other proin-
flammatory cytokines (eg., interleukin [IL]-1, IL-6, and interferon [IFN]-γ), cell
adhesion molecules (eg., intracellular adhesion molecule [ICAM]-1), and gen-
eral inflammatory markers. Several animal and disease models have provided the
foundation for the development of anti-TNF antibodies as treatments for chronic
inflammatory diseases.

Two TNF-specific monoclonal antibodies, infliximab (Remicade R©) and adali-
mumab (Humira R©), have been approved for patient use (Table 1). In addition, the
TNF-specific, pegylated Fab′ antibody fragment certolizumab pegol (Cimzia R©) has
reached the final phase of clinical development (Table 1), and other TNF antago-
nist therapies are also approved or under development. The goal of therapy with
anti-TNF antibodies is to reduce the levels of TNF in the circulation to ameliorate
the clinical signs of disease, without causing systemic immunosuppression in the
patient.

Here, we will discuss the role of TNF (and its receptors) in chronic inflam-
matory diseases, including the results of several animal and disease models. In
addition, we describe the development of three anti-TNF antibodies (infliximab,
adalimumab, and certolizumab pegol), and their pharmacokinetic and pharmacody-
namic properties.
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Table 1 Anti-TNF monoclonal antibodies

Infliximab
(Remicade R© ,
Centocor)

Adalimumab
(Humira R©, Abbott)

Certolizumab-pegol
(CDP-870/Cimzia R© ,
UCB)

Description Human/mouse
chimeric IgG1, kappa

Human IgG1, kappa Human Fab′ fragment
pegylated

Cell line for
manufacture

Mouse myeloma Chinese hamster ovary Escherichia coli

Route of
administration

Intravenous Subcutaneous Subcutaneous

Half-life (days) 7.7–9.5 10–20 14
Current/approved
dosing

3–10 mg kg−1 at 0,
2, and 6 weeks and
then every 8 weeks

40 mg weekly or
every other week

400 mg every 4 weeks

Indications Approved for: CD,
RA, AS, PsA, UC, Ps

Approved for: CD,
RA, AS, PsA

In Phase III studies for:
CD, RA

Changes in
biomarkers

CRP, inflammatory
cytokines, anti-CCP,
RF, MMPs, bone and
cartilage markers,
regulatory T cells

CRP, inflammatory
cytokines, anti-CCP,
RF, MMPs

CRP

CD, Crohn’s disease; RA, rheumatoid arthritis; AS, ankylosing spondylitis; PsA, psoriatic arthritis;
UC, ulcerative colitis; Ps, psoriasis; CRP, C-reactive protein; CCP, cyclic citrullinated peptide; RF,
rheumatoid factor; MMPs, matrix metalloproteinases

Another anti-TNF biologic therapy, etanercept (Enbrel R©), is a fusion protein of
two TNFR2 receptor extracellular domains and the Fc portion of human IgG, and
this agent has also been approved for the treatment of several immune-mediated in-
flammatory diseases. However, because this product is not an anti-TNF monoclonal
antibody, it is not discussed in this review.

2 Lessons from TNF Characterization and Receptor Activation

An endotoxin-induced serum factor originally described by Old and colleagues
(Carswell et al. 1975) demonstrated a remarkable ability to lyse specific murine
tumor cells, and this biologic activity is reflected in the name for this protein–tumor
necrosis factor, or TNF. When TNF was purified to homogeneity (Aggarwal et al.
1985), and the gene encoding TNF was cloned (Pennica et al. 1984), it was
soon recognized to be identical to cachectin, a protein that suppressed anabolic
enzymes in adipocytes (Beutler et al. 1985a). Two specific receptors were also
identified: TNFR1 (also known as p55 or CD120a) and TNFR2 (also known as
p75 or CD120b). TNF and its receptors became the prototypes for the TNF lig-
and superfamily and the corresponding TNF receptor superfamily (Aggarwal 2003),
whose members are integral to the control of cell differentiation, proliferation, and
apoptosis necessary for mammalian development, in particular immune function
and hematopoeisis. In contrast, uncontrolled excessive production of TNF can lead
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Fig. 1 Mechanisms for TNF expression and signaling. TNF, tumor necrosis factor; IL-1,
interleukin-1; NF-κB, nuclear factor kappa B; TACE, TNF-alpha converting enzyme; TNFR1, TNF
receptor 1; TNFR2, TNF receptor 2; TRADD, TNF receptor-associated death domain; TRAF2,
TNF receptor-associated factor 2; RIP, receptor-interacting protein; FADD, Fas-associated death
domain; AP-1, activator protein-1; ERK1/2, extracellular signal-related kinase 1/2; p38 MAPK,
p38 mitogen-activated protein kinase; JNK, c-Jun N-terminal kinase; IKK, I kappaB kinase

to the chronic inflammation (Feldmann et al. 2004) that is the hallmark of diseases
such as RA, CD, and psoriasis.

TNF is secreted primarily by activated monocytes, macrophages, and T cells,
although a number of other cell sources have also been described (Fig. 1). Activation
of Toll-like receptors by a variety of pathogen-associated molecules, or the activa-
tion of cytokine receptors such as IL-1, stimulates nuclear factor kappa B (NF-κB)
transcription factors that increase TNF gene transcription, as well as genes encoding
trans-acting factors that significantly increase TNF mRNA stability (Seko et al.
2006), and rapidly increase TNF protein secretion. TNF is expressed as a 26 kDa
type II membrane-bound protein that self-associates into the bioactive homotrimer
(Black et al. 1997; Moss et al. 1997), and is rapidly released by the protease TNF-
alpha converting enzyme (TACE, also known as ADAM17). Both the transmem-
brane (Smith and Baglioni 1987) and soluble trimeric forms of TNF (Perez et al.
1990) can activate the TNF receptors. The extracellular domains of TNFR1 and
TNFR2 bind to the cleft between TNF subunits, which causes the clustering of the
receptor cytoplasmic domains and initiates signaling (Bazzoni and Beutler 1996).

The existence of two receptors contributes to the diversity of processes involv-
ing TNF. TNFR1 is constitutively expressed on virtually all nucleated cells, while
expression of TNFR2 is limited to immune cells and endothelial cells (Aggarwal
2003). In addition to tissue distribution, there are clear differences in the signaling
pathways activated by these two receptors. Activation of TNFR1 can have several
outcomes, depending upon the expression of various accessory proteins present in
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the specific cell types. The cytoplasmic domain of TNFR1 includes a death do-
main motif that can form signaling complexes that directly activate caspase-3 and
caspase-8 and initiate apoptosis (Ashkenazi and Dixit 1998). After TNF binding,
the death domain recruits accessory proteins such as TNF receptor-associated death
domain (TRADD), receptor-interacting protein (RIP), and TNF receptor-associated
factor 2 (TRAF2). At this point, the presence of other accessory proteins in the cell
determines whether signaling will initiate or inhibit apoptosis. Further recruitment
of the Fas-associated death domain (FADD) leads to the binding and activation of
procaspase-8, which in turn activates caspase-3 and induces apoptosis.

Alternatively, TRAF2 can recruit cellular inhibitors of apoptosis (cIAP-1 and
cIAP-2) and activate signaling pathways leading to nuclear translocation of the
antiapoptotic transcription factors NF-κB and activator protein-1 (AP-1), which reg-
ulate the expression of genes necessary to block apoptosis and to increase cell prolif-
eration and proinflammatory proteins (Baud and Karin 2001). The NF-κB pathway
alone activates over 200 proinflammatory genes (Kumar et al. 2004). The control of
the molecular switch that determines whether the cell will undergo apoptosis or pro-
liferation is not well understood. Several reports suggest that internalization of the
TNF/TNFR1 signaling complex is necessary for activation of apoptosis (Micheau
and Tschopp 2003; Schutze et al. 1999), while the clustering of the TNF/TNFR1
signaling complex in lipid rafts leads to activation of the NF-κB and AP-1 path-
ways (Legler et al. 2003). Additional studies will be necessary to understand these
important mechanistic features of the TNF/TNFR1 signaling complex.

TNFR2 does appear to have specific signaling functions in T cells that lack the
TNFR1 receptor (Grell et al. 1998). Through interactions with TRAF2 (Rothe et al.
1994), TNF binding to TNFR2 can also activate the NF-κB and AP-1 pathways.
Although TNFR2 lacks the death domain motif found on TNFR1, it can mediate
apoptosis through a currently unknown pathway (Haridas et al. 1998). TNFR2 pref-
erentially binds to the transmembrane form of TNF (Grell et al. 1995); this binding,
therefore, requires cell–cell contact, which may provide greater control over the ac-
tivation of TNFR2.

3 Lessons from In Vitro Studies

The availability of purified TNF, and antibodies to TNF, led to an escalation in stud-
ies using various cell lines. The effect of TNF on cell survival was evaluated with
a variety of tumor and normal cell lines (Sugarman et al. 1985). Although TNF
did kill some tumor cell lines, it behaved as a growth factor for the majority of
cell lines, as well as for diploid human fibroblasts. Normal fibroblasts expressed
IL-1 and IL-6 following exposure to TNF (Zhang et al. 1990), and synovial fibro-
blasts from patients with RA produced a wide variety of cytokines, chemokines,
and growth factors (Koch et al. 1995). The addition of anti-TNF antibody to the
cultured synovial fibroblasts specifically reduced the expression of IL-1, IL-6, IL-
8, and granulocyte-macrophage colony stimulating factor (GM-CSF), and provided
the first clue that TNF might be a primary regulator of proinflammatory cytokines
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(Feldmann and Maini 2001). The addition of TNF to cultured human endothelial
cells induced the expression of adhesion proteins and a procoagulant factor identi-
fied later as tissue factor (Bevilacqua and Gimbrone 1987). An antibody specific for
TNF was shown to reduce the expression of E-selectin, ICAM-1, and vascular cell
adhesion molecule (VCAM)-1 by endothelial cells, even when added 4–10 h after
the TNF challenge (Nakada et al. 1998). Changes in human epithelial cells treated
with TNF include reduced transepithelial resistance and increased permeability of
the epithelial barrier. The effects were concentration-dependent, reversible, and in-
hibited by anti-TNF antibody (Mullin and Snock 1990). TNF has been shown to
enhance antigen-stimulated human B cell proliferation and differentiation in the
presence of IL-2, independent of similar activities mediated by IL-1 (Jelinek and
Lipsky 1987). Primary activation of T cells by TNF induced expression of TNF re-
ceptors. The addition of TNF to activated T cells also increased the expression of
HLA-DR antigens and high affinity IL-2 receptors, and was effective as a costimu-
lator of IL-2-dependent IFN-γ production (Scheurich et al. 1987).

The addition of anti-TNF antibody to murine calvarial cells suppresses secretion
of IL-6 and differentiation into bone-resorbing osteoclasts. IL-6 production in
response to exogenous IL-6 or parathyroid hormone was also blocked by anti-TNF
antibody (Passeri et al. 1994). The role of TNF in the maturation of osteoclast
progenitor cells has recently been reviewed (Boyce et al. 2006). Cultured human
chondrocytes treated with TNF show increased levels of caseinase activity and
prostaglandin E2, as well as increased resorption of human articular cartilage
(Bunning and Russell 1989).

It is clear from these examples that TNF is capable of modulating the survival
and activity of many different cell types. As discussed later in this chapter, these in
vitro effects of TNF are reflected in the systemic pharmacodynamic changes seen in
both animal models and in patients, and this underscores the value of these types of
studies in developing a clear understanding of the biological disease processes.

4 Lessons from Animal Models

4.1 TNF-Deficient Mice

Several laboratories have generated TNF-deficient mouse strains and reported on
the phenotype of these animals (Korner et al. 1997; Marino et al. 1997; Pasparakis
et al. 1996). Although these mice are viable, fertile, and have no gross structural
or morphological defects, they do exhibit altered cellular organization in lymph
nodes and Peyer’s patches following challenge with antigen or pathogens. Specif-
ically, primary B cell follicles are absent from the spleen, no organized follicu-
lar dendritic cell networks or germinal centers can be found, and there is a lack
of granuloma formation. Phagocytic and T cell responses appear normal while
humoral responses to T cell-dependent antigens are reduced. Compared with wild-
type mice, the TNF-deficient mice are resistant to lipopolysaccharide challenge
following D-galactosamine treatment, but are more susceptible to infectious agents
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such as Listeria monocytogenes, Candida albicans, and Cryptosporidum parvum.
A similar increased susceptibility to infection with Mycobacterium tuberculosis has
been reported in anti-TNF treated mice (Flynn et al. 1995).

4.2 Tumorigenesis

Despite its name, TNF does not induce cell death in the majority of evaluated tumor
cell lines (Sugarman et al. 1985). Nonetheless, treatment with TNF has been stud-
ied in a number of tumor models and in patients (Burke 1999). Systemic toxicity
(hypertension and organ failure) has limited its clinical use to isolated limb perfu-
sion for regionally advanced melanomas and soft tissue sarcomas of the limbs, in
combination with an effective chemotherapeutic compound, such as the alkylating
agent melphalan (Lejeune et al. 2006). Conversely, several authors have recently
presented convincing arguments that TNF behaves as a tumor promoter within the
context of the tumor microenvironment (Karin and Greten 2005; Szlosarek et al.
2006). The induction of nitric oxide and angiogenic factors, induction of matrix met-
alloproteinases (MMPs), enhancement of tumor cell motility, as well as a role as an
autocrine survival and growth factor, are all tumor-promoting properties described
for TNF. Overexpression of TNF by a Chinese hamster ovary cell line conferred in-
vasive properties on tumor xenografts, while treatment with neutralizing anti-TNF
antibodies blocked metastasis (Malik et al. 1990). In TNF-deficient mice (Moore
et al. 1999) or wild-type mice treated with anti-TNF antibodies (Scott et al. 2003),
significant reductions in carcinogen-induced skin tumors were observed compared
with control animals.

NF-κB has also been described as a key link between inflammation and cancer.
The spontaneous development of cholestatic hepatitis followed by hepatocellular
carcinoma in Mdr2-deficient mice was accompanied by chronic expression of TNF
in adjacent inflammatory and endothelial cells, and persistent activation of NF-κB.
Late stage tumor development was significantly reduced by switching off the NF-κB
signaling pathway or blocking TNF with neutralizing antibodies (Pikarsky et al.
2004).

4.3 Sepsis

Administration of TNF to rats resulted in hypotension, metabolic acidosis, acute
pulmonary inflammation, and death within hours, similar to symptoms caused by
bacterial endotoxin (Tracey et al. 1986). Treatment with a polyclonal antibody
specific for TNF protected mice from a subsequent lethal challenge of endotoxin
(Beutler et al. 1985b). The protective effect of TNF-neutralizing antibodies has been
seen in a variety of sepsis animal models, including nonhuman primates (Bodmer
et al. 1993). However, clinical trials with anti-TNF monoclonal antibodies were
uniformly disappointing (Freeman and Natanson 2000) and are no longer being acti-
vely pursued.
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4.4 Arthritis

Cartilage explants treated with recombinant human TNF show evidence of tissue
destruction as indicated by enhanced resorption and inhibition of proteoglycan syn-
thesis (Saklatvala 1986). Further data demonstrating the direct role of TNF in in-
flammatory arthritis came from the laboratory of George Kollias, which developed
genetically engineered mice that constitutively express human TNF (Keffer et al.
1991). These mice developed clinical and histological changes characteristic of RA,
and prophylactic treatment with anti-TNF antibody significantly inhibited disease
activity. Interestingly, arthritic disease was also seen in mice that overexpressed a
modified TNF gene that lacked the protease cleavage site, and therefore only ex-
pressed the transmembrane form of TNF. This result suggests that production of
transmembrane TNF alone, which presumably would be restricted to local tissues
and signaling by cell–cell contact, was sufficient for development and progression
of arthritis in this model (Georgopoulos et al. 1996). Additional studies in the human
TNF transgenic mouse model demonstrated that the features and symptoms of exist-
ing arthritic disease were reversed by anti-TNF antibody treatment. Amelioration of
disease was associated with reduced arthritic scores and reversal of existing struc-
tural damage, including synovitis and periosteal bone erosions evident on histology.
Repair of cartilage was age-dependent, as reversal of proteoglycan degradation was
observed only in younger mice (Shealy et al. 2002).

Three laboratories corroborated these observations by showing that anti-TNF
antibodies could reduce disease activity in the standard collagen-induced arthritis
model (Piguet et al. 1992; Thorbecke et al. 1992; Williams et al. 1992). Anti-TNF
treatment was effective when administered both prior to disease onset, and after
significant disease was evident (Williams et al. 1992). Together, these studies pro-
vided a strong rationale for the initiation of clinical trials with anti-TNF monoclonal
antibodies in patients with RA.

4.5 Inflammatory Bowel Disease

A wide variety of animal models that mimic inflammatory bowel disease in hu-
mans have been developed, including spontaneous or chemically-induced disease in
normal mice, immune-mediated models, and disease in genetically-modified mice
(Pizarro et al. 2003). The cotton top tamarin develops a spontaneous colitis with
attributes that parallel ulcerative colitis in humans. When treated with an anti-TNF
antibody, these animals showed a rapid improvement in body weight, fecal mat-
ter consistency, and rectal biopsy pathology (Watkins et al. 1997). Treatment with
anti-TNF antibodies was also effective in a mouse model of chronic colitis induced
by 2,4,6-trinitrobenzene sulfonic acid (TNBS) (Neurath et al. 1997). Macrophage-
enriched lamina propria cells isolated from anti-TNF-treated mice produced con-
siderably less IL-1 and IL-6 in culture. TNF-deficient mice challenged with TNBS
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did not develop disease, while introduction of a mouse TNF transgene in these mice
was sufficient to render them sensitive to TNBS-induced colitis.

Mice deficient in IL-10 develop a chronic colitis of the colon with transmural
involvement. When anti-TNF treatment was initiated in 4-week-old mice, disease
activity was significantly suppressed compared with untreated animals, as indicated
by reduced disease scores, histological analysis of the gut, and reduced levels of
soluble TNFR2 and IL-1β in stool samples (Scheinin et al. 2003). Adoptive transfer
of the CD45RBhi subset of CD4+ cells into immune-deficient mice has also been
shown to result in intestinal inflammation. Anti-TNF treatment during the first 4
weeks following cell transfer had little effect, but continued treatment reduced the
severity of colitis compared with untreated control animals (Powrie et al. 1994).

A recently described mouse strain derived from the SAMP1/Yit mouse has been
shown to develop chronic ileitis, similar to CD, with perianal fistulas. A single injec-
tion of anti-TNF antibody rapidly suppressed the degree of intestinal inflammation
and epithelial cell damage compared with control mice (Marini et al. 2003). Effects
associated with inhibition of TNF included increased apoptosis of lamina propria
mononuclear cells, while conversely suppressing the apoptosis of intestinal epithe-
lial cells.

The collective data from this wide variety of intestinal inflammation models are
substantial, and clearly supported further evaluation of the use of anti-TNF antibod-
ies in patients with inflammatory bowel disease.

4.6 Psoriasis

The most definitive research on TNF neutralization in a psoriasis model was a
xenotransplantation model in which human pre-psoriatic skin was engrafted onto
immune-deficient mice (Boyman et al. 2004). Psoriatic skin lesions developed spon-
taneously on human skin grafts in AGR129 mice that lacked type I and type II
IFN receptors and the recombination-activating gene 2. Approximately 6–8 weeks
after engraftment, clinical (erythema, scaling) and histological (mononuclear cell
infiltration, acanthosis) features of psoriasis appeared, and enhanced expression
of Ki-67, major histocompability complex (MHC) class II antigen, TNF, IL-12,
keratin 16, ICAM-1, and platelet/endothelial cell adhesion molecule (PECAM)-1
was detected. Neutralization of TNF significantly reduced papillomatosis and acan-
thosis indices, and was associated with a decrease in the number of T cells in the
graft. These results suggest that development of psoriatic lesions and proliferation
of resident T cells is dependent upon TNF.

5 Development of TNF-Specific Antibodies for Clinical Use

Convergence of a deeper understanding of the role of TNF as the primary mediator
of pathogen-induced inflammation, along with advances in techniques to generate
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hybridoma-derived monoclonal antibodies and manipulate genes, spurred the rapid
development of monoclonal antibodies for clinical testing and commercial use. In
1986, a murine monoclonal antibody (muromonab-CD3) that recognized the CD3
antigen found on human T cells was approved by the Food and Drug Administra-
tion for the treatment of kidney transplant rejection. However, patients were lim-
ited to a single 10- to 14-day dose regimen with this product since the majority of
patients developed a significant immune response that prevented further treatment
(Goldstein et al. 1986). The development of methods to chimerize or humanize
antibody sequences significantly reduced murine antibody immunogenicity (Knight
et al. 1995), and has allowed maintenance dosing with these types of antibody con-
structs in humans.

Three anti-TNF monoclonal antibodies have been developed to block the effects
of TNF in patients with immune-mediated inflammatory diseases (Table 1). These
include two approved mAbs (infliximab and adalimumab) and a pegylated Fab′ (cer-
tolizumab pegol) that is in late-stage clinical development.

5.1 Infliximab

A straightforward and simple improvement applied to monoclonal antibody tech-
nology was the generation of a chimeric molecule, in which the murine constant
domains were replaced with corresponding human constant domains. This strategy
was used to produce infliximab (previously called cA2), thus the binding character-
istics of the fully murine antibody were identical to those of the chimeric antibody
(Knight et al. 1993) and were combined with the functional properties of the human
IgG1 Fc region (Scallon et al. 1995). Plasmids encoding the heavy and light chain
genes for infliximab were used to transfect a myeloma cell line, and a high produc-
ing cell clone was selected. This mammalian cell line maintained proper posttrans-
lational processing and glycosylation of the antibody.

Infliximab binds human TNF with high affinity and specificity and inhibits the
bioactivity of both soluble and transmembrane TNF (Scallon et al. 2002). These sta-
ble, high avidity complexes (two or three infliximab molecules bound to each TNF
trimer) prevent TNF binding to cellular receptors. No TNF-mediated bioactivity
was observed when these complexes were incubated with target cells that typically
respond to TNF. Furthermore, the expression of adhesion molecules by human en-
dothelial cells was significantly reduced by the addition of infliximab, as much as
10 h after addition of TNF (Nakada et al. 1998).

5.2 Adalimumab

Human monoclonal antibodies such as adalimumab (also known as D2E7) have also
been derived from a murine monoclonal antibody template using a guided phage
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display technique (Osbourn et al. 2005). The heavy chain of a mouse antibody
directed against human TNF (MAK195) was cloned, paired with a repertoire of
human light chains for display as Fab′ fragments, and screened for binding to hu-
man TNF. In parallel, a second library was prepared using the light chain from
MAK195 combined with a repertoire of human heavy chains and screened in the
same manner. The combined human light and heavy chains from the phage selected
from these two libraries yielded an antibody that bound well to human TNF, and
was affinity matured by site-specific mutagenesis in the complementarity determin-
ing regions (CDR) (Salfeld et al. 2000). Genes encoding the phage-derived human
variable sequences were fused with human IgG1κ constant domain sequences and
transfected into Chinese hamster ovary cells for selection of a production cell line.
Despite its human origin, adalimumab is still reported to elicit an immune response
in about 5% of RA patients (Humira R© prescription label). Unique CDR sequences,
as well as glycosylation, aggregation, route of administration, dose regimen, and
formulation all influence the observed immune response (Clark 2000). Addition-
ally, other clinical variables such as the timing of sample collection relative to dose
administration can also significantly affect the reported antibody incidence.

Adalimumab has a reported affinity for human TNF of 100 pM (Santora et al.
2001). Mixtures of adalimumab and human TNF formed high molecular weight
complexes that ranged in size from 600 to 5 000 kDa. The complex with the greatest
thermal stability was 598 kDa and was postulated to comprise three molecules of
adalimumab and three TNF trimers.

5.3 Certolizumab Pegol

Certolizumab pegol (formerly known as CDP-870) is a humanized anti-TNF mono-
clonal antibody derived from a murine monoclonal antibody by replacing the murine
constant domains and framework sequences around each CDR with the correspond-
ing human sequences (Kaushik and Moots 2005; Rose-John and Schooltink 2003).
A Fab′ fragment of the humanized antibody is produced in an Escherichia coli ex-
pression system, and subsequently coupled with polyethylene glycol (PEG). Two
20 kDa PEG chains are attached via a maleimide linkage to the Fab′ fragment, ex-
tending the observed serum half-life in humans to approximately 14 days (Schreiber
et al. 2005). The affinity and biologic potency of the pegylated Fab′ fragment for
human TNF was similar to the intact antibody.

6 Pharmacokinetics of Anti-TNF Antibody Therapeutics

6.1 Infliximab

Infliximab is administered as an intravenous (IV) infusion for ≤2h, under various
dosing regimens specific for each patient population. Analysis of single IV infusions
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ranging from 3 to 20 mg kg−1 demonstrated a linear relationship between the dose
administered and the maximum serum concentration (Remicade R© prescription la-
bel). The volume of distribution at steady state is independent of dose, indicating
that infliximab is distributed primarily within the vascular compartment. High serum
levels of infliximab are achieved within 1 h after infusion, with a median concentra-
tion of 68.6µg mL−1 after a 3-mg kg−1 dose, and 219.1µg mL−1 after a 10-mg kg−1

dose (St Clair et al. 2002). These high serum levels of infliximab effectively neu-
tralize the local levels of TNF in the synovium, gut mucosa, and skin; an immediate
response to therapy is observed in most responding patients.

Pharmacokinetic studies of patients with infliximab at doses ranging from 3
to 10 mg kg−1 in RA (Lipsky et al. 2000; Nestorov 2005; St Clair et al. 2004),
5 mg kg−1 in ankylosing spondylitis (AS) (Brandt et al. 2000; van der Heijde et al.
2005), psoriatic arthritis (Antoni et al. 2002), and CD (Baert et al. 1999; Farrell
et al. 2000), 5 or 10 mg kg−1 in ulcerative colitis (Rutgeerts et al. 2005), and doses
ranging from 3 to 5 mg kg−1 in plaque psoriasis showed that the median terminal
half-life of infliximab ranged from 7.7 to 9.5 days (Scheinfeld 2004). The pharma-
cokinetics in pediatric patients with CD (6–17 years of age) were similar to those
of adult CD patients, with a median terminal half-life of 10.9 days for a 5-mg kg−1

dose (Remicade R© prescription label). Following an initial administration of inflix-
imab, infusions at weeks 2 and 6 resulted in predictable concentration–time profiles
following each treatment. Further, there was no systemic accumulation of infliximab
upon repeated treatment with a dose of either 3 or 10 mg kg−1, administered at 4- or
8-week intervals. The clearance of infliximab was nonlinear and was reduced in the
presence of methotrexate (Markham and Lamb 2000; Schwab and Klotz 2001). The
presence of antibodies to infliximab increased the clearance of infliximab. There
were no major differences in clearance or volume of distribution in patient sub-
groups defined by age or weight. It remains unknown if there are differences in
clearance or volume of distribution in patients with hepatic or renal impairment.
There have been two population pharmacokinetic studies with infliximab to date, a
single-dose study in patients with CD (Fasanmade et al. 2002) and a multiple-dose
study in patients with AS (Xu et al. 2006). Overall, the pharmacokinetics of inflix-
imab appear to be consistent across patient populations. In general, higher serum
concentrations of infliximab are associated with greater clinical benefits (St Clair
et al. 2004; Zhu et al. 2006).

6.2 Adalimumab

Adalimumab is administered every 2 weeks as a 40 mg subcutaneous (SC) injec-
tion for patients with psoriatic arthritis or AS, and patients with RA receive 40 mg
every 1 or 2 weeks depending on disease severity (Humira R© prescription label).
Treatment with adalimumab was safe and well tolerated when administered as a
single IV administration at doses up to 10 mg kg−1 in patients with active RA (den
Broeder et al. 2002a). In addition to rheumatic diseases, adalimumab is currently
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being evaluated in clinical trials for the treatment of psoriasis, starting with an initial
dose of 80 mg, followed by a maintenance dose of 40 mg administered either weekly
or every 2 weeks (Chen et al. 2004).

The pharmacokinetics of adalimumab were observed to be linear over a dose
range of 0.5 to 10 mg kg−1 following a single IV administration (Humira R© prescrip-
tion label). The volume of distribution at steady state (Vss) ranged from 4.7 to 6 L,
and the systemic clearance was approximately 12 mL h−1. The mean serum half-
life ranged from 10 to 20 days. The steady-state concentration was approximately
5µg mL−1 in the absence of methotrexate, and ranged from 8 to 9µg mL−1 with
concomitant methotrexate. A reduction in the clearance was observed in the pres-
ence of methotrexate (29% and 44% after single and multiple dosing, respectively)
(Velagapudi et al. 2003). In long-term studies (longer than 2 years), there was
no evidence of increased clearance over time. Serum adalimumab trough levels
at steady state increased proportionally with dose following SC administration of
20, 40, and 80 mg either every week or every other week. The average absolute
bioavailability was estimated to be 64% from three studies of single SC adminis-
trations of 40 mg (Humira R© prescription label). Population pharmacokinetic anal-
ysis showed a trend toward a higher clearance of adalimumab in the presence of
anti-adalimumab antibodies.

6.3 Certolizumab Pegol

Although not yet approved, certolizumab pegol has been studied for the treatment
of both RA and CD. The optimal IV dose of certolizumab pegol in patients with
RA was 5 mg kg−1 (Kaushik and Moots 2005). In a Phase II study of patients with
RA, the peak plasma concentration occurred at the end of the infusion, and was
proportional to the dose; the plasma concentration declined gradually thereafter
(Choy et al. 2002). A similar pharmacokinetic profile was observed on redosing
of certolizumab pegol as that of a single dose infusion. The plasma concentra-
tion profile was similar to that observed in healthy volunteers, with a half-life of
14 days. Antibodies to certolizumab pegol were low or undetectable after a single
IV administration, but were detected in all treatment groups following a second cy-
cle of treatment. A dose of 400 mg every 4 weeks has been proposed in patients with
RA to achieve a clinical response (Kaushik and Moots 2005). In patients with mod-
erate to severe CD, results from a dose ranging (100, 200, and 400 mg) study of SC
administration of certolizumab pegol showed that this therapy was well tolerated
when administered four times weekly (Schreiber et al. 2005).

7 Pharmacodynamics of Anti-TNF Antibody Therapeutics

Elevated levels of TNF have been found in the synovial fluid and tissues from
patients with active RA, and in the intestinal biopsies and stool of patients with
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active CD. High levels of TNF have also been observed in tissues and/or serum from
patients with other immune-mediated inflammatory diseases including AS, psoria-
sis, and ulcerative colitis. Therapeutic approaches aimed at blocking the activity of
TNF are effective for controlling disease signs and symptoms and improving quality
of life in these patients, as well as inhibiting radiographic damage in patients with
RA. These profound clinical effects of TNF inhibition are believed to be due to the
blockade of several mechanisms involved in inflammation that are activated by TNF.

7.1 Infliximab

Currently, the majority of data in the literature describing the pharmacodynamic eff-
ects of anti-TNF antibody therapies have focused on infliximab. Pharmacodynamic
investigations have demonstrated that infliximab binds to, and inhibits, the intended
target, TNF (Charles et al. 1999). As a result of infliximab binding to membrane-
bound and soluble TNF with high affinity and avidity, it effectively blocks the bio-
logical activities of TNF as a pivotal inflammatory mediator. Infliximab forms stable
immune complexes with TNF trimers; the resulting complexes are biologically inac-
tive, and it is postulated that these complexes are cleared by the reticuloendothelial
system of the liver. Despite its potent effects on systemic markers of inflammation,
infliximab does not appear to induce a generalized suppression of the immune sys-
tem, specifically in CD (Cornillie et al. 2001).

7.1.1 Markers Associated with Inflammation and Angiogenesis

The elevated levels of C-reactive protein (CRP) commonly observed in many
patients with immune-mediated inflammatory diseases underscore the role of CRP
as a prognostic marker for active inflammation, resulting in joint structural damage
in patients with RA, and its potential value as an indicator of response to TNF block-
ade. Particularly noteworthy is the number of diverse immune-mediated inflamma-
tory diseases for which infliximab has been shown to be both clinically effective
and effective in reducing CRP levels. Infliximab has been shown to normalize CRP
levels in patients with early RA (St Clair et al. 2004), refractory psoriatic arthritis
(Feletar et al. 2004), AS (Brandt et al. 2000; Braun et al. 2005; van der Heijde et al.
2005), spondyloarthropathy (Antoni et al. 2002; Mandl and Jacobsson 2002), and
CD (Baldassano et al. 2003; van Dullemen et al. 1995), as well as in patients with
RA who had no clinical improvement but did have radiographic benefit (Smolen
et al. 2005). Further, CRP levels have been shown to be associated with greater
joint damage progression in early RA patients treated with MTX, but not associated
with progression in patients treated with infliximab plus MTX (Smolen et al. 2006).
However, in a recent study, CRP polymorphisms were associated with a differential
response to infliximab in patients with CD (Willot et al. 2006).

In patients with CD, treatment with infliximab has been shown to reduce the
levels of several disease-specific markers, including a significant reduction in
inflammatory markers, such as IL-6 (van Dullemen et al. 1995). The levels of these
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markers often correlate with disease activity. When compared with patients who
achieved remission after treatment with infliximab, patients with active CD had
higher levels of IL-6, sIL-6R, sTNFR1, and sTNFR2 (Gustot et al. 2005). Detkova
et al. observed a correlation between decreases in IL-10 levels and improvement in
the CD activity index (CDAI) following infliximab treatment (Detkova et al. 2003).
Also, reductions in serum levels of fibroblast growth factor (FGF) have been as-
sociated with decreases in perianal disease activity index and open fistula scores
(Gao et al. 2004). Analyses of lamina propria mononuclear cells from the intestinal
mucosa of patients with CD indicate that treatment with infliximab leads to a reduc-
tion in the number of cells that express TNF, IL-10, and IFN-γ (Plevy et al. 1997).
Additional histological studies have provided evidence that infliximab treatment re-
duces the number of cells that stain positive for CD4, CD8, CD68, and MMP-9
(gelatinase B) in affected areas of the intestine, while also reducing the levels of de-
tectable TNF, and other inflammatory markers, such as ICAM-1 (Baert et al. 1999;
Geboes and Dalle 2002).

Infliximab has also been shown to induce caspase-3-dependent apoptosis of
lamina propria T lymphocytes and peripheral monocytes in patients with steroid
refractory CD (Lugering et al. 2001; ten Hove et al. 2002). Van den Brande et al.
(2003) have shown that infliximab binds to transmembrane TNF on activated lam-
ina propria T cells in patients with CD, resulting in apoptosis. Further, a significant
increase in annexin V uptake has also been observed in active CD patients respond-
ing to infliximab therapy (Van den Brande et al. 2006). Additionally, the lamina
propria T cells were identified in mucosal biopsies as target cells undergoing apop-
tosis in patients treated with infliximab. In T cell cultures from patients with CD, the
production of IFN-γ was downregulated by infliximab (Agnholt and Kaltoft 2001).
In contrast to the Van den Brande results, infliximab bound to the transmembrane
form of TNF on activated T cells without inducing complement-mediated cytolysis
or apoptosis, and without affecting proliferation. Infliximab has also been shown
to reverse growth hormone resistance observed in patients with active inflamma-
tory bowel disease through the suppression of systemic inflammation (Vespasiani
Gentilucci et al. 2005).

In patients with RA, treatment with infliximab suppresses expression of markers
related to inflammation (such as IL-6) and angiogenesis (such as vascular endothe-
lial growth factor [VEGF]) (Charles et al. 1999; Strunk et al. 2006). Additionally,
infliximab has been shown to reduce the synthesis of TNF, IL-1α, and IL-1β in the
synovium within 2 weeks of treatment (Ulfgren et al. 2000). Also, patients with RA
who were treated with infliximab had decreased serum levels of TNFR1, TNFR2,
IL-1R antagonist, IL-6 and acute-phase proteins (serum amyloid A, haptoglobin,
and fibrinogen) (Charles et al. 1999), IL-18 (Pittoni et al. 2002; van Oosterhout et al.
2005), as well as the chemokines GRO-α (Torikai et al. 2007), IL-8 (Visvanathan
et al. 2007a), and CXCL16 (Kageyama et al. 2006). Low baseline serum levels of
IL-2R have been associated with a clinical response to infliximab in patients with
refractory RA (Kuuliala et al. 2006). Further, a recent study has shown that patients
with RA who received infliximab therapy had decreased serum levels of sICAM-3
and sP-selectin (Gonzalez-Gay et al. 2006). Reduced levels of the cytokine
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IL-18 have also been observed after infliximab treatment (Pittoni et al. 2002; van
Oosterhout et al. 2005). The accumulation of CXCR3-positive T lymphocytes has
been observed in the peripheral blood of RA patients treated with infliximab, sug-
gesting altered lymphocyte trafficking (Aeberli et al. 2005). Treatment with inflix-
imab has been shown to decrease activated p38 map kinase levels in CD4+ T cells
in patients with RA (Garfield et al. 2005), and increase FOXP3 mRNA and protein
expression by CD4+CD25hi regulatory T cells (Valencia et al. 2006). Infliximab
therapy restored the suppressive function of the regulatory T cells (Ehrenstein et al.
2004), and appeared to induce a newly differentiated population of regulatory T
cells (Nadkarni et al. 2007).

Elevated levels of anticyclic citrullinated peptide (CCP) antibodies have been
associated with progression of structural damage in patients with RA (Meyer et al.
2003). Further, serum titers of anti-CCP antibodies and rheumatoid factor (RF) have
been shown to decrease significantly after 6 months of treatment with infliximab
(Ahmed et al. 2006; Alessandri et al. 2004). Decreases in anti-CCP antibody levels
after initiation of treatment with infliximab were associated with decreases in IL-6
(Braun-Moscovici et al. 2006). After grouping the patients on the basis of their clin-
ical response to infliximab, a significant decrease in serum anti-CCP antibodies and
RF was observed only in those patients who had clinical improvement (Alessandri
et al. 2004).

Infliximab therapy has also been shown to modulate inflammatory markers in
patients with spondyloarthropathies. Treatment with infliximab resulted in a signif-
icant increase in IFN-γ and IL-2, and a transient decrease in IL-10 and natural killer
(NK) T cells in patients who had high baseline values (Baeten et al. 2001). This
switch in cytokine profile was observed in both the CD3+/CD8− and CD3+/CD8+
subsets. In psoriatic arthritis patients, a significant decrease in IL-6, VEGF, FGF, and
E-selectin was observed after treatment with infliximab and reductions in VEGF,
FGF, and MMP-2 were significantly correlated with improvement in psoriasis area
and severity index (PASI) scores (Mastroianni et al. 2005). More recently, we
have shown that treatment of AS patients with infliximab resulted in decreased
serum levels of IL-6, VEGF, and CRP, and that these reductions were associated
with an improvement in disease activity and spinal disease measures (Visvanathan
et al. 2007b). Further, early decreases in IL-6 were associated with improvement
in clinical measures in AS and psoriatic arthritis patients treated with infliximab
(Visvanathan et al. 2006). Treatment with infliximab also resulted in decreases in
the percentage of circulating CD4+ and CD8+ T cells expressing TNF or IFNγ in
AS patients (Zou et al. 2003).

In a study of the mechanism of action of infliximab in the treatment of psoriasis
vulgaris (Gottlieb et al. 2003), infliximab monotherapy was shown to disrupt the
inflammatory processes associated with this dermatological disease. A reduction
in the number of CD3-positive T cells and keratinocyte-derived ICAM-1 expres-
sion was demonstrated in lesional skin biopsies at weeks 2 and 10 after treat-
ment initiation. Following treatment with infliximab, there was also a decrease in
epidermal thickness and K16 and Ki67 expression levels, suggesting a role for TNF
in the keratinocyte hyperproliferation observed in psoriasis.
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7.1.2 Markers Associated with Bone and Cartilage Turnover

Several matrix metalloproteinases, including MMP-1 (interstitial collagenase)
MMP-3 (stromelysin-1), and MMP-9 (gelatinase B), are up-regulated in inflamma-
tory tissue, and TNF blockade with infliximab resulted in inhibition of these MMPs
in patients with CD (Tchetverikov et al. 2005). More recently, Gao et al. observed
decreased levels of MMP-9 and increased levels of MMP-2 in the sera of CD pa-
tients who responded to infliximab treatment (2007). Treatment with infliximab has
been shown to provide a normalization of bone markers in patients with CD, with
an increase in markers of bone formation (type-I procollagen N-terminal propeptide,
bone-specific alkaline phosphatase, osteocalcin) and a decrease in markers of bone
resorption (C-telopeptide of type-I collagen) in 30%–61% of patients (Franchimont
et al. 2004).

In patients with RA, treatment with infliximab resulted in decreased levels of
MMP-1, MMP-3 (Brennan et al. 1997), and MMP-9 (Klimiuk et al. 2004). Similar
trends were observed in patients with spondyloarthropathies; infliximab treatment
down-regulated MMPs and tissue inhibitors of metalloproteinases (TIMPs) in the
synovium, and also resulted in a pronounced, rapid decrease in serum MMP-3 lev-
els (Vandooren et al. 2004). More recently, we have shown that treatment of early
RA patients with infliximab plus MTX not only resulted in a rapid decrease in in-
flammatory markers including MMP-3, but baseline levels of MMP-3 correlated
with measures of clinical improvement at 1 year (Visvanathan et al. 2007a). Treat-
ment with infliximab has also been shown to increase bone mineral density and
modulate markers of bone metabolism in RA patients (Lange et al. 2005; Vis et al.
2006). Significant decreases in levels of the N-telopeptide of type I collagen (NTX)
were observed 6 weeks after the initial treatment, and were maintained through
6 months. This decrease in NTX levels corresponded with an improvement in the
number of swollen joints and modified Stanford Health Assessment Questionnaire
(mHAQ) scores (Torikai et al. 2006). A recent small study of nine patients showed
that infliximab therapy reduces the levels of serum cartilage oligomeric matrix pro-
tein (COMP) in patients with psoriatic arthritis, paralleling clinical improvement
as measured by the American College of Rheumatology (ACR) response crite-
ria (Cauza et al. 2006). Treatment of spondyloarthropathy patients with infliximab
resulted in an increase in levels of procollagen type I N-terminal peptide (PINP)
and insulin-like growth factor (IGF)-1, and a decrease in CTX-1 paralleled by an
increase in bone mineral density, body weight, and lean mass (Briot et al. 2005).

7.1.3 Genes and Polymorphisms

Physiological responses to infliximab have been associated with multiple polymor-
phisms (Krejsa et al. 2006; Ranganathan 2005). In patients with CD, response to
infliximab therapy has been associated with a single nucleotide polymorphism in
the FCGR3A gene, which codes for the FcγRIIIa receptor (binds to the Fc por-
tion of IgG) found on NK cells and macrophages (Louis et al. 2004). In patients
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with elevated CRP levels, the FCGR3A gene was an independent variable that in-
fluenced response to infliximab treatment. In two studies of patients with RA, the
−308 polymorphism in the promoter for the TNF gene was associated with a good
response to infliximab (Cuchacovich et al. 2004; Mugnier et al. 2003). Further, an-
other study has shown that the 196 TT polymorphism in the TNFRSF1B gene was
associated with a better response to infliximab therapy (Fabris et al. 2002). Due to
the proximity of the HLA DR genes to the TNF locus, it is not surprising that HLA
Class III microsatellites BAT2 and D6S273 have also been significantly associated
with response to infliximab treatment in RA patients (Martinez et al. 2004). More
recently, additional genes (cell adhesion, cell migration, cytochromes, proteasome-
mediated proteolysis) have been associated with responses to infliximab therapy in
RA patients (Lequerre et al. 2006); however, larger studies will be required to con-
firm these results.

7.2 Adalimumab

7.2.1 Markers Associated with Inflammation and Angiogenesis

Treatment with adalimumab resulted in a reduction in CRP, and this decrease cor-
related with improvement in radiological scores in RA patients after 2 years (den
Broeder et al. 2002b). Decreases in serum levels of COMP, sICAM-1, MMPs, and
HC gp-39, but not sE-selectin, were also observed in these patients. Further, base-
line levels of COMP and sICAM-1 were predictive of radiological outcome in RA
patients treated with adalimumab. In patients with RA, treatment with adalimumab
therapy rapidly decreased the influx of leukocytes into inflamed joints but did not
impair neutrophil chemotaxis or the production of reactive oxygen species (den
Broeder et al. 2003). Circulating IL-7 levels were significantly reduced in RA pa-
tients that responded to adalimumab (van Roon et al. 2007).

A reduction in RF and anti-CCP antibody titers has been associated with clinical
measures of response in patients treated with adalimumab (Atzeni et al. 2006). In a
recent study, a reduction in serum concentrations of RF was observed after 12 weeks
of treatment with adalimumab, whereas the anti-CCP antibody level remained con-
stant (Semmler et al. 2007). Further, no significant changes in the activation levels
of both NF-κB subunits were detected.

7.3 Certolizumab Pegol

7.3.1 Markers Associated with Inflammation and Angiogenesis

Minimal data have been reported on the pharmacodynamic effects of certolizumab
pegol in patients with immune-mediated inflammatory diseases. Certolizumab pe-
gol has been shown to have the unique property of not being capable of fixing
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complement and lysing cells, and therefore not activating other components of the
immune system because of the lack of the IgG Fc domain (Kaushik and Moots
2005). Similar to the commercially available anti-TNF therapies, treatment with
certolizumab pegol results in significant reductions in serum CRP levels in patients
with CD, and to a lesser extent in patients with RA (Choy et al. 2002; Schreiber
et al. 2005).

8 The Road Ahead for Anti-TNF Antibody Therapeutics

The postulated role of TNF in immune-mediated inflammatory diseases such as RA
inflammatory bowel disease, and psoriasis has been confirmed in well-controlled
clinical trials and to date, hundreds of thousands of patients have been successfully
treated with infliximab and adalimumab. The impact of these breakthrough biolog-
ics on the patients’ quality of life can be attributed to many scientists and clinicians,
who continue to identify critical pathways and new targets that may further improve
the benefits of these types of therapies, while minimizing unwanted side effects
(Korzenik and Podolsky 2006; Myers et al. 2006; Strand et al. 2007), and to the
patients who participate in these definitive clinical trials. With regard to the biology
of TNF, there is persuasive data suggesting that activation of the TNFR1 receptor
generates the proinflammatory properties of TNF, while the TNFR2 signaling path-
way initiates the immunoregulatory actions attributed to TNF (Kollias 2005). This
hypothesis suggests that blocking only TNF-mediated TNFR1 activation might be
desirable, but this has not been tested in the clinic.

Researchers continue to develop new technologies to improve the efficiency of
antibody selection and to further refine the specific properties of new, developing
antibody therapeutics. These improvements range from transgenic mice engineered
to produce human antibodies (Lonberg 2005) or new methods to enhance the affin-
ity of existing antibodies (Rajpal et al. 2005), to the development of single domain
antibodies (Holliger and Hudson 2005) whose unique small size and exceptional
stability may allow topical, intranasal, or oral delivery options. In addition, a bet-
ter characterization of patients who will respond to anti-TNF antibody therapies is
of great importance. This can be achieved through more extensive studies examin-
ing relationships between pharmacodynamic markers and various clinical measures
of response to anti-TNF treatment. Identification of associations between specific
markers and a clinical response will aid in gaining a better understanding of the het-
erogeneity of individual patient populations, and their responses to anti-TNF thera-
pies. Results from these types of studies will provide better insight into the profile
of patients who will be the most likely to benefit from anti-TNF antibody therapy.

Despite new targets and technologies on the horizon, there is little doubt that
anti-TNF antibodies will continue to be the biologic therapy of choice for immune-
mediated inflammatory diseases for the foreseeable future. In addition, it is possi-
ble that other conditions with proinflammatory characteristics, such as Alzheimer’s
disease (Janelsins et al. 2005) or preterm labor (Sadowsky et al. 2006), may also
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be treatable with anti-TNF agents. The rigorous clinical testing and monitoring of
commercially available anti-TNF therapies will enable a greater understanding of
whether these agents can continue to expand their potential as effective therapies
for other debilitating diseases and to improve patients’ lives.
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Abstract Vascular endothelial growth factor (VEGF-A) is a key cytokine in the
development of normal blood vessels as well as the development of vessels in
tumors and other tissues undergoing abnormal angiogenesis. Here, we review the
molecular engineering of two humanized antibodies derived from a common mouse
anti-VEGF antibody – bevacizumab, a full-length IgG1 approved for the treat-
ment of specified cancer indications, and ranibizumab, an affinity-matured anti-
body Fab domain approved for use in age-related macular degeneration (AMD). In
clinical trials and as FDA-approved therapeutics, these two anti-VEGF antibodies,
bevacizumab (Avastin� anti-VEGF antibody) and ranibizumab (Lucentis� anti-
VEGF antibody), have demonstrated therapeutic utility in blocking VEGF-induced
angiogenesis.
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1 Introduction

The idea of a tumor-derived blood vessel growth stimulating factor was first pos-
tulated in 1939 due to observations of a strong neovascular response induced by
transplanted tumors (Ide et al. 1939). The authors proposed that the induction of
such a factor, and hence newly developed vasculature, would allow rapidly grow-
ing tumors to receive nutrients. It was not until 1989, however, that this factor
was cloned from medium conditioned by bovine pituitary cells (Ferrara and Henzel
1989). The factor was named vascular endothelial growth factor (VEGF), in recog-
nition of its potent mitogenic effects on endothelial cells.

2 VEGF in Angiogenesis

VEGF, also known as VEGF-A, is a homodimeric glycoprotein of 36–46 kDa with
significant homology to the A and B chains of placental-derived growth factor,
PDGF (Leung et al. 1989). The VEGF family consists of VEGF-A, VEGF-B,
VEGF-C, VEGF-D, VEGF-E, and placental growth factor, PlGF. Each of these
proteins represents a distinct gene product with distinct receptor interactions, as
opposed to the various isoforms of VEGF-A described below. While VEGF-A avail-
ability is the rate-limiting step in normal and pathological blood vessel growth
(Ferrara et al. 2003), VEGF-C and VEGF-D regulate lymphatic angiogenesis
(Stacker et al. 2002).The current review will focus on inhibition of VEGF-A activity,
henceforth referred to as VEGF.

The human VEGF gene is organized into eight exons (Houck et al. 1991; Tischer
et al. 1991). Alternative splicing results in four main VEGF isoforms: VEGF121
(i.e., VEGF-A isoform with residues 1–121), VEGF165, VEGF189, and VEGF206
(Leung et al. 1989), which differ in their bioavailability. VEGF121, which lacks the
heparin-binding domain, is a freely diffusible protein. VEGF189 and VEGF206 are
nearly completely retained in the extracellular matrix (Houck et al. 1992; Park et al.
1993). VEGF165 is secreted but remains bound to the cell surface and the extracellu-
lar matrix due to its heparin binding ability. The bound isoforms may be released by
heparin or heparinase, or by plasmin cleavage at the C-terminus. Plasmin cleavage
generates a bioactive fragment consisting of the first 110 amino acids (VEGF110;
Houck et al. 1992). There is now much evidence to suggest that VEGF165 is the
most physiologically relevant isoform (reviewed in Ferrara (2004)).

Expression of VEGF is induced by a variety of factors. As its biology would
suggest, VEGF mRNA is upregulated in conditions of hypoxia (Dor et al. 2001).
Increased VEGF signaling can occur in the hypoxic environment of aberrant tumor
vasculature, or due to mutation of other elements in the hypoxia induced pathway
such as hypoxia-inducible factor 1, the von Hippel-Lindau tumor suppressor gene,
the PTEN tumor suppressor gene, and/or the Forkhead transcription factor FOXO4.
VEGF mRNA transcription and stability is also influenced by other growth factors,
hormones, and oncogenes, including estrogen, nitric oxide, FGF, PDGF, TNF-alpha,
EGF, IL-1 alpha, IL-6, Ras, and wnt (reviewed in Ferrara (2004)).
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Signaling occurs through two VEGF receptor tyrosine kinases: Flt-1/VEGFR1
(de Vries et al. 1992; Shibuya et al. 1990) and Flk-1/KDR/VEGFR2 (Millauer
et al. 1993; Quinn et al. 1993; Terman et al. 1992). Growing evidence supports
the idea that VEGFR1 plays an important role in hematopoiesis while VEGFR2 on
endothelial cells is the major mediator of the mitogenic, migratory, survival, angio-
genic, and vascular permeability enhancing effects of VEGF (reviewed in Ferrara
(2004)). Neuropilin 1 and neuropilin 2, molecules previously shown to bind the
collapsin/semaphorin family, are also receptors for the heparin-binding isoforms of
VEGF. Neuropilin 1 is thought to present VEGF165 to VEGFR2 in a manner that
potentiates VEGFR2 signaling (Soker et al. 1998).

3 Production and Characterization of an Anti-VEGF
Antibody: A4.6.1

In 1971, Judah Folkman proposed that anti-angiogenesis might be an effective
anticancer strategy (Folkman 1971). Subsequently, human VEGF-A was identified
(Ferrara and Henzel 1989), and it was demonstrated that VEGF was upregulated in
many human cancers, including glioblastoma, colorectal cancer, nonsmall-cell lung
cancer, renal cell cancer, pancreatic cancer, ovarian cancer, acute myeloid leukemia,
multiple myeloma, Hodgkin’s disease, and Non-Hodgkin’s Lymphoma (reviewed
in Ranieri et al. (2006)). The numbers of malignancies in which VEGF levels have
been correlated with survival, as well as the demonstration that the growth of tumors
beyond 0.2–2 mm depends on angiogenesis (Gimbrone et al. 1972), underlines the
widespread utility of an agent capable of preventing VEGF signaling.

To address this need, Ferrara and coworkers generated murine monoclonal anti-
bodies using recombinant human VEGF165 as the immunogen (Kim et al. 1992).
They isolated four antibodies of IgG1 isotype with high affinity for human VEGF
(KD’s of 0.4–2.2 nM). Competition binding experiments revealed that the antibodies
could be divided into two classes: antibodies A3.13.1 and B2.6.2 recognized one
epitope, while antibodies A4.6.1 and B4.3.1 recognized another. Since A4.6.1 and
B2.6.2 had the highest affinities to VEGF, they were characterized further.

Subsequent experiments showed that B2.6.2 recognized a discontinuous epitope,
whereas A4.6.1 appeared to recognize a continuous epitope. Furthermore, A4.6.1
bound VEGF121, VEGF165, and VEGF189, while B2.6.2 bound only VEGF165
and VEGF189. The antibodies also differed in their ability to inhibit VEGF activity.
A4.6.1 was a far more effective inhibitor of VEGF activity in an in vitro bovine
adrenal cortex endothelial cell proliferation assay, an in vivo vascular permeability
assay, and an in vivo embryonic chicken angiogenesis assay (Kim et al. 1992). The
results suggested that A4.6.1 had potent VEGF neutralizing activities.

The utility of this antibody in pathological models was demonstrated by treat-
ment of immunodeficient mice bearing human tumor cell line xenografts (Borgstrom
et al. 1996; Kim et al. 1993; Melnyk et al. 1996; Warren et al. 1995), and by treat-
ment of cynomolgous monkeys with laser-induced retinal ischemia (Adamis et al.
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1996). Treatment with as little as 0.05 mg (∼2 mg kg−1) of A4.6.1, given twice
weekly intraperitoneally, was enough to inhibit growth of human rhabdomyosar-
coma, glioblastoma multiforme, leiomyosarcoma (Kim et al. 1993), and colon
carcinoma cell lines (Warren et al. 1995). Treatment with 0.1 mg twice weekly
resulted in decreased tumor burden in a liver metastatic model of colon carcinoma
(Warren et al. 1995) and reduction of metastasis in an epidermoid carcinoma model
(Melnyk et al. 1996). Results were similar regardless of whether the antibody treat-
ment was initiated at the time of tumor implantation or 1 week later (Kim et al.
1993). Treatment of the cell lines with A4.6.1 in vitro had no effect on growth,
demonstrating that the effect was not due to autocrine VEGF activity or direct cyto-
toxicity of the antibody (Kim et al. 1993; Melnyk et al. 1996; Warren et al. 1995).

Ocular neovascularization, a characteristic of diabetic retinopathy and age-related
macular degeneration (AMD), is associated with leakage and bleeding of vessels
within the subretinal space. Intraocular levels of VEGF have been shown to corre-
late temporally, spatially, and quantitatively with new blood vessel formation (Alon
et al. 1995; Stone et al. 1995). Furthermore, intraocular VEGF levels are elevated in
diabetic retinopathy, iris revascularization, and retinopathy of prematurity (Adamis
et al. 1994; Aiello et al. 1994; Malecaze et al. 1994). When iris neovascularization
was induced in cynomolgous monkeys by laser retinal vein occlusion, 5 of 8 con-
trol eyes developed symptoms within 4–7 days. In contrast, iris neovascularization
was not seen in any of the eight eyes treated with A4.6.1 (Adamis et al. 1996).
Collectively, these results suggested that VEGF did indeed play a large role in ocu-
lar neovascularization and that anti-VEGF treatment might be a useful approach to
therapy.

4 Humanization and the Development of Bevacizumab

Murine-derived antibodies are generally not used for human therapeutic purposes
due to their potential immunogenicity. Antibody A4.6.1 was therefore human-
ized by a process of CDR grafting and framework mutations (Presta et al. 1997).
This procedure had been successfully performed previously for trastuzumab, an
anti-HER2 antibody (Carter et al. 1992). CDR residues were identified based on
sequence (Kabat et al. 1991) and structural (Chothia et al. 1989) hypervariability
and grafted into the consensus sequence of the human heavy chain subgroup III
and light chain subgroup kI immunoglobulin variable-domain frameworks (Fig. 1;
Kabat et al. 1991) ELISA assays of the CDR-grafted antibody showed that it was
1,000-fold reduced in binding to VEGF compared to the original antibody. Com-
parisons of the human and murine framework residues and the use of judicious
mutations resulted in a humanized antibody with seven framework residue muta-
tions in the heavy chain variable region and one framework residue mutation in the
light chain variable region as compared to the human consensus sequence (Table 1,
Fig. 2). The humanized antibody (bevacizumab) had an affinity within twofold of
the parent antibody, A4.6.1 (Fig. 3), but showed no reduction in VEGF bioactivity
(Presta et al. 1997).
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Fig. 1 (a) Light chain amino acid sequences of MB1.6, Hu2.0, A4.6.1, Fab-1, Fab-12, Y0317, and
human consensus sequences of light chain subgroup kappa I (hum kI) and heavy chain subgroup
III (hum III). CDR loops are enclosed in brackets. Asterisks denote differences between sequences.
Residue numbering is according to Kabat et al. (1991)
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Fig. 1 (b) Heavy chain amino acid sequences of the variable domains

The crystal structure of the Fab portion of bevacizumab was solved in complex
with VEGF (Fig. 4; Muller et al. 1998), elucidating the importance of the frame-
work mutations as well as the specificity of the antibody. In the heavy chain variable
domain, residues 49, 69, 71, and 78 (residue numbers are indicated in the numbering
system of Kabat) were buried or partially buried and affected binding by influencing
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Table 1 Humanized anti-VEGF Fab constructs generated during bevacizumab development1

Variant Template Changes Purpose

Chim-Fab Chimeric Fab Murine variable, human
constant domains

Standard transfer of
variable domains

Fab-1 Human FR CDR swap:murine CDRs
in human FR with
VH:S49G2

Humanization starting
point

Fab-2 – Chim-Fab light chain,
Fab-1 heavy chain

See effect of heavy chain
CDR swap

Fab-3 – Fab-1 light chain,
Chim-Fab heavy chain

See effect of light chain
CDR swap

Fab-4 Fab-1 VH: R71L VH: N73T CDR H2 conformation
framework change

Fab-5 Fab-4 VL: L46V VL-VH interface
Fab-6 Fab-5 VH: L78A CDR H1 conformation
Fab-7 Fab-5 VH: I69F CDR H2 conformation
Fab-8 Fab-5 VH: I69F VH: L78A CDR H2 conformation

CDR H1 conformation
Fab-9 Fab-8 VH: G49A CDR H2 conformation
Fab-10 Fab-8 VH: N76S Framework change
Fab-11 Fab-10 VH: K75A Framework change
Fab-12 Fab-10 VH: R94K CDR H3 conformation
1 Data taken from Presta et al. (1997)
2 The human subgroup III heavy chain consensus sequence was defined as having Ser at position
49; however, Ala and Gly are also commonly found in human antibody sequences at this position;
the murine A4.6.1 sequence contained G49

Fig. 2 Significant clones during humanization to bevacizumab and ranibizumab
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Fig. 3 Binding affinities during antibody A4.6.1 humanization leading to bevacizumab. Approx-
imate changes in affinity of the humanized anti-VEGF Fab constructs relative to the binding of
the chimeric Fab as measured by ELISA (Presta et al. 2007) are plotted against construct number.
VEGF binding was undetectable for Fabs −1, −2, −4, and −9

Fig. 4 Bevacizumab structure. The relationship of this Fab:VEGF complex to that of the full-length
bevacizumab IgG in complex with VEGF is shown at left. At right is shown a ribbon diagram of
the Fab fragment Fab-12 (heavy chain in cyan, light chain in magenta), in complex with the dimer
form of VEGF-A (fragment 8–109, with one monomer in orange and the other in green) from the
crystal structure of Muller et al. (1998) (PDB accession number 1BJ1). Framework residues that
were changed during humanization are shown in space-filling form (spherical atoms): L46V in the
light chain, and I69F, R71L, N73T, N76S, L78A, and R94K in the heavy chain
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CDR loop conformations. Residues 73 and 76 were located in a non-CDR loop adja-
cent to CDRs H1 and H2 and interacted directly with VEGF. A lysine was required
at H94, instead of the usual human arginine. The presence of a lysine allowed
favorable packing interactions with two tyrosines, Y27 and Y32 of CDR H1. Both
Y27 and Y32 are important for VEGF binding, as demonstrated by alanine-scanning
mutagenesis. In the light chain variable domain, only L46 had to be changed to the
murine residue (Val). In the Fab structure, residue 46 is buried and interacts directly
with CDR H3, suggesting that it is required to maintain the conformation of this
loop.

Alanine-scanning mutagenesis of VEGF revealed that the epitope for antibody
binding overlapped the epitope for binding to VEGFR1 (Muller et al. 1998;
Wiesmann et al. 1997). Bevacizumab, therefore, prevents VEGF bioactivity by
steric hindrance of receptor binding. Alanine-scanning also revealed the basis for
the species specificity of bevacizumab binding. G88 of human VEGF is bound in
a deep pocket formed by the sidechains of residues from CDR L3, CDR H2, and
CDR H3 (Muller et al. 1998). Murine VEGF contains a serine at position 88 and is
therefore unable to bind bevacizumab due to steric hindrance.

4.1 Preclinical Studies with Bevacizumab

Following humanization, the anti-VEGF activity of bevacizumab was compared
directly to that of A4.6.1. The two antibodies were shown to be equipotent in in
vitro bovine capillary endothelial cell proliferation assays. Furthermore, both anti-
bodies efficiently suppressed the growth of human rhabdomyosarcoma and breast
carcinoma xenografts in nude mice at 0.5 and 5 mg kg−1 doses (Presta et al. 1997).
Other preclinical studies of bevacizumab, as a single agent or in combination with
cytotoxic therapies, are reviewed in Gerber and Ferrara (2005).

The pharmacokinetics of bevacizumab after intravenous administration have
been studied in several species and are consistent with those of other human-
ized antibodies. Bevacizumab is cleared from circulation in a similar manner to
endogenous antibodies. The terminal elimination half-life was 1–2 weeks in all
species tested (Lin et al. 1999). Safety studies were performed in cynomolgus
monkeys (Ryan et al. 1999). This species was chosen since cynomolgus monkey
VEGF is identical to human VEGF at the protein level (Shima et al. 1996). After
administration of bevacizumab for 4–13 weeks, young adult cynomolgus monkeys
showed apparent mechanism-of-action-related effects such as physeal dysplasia and
suppression of angiogenesis in the female reproductive tract. Both effects were
reversible with cessation of treatment. No other treatment-related effects were seen,
even at doses up to 50 mg kg−1 (Ryan et al. 1999).

The pharmacokinetics, ocular tissue distribution, and safety of the Fab fragment
of bevacizumab (known as Fab-12) have also been studied following intravitreal
administration. 125Iodine labeling studies in rhesus monkeys showed that the intra-
vitreal half-life of a Fab fragment of bevacizumab was 3.2 days, compared with 5.6
days for a full-length antibody (trastuzumab). The Fab reached the retinal pigment
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epithelial layer within 1 h and was detectable within this layer for up to 7 days.
In contrast, the full-length antibody was unable to penetrate the inner limiting mem-
brane of the retina. Systemic exposure to the full-length antibody was variable but
low, whereas the Fab fragment was not detected in the plasma at any time point. No
adverse treatment-related effects were noted in this study (Mordenti et al. 1999).

4.2 Clinical Studies with Bevacizumab

Phase I clinical trials of bevacizumab began in 1997. FDA approval was first granted
on the 26th of February 2004, following a successful phase III trial for treatment
of metastatic colorectal cancer. In a randomized controlled trial of 813 patients
with first-line metastatic colorectal cancer, the median duration of survival was 20.3
months in patients who received bevacizumab plus chemotherapy, compared to 15.6
months in those patients receiving chemotherapy alone (Hurwitz et al. 2004). FDA
approval was then granted on the 11th of October 2006, for use of bevacizumab in
combination with carboplatin and paclitaxel chemotherapy in metastatic, nonsqua-
mous, nonsmall-cell lung cancer. Combination therapy resulted in a 25% improve-
ment in survival compared to chemotherapy alone (Sandler and Herbst 2006). Many
other clinical trials are currently under way, for indications including renal cell can-
cer, metastatic breast cancer, and cervical cancer (reviewed in Ranieri et al. 2006).
Bevacizumab has the potential to significantly improve the standard of patient treat-
ment in a wide variety of indications.

The most common side effects of bevacizumab treatment are hypertension,
proteinuria, bleeding, and thrombosis (Zondor and Medina 2004). In most cases,
hypertension during treatment can be managed with antihypertensive medications.
Patients with proteinuria have been generally asymptomatic. Bleeding, thrombo-
sis, and complications with wound healing are the most significant side effects
of bevacizumab therapy. Importantly, there were no reported incidents of patients
developing antibodies to bevacizumab (Ferrara 2004), suggesting that the humani-
zation of A4.6.1 was successful.

5 Humanization and the Development of Ranibizumab

Preclinical and clinical studies show that VEGF is involved in the ocular neovas-
cularisation associated with age-related macular degeneration (AMD) and diabetic
retinopathy (Ferrara and Alitalo 1999). Anti-VEGF therapy is a promising new
treatment for these conditions, particularly with the development of ranibizumab.
Ranibizumab is a Fab fragment of an anti-VEGF antibody distinct from beva-
cizumab. Its smaller size allows penetration into the retina (Gaudreault et al. 2005)
and more rapid clearance from the circulation than a full length antibody
(cf. Gaudreault et al. 2005, Lin et al. 1999). Ranibizumab also has a higher affinity



Therapeutic Anti-VEGF Antibodies 141

for VEGF than does bevacizumab (Chen et al. 1999; Ferrara et al. 2004), allowing
it to more efficiently inhibit VEGFR binding before it is cleared.

Clearance of a VEGF inhibitor is likely to reduce the incidence of treatment-
related side effects. There is evidence that VEGF has multiple important roles in vivo.
Safety studies in cynomolgus monkeys demonstrated that VEGF plays a part in
bone growth, cyclic endometrial development, and placental vascularization (Ryan
et al. 1999). VEGF has also been shown to be important in wound healing and
psoriasis (Detmar et al. 1995), monocyte chemotaxis (Clauss et al. 1990), B cell
production (Hattori et al. 2001), and neuronal function (Storkebaum et al. 2004).
Given these findings and the known side effects of anti-VEGF therapy (hypertension,
thrombotic events, and proteinuria), the use of an agent with rapid systemic clearance
is particularly important for elderly or wound-healing compromised patients.

The origin of ranibizumab was A4.6.1, the same murine anti-human VEGF anti-
body that gave rise to bevacizumab. However, the humanization processes for beva-
cizumab and ranibizumab were quite different (Fig. 2). While bevacizumab was
the product of site-directed mutagenesis of a CDR graft from A4.6.1, humaniza-
tion to ranibizumab involved both phage display and site-directed mutagenesis. Ini-
tially, the CDRs of A4.6.1 were grafted into a phage-displayed Fab construct, hu2.0
(Fig. 1), with the C-terminal region of the Fab fused to a portion of the gene-3 pro-
tein of bacterophage M13 (Baca et al. 1997). Framework-region libraries were con-
structed and panned to yield a humanized Fab, MB1.6 (Fig. 1; Table 2), that bound
VEGF with greater than 125-fold improved affinity than the CDR graft. Introduction
of a single additional mutation, L46V, selected by rational design further improved

Table 2 Humanized anti-VEGF Fab constructs generated during ranibizumab development

Variant Template Changes

Chim-Fab Chimeric Fab Murine variable, human constant domains
Fab 121 Human FR VL: L46V VH: I69F, R71L, N73T, N76S,

L78A, R94K
Hu2.02 Human FR Fab

phage vector
CDR swap with VH:S49G (see Table 1) and
T221L in the CH1 domain for fusion to M13
phage gene-3 protein

MB1.62 Hu2.0 VL: M4L, F71Y VH: V37I, R71A, N73T,
K75S, L78V, R94K

Y01013 MB1.6 VL: L46V, Y71F VH: I37V, I69F, A71L, S75K,
N76S, V79A

Y01923 Y0101 VL: S24R, S26N, Q27E, D28Q, I29L VH:
M34I

Y0243-14 Y0192 VH: T28D, N31H, I34M
Y0238-34 Y0192 VH: H97Y, S100aT
Y03174 Y0192 VL: R24S, N26S, E27Q, Q28D, L29I VH:

T28D, N31H, I34M, H97Y, S100aT
1 Data taken from Presta et al. (1997)
2 Data taken from Baca et al. (1997)
3 Data taken from Muller et al. (1998)
4 Data taken from Chen et al. (1999)
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Fig. 5 Binding affinities during antibody MB1.6 affinity maturation leading to ranibizumab.
Approximate changes in affinity of the humanized anti-VEGF Fab constructs relative to the bind-
ing of the chimeric Fab as measured by BIAcore studies (Baca et al. 1997; Muller et al. 1998; Chen
et al. 1999) are plotted against construct number

the affinity to within sixfold of a human/murine chimera of A4.6.1 (Baca et al.
1997). Additional framework changes yielded MB1.6, which had similar affinity
to Fab-12 and was used as the basis of clone Y0101 (Table 2; Muller et al. 1998).
Y0101 was a phage displayed Fab with framework mutations identified during the
humanization of bevacizumab (Presta et al. 1997), and two mutations from MB1.6
(Baca et al. 1997). Unfortunately, this variant expressed poorly. Further phage dis-
play efforts produced clone Y0192, which was significantly improved in expression
(Muller et al. 1998).

Alanine scanning mutagenesis of Y0192 and a crystal structure highlighted the
importance of the heavy-chain CDRs H1, H2, and H3 for VEGF binding (Muller
et al. 1998). Directed phage display libraries were therefore created and panned,
with resulting marked improvements in affinity (Table 2; Fig. 5). Mutations isolated
from CDR H1 and H3 libraries were combined to create ranibizumab, also known
as Y0317 or rhuFAb V2, a Fab with greater than 100-fold affinity improvement over
Fab 12 as measured by surface plasmon resonance. Cell proliferation assays were
used to confirm the increased biological potency of the affinity matured antibody
(Chen et al. 1999).

The binding epitopes of Fab 12 and Y0317 were shown to be similar by affin-
ity measurements of VEGF alanine scanning mutants and crystal structures of the
Fab:VEGF complexes (Fig. 4, Fig. 6) (Chen et al. 1999; Muller et al. 1998). One
notable difference was the presence of two additional hydrogen bonds in the com-
plex between VEGF and Y0317 due to the CDR H3 mutation H97Y in the latter. The
tyrosine substitution resulted in exclusion of a water molecule present in the Fab 12
structure, an increase in buried surface area, and additional hydrogen bonds, all of
which may contribute to increased binding energy and slower complex-dissociation
kinetics. The H97Y substitution was indeed shown to be the amino acid substitution
contributing the largest portion of the increase in binding affinity to VEGF. Thus, the
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Fig. 6 Ranibizumab structure. The structure of ranibizumab (Y0317 Fab; heavy chain in cyan;
light chain in magenta) in complex with VEGF (fragment 8-109; with one monomer in orange and
the other in green) is shown based on the crystal structure reported in Chen et al. (1999) (PDB
accession number 1CZ8). Heavy-chain CDR residues changed during affinity maturation of the
Y0101 parental antibody are shown in space-filling form: T28D and N31H in CDR-H1 and H97Y
and S100aT in CDR-H3. Also shown in space-filling form is the site M4L in the light chain variable
framework region, which differs from bevacizumab. The site of one constant-domain change, made
for cloning convenience, as compared to bevacizumab is near the C-terminus (bottom of the figure)
of the heavy chain. This residue, T221L, is not shown in this figure

structural data correlated well with the 14-fold affinity improvement measured with
this single mutation (Chen et al. 1999).

5.1 Preclinical Studies with Ranibizumab

The utility of an anti-VEGF for treatment of choroidal neovascularization has been
demonstrated in a number of models (Adamis et al. 1996; Bashshur et al. 2006;
Krzystolik et al. 2002; Michels et al. 2005; Rosenfeld et al. 2005a). However,
because of concerns about the systemic inhibition of VEGF, the safety and pharma-
cokinetics of intravitreal injections of ranibizumab were of interest. Ranibizumab
delivered intravitreally was demonstrated to penetrate all layers of the rabbit retina
(Gaudreault et al. 1999), in contrast to a full length antibody (trastuzumab), which
could not penetrate the inner limiting membrane of the retina in rhesus monkeys
(Mordenti et al. 1999). Further, pharmacokinetic studies in cynomolgus monkeys
showed that after a single intravitreal injection of ranibizumab, the Fab was present
at biologically effective retinal levels for about a month, while serum levels were
less than 1000th of the ocular levels. Any tissue distribution of ranibizumab was
therefore below the limit of detection (Gaudreault et al. 2005). Combination treat-
ment with ranibizumab and verteporfin therapy also demonstrated benefits in nonhu-
man primates (Husain et al. 2005; Kim et al. 2006). Verteporfin is a small-molecule
dye that has been previously used in photodynamic therapy for AMD, in which
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the dye is infused systemically and red light is used to activate its cytotoxic action
locally on vascular structures in the eye (Schmidt-Erfurth and Michels 2003).

5.2 Clinical Studies with Ranibizumab

A phase 1 study in patients with AMD found that the maximum tolerated dose
was 0.5 mg when injected intravitreally. The major dose limiting toxicity was due
to intraocular inflammation (Rosenfeld et al. 2005b). However, in a dose-escalating
study, clinically significant inflammation was not seen at doses of up to 2 mg per eye.
There were no notable differences in clinical outcomes between study groups receiv-
ing different maximal doses, but this trial was insufficiently powered to detect small
treatment benefits (Rosenfeld et al. 2006a). Significantly, no patients developed anti-
bodies to ranibizumab in either study, suggesting that the substitution of new CDR
and framework residues did not create significant new immunogenic determinants
(Rosenfeld et al. 2006b, 2005a).

In December 2005, Genentech submitted a Biologics License Application to the
FDA for the use of ranibizumab in the treatment of neovascular AMD based on the
results of two phase three trials (Rosenfeld et al. 2006b; Rosenfeld et al. 2006c;
Brown et al. 2006). In both trials, patients treated with ranibizumab demonstrated
significantly better visual acuity than control patients at 1 and 2 year time-points.
Adverse events were similar to those seen in earlier trials, with low rates of serious
ocular adverse events, although slightly increased rates of myocardial infarction and
stroke were noted at higher ranibizumab dose (Rosenfeld et al. 2006b). It is impor-
tant to note that ranibizumab therapy is the first treatment for neovascular AMD that
improves vision for most patients. When compared with verteporfin at 12 months
(Brown et al. 2006), ranibizumab treatment led to 94.3–96.4% of patients losing
fewer than 15 letters in visual acuity (0.3 and 0.5 mg doses, respectively) vs. 64.3%
of patients losing fewer than 15 letters in the verteporfin group. Mean visual acuity
increased by 8.5–11.3 letters (low and high doses) in the ranibizumab groups, while
it decreased by 9.5 letters in the verteporfin group. Improvement in acuity was stable
for at least 2 years. FDA approval for ranibizumab therapy was given on June 30,
2006.

6 Next Generation Anti-VEGF Antibodies

Next generation anti-VEGF antibodies might have improved VEGF affinity or might
more efficiently block VEGF activity through binding to a novel epitope. Structural
studies (Wiesmann et al. 1997) and alanine scanning mutagenesis (Li et al. 2000;
Muller et al. 1997; Pan et al. 2002) show that VEGF receptors 1 and 2 bind simi-
lar epitopes on VEGF. Bevacizumab and ranibizumab bind to an epitope that only
partially overlaps the receptor binding site. It, therefore, appears that bevacizumab
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inhibits receptor binding by steric hindrance (Wiesmann et al. 1997). Thus, it is
possible that mutations, which may arise in vivo, could abrogate bevacizumab bind-
ing without impacting receptor interaction.

The site of bevacizumab binding can be explained by considering the origin of
the antibody. Mice were immunized with human VEGF to produce A4.6.1, the pro-
genitor of bevacizumab. Since self-reactive antibodies are disfavored by immune
tolerance in vivo, antibodies raised by the hybridoma technique will tend to bind
to regions of the immunizing antigen distinct from that of any corresponding host
protein. The sequence of the receptor binding regions of human and mouse VEGF
are not completely conserved (Claffey et al. 1992; Leung et al. 1989). Thus, beva-
cizumab binding is centered around G88 (where the mouse sequence contains a Ser),
located at the periphery of the receptor binding epitope (Wiesmann et al. 1997).

To identify a larger set of antibody specificities for a variety of therapeutic targets,
phage-displayed synthetic antibody libraries that mimic the diversity of natural
human antibodies have been developed at Genentech (Lee et al. 2004). Panning
these libraries against VEGF resulted in novel, high affinity, antibodies capable
of blocking both murine and human VEGF activity (Liang et al. 2006). Struc-
tural and functional analysis of these antibodies in complex with VEGF showed
that their binding epitopes closely matched the epitope for VEGFR1 (Fuh et al.
(2006)). Therefore, hypothetical mutations in VEGF that prevent the binding of
these antibodies may also prevent VEGF:receptor interaction.

An additional desirable quality for new anti-VEGF antibodies is an ability to
bind both mouse and human VEGF. This allows testing of the antibodies in a greater
variety of model systems before progression to primate studies and address the con-
tribution of host VEGF to xenograft growth. The antibodies isolated from synthetic
phage display libraries possess this quality (Liang et al. 2006). Some of these novel
antibodies had equivalent anti-VEGF activity to bevacizumab (B20 family of vari-
ants), while others had equivalent anti-VEGF activity to ranibizumab (G6 family).
These novel reagents therefore not only allow an examination of the effects of host
vs. tumor VEGF contribution to tumor growth in mouse models, but also a compar-
ison of epitope and affinity effects upon efficacy and safety in mouse models (Liang
et al. 2006; Gerber et al. 2007).

7 Conclusion

Bevacizumab (Avastin� anti-VEGF antibody) is a full-length, high-affinity IgG1
produced through humanization of antibody A4.6.1 from mice immunized with
human VEGF. In vivo, bevacizumab may benefit from avidity effects to bind
tightly to VEGF, effectively blocking VEGF receptor binding and signaling. This
blockade results from steric hindrance of the ligand–receptor interaction since the
antibody epitope overlaps – and is not identical to – the epitope of the VEGF
receptors VEGFR-1 and VEGFR-2. As an intravenously injected molecule, the
full-length antibody is maintained at high concentrations in the blood and binds
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circulating VEGF in the vasculature. As a cancer therapeutic, bevacizumab is being
investigated in a growing number of oncology indications and in combination with
other therapies to more fully define its safety and efficacy. For example, some
patients with metastatic colorectal have demonstrated prolonged survival over sev-
eral years with treatment using bevacizumab in combination with chemotherapy,
and the drug has generally remained well tolerated (Hurwitz et al. 2006).

Ranibizumab (Lucentis� anti-VEGF antibody) is the Fab form of Y0317, another
humanized antibody variant based on A4.6.1. Ranibizumab was affinity-matured
using phage display, and differs at five residues in the variable domains and one
residue in the constant domain from bevacizumab. These changes led to ∼100-fold
higher binding affinity to VEGF and enabled the monomeric (Fab) form of this anti-
body to very effectively block VEGF binding to its receptors. The lower molecular
weight (∼48 kDa) of ranibizumab as compared to bevacizumab (∼150 kDa) may
enhance the activity of this molecule in blocking VEGF within retinal tissue follow-
ing intraocular injection. At the same time, because of the unique route of delivery,
the rapid systemic clearance of the Fab from the circulation allows for the main-
tenance of therapeutic drug concentrations at the site of disease with low systemic
concentrations. Such clearance may be important for limiting possible side effects
such as hemorrhagic events that are potentially associated with systemic exposure to
VEGF inhibitors (Liew and Mitchell 2007). Ranibizumab is currently being investi-
gated in additional eye diseases and in combination with other therapies, and long-
term studies are underway to evaluate further its safety and efficacy.
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Abstract Interleukin-6 (IL-6) is a pleiotropic cytokine that regulates immune
responses and inflammatory reactions. Overproduction of IL-6 has been shown to
play a role in inflammatory autoimmune diseases such as rheumatoid arthritis (RA),
and juvenile idiopathic arthritis (JIA) and, therefore, an agent blocking IL-6 actions
can be a therapy of these diseases. IL-6 belongs to a cytokine family, which shares
the cytokine receptor subunit glycoprotein (gp) 130. This family also includes IL-11,
oncostatin-M, and leukemia inhibitory factor (LIF). In the IL-6 receptor (IL-6R)
system, both a membrane-bound IL-6R and a soluble form of IL-6R are able to
mediate IL-6 signals into the cells through the interaction of gp130. Tocilizumab is
a humanized antihuman IL-6 receptor antibody designed using genetic engineering
technology. Tocilizumab recognizes both the membrane-bound and the soluble form
IL-6R and specifically blocks IL-6 actions. Tocilizumab is expected to ameliorate
the autoimmune inflammatory diseases with IL-6 overproduction and has been clin-
ically developed as a therapeutic agent for RA, systemic-onset and articular types
of JIA, Crohn’s disease, etc. Tocilizumab has been shown to be effective not only
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for improving signs and symptoms but also for preventing joint destruction of RA.
Immunopharmacology and clinical benefit of tocilizumab in RA is addressed.

1 Introduction

Interleukin-6 (IL-6) is a multifunctional cytokine that regulates immune responses
and inflammatory reactions, and is likely to mediate the autoimmune, inflamma-
tory, and joint destruction aspects of rheumatoid arthritis (RA) (Nishimoto 2006).
Thus, agents that block the actions of IL-6 are potential therapeutic options for RA
treatment. Tocilizumab is a humanized antihuman IL-6 receptor antibody designed
using genetic engineering technology (Sato et al. 1993). Since it specifically blocks
the actions of IL-6, it is effective in treating conditions resulting from excessive
IL-6 production. Moreover, it was approved in April 2005 as the world’s first drug
for Castleman’s disease (Nishimoto et al. 2005), an atypical lymphoproliferative
disorder (trade name: ACTEMRA R© 200 for intravenous infusion). Tocilizumab has
also been developed as a treatment for RA, juvenile idiopathic arthritis (Yokota et al.
2005), and Crohn’s disease (Ito et al. 2004). This review describes the immunophar-
macology and clinical utility of tocilizumab mainly in RA.

2 Structure of Tocilizumab

Tocilizumab is a genetically-engineered monoclonal antibody, humanized from a
mouse antihuman IL-6 receptor antibody using the CDR grafting method (Sato

Mouse antibody Humanized antibody

Immunogenicity
in human

Mouse antihuman IL-6R antibody Humanized antihuman IL-6R antibody
(tocilizumab)

mouse protein human protein

CDR grafting method

VH

VLCDR CDR
from mouse
antibody

Fig. 1 Humanized antihuman IL-6 receptor (tocilizumab). Antigenicity in humans is reduced by
humanizing a mouse antihuman IL-6 receptor with the CDR grafting method (Sato et al. 1993)
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et al. 1993) (Fig. 1). It was initially called MRA for myeloma receptor antibody,
because of potential applications in multiple myeloma treatments (Sato et al. 1993;
Nishimoto et al. 1994), but was then renamed tocilizumab. Humanization of
tocilizumab has resulted in decreased antigenicity in the human body. Therefore,
the drug’s half-life is prolonged and repetitive treatment with tocilizumab rarely
causes production of neutralizing antibodies compared with mouse antibodies or
mouse and human chimeric antibodies.

3 Immunopharmacological Characteristics of Tocilizumab

3.1 Mechanism of Action

Tocilizumab recognizes the IL-6 binding site of the human IL-6 receptor (IL-6R)
and inhibits IL-6 signaling through competitive blockade of IL-6 binding (Fig. 2).
Despite being an IgG1 antibody, a regular dose of tocilizumab in humans causes no
antibody-dependent cellular cytotoxicity or complement-dependent cytotoxicity in
cells that express IL-6R.

IL-6

IL-6R

sIL-6R
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IL-6
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g
p
1
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sIL-6R

tocilizumab tocilizumab

Intracytoplasmic signal Intracytoplasmic signal

Fig. 2 IL-6 receptor system and mechanism for tocilizumab inhibition of IL-6 signaling. IL-6 trig-
gers dimerization of signal-transducing gp130 molecules on the cell membrane when binding with
membrane IL-6 receptors (IL-6R) or soluble receptors (sIL-6R) in body fluids, thus transmitting
signals into the cells. Tocilizumab recognizes both IL-6R on the cell membrane and sIL-6R, and
blocks IL-6 signaling
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Soluble IL-6 receptors (sIL-6R), on the other hand, are found in body fluids
such as blood and synovial fluid. Unlike tumor necrosis factor (TNF), whose signals
are blocked by soluble TNF receptors, IL-6 signals are transmitted into the cell by
sIL-6R. This mechanism is called trans-signaling (Scheller et al. 2006) and occurs
when IL-6 binds sIL-6R, assembles with gp130 molecules on the cell membrane,
and triggers formation of the high affinity IL-6R complex. Tocilizumab recognizes
both IL-6R on the cell membrane and sIL-6R, and inhibits IL-6 signaling by pre-
venting ligand-receptor binding (Mihara et al. 2005).

3.2 Pharmacokinetics

The pharmacokinetics of tocilizumab were examined in detail by conducting a
phase I study of healthy adults and a phase I/II study of RA patients (Nishimoto
et al. 2003). The phase I/II study was conducted with 15 RA patients who had pre-
viously had an insufficient response to one or more doses of disease modifying
antirheumatic drugs or immunosuppressants, or had side effects that led to discon-
tinued treatment. Patients underwent repetitive treatment with 2, 4, or 8 mg kg−1

body weight of tocilizumab at 2-week intervals for a total of three times, and
the pharmacokinetics were examined. Figure 3A shows changes in blood-level
tocilizumab during repetitive treatment, indicating nonlinear pharmacokinetics in
the 2–8 mg kg−1 dose range. The half-life of tocilizumab (t1/2) was dose-dependent
and prolonged as dosage increased from 2 to 8 mg kg−1, as well as when the num-
ber of doses increased through repetitive treatment (Fig. 3B). In addition, the half-
life at the third 8 mg kg−1 dose was about 240 h, close to the half-life of human
immunoglobin (Ig) G1. Blood-level area under the curve (AUC) of tocilizumab also
increased an average of 19.9 mg hr ml−1 (Nishimoto et al. 2003).

3.3 Pharmacological Characteristics

Blood-level tocilizumab in the second posttreatment week was absent in most
patients who received 2 mg kg−1 tocilizumab at 2-week intervals, while it tended
to accumulate in most patients who received 4 or 8 mg kg−1. These patients were
completely negative for CRP and serum amyloid A (Fig. 4A). On the other hand,
those who showed no blood-level tocilizumab were positive for CRP and serum
amyloid A (Nishimoto et al. 2003).

CRP and serum amyloid A are acute-phase proteins produced by the liver as a
result of IL-6, IL-1, and TNF stimulation. Infliximab and etanercept, TNF inhibitors,
also reduce CRP, but only a limited number of patients became completely nega-
tive for CRP (Charles et al. 1999). Production of CRP and serum amyloid A clearly
requires IL-6, as IL-6 inhibition resulted in negative values for these markers. There-
fore, it is important to maintain blood-level tocilizumab to inhibit the actions of IL-6.
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itive treatment increases both AUC and t1/2

CRP may serve as an alternate indicator for sufficient blood levels of tocilizumab
(Nishimoto et al. 2003).

4 Clinical Utility of Tocilizumab

Choy et al. have conducted a British phase I study with 45 patients treated with
a single dose of 0.1, 1, 5, or 10 mg kg−1 tocilizumab, or placebo (Choy et al.
2002). This study evaluated tocilizumab safety and RA disease activity in the second
posttreatment week using the American College of Rheumatology (ACR) improve-
ment criteria. The ACR20 rate was 56% for the 5 mg kg−1 tocilizumab group and
0% for placebo group, indicating a significant difference. However, no significant
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blood: acute-phase proteins, CRP, and serum amyloid A were normalized in patients with measur-
able blood-level tocilizumab (filled circle). Normalization of CRP and serum amyloid A was not
observed in patients who did not maintain blood-level tocilizumab (open triangle). (B) Improved
clinical findings: treatment with tocilizumab quantitatively improved swollen and painful joints,
as well as CRP values and erythrocyte sedimentation rates (ESR) (adapted from Nishimoto et al.
2003)

difference in ACR20 rate was observed between other tocilizumab groups and the
placebo group. The results of this study also confirmed an adequate level of safety
with no serious side effects.

In the Japanese 24-week phase I/II study, patients that did not show serious side
effects, had improved CRP or erythrocyte sedimentation rate (ESR) in the sec-
ond week following the third dose, were further treated with tocilizumab if the
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patients were willing to continue the tocilizumab therapy, and also if the principal
investigator physician decided that the patients required to receive the treatment. Of
all the patients, the ACR20 response rate at the sixth week was 60% and 86% at the
sixth month (Nishimoto et al. 2003). In addition, the ACR50 rate was 13% at the
sixth week and 33% at the sixth month. The findings of this open study suggested
that tocilizumab has large treatment effects on RA disease activity (Fig. 4B), which
lead to a phase II study.

A randomized, multicenter, double-blind, placebo-controlled trial of tocilizumab
was conducted in a Japanese late phase II study, with 164 patients who previously
had an insufficient response to one or more doses of antirheumatic or immunosup-
pressant drugs. Patients underwent intravenous therapy with either 4 or 8 mg kg−1

tocilizumab, or placebo given at 4-week intervals for a total of three times. RA dis-
ease activity was evaluated in the fourth posttreatment week (Nishimoto et al. 2004).
The ACR20 response rate of 8 mg kg−1 tocilizumab was 78%, while that of placebo
was only 11%, thus confirming clinical utility of tocilizumab in a double-blind study
(Fig. 5).

Evaluation of drug safety showed no significant difference in adverse event rates
between 4 and 8 mg kg−1 tocilizumab, and placebo groups. Laboratory findings,
however, indicated a dose-dependent increase of total cholesterol values in 44% of
patients treated with tocilizumab. This increase stabilized at around 240 mg dl−1,
and HDL cholesterol also increased in a similar way. Long-term safety evaluation
is necessary to know whether or not the increased total cholesterol value indicates a
higher risk of cardiovascular diseases. It has been reported that TNF inhibition also
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Fig. 5 Disease activity evaluation by ACR improvement criteria. Treatment with tocilizumab sig-
nificantly improved RA disease activity when compared with the placebo treatment (adapted from
Nishimoto et al. 2004). ACR improvement criteria: ACR20 is defined as improvement by 20% or
more in tender and swollen joint counts and 20% improvement in 3 of the 5 remaining ACR core
set measures: patient and physician global assessments, pain, disability, and an acute-phase reac-
tant (CRP or ESR). Likewise, ACR50 is achieved with improvement by 50% or more and ACR70
with improvement by 70% or more
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resulted in an increase in total cholesterol, suggesting that this effect may be due to
a decrease in RA disease activity (Seriolo et al. 2006).

Tocilizumab monotherapy, with no combinatory use of methotrexate, resulted
in an insignificant number of patients developing antinuclear antibodies or anti-
DNA antibodies, which are frequently observed with anti-TNF antibody treatment.
Moreover, the anti-tocilizumab antibody was observed only in 2% of the patients
treated with tocilizumab, reconfirming the advantages of humanized antibodies. As
IL-6 is a cytokine that induces antibody production, IL-6 inhibition may reduce the
production of neutralizing antibodies. In terms of treatment strategy, it is highly
advantageous that methotrexate is not required.

Serious adverse events have been observed in patients with infectious diseases
treated with 8 mg kg−1 tocilizumab. A patient with Epstein-Barr virus (EBV) reac-
tivation died about 2 months later from subsequent hemophagocytic syndrome. This
patient manifested conditions similar to those of chronic active EBV infection, with
fluctuation in abnormal liver function tests and CRP increase, which inversely cor-
related with the number of peripheral leukocytes. Plasma EBV DNA was detected
prior to study participation, but later findings indicated that this patient also had
Hodgkin’s disease prior to the study (Ogawa et al. 2006). Subsequent studies exam-
ined more than 200 patients treated with tocilizumab, of which none had plasma
EBV DNA. While the EBV reactivation mechanism is currently unclear, a careful
pretreatment examination is necessary in tocilizumab therapy to determine whether
or not the patient has an infectious disease.

The above studies indicate that tocilizumab is effective in reducing RA disease
activity, even as a monotherapy, and has a tolerability within the permissible range.
An 8 mg kg−1 dose at 4-week intervals appears to be the optimum regimen.

Maini et al. have conducted a European phase II study on the combinatory treat-
ment of tocilizumab with methotrexate (Maini et al. 2006). This study yielded
results that confirm the effectiveness of tocilizumab as a monotherapy. No difference
was observed in the ACR20 rate between monotherapy with 8 mg kg−1 tocilizumab
and combinatory treatment with 8 mg kg−1 tocilizumab and methotrexate. However,
a synergistic effect was observed in combinatory treatment with 4 mg kg−1 or a
lower dose of tocilizumab and methotrexate.

A Japanese phase III trial was conducted to examine the preventive effects of
tocilizumab on progressive joint destruction. This study evaluated the 1-year change
in the van der Heijde’s modified Sharp score (i.e., a quantitative radiographic eval-
uation of bone erosion and joint space narrowing in hand and foot joints of RA
patients). The results indicate that tocilizumab is also effective in preventing pro-
gressive joint destruction (Nishimoto et al. 2005).

5 Conclusion

Ongoing clinical trials have shown the effectiveness of tocilizumab in treating RA,
and the drug is currently undergoing the application process for approval in Japan.
Although no direct comparison data with TNF inhibitors are available, it is notable
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that tocilizumab is highly effective even in a monotherapy. Future studies include
long-term safety evaluation and the examination of differential applications of IL-6
inhibition treatment and TNF or IL-1 inhibition treatments. These studies based on
the biological functions of target molecules will elucidate how each treatment takes
part in the strategy of RA treatment.
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Abstract Rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE) are
both chronic autoimmune rheumatic diseases. In the last few years, evolution in the
understanding of RA and SLE pathogenesis and underlying molecular mechanisms
has resulted in development and availability of novel therapies. In particular, the
recent acknowledgement of a more significant role for B cells in the pathogenesis
of RA, in contrast to the view that it was predominantly a T cell disorder, pro-
vided rationale for trials of B cell depletion therapy with the chimeric anti-CD20
monoclonal antibody rituximab. The efficacy and favourable safety profile of ritux-
imab have resulted in the recent approval by the European Medicines Agency for
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its usage in patients with RA unresponsive to conventional therapies. The salient
features from the pivotal open and randomised controlled trials are reviewed in this
chapter. Given the recognition of B cell dysfunction as central to SLE pathogen-
esis, the use of anti-CD20 antibody therapy for this patient group has also been
established. Results of the open trials have been encouraging, particularly in patients
not responding to usual therapies, and a randomised controlled trial is underway.

1 Introduction

In recent years a number of exciting new therapies have been developed for rheuma-
toid arthritis (RA) and systemic lupus erythematosus (SLE), reflecting advances
in the understanding of disease pathogenesis and molecular mechanisms. Various
biological modifiers, including anti-tumour necrosis factor-α (TNF-α) agents and
interleukin-1 receptor antagonists have been developed in recognition of the impor-
tant role of these pro-inflammatory cytokines in RA. Based on an increased appreci-
ation of the likely pathogenic role for B cells autoimmune diseases such as RA and
SLE, targeted therapy against B cells has also been explored. Therapeutic B cell
depletion with the anti-CD20 monoclonal antibody rituximab was initially licensed
in 1997 for treatment of relapsed low grade B cell follicular NHL and over 700,000
patients have now been treated for this condition. Following this success, experi-
mental use in autoimmune disorders was undertaken, with initial promise demon-
strated in chronic idiopathic thrombocytopenic purpura (ITP) (Stasi et al. 2001).
B cell depletion therapy for RA has now undergone open and randomised controlled
trials and has been recently approved by the European Medicines Agency for usage
in patients with RA unresponsive to conventional therapies (Leandro et al. 2002a;
Edwards et al. 2004; Emery et al. 2006). Similarly, there have been a number of open
studies of B cell depletion therapy for treatment of refractory SLE, and there are two
ongoing phase II/III trials currently evaluating safety and efficacy in patients with
severely active disease and nephritis. Importantly, however, there has not yet been
a large double blind randomised control trial and it is imperative this be performed
in the near future. This chapter summarises the role of B cells in pathogenesis of
RA and SLE, the current knowledge of the mechanism of B cell depletion by ritux-
imab and the main clinical trials of anti-CD20 monoclonal antibody treatment for
RA and SLE. Salient features of new B cell targeted therapies, epratuzumab and
anti-B Lymphocyte Stimulator (BLys) monoclonal antibody therapy will be briefly
discussed.

Whilst other anti-human CD20 monoclonal antibodies exist, including a fully
humanised antibody (Phase I/II controlled trial recently completed recruitment)
and radioisotope conjugated antibody, rituximab is currently the most extensively
studied and hence will form the basis of this chapter. Rituximab is a chimeric
monoclonal antibody directed against human CD20, fusing variable regions of a
murine anti-human CD20 B cell hybridoma with the constant region of human
immunoglobulin IgG1K. B cell ontogeny is characterised by a series of chang-
ing surface phenotypes and the CD20 surface marker (a 33–37 kDa membrane-
associated phosphoprotein) expressed during intermediate stages of development is
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lost on terminal differentiation to the immunoglobulin producing plasma cell. This
exclusivity and high specificity makes CD20 an attractive pharmacological target.
Other beneficial features are that free CD20 antigen is not present in circulation,
it does not self modulate its expression, is not shed or internalised after antibody
binding and there are no endogenous molecules known to interfere with its function
(Press et al. 1987). Rituximab rapidly depletes peripheral blood CD20 positive B
cells via complement-mediated and antibody dependent cell-mediated cytotoxicity
(ADCC), induction of apoptosis and inhibition of cell growth (Maloney et al. 2002).
It is not yet certain which of the possible mechanisms of action is most important
in vivo. Rituximab also down regulates CD40ligand, CD40 and CD80, resulting
in changes to T cell function (Sfikakis et al. 2005; Tokunaga et al. 2005). B cell
depletion usually reaches a nadir by 1 month and re-population generally starts by
6 months, generally coinciding with the clinical responses. Interestingly, marked
variability between individual responses has been observed, with a proportion of
patients never adequately depleting and hence failing to achieve clinical response,
whilst others remain depleted and in clinical remission for over 2 years. Various
reasons for inadequate depletion have been proposed, including genetic polymor-
phisms of the FcRγIIIa (Anolik et al. 2003; Weng and Levy 2003) or defective com-
plement; however, neither fully explains all the patients in this subgroup and future
research to predict rituximab responders will be of interest. Following rituximab
therapy, peripheral B cell re-population is reported to be dependent on the forma-
tion of naı̈ve B cells (Leandro et al. 2006), although it still remains to be verified
whether tolerance is re-established to autoantigens and if so, does it persist or does
it become lost because of the underlying genetic mechanisms that resulted in the
initial development of the autoimmune disease? A recent publication demonstrated
that patients who experience an earlier disease relapse tended to have a higher num-
ber of circulating memory B cells at re-population compared to those with a later
disease relapse (Leandro et al. 2006). Whilst it remains uncertain whether autoim-
mune memory is attributable to long-lived plasma cells and/or continued stimulation
of autoreactive memory B cells by self antigen, it is known that elimination of both
populations is probably necessary to obtain re-establishment of B cell tolerance and
further studies should clarify the situation.

When treating patients with rituximab, some practical issues require consi-
deration. First, awareness of rare fatal infusion reactions, which typically occur
30–120 min after onset of the first infusion, is necessary. Symptoms include fever
and chills, flushing, tachycardia, chest pressure, nausea and vomiting, with more
serious reactions including hypoxia, cardiovascular collapse, myocardial infarc-
tion and cardiogenic shock. Fortunately, these infusion reactions tend to occur less
frequently during treatment of patients with autoimmune diseases than in patients
with underlying malignancies, and also appear to be reduced by corticosteroid pre-
medication (Cohen et al. 2006). Whilst published infection rates with rituximab
have been surprisingly low and of unremarkable type, treating doctors should remain
vigilant for potential typical and atypical infectious complications. As anticipated,
following rituximab treatment, a failure to respond to vaccination has been observed
although further studies are required to determine duration of this effect. In addition,
patients with non-malignant autoimmune disease, in particular those with SLE, have
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shown higher human anti-chimeric antibodies (HACA) levels than patients with
non-Hodgkin’s lymphoma (Looney et al. 2004), and studies are being performed
to determine whether the addition of methotrexate might suppress the formation
of these HACA. Whether these antibodies are a contra-indication to re-treatment
remains in doubt, and it is not yet certain if they reduce the therapeutic effectiveness
of the drug or result in more adverse events. Many of these queries should be
resolved with results from longer-term studies currently underway.

2 Anti-CD 20 Monoclonal Antibody Treatment of Rheumatoid
Arthritis

2.1 Role of B Cells in the Pathogenesis of Rheumatoid Arthritis

The role of T cells in the immunopathogenesis of RA is well established. Evidence
suggests that interaction between an unknown exogenous or endogenous antigen
via antigen presenting cells and CD4+ T helper cells is involved in the induction
of the immune response in RA. T cells with the appropriate T cell receptor, com-
plex with processed antigenic peptides to become activated, resulting in a series of
events including production of IL-2, leading to the clonal expansion of T cells and
the enlargement and expression of a number of surface molecules such as TNF-α
and receptor activator of NF-κB ligand (RANKL). Subsequent recruitment and acti-
vation of monocytes and macrophages occurs with secretion of pro-inflammatory
cytokines, in particular TNF-α and IL-1 into the synovial cavity. Release of these
cytokines mediates tissue destruction by activation of chondrocytes and fibroblasts,
which release collagenases and metalloproteinases with resultant cartilage loss and
bone erosion (Panayi 2005). However, contrary to this long held view that RA is
a predominantly T cell mediated disease, there is an emerging acceptance of the
role of B cells in disease aetiology. This is supported by the development, trials and
success of B cell depletion therapies in patients with RA.

B lymphocyte dysregulation with the production of rheumatoid factor and other
autoantibodies, formation of immune complexes and release of destructive medi-
ators are known to contribute to RA pathogenesis (Mannik and Nardella 1985).
Approximately 80% of patients develop RF antibodies and seropositive RA is
associated with more aggressive articular disease and a higher frequency of extra-
articular manifestations. It is thought that B cells with RF specificity migrate into
the synovium activating T cells by presentation of a complex of antigen and IgG via
the HLA-DR4 molecule and stimulating secretion of pro-inflammatory cytokines
and co-stimulatory signals for T cell clonal expansion (Edwards and Cambridge
2001; Takemura et al. 2001; Keystone 2005). It was hypothesised that by elimi-
nating this B cell antigen presentation to synovial T cells with rituximab, T cell
activation and T cell dependent synovial inflammation would decrease. In addition,
the ability of IgG RF B cells to self perpetuate, due to secretion of own antigen,
provided rationale for the proposal that eradication of these cell clones may result
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in prolonged disease remission (Edwards et al. 1999). These theories were later
elegantly supported by an experiment using transplantation of human synovial tissue
from RA patients into SCID mice, which showed that the increase in synovial tis-
sue graft cytokine production required the presence of B cells in lymphoid follicles
(Takemura et al. 2001). Following rituximab therapy and subsequent B cell depletion,
production of IFN-gamma and IL-1 were suppressed and arthritis failed to develop.

2.2 Trials of Rituximab in Rheumatoid Arthritis

2.2.1 The Initial Study and Open Trials of Rituximab
in Rheumatoid Arthritis

Efficacy and response to new rheumatic medications is generally defined by either
an outcome measure of the American College of Rheumatology (ACR) (Felson et al.
1995) or EULAR disease activity score 28 criteria (DAS28) (Prevoo et al. 1995).
ACR criteria assesses the percentage improvement from baseline with regards: num-
ber of tender and swollen joints, patient pain (Visual Analogue Scale), global assess-
ments by patient and physician (Visual Analogue Scales), self assessed physical
disability and levels of acute phase reactants (Table 1). ACR20 is most often
used, although ACR50 and ACR70 (reflecting larger percentage improvements from
baseline) are being increasingly utilized and generally considered more clinically
relevant. DAS28 is calculated using the formula 0.56

√
TEN28 + 0.28

√
SW28 +

0.70[ln(ESR)]+0.014(VAS) with TEN = number of tender joints, SW = number of
swollen joints, ESR = erythrocyte sedimentation rate (mm/hour) and VAS = patient
assessment of disease activity (mm) (Table 2).

B cell depletion in RA was initially trialled by Edwards and Cambridge in 5
patients resistant to at least five disease modifying anti-rheumatic drugs (DMARDS),
based on the rationale that B cells contributed significantly to the pathogenesis of the
disease (Edwards and Cambridge 2001). The small open labelled study combined
rituximab infusions (600 mg days 2, 8, 15 and 22), cyclophosphamide (2×750 mg
IVI days 4 and 17) and 60 mg oral prednisolone daily for 11–22 days then tapered
to baseline dose. B cells were undetectable shortly after infusion and remained
depressed for 6 months. All patients achieved ACR50 responses at 6 months

Table 1 American College of Rheumatology preliminary definition of 20% improvement in
rheumatoid arthritis (ACR20)

Measure of Disease Activity Requirement

Tender joint count ≥20% improvement
Swollen joint count ≥20% improvement
Patient’s assessment of pain
Patient’s global assessment of disease activity
Physician global assessment of disease activity
Patient’s assessment of physical function
Markers of inflammation

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

≥20% improvement in
three of the five measures
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Table 2 Evaluation of the European League Against Rheumatism Modified Disease Activity Score
(DAS28)

Current DAS28 DAS28: Difference to Initial Value

>1.2 >0.6≤1.2 ≤0.6

≤3.2 Inactive Good improvement Moderate improvement No improvement
>3.2≤5.1 Moderate Moderate improvement Moderate improvement No improvement
>5.1 Very active Moderate improvement No improvement No improvement

and three had ACR70. Clinical benefit persisted to approximately 12 months.
Two patients who relapsed at 7 and 9 months, respectively, were retreated with a
modified schedule of B cell depletion with good results. This study was extended
to include 22 seropositive RA patients with disease resistant to multiple DMARDs
(Leandro et al. 2002a). Patients were treated with varying protocols of rituximab,
cyclophosphamide and/or high dose prednisolone to further assess dose response
and requirement for additive therapies. Optimal treatment was determined as rit-
uximab ≥600 mg m−2 plus cyclophosphamide. Apart from infrequent mild infu-
sion reactions; no major adverse events attributable to therapy were reported.
Rheumatoid factor titres and anti-cyclic citrullinated peptide (CCP) antibodies were
depressed in all responders for 3–6 months, in contrast to total immunoglobu-
lin which hardly declined. More detailed analysis of serological changes post B
lymphocyte depletion therapy in 22 of the treated patients are shown in Table 3,
and interestingly, mean anti-pneumococcal antibodies and anti-tetanus IgG did not
decrease significantly (Cambridge et al. 2003). Sixteen of this University College
London (UCL) cohort have now been followed for over 5 years (Edwards et al.
2005). Patients have been treated with up to four courses of rituximab, with mean
duration of response being 15 months. Complications have included eight serious
respiratory events, not clearly defined as infectious or due to infusion reactions, and
reduction in IgM, IgA and IgG to below the lower limit of normal in a proportion of
the patients. Two deaths, one from infection after changing to an anti-TNF-α agent
and one from pre-existing cerebrovascular disease, have occurred. Analysis of the
quantitative and phenotypic reconstitution of peripheral B cells in 24 of the UCL
cohort revealed that re-population with mainly naı̈ve B cells occurred at a mean of
8 months post treatment. Relapse of RA was only observed following peripheral
repopulation with CD19+ cells, in half of the patients this occurred at the time of B
cell repopulation and in the other half at a variable time post repopulation. Patients
who relapsed at time of B cell re-emergence tended to repopulate with a higher fre-
quency of CD27+ memory B cells than those who relapsed later, suggesting that
less extensive B cell depletion in solid tissues may be associated with an earlier
relapse of RA (Leandro et al. 2006).

A number of other open studies using slightly variable protocols have been pub-
lished. These also demonstrated good clinical responses to rituximab (DAS28 < 2.6
or ACR20 and ACR50), reduction in rheumatoid factor levels parallel to disease
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Table 3 Serologic parameters in patients before treatment and at nadir

Parameter, response Pretreatment value Lowest level attained P†

to therapy (number of patients after treatment
per group)

IgM-RF
Responders (15) 126±78.2 50±38.2 0.00006
Non-responders (5) 122±16.8 90±15.4 NS

IgG-RF
Responders (10) 77±25.9 15.5±12.6 0.002
Non-responders (3) 50±24.1 24.5±13.5 NS

IgA-RF
Responders (13) 147±194.32 78±86.1 0.0002
Non-responders (5) 158±28.2 118±18.5 NS

Anti-CCP
Responders (8) 950±340.9 236±122.1 0.008
Non-responders (4) 2,282±1,145 1,350±894 NS

CRP
Responders (15) 37.9±8.4 2±1.3‡ 0.00006
Non-responders (7) 39.7±18 13.7±5.4 NS

Responders were defined as having American College of Rheumatology ≥20% improvement at 6
months. Values are the median±SEM IU ml−1, except values for C-reactive protein (CRP), which
are the median± SEM mg l−1. IgM-RF = Immunoglobulin M Rheumatoid Factor; IgG−RF =
Immunoglobulin G Rheumatoid Factor; IgA−RF = Immunoglobulin A Rheumatoid Factor;
CCP = cyclic citrullinated peptide; NS = not significant.
† Pretreatment values vs. values at nadir for each group of patients tested, using Wilcoxon signed
rank test with significance level of 0.1%
‡ P = 0.009 vs. non-responders by Wilcoxon rank sum test
Reproduced with permission (Cambridge et al. 2003)

activity and absence of serious adverse events (De Vita et al. 2002; Kneitz et al.
2004).

2.2.2 Phase IIa Trial

A multicentre randomised double blind controlled study was performed to confirm
these earlier open trial observations (Edwards et al. 2004). One hundred sixty one
patients with seropositive RA, active despite at least 10 mg/week methotrexate were
treated with either of the following:

1. Placebos for rituximab and cyclophosphamide+ oral methotrexate≥10 mg/week
2. One gram IVI rituximab days 1 and 15 + placebos for methotrexate and

cyclophosphamide
3. One gram IVI rituximab days 1 and 15 + 750mg IVI cyclophosphamide days 3

and 17 + placebo for methotrexate
4. One gram IVI rituximab days 1 and 15 + methotrexate ≥10 mg/week + placebo

for cyclophosphamde
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All received 17 days of corticosteroids as 100 mg IV methylprednisolone prior to
rituximab and cyclophosphamide (or placebo) infusions together with 60 mg oral
prednislone on days 2, days 4–7 and 30 mg daily on days 8–14. Anti-emetics and
folinic acid were given to all patients and responses were defined according to
criteria of the ACR and EULAR.

At week 24, 43% and 41% of patients given full dose rituximab + methotrexate
and rituximab + cyclophosphamde, respectively, achieved ACR50 responses, which
was significantly higher than that in the methotrexate alone group (P = 0.005
each) (Fig. 1). On exploratory analysis at 48 weeks, the ACR50 effect of ritux-
imab and either methotrexate or cyclophosphamide remained significantly greater
than compared to methotrexate alone (P = 0.002 and P = 0.01 respectively). The
ACR50 response of the rituximab monotherapy group was higher than the control
group; however this did not reach statistical significance. Patients in all rituximab
groups showed significant improvement over methotrexate alone as measured by
disease activity scores (DAS) and EULAR criteria (P ≤ 0.002 and P ≤ 0.004).
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Fig. 1 American College of Rheumatology Clinical Responses at weeks 24 and 48 ACR 20
denotes at least a 20% improvement in disease symptoms according to the American College
of Rheumatology (ACR) core set of outcome measures, ACR 50 a 50% improvement. P values
are for comparisons with the methotrexate-monotherapy (control) group. Reproduced and adapted
with permission (Edwards et al. 2004)
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Table 4 Summary of adverse events

Adverse event Methotrexate Rituximab Rituximab– Rituximab–
group groups Cyclophosphamide Methotrexate
(N = 40) (N = 40) group (N = 41) group (N = 40)

No. of
patients (%)

Any Event
Up to week 24 32 (80) 32 (80) 30 (73) 34 (85)
Up to week 48 34 (85) 36 (90) 35 (85) 35 (88)

Serious adverse event
Up to week 24 3 (8) 2 (5) 6 (15) 3 (8)
Up to week 48 4 (10) 4 (10) 7 (17) 4 (10)
Any event associated
with the first infusion

12 (30) 18 (45) 13 (32) 13 (33)

Specific eventa

Hypotensionb 7 (18) 12 (30) 12 (29) 7 (18)
Exacerbation of RA 16 (40) 6 (15) 6 (15) 2 (5)
Hypertensionb 6 (15) 6 (15) 3 (7) 10 (25)
Nasopharyngitis 6 (15) 4 (10) 2 (5) 4 (10)
Arthralgia 3 (8) 3 (8) 1 (2) 4 (10)
Rash 1 (3) 4 (10) 4 (10) 1 (3)
Back pain 2 (5) 4 (10) 3 (7) 0
Cough 0 5 (13) 1 (2) 2 (5)
Prutitus 0 4 (10) 4 (10) 0
Nausea 1 (3) 2 (5) 4 (10) 0
Dyspnea 0 4 (10) 0 0

a Adverse events that occurred in at least 10% of patients in any treatment group up to and including
week 24 are shown
b A change of more than 30 mmHg in systolic or diastolic blood pressure from the pressure at
screening was classified as hypotension or hypertension
Reproduced with permission (Edwards et al. 2004)

Near complete B cell depletion persisted throughout the 24 week study period.
Rheumatoid factor titres decreased in all treatment groups although by 24 weeks
had returned to baseline in the control group. Despite B cell depletion, total and
immunoglobulin isotype levels did not drop below the normal range and anti-
tetanus antibody titres were also unchanged. Changes in inflammatory markers
reflected clinical disease and five of 117 patients who received rituximab devel-
oped HACA without significant clinical manifestations. About 30–45% of patients
in all groups reported events associated with the first infusion, including transient
hypo- or hypertension, pruritus and rash. Adverse events were similarly reported
in all treatment groups, although serious adverse events were more common in the
rituximab+ cyclophosphamide group (Table 4). Serious infections occurred in one
of the methotrexate group, 2 patients in the rituximab monotherapy group and 2
given rituximab+ cyclophosphamide. Two further serious infections were reported
in the extension to 48 weeks. This was a pivotal study that provided strong evidence
that rituximab may offer another effective treatment option to patients with active
RA despite methotrexate treatment.
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2.2.3 Phase IIb Trial: Dose-Ranging Assessment International Clinical
Evaluation of Rituximab in Rheumatoid Arthritis (DANCER)

A second larger multicentre randomised double blind placebo controlled trial aimed
to determine the optimal rituximab dose and the role for concomitant corticosteroids
in patients resistant to treatment with DMARDs, including biologic agents (Emery
et al. 2006). Four hundred sixty five patients with active, poorly responsive disease
were recruited, including those with seronegative disease. The study was of com-
plex design with nine treatment groups consisting of various combinations of the
following:

1. Rituximab infusion administered on days 1 and 15 as either (a) placebo; (b)
500 mg; or (c) 1,000 mg

2. Corticosteroids administered as either (a) placebo; (b) 100 mg methyl-
prednisolone IVI days 1 and 15 or (c) 100 mg methylprednisolone IVI days 1
and 15 plus 60 mg oral prednisolone days 2–7 and 30 mg oral prednisolone days
8–14

All patients received methotrexate (10–25 mg/week). The primary endpoint was
ACR20 at 24 weeks, although ACR50 and 70 responses were also assessed. The
response rate was significantly superior for rituximab (2× infusions of either 500 mg
or 1,000 mg) vs. placebo; ACR20 (55 and 54%, respectively, compared with placebo
28%; P < 0.0001), ACR50 (33, 34 and 13% of patients, respectively, P < 0.001) and
ACR70 (13, 20 and 5% of patients (P < 0.05). Corticosteroids did not influence
efficacy, however, IV methylprednisolone at infusion reduced the frequency and
intensity of first infusion associated reactions by one third. Serious adverse events
occurred in all groups (2.7, 7.3 and 6.8% in placebo, 500 mg rituximab and 1,000 mg
rituximab, respectively). Six serious infections were reported, two in placebo and
four in the rituximab treated groups. This study confirmed the safety and efficacy
for both dosages of rituximab in patients with RA and suggested that whilst corticos-
teroids do not enhance treatment efficacy they may reduce infusion related reactions.

2.2.4 Phase III Trial: Randomised Evaluation of Long-term Efficacy
of Rituximab in RA (REFLEX)

This phase III multicentre, randomised double-blind placebo controlled study aimed
to determine the efficacy and safety of treatment with rituximab plus methotrexate
(MTX) in patients with active rheumatoid arthritis (RA), who had an inadequate
response to anti-TNF-α therapies (Cohen et al. 2006). Five hundred twenty patients
on a stable dose of methotrexate, who failed to respond to one or more anti-TNF-α
agent, were randomised at a 3:2 ratio to receive either two infusions of 1,000 mg
rituximab or placebo (days 1 and 15). All received 100 mg methylprednislone pre-
infusion and additional corticosteroids between infusions. The primary efficacy end-
point was ACR20 at 24 weeks, with secondary endpoints of ACR50, ACR70, DAS
28 and EULAR response criteria, after which patients were followed for an overall
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duration of 24 months. X-ray data were collected using the Genant-modified Sharp
radiographic scores and additional information obtained via the Health Assessment
Questionnaire (HAQ), Short Form 36 (SF-36) Functional Assessment of Chronic
Illness Therapy-Fatigue (FACIT-F) and Disability Index (DI) instruments.

Significantly more patients receiving rituximab achieved ACR20 (51% vs. 18%),
ACR50 (27% vs. 5%) and ACR70 (12% vs. 1%) compared to patients receiving
methotrexate alone (P < 0.0001 for each) (Fig. 2a). Similarly, significantly more
patients treated with rituximab demonstrated moderate to good EULAR responses
(65% vs. 22%) (P < 0.0001) (Fig. 2b), reduction in RF titres and decreased
CRP and ESR levels. Whilst fewer RF negative patients reached ACR20 than RF
positive patients, there remained a significant difference between each group and
placebo (RF negative P < 0.0009 and RF positive P < 0.0001). This treatment
effect in the RF negative patients further suggests that in addition to acting through
mechanisms involving RF and other autoantibody production, rituximab may also
function via several different pathogenic pathways affecting T cell activation and
cytokine production. Clinically valid improvements in SF-36, HAQ and FACIT-F
were evident and a trend to less radiological progression was seen. Whether
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rituximab can actually reduce progression of joint erosion and damage requires
further evaluation and will be reported after longer term follow-up studies are
completed. Adverse events were comparable to previous studies, including mild-
moderate infusion reactions occurring with the first infusion of rituximab, which
resulted in the withdrawal of five patients. The incidence of infections was slightly
higher in the rituximab treated group (41%) compared to the placebo group (38%)
and typically consisted of upper respiratory tract infections, bronchitis, sinusitis and
urinary tract infections. Seven serious infections occurred in the rituximab group
and three in the placebo group; however, there were no reports of tuberculosis or
opportunistic infections in the study period.

This study has expanded the previous efficacy and safety profile of rituximab
and demonstrated that rituximab is a therapeutic option for RA patients who have
responded inadequately to one or more anti-TNF-α agents.

3 Anti-CD20 Monoclonal Antibody (Rituximab)
for the Treatment of Systemic Lupus Erythematosus

3.1 Role of B Cells in Pathogenesis of Systemic Lupus
Erythematosus

Patients with systemic lupus erythematosus may develop heterogeneous clinical
manifestations ranging from non-specific symptoms such as fatigue and arthralgia to
life threatening renal or cerebral disease. SLE is characterised immunologically by a
variety of autoantibodies to deoxyribonucleic acid (DNA), ribonucleic acid (RNA),
other nuclear antigens (e.g. Ro, La) and cytoplasmic antigens, with pathogenicity
most closely linked to anti-dsDNA and anti-Ro autoantibodies (Hagelberg et al.
2002; Rahman et al. 2002; Buyon and Clancy 2003). Although the exact aetiopatho-
genesis of SLE remains uncertain, there is consensus that its aetiology is dependent
upon a combination of environmental, hormonal, genetic and immunological fac-
tors. Whilst many facets of the immune system including pathogenic T cells, cyto-
kines and autoantibodies may play a role, experimental evidence indicates that loss
of B cell tolerance and B cell dysfunction is a central feature, thus providing a ratio-
nale for trials to further evaluate the anti-CD20 monoclonal antibody rituximab for
treatment of SLE (Chan et al. 1999b).

In patients with SLE, autoreactive T cells are necessary to activate B cells,
which are then further stimulated to proliferate and produce autoantibodies by the
elevated levels of pro-inflammatory cytokines, including TNF-α, interleukin (IL)-
6, IL-10 and interferon (IFN)-γ (Davas et al. 1999; Tokano et al. 1999). Further-
more, the autoantibody production may be enhanced by T and B cell interaction via
co-stimulatory molecules that generate anti-apoptotic signals or stimulated by the
failure to efficiently remove the apoptotic cells (Herrmann et al. 1998; Taylor et al.
2000). Cytokine imbalance between IL-10 and IL-12 (Houssiau et al. 1995; Liu
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and Jones 1998) results in further B cell activation and inhibition of T cell function
(Emilie and Mariette 2001). IL-12 levels are down-regulated by IL-10, with lower
levels correlating with increased disease activity and nephritis (Liu and Jones 1998;
Min et al. 2001). Interestingly, B cells also appear to have an autoantibody inde-
pendent role in SLE, including presentation of self antigen to T cells and regulation
of T cell activation (Chan et al. 1999a). An antibody-independent role is also sup-
ported by clinical recent studies, which demonstrate significant improvement in SLE
disease activity following rituximab induced B cell depletion even in the absence of
substantial antibody reduction (Anolik et al. 2004; Looney et al. 2004).

3.2 Trials of Rituximab in Systemic Lupus Erythematosus

3.2.1 Open Phase I/II Trials

Increasingly, rituximab is being studied in patients with SLE unresponsive or poorly
responsive to conventional therapies. Several small uncontrolled series have sug-
gested merit for B cell depletion in this cohort, although formal placebo controlled
studies remain outstanding. An early phase I/II trial of rituximab for patients with
mild to moderately active SLE without severe organ involvement reported toler-
ance and efficacy using a dose escalation protocol of between a single 100mgm−2

dose and four weekly 375mgm−2 doses with 40 mg oral prednisolone pre-treatment
(Anolik 2002). Twelve patients were initially treated, later extended to 18 (Looney
et al. 2004), demonstrating that higher dosage resulted in more prolonged and con-
sistent B cell depletion. Effective B cell depletion was associated with significant
improvements in the Systemic Lupus Activity Measure (SLAM) score by 1 month,
which persisted for 12 months. Interestingly, despite these significant improvements
as assessed by the SLAM, corrections in anti-dsDNA antibody titres and comple-
ment occurred variably, although they were altered in the in two patients who had
complete and prolonged B cell depletion. In patients in whom B cells did not deplete
well, SLAM scores did not improve, and in some HACAs developed. Development
of HACAs was associated with lower doses of rituximab, less depletion of B cells,
higher baseline SLAM scores, homozygosity for the low affinity allele FcγRIIIa and
African American ancestry. As part of these studies, evaluation of discrete periph-
eral B cell subsets in the patients after B cell depletion demonstrated improvements
in B cell homeostasis and tolerance, despite persistence of autoantibodies, support-
ing an antibody-independent role for B cells in SLE pathogenesis (Anolik et al.
2004). Of interest, another phase I/II open study using full dose rituximab also
reported excellent B cell depletion in six of seven patients without evidence of sero-
logical changes (Albert et al. 2003).

Six patients with more severe active disease were investigated in an open study
using a combination of two doses of 500 mg rituximab, two 750 mg infusions of
cyclophosphamide and high dose oral corticosteroids. One patient was unrespon-
sive at 3 months and then lost to follow up. All the remaining patients improved
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clinically in their systemic, cutaneous and joint symptoms as assessed by the British
Isles Lupus Assessment Group (BILAG), and a proportion showed improvement in
haematological parameters, C3 levels and anti-dsDNA titres (Leandro et al. 2002b).
The BILAG index distinguishes disease activity in eight organs or systems and is
based on the principle of the physician’s intention to treat (Hay et al. 1993). In
the patients with nephritis, improvement in urine protein to creatinine ratio was
observed. Extended review demonstrated that two of the five patients continued dis-
ease free and without immunosuppressive agents for 2 and 3 years post B cell deple-
tion, respectively. Relapse occurred in the remaining patients simultaneously or post
B cell repopulation. Similarly encouraging results were published by the same group
who used two doses of 1,000 mg rituximab, two doses of 750 mg cyclophosphamide
and high dose corticosteroids over 2 weeks for 14 patients with treatment ‘resis-
tant’ active renal lupus (WHO class IV or V), including failure with intravenous
cyclophosphamide (Leandro et al. 2003). Reponses of six of the most ‘homoge-
nous’ patients with lupus nephritis were analysed, and reductions in disease activity,
improvement in renal function and immunological and haematological indices were
reported. Apart from mild infusion reactions, adverse events were minimal. Vigna-
Perez and colleagues Vigna-Perez et al. (2006) also studied the clinical and immuno-
logical effects of rituximab in 22 patients with active disease and lupus nephritis
(mainly WHO class III or IV) refractory to conventional therapies. Twenty patients
depleted sufficiently and significant reductions in disease activity (MEX-SLEDAI)
and proteinuria (p < 0.05) were achieved. No significant changes in dsDNA anti-
body levels or complement levels were detected. There was one patient death due to
an opportunistic infection and no other serious adverse events were observed. This
study also examined the effect of rituximab on regulatory T lymphocytes, demon-
strating a transient rise in various subsets, including TREG(CD4 + CD25bright) and
Tr1 (CD4+ IL−10+) cells accompanied by an increase in the suppressor function
of TREG lymphocytes. Apoptosis of T cells were also increased, and further work is
required to elucidate the mechanism responsible.

In 2005, Leandro and colleagues Leandro et al. (2005) reported the long-term
follow-up data of 24 patients with severe SLE who had received rituximab in an
open study (usually 1 g IV 2 weeks apart) accompanied by two 750 mg cyclophos-
phamide infusions and two methylprednisolone infusions of 250 mg each. Disease
activity was assessed every 1–2 months using the BILAG system and estimates
of anti-dsDNA antibodies and serum C3 levels. In accordance with this groups’
usual practice, concomittant immunosuppressive agents were stopped when B cell
depletion was given. One patient did not deplete and one repopulated at 3 months
requiring re-treatment. Manifestations such as arthralgia/arthritis, fatigue, serositis,
nephritis, thrombocytopenia and haemolytic anaemia responded particularly well.
From the time of B cell depletion to 6 months post therapy, the mean global BILAG
score, serum C3 and dsDNA binding all significantly improved (P < 0.00001,
P < 0.0005 and P < 0.002, respectively). The period of B cell depletion ranged from
3–8 months, except for one patient who remains depleted over 5 years. Treatment
was well tolerated in the majority of patients. A review of repeated B cell depletion
therapy for patients with refractory SLE reported a median clinical benefit of 12
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months and a favourable safety profile, which augurs well for longer term treatment
(Ng et al. 2006). There has been a single report of use of humanised anti-CD20
monoclonal antibody for the treatment of a patient with severe treatment resistant
SLE, which described remarkable clinical and serological improvement despite the
presence of a HACA following rituximab use (Tahir et al. 2005).

Together, these open studies support the notion that rituximab therapy seems to
offer an alternative option for lupus patients with active systemic disease, who have
failed or are only partially responsive to conventional treatments. Future studies
should help clarify the observed variability in the degree of B cell depletion that is
achieved with rituximab in patients with SLE and also in the association between B
cell depletion, levels of circulating antibodies and patient response. Trials to estab-
lish optimal dosing regimens, requirements for adjuvant therapies and long-term
tolerability are in progress but most importantly, we eagerly await publication of a
large double blind randomised control trial.

4 Future B Cell Targeted Therapies

4.1 Epratuzumab

Epratuzumab is a humanised monoclonal antibody recognising the pan B cell sur-
face marker CD22. In addition to being a target on B cells, the CD22 molecule is
involved in intracellular signalling and also modifies signalling via other surface
molecules, including the B cell receptor. Genetic studies have demonstrated that
CD22 polymorphisms are linked to SLE, making it an attractive therapeutic tar-
get for autoimmune diseases. The benefit of epratuzumab may be twofold; either
via B cell depletion and/or modification of B cell function. In a recently published
open study of 14 patients with moderately active SLE, patients received intravenous
two weekly 360mgm−2 epratuzumab with four doses with anti-histamine/analgesic
premedication (Dorner et al. 2006). No steroids were administered with the treat-
ment. Regular evaluation over 18 weeks demonstrated a ≥50% reduction in BILAG
scores, although due to small numbers statistical significance could not be shown.
The medication was well tolerated and an approximately 35–40% decrease in B cell
was achieved with epratuzumab without significant changes in T cells, immunoglob-
ulins or autoantibodies. As in other reports of its use, therapeutic practice with
epratuzumab is complicated by inconsistent and unpredictable effects of the drug
in individual patients. Further evaluation requires larger controlled studies before
more widespread utilisation.

4.2 Anti-B Lymphocyte Stimulator Monoclonal Antibody

B Lymphocyte Stimulator (BLys) is a member of the tumour necrosis factor li-
gand superfamily and a human monoclonal antibody against it has been shown to
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modulate B cell immune responses by a reduction of apoptosis and interference
in B cell development and differentiation. A phase I open study using anti-BLys
monoclonal antibody demonstrated a reduction in anti-dsDNA antibody titres and
immunoglobulins (Furie 2003). Belimumab, the lead in a series of human mono-
clonal antibodies against the human protein BLyS (Human Genome Sciences, Cam-
bridge Antibody Technology and GlaxoSmithKline), has completed phase II clini-
cal trials in RA and SLE. The double blind placebo controlled trial with belimumab
(1,4 or 10 mg kg−1 or placebo at 0,14 and 28 days followed by every 4 weeks for 24
weeks) in 283 patients with RA demonstrated drug tolerability and efficacy (McKay
et al. 2005). There were significant improvements in ACR20 at 24 weeks compared
to placebo, although sub-analysis revealed none of the sero-negative patients had an
ACR20 response at 24 weeks. Overall, the clinical effect was negligible and may
not be clinically significant, thus necessitating further studies. A phase III clinical
trial of belimumab for patients with SLE is scheduled to begin in late 2006.

5 Conclusion

In studies to date, rituximab appears to be an efficacious and a generally well tol-
erated treatment option for patients with RA and SLE poorly or partially respon-
sive to more conventional therapies. Definitive confirmation, however, of its role
in SLE awaits the outcome of randomised controlled trials. In both RA and SLE
there may be variability in the degree of B cell depletion achieved with rituximab,
and also in the association between B cell depletion, levels of circulating antibod-
ies and patient response (Edwards and Cambridge 2001; Specks et al. 2001; Anolik
et al. 2004). Further studies to address these questions are necessary and future clin-
ical trials will also continue to evaluate important long term safety data, as well as
further exploring the role of rituximab in rheumatoid factor negative RA, whether
rituximab therapy triggers or exacerbates other autoimmune diseases and whether
it prevents disease progression or even induces long term remission. There is also
a need to establish clinical and serological profiles of those patients with RA and
SLE who are more, or less, likely to respond well to B cell depletion. The next few
years promise to continue as exciting times as B cell targeted therapies in RA and
SLE patients develop and we benefit from increasing understanding of autoimmune
disease pathogenesis.
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Abstract The biology of the human epidermal growth factor (EGF) receptor-2
(HER2) has been reviewed numerous times and provides an excellent example for
developing a targeted cancer therapeutic. Herceptin, the FDA-approved therapeutic
monoclonal antibody against HER2, has been used to treat over 150,000 women
with breast cancer. However, the developmental history of Herceptin, the key events
within the program that created pivotal decision points, and the reasons why deci-
sions were made to pursue the monoclonal antibody approach have never been ade-
quately described. The history of Herceptin is reviewed in a way which allows the
experience to be shared for the purposes of understanding the drug discovery and
development process. It is the objective of this review to describe the pivotal events
and explain why critical decisions were made that resulted in the first therapeutic to
successfully target tyrosine kinases in cancer. New approaches and future prospects
for therapeutics targeting the HER family are also discussed.

1 Magic Bullets and Monoclonal Antibodies

The specific targeting of disease-causing organisms, or diseased cells, was first artic-
ulated by Ehrlich, who reasoned that because it is possible to differentially stain
cancer and normal cells, it should be possible to specifically target cancer (perspec-
tive by Witkop 1999). Based upon this work, many successful chemotherapeutics
have been created. However, because diseased and normal cells share biochemical
pathways, and are much more similar than they are different, targeting disease pro-
cesses by interrupting cellular metabolism without toxicity to the host has remained
a problem in drug discovery.

Subtle differences between normal and tumor cells include a greater dependence
of cancer cells on glucose metabolism instead of the citric acid cycle for the genera-
tion of adenosine triphosphate (the “Warburg Effect”; Ashrafian 2006), and a greater
use of uracil to support their growth (“uracil flux”), leading to the discovery of fluo-
rouracil as a chemotherapeutic (Heidelberger et al. 1957). These targets for therapy
share the inherent problem that the differences are a matter of degree. While the flu-
orouracils are clearly effective, with a role to play in the treatment of many cancers
(Dorr and Von Hoff 1994), their efficacy is more a result of the relative leakiness of
blood vessels in tumors (leading to drug localization) than it is to the specific target-
ing of cancer cell metabolism. In fact, thymidylate synthase, the enzyme inhibited by
the fluorouracils, is predictably expressed to a higher degree in tumor cells than it is
in normal cells. As a result, normal cells (with lower thymidylate synthase, like gut
epithelium, skin fibroblasts, and hematopoeitic cells) are generally more sensitive to
the cytotoxic effects of fluorouracils than are tumor cells, which have a higher intra-
cellular concentration of the enzyme (Lackey et al. 2001; Li et al. 2001). The goal
of the modern era of cancer treatment is to create drugs that preferentially damage
tumor cells based upon their specific biochemical properties, and leave normal cells
relatively free from injury: the realization of Ehrlich’s “magic bullet” hypothesis.
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The enablement of this goal in cancer treatment required several important
advances in drug discovery. Key discoveries include identifying cancer-specific anti-
gens (e.g., tyrosine kinases and other enzymes), understanding disease pathways,
and developing a means for specifically targeting diseased cells. The discovery
of viral oncogenes which encode tyrosine kinases, and subsequently the finding
that mutations in some normal cellular tyrosine kinases can cause them to become
oncogenic, resulting in cellular transformation (immortality, anchorage indepen-
dent growth, and the ability to form tumors in immune-deficient mice), reviewed
by Bishop (1989) and Varmus (1989), provided the basis for targeting the human
epidermal growth factor receptor 2 (HER2) protooncogene with a monoclonal anti-
body. Since the approval of Herceptin in 1998, the tyrosine kinases have become
the archetypical example of a validated target in cancer, and monoclonal antibodies
have become an accepted biopharmaceutical to target cell surface receptors.

Especially relevant to Herceptin, the early enabling oncogene discovery was the
finding that the v-erb-B oncogene, derived from chicken erythroblastosis virus,
shared significant homology with the human epidermal growth factor receptor
(EGFR or HER1), thereby giving rise to the hypothesis that under conditions of con-
stitutive activation, EGFR might be implicated in human cancer (Kris et al. 1985).
Further work proved this hypothesis and motivated the discovery of HER2, also
known as human NEU, erb-B2, or NGL (Coussens et al. 1985; King et al. 1985;
Schechter et al. 1985; Semba et al. 1985; Yarden and Ullrich 1988). The focus of
this chapter is the discovery and pharmacological studies that led to the approval
of Herceptin, a humanized monoclonal antibody targeting the receptor extracellu-
lar domain encoded by HER2 (p185HER2). At the time when Investigational New
Drug (IND)-enabling efforts began for Herceptin, only EGFR and HER2 had been
described (Yarden and Ullrich 1988). The field has made tremendous advances since
this time, powered in large part by the commercial success of Herceptin. Herceptin
provided the first “magic bullet” targeted at tyrosine kinases to treat cancer. A dis-
cussion later in the chapter will outline newer approaches to targeting the Human
EGFR (HER) family.

2 The Discovery and Development of HER Therapeutics

2.1 Setting the Stage

Direct causal relationships between oncogene amplification and/or overexpres-
sion and certain types of cancer were less well defined in the 1980s (during the
initial development efforts for Herceptin) than they are now. One of the most
critical events in the research leading to Herceptin was reported by Weinberg
and colleagues (Schechter et al. 1984). This involved the discovery of the first
oncogenic receptor tyrosine kinase oncogene, NEU. It was discovered by gene
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transfection/transformation of fragmented DNA from a series of rat neuroblastomas
into NIH 3T3 cells (the focus-forming assay; Shih et al. 1981).

The product of the HER2 protooncogene (p185HER2) is a transmembrane Type
1 receptor tyrosine kinase with extensive homology to the EGFR (Coussens et al.
1985; Schechter et al. 1985; Yarden and Ullrich 1988) and now known to have simi-
lar homology with HER3 and HER4 (Katoh et al. 1993; Zhou and Carpenter 2002).
HER2 can be distinguished from HER1, 3, and 4 by differences in chromosomal
location, transcript size, molecular mass, ligand activation of the associated tyro-
sine kinase, and antigenicity, as determined by interaction with specific monoclonal
antibodies (Citri and Yarden 2006; Kumar and Pegram 2006; Prenzel et al. 2001).

We will review the science behind Herceptin development from a historical per-
spective. It is our goal to provide a roadmap that can be generally applied to the
assembly of the rationale for the development of other successful therapeutics. We
will describe the progression of the science beginning with the discovery of the
HER2 protooncogene through the demonstration that overexpression leads to cellu-
lar transformation, tumor cell resistance to elements of the host immune system, and
other characteristics that create a disease-specific signaling pathway in cancer cells.
This pathway was the focus of efforts that resulted in the development of Herceptin,
the first biopharmaceutical to demonstrate clinical proof of concept and the value of
targeting tyrosine kinases in cancer.

2.2 The Development of a Preclinical Rationale

A striking convergence of basic science, clinical research, and translational medicine
occurred within a short interval that resulted in the enablement of HER2 as a thera-
peutic target (Fig. 1).

2.3 A Perversion of Nature

2.3.1 Growth Factor Activation of Tumor Cell Tyrosine Kinases Mediate
Resistance to Immune Effector Molecules

The discovery that activation of growth factor receptors can limit the ability of tumor
necrosis factor-alpha (TNF-α) to inhibit tumor growth was a key finding in the his-
tory of the development of Herceptin (Fig. 2).

These results suggested that tumor cells may be able to secrete growth factors,
not only to promote their own proliferation, as suggested by the autocrine growth
factor model (Sporn and Todaro 1980), but also as a protective mechanism against
host immune surveillance (Fig. 4).
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Fig. 1 Decision to develop Herceptin. Several of the most important events and data are summa-
rized in this figure, with each step referenced by number. References: (1) Hudziak et al. (1987);
(2) Hudziak et al. (1988, 1989); (3) Slamon et al. (1987, 1989); (4) Lewis et al. (1993); (5) Muller
et al. (1988); (6) Maneval et al. (1991b)

Fig. 2 Antagonism of rHuTNF-α-mediated growth inhibition by EGF or TGF-α on ME-180
cervical carcinoma cells. Open circles: growth factor alone; boxes: 50 u ml−1 TNF-α; triangles:
500 u ml−1; closed circles: 5,000 u ml−1. The left axis (0) represents the effect of rHuTNF-α alone
(Sugarman et al. 1987)
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2.3.2 Activation of Receptor Tyrosine Kinases is Associated
with Tumor Cell Resistance to Macrophages and TNF-α

To further establish the link between tyrosine kinase activation in tumor cells and
immune cell resistance, two approaches were taken. First, NIH 3T3 fibroblasts were
transfected with expression plasmids encoding p185HER2 and cell lines were isolated
as controls, or which express control plasmids and high levels of p185HER2. Second,
spontaneous transformants of NIH 3T3 fibroblasts, which are often associated with
amplification of the c-Met protooncogene (Giordano et al. 1989), were examined
for associated resistance to TNF-α. These are two independent methods and very
different examples of receptor tyrosine kinases.

When cells selected for increased p185HER2 expression were tested for sensitiv-
ity to macrophage-mediated cytotoxicity, it was found that high levels of p185HER2

expression were associated with resistance to “effector” cells (Fig. 3a, Hudziak et al.
1988). Similarly, when spontaneous transformants of NIH 3T3 fibroblasts were
characterized for increased c-Met gene copy number, it was found that amplified
c-Met was associated with increased resistance to TNF-α (Fig. 3b).

These results support the concept that activation of tyrosine kinases by added
growth factors, spontaneous gene amplification or gene transfection, are associated
with resistance to immunosurveillance by macrophages/TNF-α.

Fig. 3 Oncogene amplification and resistance to macrophage- or TNF-α-mediated cytotoxicity. (a)
Macrophages are known to have a key role in eliminating incipient tumors (Urban and Schreiber
1988), but the frequency of tumor cell resistance (∼10−4 for some cell lines; Lewis et al. 1987)
means that escape from this single mechanism is common. Macrophage effector molecules, espe-
cially TNF-α, can then act to stimulate tumor cell proliferation (Hudziak et al. 1988, Lewis et al.
1987) and angiogenesis (Leibovich et al. 1987). (b) The c-Met protooncogene is often amplified in
spontaneous transformants of NIH 3T3 fibroblasts. In this experiment, spontaneous transformants
were subcloned, then tested for sensitivity to TNF-α. The results showed decreasing sensitivity
correlates with increased c-Met gene copy number (Hudziak et al. 1990)
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Fig. 4 Tumor cells characterized by autocrine stimulation of receptor tyrosine kinase activity are
selected via activated macrophages to form a clinical tumor

2.3.3 Macrophage-mediated Antitumor Effects are Converted
to Protumorigenic During In Vivo Tumor Progression

While the macrophage may be instrumental in the initial detection and destruction of
tumor cells (Urban et al. 1986), its effects, if unsuccessful in the first instance, may
potentiate tumor cell growth and malignancy (Lewis et al. 1987, Fig. 4, see “Clinical
Tumor”). Mechanisms that modulate tumor cell sensitivity to the host immune
system play an important role in the growth of an incipient tumor, and the continued
presence of activated macrophages within a resistant tumor may help to establish
a protumorigenic environment. Our work established that antireceptor agents can
reverse oncogene-associated immune resistance, and provided a critical element in
building a rationale for the use of tyrosine kinase antagonists in the treatment of
cancer.

2.4 Biologic Effects of Amplified HER2 Expression

Following the first molecular description of the sequence encoding p185HER2,
its extensive homology with the rat NEU protooncogene was quickly established
(Coussens et al. 1985; Yarden and Ullrich 1988). Further work distinguished NEU
and HER2 by showing that a mutation in the transmembrane domain of p185NEU

was sufficient to enable transforming activity (Weiner et al. 1989), while ampli-
fied expression of the wild-type HER2 protooncogene was sufficient to transform
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fibroblasts in culture (Hudziak et al. 1987). Very rapidly, Slamon and colleagues at
the University of California (Los Angeles) and Ullrich (Genentech, Inc.) initiated
a collaboration that provided a critical link between amplified expression of HER2
and aggressive breast and ovarian cancer (Slamon et al. 1989, 1987). In this work,
it was demonstrated that threefold to fivefold overexpression of tumor-associated
p185HER2 predicted a dramatically shortened survival in breast and ovarian cancer
patients. A direct connection between HER2/NEU and breast cancer was further
supported when transgenic mice overexpressing the NEU oncogene specifically
developed mammary adenocarcinoma (Muller et al. 1988). Completing the cause
and effect relationship between overexpression of p185HER2 and cellular malig-
nancy, Hudziak et al. (1988, 1989) demonstrated that the earlier described resis-
tance to macrophage killing that characterized growth factor activated tumor cells
(Sugarman et al. 1987) also occurred in tumor cells which overexpress p185HER2

(Fig. 3a) or which are characterized by amplification of the c-Met protooncogene.
Many explanations have been offered for the connection between HER2 over-

expression and disease progression. It is likely that HER2 overexpression leads
to enhanced signaling with other members of the HER family (EGF formation;
Pinkas-Kramarski et al. 1996), and potentially to coupling with other receptor tyro-
sine kinases, like the IGF-1 receptor (Nahta et al. 2005). This strong coupling is sup-
ported by in vitro proliferation data which show that cells overexpressing p185HER2

can be much more sensitive to antibodies directed to the extracellular domain of
p185HER2 (see Sect. 2.5.2).

In summary, overexpression of p185HER2 transforms cells (enabling growth in
soft agar and in nude mice) induces tumor cell resistance to the cytotoxic effects
of macrophages, and is correlated with an aggressive form of breast and ovarian
cancer.

2.5 Proof of Concept for Antagonists of p185HER2

2.5.1 In Vitro Proof of Concept

No growth factor has yet been found which directly activates either p185NEU or
p185HER2 (Hynes and Lane 2005). For this reason, p185HER2 is a noncanonical
receptor and mechanisms which may be able to modulate it were not obvious.
The most similar system is the human EGFR/HER1, for which Mendelsohn and
colleagues had reported successful antibody-mediated inhibition (Gill et al. 1984).
Similarly, the oncogenic version of rat p185NEU was found to be downregulated by
monoclonal antibodies directed to its extracellular domain (Drebin et al. 1985).

Fendly et al. (1990b) prepared a large array of monoclonal antibodies directed
against the extracellular domain of p185HER2. These monoclonal antibodies were
screened in proliferation assays against normal and tumor cells which expressed
a spectrum of p185HER2 levels (Lewis et al. 1993; Park et al. 1992; Shepard
et al. 1991). Some of these data are shown in Table 1. Multiple monoclonal
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Table 1 Effect of anti-p185HER2 monoclonal antibodies on the growth of human tumor cell linesa

Cell Line Relative P185HER Relative Cell Proliferation (% of control)
Expressionb 4D5 3H4 2C4 7F3 7C2 6E9

184 1.0 116 114 109 116 117 103
184A1 0.3 129 110 103 106 104 110
184B5 0.8 108 107 105 108 108 106
HBL-100 1.0 104 102 103 96 104 105
MCF7 1.2 101 113 100 111 112 105
MDA-MB-231 1.2 91 100 93 98 104 013
ZR-75-1 3.3 102 105 99 97 108 97
MDA-MB-436 3.3 97 91 98 93 92 101
MDA-MB-175 4.5 62 77 29 48 87 96
MDA-MB-453 16.7 61 65 88 80 70 101
MDA-MB-361 16.7 63 67 64 76 105 99
BT474 25.0 27 29 60 21 78 91
SK-BR-3 33.0 33 40 73 51 82 89
SK-OV-3 16.7 77 85 87 91 97 99
MKN7 16.7 99 102 103 111 106 108
KATO III 5.0 91 102 101 98 107 99
COLO201 8.3 107 132 123 125 122 110
SW1417 6.7 98 97 99 100 98 96
a Cells were seeded in 96-well microtiter plates and allowed to adhere before the addition of differ-
ent anti-p185HER2 monoclonal antibodies at a final concentration of 10µgml−1. Monolayers were
stained with crystal violet dye after 5 days for determination of relative cell proliferation. Each
group consisted of 8–16 replicates, with the coefficient of variation for each group always less than
12%
b Levels of anti-p185HER2 expression were measured by fluorescence-activated cell sorting, relative
to the 184 mammary epithelial cell

antibodies were active in monolayer proliferation assays. The monoclonals induced
both inhibitory and stimulatory effects on cell proliferation, and response data
were dependent on the cell line. For instance, the monoclonal 7F3 had the greatest
antiproliferative effect of all antibodies tested vs. the HER2-overexpressing BT474
breast tumor cell line in monolayer proliferation assays. However, 7F3 also stimu-
lated growth of some tumor cell lines (e.g., COLO201). The cell lines shown in the
box in Table 1 had high levels of expression of p185HER2, but were less sensitive
than expected. The explanation for this difference of activity between cell lines
and among antibodies is not known (see Sect. 6.1). Most of the antibodies with
an antiproliferative effect on HER2-overexpressing tumor cells were found to stim-
ulate growth of nontumorigenic fibroblasts (Table 1). Overall, the best correlation
between p185HER2 expression and growth inhibitory activity in vitro (in these exper-
iments, and in soft agar assays) was with the monoclonal 4D5 (muMAb4D5). Based
upon this correlation, and animal xenograft studies (Park et al. 1992), future work,
including humanization of antibody, focused on muMAb4D5. Follow-on preclinical
studies have also been conducted with the 2C4 monoclonal antibody (muMAb2C4).
The rationale for clinical testing of the humanized muMAb2C4 (Pertuzumab) is
based upon its ability to bind to the dimerization domain of p185HER2 and prevent
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Fig. 5 Relationship between p185HER2 expression and growth inhibition mediated by muMAb4D5
on human breast cell lines, normal and tumor (open circles), and other types of tumor cells over-
expressing p185HER2 (filled circles, Lewis et al. 1993)

receptor multimerization (Adams et al. 2005). Successful preliminary data with Per-
tuzumab in combination with chemotherapy in a subset of ovarian cancer patients
have recently been reported (Makhija et al. 2007).

The data shown in Table 1 show that overall muMAb4D5 has the best activity vs.
tumor cells which overexpress p185HER2.

Figure 5 shows the nonlinear relationship between response to muMAb4D5 and
p185HER2.

There are two aspects of this nonlinear relationship which are particularly note-
able: (1) the inflection point of the curve (3–5 × overexpression) is very similar
to the level of expression that predicts more aggressive breast and ovarian cancer
(Slamon et al. 1989, 1987); and (2) there are a number of cell types which fall
above the best-fit regression line. These cells are “inherently resistant” to the growth
inhibitory effects of muMAb4D5. Several theories have been advanced to help
explain the inherent resistance. Probably the most common of these mechanisms
is tumor cell co-expression of the human EGFR (HER) family members (Sergina
et al. 2007).

2.5.2 Overcoming Tyrosine Kinase Inhibition of Macrophage
(TNF-α)-Mediated Tumor Cell Cytotoxicity

The clear relationship between tyrosine kinase activation and resistance to TNF-α
(Sect. 2.5.1) predicted that downregulation of tyrosine kinase activity could enhance
the antitumor effect of TNF-α. To test this we treated breast tumor cells in culture
with muMAb4D5 in the presence or absence of rHuTNF-α (Fig. 6).

In most HER2-overexpressing cell types, the combination of rHuTNF-α and
muMAb4D5 results in an additive antiproliferative effect, and in others the effect
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Fig. 6 MuMAb4D5 treatment sensitizes p185HER2 breast cancer cells to the cytotoxic effects of
rHuTNF-α. Monoclonal antibody 4D5 sensitizes breast tumor cells to the cytotoxic effects of TNF-
α. Cells were plated in 96-well microdilution plates (4×104 cells per well) and allowed to adhere
for 2 h. MuMAb 4D5 (5µgml−1) or antihepatitis B surface antigen monoclonal antibody 40.1.H1
(5µgml−1) was then added for a 4-h incubation prior to the addition of TNF-α to a final concen-
tration of 104 units ml−1. After 72 h, the monolayers were washed twice with PBS and stained with
crystal violet dye for determination of relative cell proliferation. In addition, some cell monolayers
were stained with crystal violet following adherence in order to determine the initial cell density
for comparison with cell densities measured after 72 h (Hudziak et al. 1989)

is more pronounced. In any case, it is likely that part of the in vivo activity of
Herceptin stems from the renewed ability of macrophages to inhibit the growth of
HER2-overexpressing cancers.

2.6 In Vivo Proof of Concept with MuMAb4D5

2.6.1 Tumor Xenograft Studies with MuMAb4D5

Initial studies of the in vivo antitumor activity of muMAb4D5 were performed in
nude mice bearing human tumor xenografts. Human breast or ovarian tumors that
overexpressed p185HER2 were implanted into the subrenal capsule, and tumors were
permitted to form. Mice were then treated intravenously with muMAb4D5 or an
irrelevant isotype-matched control monoclonal antibody, muMAb5B6. Tumors were
excised and weighed to evaluate effects on growth. Experimental results in models
of ovarian (see Table 2) and breast cancer (see Park et al. 1992) demonstrated both
target-specific and dose-dependent antitumor effects of muMAb4D5.
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Table 2 MuMAb4D5 inhibits growth of human ovarian tumor xenografts in mice

Material Total dose (mgkg−1)a Tumor weight (mg)b

PBS − 1,288±865
Control IgG (MuMAb5B6) 90.9 1,416±483
MuMAb4D5 1.5 1,187±825
MuMAb4D5 3.0 1,026±330
MuMAb4D5 7.5 1,287±919
MuMAb4D5 15.0 812±669
MuMAb4D5 36.4 715±529
MuMAb4D5 90.9 698±174
a Human ovarian tumors were implanted in the subrenal capsule of athymic mice. Monoclonal
antibodies were administered as equally divided doses on days 12, 15, and 18 post tumor implan-
tation
b Tumors were excised on day 22 and weighed wet. Data are mean ± SD (n = 8/group; Maneval,
Pegram, Shepard, and Slamon, unpublished data)

The subrenal capsule nude mouse model was also used to characterize the biodis-
tribution of muMAb4D5. 125I-labeled muMAb4D5 was injected intravenously to
tumor-bearing mice, and mice were sacrificed at 5 min, 3 h, 24 h, 3 or 7 days. As
a control, a separate cohort of tumor-bearing mice received 125I-muMAb5B6, and
mice were sacrificed at 24 h or 7 days.

Whole body sagittal sections were exposed to film together with 125I standards
to generate autoradiograms (Fig. 7). Tumor accumulation was negligible 5 min after
dosing of 125I-muMAb4D5, but continually increased over the initial 24-h interval
(see arrows in Fig. 7). Tumor-to-blood ratios increased throughout the 7-day study.
In contrast to 125I-muMAb4D5, tumor accumulation of 125I was not evident after
administration of the radiolabeled control antibody. These results demonstrated the
in vivo localization of muMAb4D5 to tumors overexpressing p185HER2. Further
studies with the radiolabeled, humanized version of muMAb4D5 demonstrated that
tremendous efficacy is achievable in these tumor models by combining the pref-
erential localization and internalization by antibody with the cytotoxic effects of
radioimmunotherapy.

These initial experiments with muMAb4D5 led to more comprehensive studies
demonstrating the antitumor effects of therapy directed at p185HER2.

3 Proof of Concept for Therapeutic Antibodies
in Solid Cancer

3.1 The Controversy About Making a Successful Monoclonal
Antibody Therapeutic vs. Solid Cancer

By early 1990, a number of clinical studies had been performed with murine mon-
oclonal antibodies (muMAb), yet only one agent was approved for clinical use
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Fig. 7 Tumor localization of muMAb4D5. Athymic mice bearing human tumors in the subrenal
capsule received a single intravenous (IV) dose of 125I-muMAb4D5 (4D5) or control antibody
125I-muMAb5B6 (5B6). Autoradiograms were generated by exposing sagittal 20 µm sections to
film (nose at left in each panel). Radioactivity was evident in well-perfused tissues (e.g., heart,
liver) at 5 min and 3 h post dosing. Tumor (T →) uptake of 125I was evident by 24 h and 7 days. In
contrast, no specific localization of radioactivity was detected in the tumor of mice that received
125I-muMAb5B6 control (Maneval et al. 1991b)

(OKT-3). Despite more than a decade of intense research, no antibody-based drug
had yet been approved for use in oncology. However, a wealth of information on
the clinical use of murine antibodies, and the factors influencing effective antibody
delivery to tumors was available (for perspective see Blumenthal et al. 1990; Gold-
enberg 1991). The development of an anti-p185HER2 antibody (Herceptin) required
an effective strategy to address key challenges including: (1) the neutralizing effect
of human antimouse antibodies (HAMA) on the serum pharmacokinetics of active
antibody; (2) the inefficient in vivo delivery of macromolecules to solid tumors; and
(3) the potential for adverse events due to the specific binding of nontumor tissues
in humans.

3.2 MuMAb4D5 Therapy for Breast Cancer

The initial in vitro and in vivo studies described above for muMAb4D5 indicated the
potential therapeutic utility of this antibody for the treatment of breast cancer. More
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extensive preclinical investigation at UCLA and Genentech provided additional
support for muMAb4D5 therapy. Engineered cell lines were generated with differ-
ential expression of p185HER2 (Chazin et al. 1992). Subcutaneous xenografts with
these cells provided an in vivo model to demonstrate the activity of muMAb4D5 and
the potential synergy when added to chemotherapy (Pietras et al. 1994). Receptor-
mediated uptake and concentration of radiolabeled muMAb4D5 supported the
potential for radioimmunotherapy (DeSantes et al. 1992; Maneval et al. 1992)

A series of preclinical studies was also completed in nontumor bearing animals to
characterize the pharmacokinetics and biodistribution of muMAb4D5. These stud-
ies provided a dosing rationale for subsequent investigation of efficacy and safety.
Consistent with expectations for murine monoclonal antibodies, muMAb4D5 was
cleared slowly from the blood of all species tested (mice, rats, rabbits, and cynomol-
gus monkeys; Maneval et al. 1991c). Average terminal half-life ranged from 85 h in
monkeys to 459 h in mice. Peak circulating concentrations of muMAb4D5 indicated
an initial volume of distribution approximately equal to the plasma volume. A mon-
key antimouse antibody (MAMA) response was detected within 3 weeks of dosing
in a majority of monkeys treated with muMAb4D5 (Fig. 8). The MAMA response
occurred as early as 12 days after single intravenous injection and corresponded to
a rapid decline in measurable plasma concentrations of muMAb4D5.

Efficacy studies with muMAb4D5 indicated the need for sustained concentra-
tions of anti-p185HER2 antibody for therapeutic benefit. However, primate studies

Fig. 8 Pharmacokinetics of muMAb4D5 in cynomolgus monkeys. Adult female cynomolgus mon-
keys received a single intravenous injection of muMAb4D5 (2.5mgkg−1), and blood samples were
collected over a 21-day interval. Plasma concentrations of muMAb4D5 were measured by ELISA,
and data from individual monkeys (N = 3) were plotted vs. time (represented by squares, trian-
gles, and circles). Monkey antimurine antibodies (MAMA) were detected in the plasma as early as
day 12 (indicated by solid symbols). The MAMA response corresponded to a precipitous decline
in the measurable plasma concentrations of muMAb4D5 (Maneval et al. 1991a)
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with muMAb4D5 indicated a HAMA response was very likely to neutralize the ther-
apeutic activity of the murine antibody. Consequently, humanization of muMAb4D5
was considered essential to develop an antibody therapeutic directed at p185HER2,
and efforts to engineer Herceptin began in 1990 (Carter et al. 2000, 1992).

The availability of muMAb4D5 for clinical studies provided the opportunity
for parallel testing of other critical hypotheses for development of antibodies to
p185HER2. Would binding the HER2 receptor using pharmacological doses of
muMAb4D5 result in unanticipated toxicity in humans? Would muMAb4D5 tar-
get tumors in patients? Could evidence for antitumor activity be detected in cancer
patients treated with muMAb4D5? Clinical investigation with muMAb4D5 was also
expected to establish methodologies for patient selection, tissue sampling, serum
analysis, and dose optimization. Consequently, a Phase I trial with muMAb4D5
was conducted under the direction of Dr. Dennis Slamon at UCLA.

3.3 Phase I Investigation with MuMAb4D5

Seeking answers to the questions described above, a Phase I clinical study to eval-
uate the safety, pharmacokinetics, and tumor localization of an anti-p185HER2 anti-
body was initiated with muMAb4D5. Twelve breast and ovarian cancer patients
that overexpressed p185HER2 were enrolled in an open-label dose-escalation study.
Patients received a single intravenous administration of muMAb4D5 at doses rang-
ing from 3 to 500mgkg−1. Prior to dosing, muMAb4D5 was mixed with 1–5 mCi
131I-muMAb4D5 to enable external gamma scintigraphy and evaluation of tumor
localization.

MuMAb4D5 was well tolerated at all doses tested. Gamma camera imaging pro-
vided evidence for tumor localization. Pharmacokinetic analyses indicated a small
initial volume of distribution, dose-dependent clearance, and a long terminal half-
life. Consistent with observations from preclinical studies in primates, a HAMA
response was encountered, confirming a limitation of muMAb4D5 as an effective
biopharmaceutical. Results from this pivotal Phase I study provided the founda-
tion for creation and development of a humanized version of muMAb4D5, which
became Herceptin.

4 Development of Herceptin

4.1 Humanized Versions of MuMAb4D5

Humanized versions of muMAb4D5 were engineered to retain the binding speci-
ficity of the parent antibody and also to encode human-like residues even in
the hypervariable complementarity determining regions (CDRs). Some variants
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had higher affinity than others and binding affinity varied from 0.3 to 25 nM
(Carter et al. 1992). There was a general correlation between lower Kd and growth
inhibitory activity until an affinity of 1 nM was reached. The antibody chosen for
further study and development was designated rhuMab4D5 (later renamed Her-
ceptin/Trastuzumab). As a result of humanization, Herceptin is an IgG1 isotype
and was demonstrated to mediate antibody-dependent cellular cytotoxicity (ADCC).
Human peripheral blood mononuclear cells were isolated in the initial studies of
ADCC and the results showed 30–40% cytotoxicity utilizing SK-BR-3 tumor cells
(up to 25:1 effector to target cell ratio), as opposed to a maximum cytotoxicity of
about 10% utilizing WI-38 fibroblasts as target cells (Carter et al. 1992). These
results were promising and meant that both direct antiproliferative activity and
ADCC could be important for discriminating between normal cells and tumor cells.
It is not known whether ADCC is an important component for the general efficacy
of Herceptin, although there is evidence that it may have a role in at least some
patients (Arnould et al. 2006).

4.2 Characterization of Herceptin In Vivo

Study designs for the in vivo characterization of Herceptin were similar to the
preclinical studies performed with muMAb4D5. Tumor localization was demon-
strated using radiolabeled Herceptin (see Fig. 9), and dose–response studies resulted
in antitumor effects in nude mice bearing human tumor xenografts overexpressing
p185HER2. Herceptin was compared to control human immunoglobulin to demon-
strate target-specific activity. Comparisons of Herceptin with muMAb4D5 resulted
in similar but somewhat diminished antitumor activity in immunodeficient mouse
models of human cancer (Pietras et al. 1998). Subsequent investigation in other
mouse models of human cancer confirmed these observations (Baselga et al. 1998;
Pietras et al. 1998; Tokuda et al. 1996).

The novel mechanism of action of Herceptin encouraged investigation of the
effects of anti-p185HER2 antibodies when combined with chemotherapeutic agents
commonly used in cancer therapy (Baselga et al. 1998; Pegram et al. 1999; Pietras
et al. 1998). The observation that an antibody directed against EGFR (HER1) signif-
icantly enhanced the antitumor activity of cisplatin provided a basis for experimental
investigation (Aboud-Pirak et al. 1988). Initial studies combining muMAb4D5 with
cisplatin or carboplatin resulted in synergistic effects in human breast and ovarian
cancer cells that overexpressed p185HER2 (Pietras et al. 1994). Synergism was not
demonstrated in cells that expressed a low level of the receptor. The mechanism
of action of Herceptin when combined with cisplatin or doxorubicin was further
investigated in a series of in vitro and in vivo studies. In vitro studies demon-
strated that Herceptin interfered with drug-induced DNA repair and unscheduled
DNA synthesis. Dose-ranging studies evaluated the relative timing of administra-
tion, and results indicated receptor-enhanced chemosensitivity when the two agents
were given in close temporal proximity. These preclinical data provided the basis
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Fig. 9 Tumor localization of Herceptin in mice. Eight nude mice bearing large subcutaneous
tumors (>1cm3) on the right flank received a single intravenous injection of 186Re-muMAb4D5
(4D5), 186Re-Herceptin (HER2), or 186Re-human IgG (IgG). Mice were anesthetized and arranged
(nose facing image center) on the face of a gamma camera equipped with a parallel-hole collima-
tor. A 5-min acquisition was performed 1h post injection, and mice were returned to their cages.
Radioactivity was localized to tumors only in mice treated with 4D5 or HER2 (Maneval et al. 1993)

for dosing schedules for subsequent clinical investigation of Herceptin with DNA-
reactive drugs (Pietras et al. 1998).

Investigators at UCLA also performed an extensive series of preclinical stud-
ies to characterize the effects of anti-p185HER2 antibodies when combined with
other chemotherapeutic agents. In vitro experiments were completed that used eight
drugs from seven different classes of cytotoxic agents. These drugs were individ-
ually combined with Herceptin, and the effects on breast cancer cells that overex-
pressed p185HER2 were quantitatively assessed using a statistically robust index for
drug interactions. Synergy was demonstrated when Herceptin was combined with
cisplatin, thiotepa, or etoposide. Additive effects were observed when the antibody
was combined with doxorubicin, paclitaxel, methotrexate, and vinblastine. Interest-
ingly, the quantitative analysis resulted in a less-than-additive effect when Herceptin
was combined with 5-fluorouracil. A series of in vivo studies combining Herceptin
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with these cytotoxic agents was also performed using mice bearing human tumor
xenografts. Although quantitative assessment of synergy in vivo was not feasible,
the combination therapy resulted in enhanced antitumor effects that were consistent
with the in vitro observations (Pegram et al. 1999). These results provided a solid
preclinical rationale for combinations of Herceptin and chemotherapeutic drugs in
the treatment of breast cancer (Pegram et al. 1997, 2004).

A series of preclinical studies evaluating the pharmacokinetics and toxicology
of Herceptin was completed to support the submission of an IND and permit Phase
I clinical trials. Serum pharmacokinetics was characterized in mice and monkeys.
Similar to muMAb4D5, Herceptin was cleared slowly from the blood after intra-
venous administration. Whole body autoradiography also indicated a similar pat-
tern of tissue distribution of the two anti-p185HER2 antibodies in nude mice bearing
human tumors. In contrast to the HAMA response detected within 3 weeks of dosing
of muMAb4D5 (see Fig. 8), no evidence for anti-Herceptin antibody was detected
in the sera of cynomolgus monkeys dosed with single or multiple intravenous injec-
tions of Herceptin. Consequently, Herceptin serum concentrations were detected for
>2 months in the primate model (see Fig. 10). These data supported the assumption

Fig. 10 Serum pharmacokinetics of Herceptin in nonhuman primates. Cynomolgus monkeys
received a single or four weekly intravenous injections of Herceptin and blood samples were
collected over a 2-month interval. Serum concentrations of Herceptin were analyzed by ELISA
and are plotted vs. time after dosing. Symbols represent concentrations from individual monkeys
(unpublished)
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that Herceptin was likely to be less immunogenic than the parent murine antibody,
and serum concentrations were expected to be maintained for extended periods in
patients.

Measurements of the extracellular domain of immunoreactive p185HER2 in the
serum (i.e., shed antigen) were shown to correlate with tumor size in tumor-bearing
nude mouse models. Whole body clearance of radiolabeled Herceptin increased in
animals with larger tumors (Fig. 9). Taken together, these data supported the hypoth-
esis that shed antigen can affect the pharmacokinetics of Herceptin and suggested
that measurement of shed antigen may be important in clinical studies (Pegram et al.
1998). Shed antigen/receptor continues to be important in the evaluation of antibody
therapeutics and “ligand trap”-based biologics – for different reasons. If the level of
shed receptor is high, then higher doses of antireceptor monoclonal antibody may
be required, at least in the loading doses. Also, the presence of shed receptor in the
serum can interfere in analysis of the pharmacokinetics of therapeutic monoclonal
antibody (Maple et al. 2004).

4.3 Summary of the History of Clinical Trials
with Herceptin

Phase I investigation with Herceptin was initiated in 1992. Studies were designed
to evaluate safety, characterize serum pharmacokinetics, and test for evidence of
clinical activity of Herceptin in cancer patients that overexpressed p185HER2. The
initial single-dose open-label dose escalation (10–500 mg per patient) study in can-
cer patients was followed by two additional studies designed to test weekly dos-
ing and combination with cisplatin (50 or 100mgm−2, Shak 1999). Results from
Phase I investigation indicated that Herceptin was well tolerated at all doses tested.
A maximum tolerated dose was not achieved. Analysis of serum concentrations
demonstrated that Herceptin pharmacokinetics were well-predicted from clinical
experience with muMAb4D5 and preclinical studies with Herceptin in nonhuman
primates. Objective responses were reported in 4 of 15 patients that received the
combination therapy (Pegram et al. 1998), and co-administration of cisplatin had
no measurable effect on Herceptin pharmacokinetics. Importantly, no evidence for
an anti-Herceptin antibody response was detected after single or multiple dosing
(Baselga 2001; Leyland-Jones 2001; Yeon and Pegram 2005).

Pharmacokinetic modeling of Phase I data provided a rationale basis for the
design of the Phase II dosing strategies. In nonhuman primates, Herceptin exhibited
nonlinear pharmacokinetics, with an extended terminal half-life and slower serum
clearance at higher doses of the drug (see Fig. 10). Similar observations were made
in the Phase I studies (see Table 1, Leyland-Jones 2001). These results were consis-
tent with a model that involves saturation of the clearance mechanisms and provided
the basis for a “loading dose” that was incorporated into subsequent clinical inves-
tigation.
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In vitro studies with anti-p185HER2 antibodies demonstrated maximum inhibi-
tion of cell proliferation that varied with cell line and ranged from 1–10µgml−1

(Carter et al. 1992; Chazin et al. 1992; Lewis et al. 1993; Pegram et al. 1999; Pietras
et al. 1994). Tumor growth inhibition in vivo was typically observed with tumor
xenografts models at Herceptin doses that ranged from 1 to 10 mgkg−1, with inter-
study variations due to tumor type, level of p185HER2 expression, tumor vascularity,
tumor size, and the presence of serum ECD (Baselga et al. 1998; Pegram et al. 1999;
Pietras et al. 1998; Tokuda et al. 1996). Based on these preclinical findings, a tar-
get trough serum concentration of >10µgml−1 was set for Phase II clinical studies
with Herceptin (Pegram et al. 1999). Although measurable antitumor activity could
have been anticipated by maintaining a lower target trough serum concentration, the
absence of adverse events in Phase I supported the conservative notion of proceed-
ing to pivotal Phase II investigation with a relatively high dose of Herceptin. Phase
II study designs included a 250 mg loading dose followed by 100 mg weekly dos-
ing, a schedule that ensured >90% of patients would exceed the target (10µgml−1)
trough concentration.

Two Phase II studies were initiated in 1993–1994 to determine the overall
response rate of Herceptin therapy. Both studies enrolled patients with metastatic
breast cancers that overexpressed p185HER2. The objectives of these studies included
further investigation of the safety and pharmacokinetics of Herceptin as a single
agent and in combination with cisplatin (Shak 1999).

In the first study, 10 weekly doses of Herceptin were administered to 46 patients
that had received extensive prior therapy. Objective responses were reported in
five patients, including one complete remission. Herceptin was well tolerated and
detailed blood sampling indicated that serum concentrations were maintained above
10µgml−1 in >90% of patients. Serum pharmacokinetics were shown to be influ-
enced by the presence of circulating ECD. Anti-Herceptin antibodies were not
detected in any patient (Baselga et al. 1996).

Pegram and colleagues conducted a Phase II study that expanded on preclini-
cal and Phase I data combining Herceptin with cisplatin. Thirty-nine extensively
treated advanced breast cancer patients received 10 weekly doses of Herceptin in
combination with cisplatin on days 1, 29, and 57. Nearly half of patients treated
achieved a partial or minor response to therapy. The toxicity profile was consis-
tent with expectations for cisplatin alone, and serum pharmacokinetics of Herceptin
were not affected by the addition of chemotherapy. A significant inverse correla-
tion was demonstrated between circulating ECD and trough serum concentrations of
Herceptin. Although serum ECD was not considered a predictor of clinical response
in this trial, ECD had a measurable effect on serum pharmacokinetics and may
be a source of significant interpatient variability associated with Herceptin therapy
(Pegram et al. 1998).

Successful results from Phase II investigation led to the design of Phase III stud-
ies with Herceptin alone or in combination with chemotherapy. Based on results
from Phase II investigation, patient dosing was modified to normalize for body
weight (4 mg kg−1 loading dose; 2 mg kg−1 weekly dosing). Herceptin treatment as
a single agent resulted in an objective response rate of 15% in a study of 222 women
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with HER2-overexpressing breast cancer that had progressed after chemotherapy
(Cobleigh et al. 1999). Serum concentrations were maintained above 20µgml−1 in
>90% of patients. Mean trough concentrations were reported to be higher in com-
plete (70.3µgml−1) and partial (58.4µgml−1) responders than in nonresponders
(44.3µgml−1; P < 0.001). A single patient was shown to have detectable antibodies
directed against the Fab region of Herceptin. Although peak serum concentrations
were lower in this individual, no clinical signs of allergy were observed.

Clear evidence of clinical benefit of Herceptin therapy was reported by Slamon
and colleagues in 2001 (Slamon et al. 2001). Four hundred sixty-nine patients were
enrolled in a study and randomly assigned to receive standard chemotherapy alone
or in combination with Herceptin. Combination therapy resulted in an increased
objective response rate, a longer time to disease progression, a longer duration of
response, longer survival, and a 20% reduction in the risk of death. Importantly,
Herceptin significantly increased the cardiac dysfunction associated of anthracy-
cline therapy, an observation not anticipated from preclinical or early clinical stud-
ies. Although cardiotoxicity was severe in some cases, symptoms were effectively
treated with standard medical management. Data from the clinical trials summarized
above provided the basis for United States Food and Drug Administration approval
of Herceptin in September 1998, eight years after the molecular engineering of the
humanized antibody.

Recent results from a series of ongoing trials indicate that Herceptin is also
effective in the adjuvant setting. Four large-scale international clinical trials involv-
ing >13,000 patients with early-stage breast cancer positive for p185HER2 overex-
pression have demonstrated a survival benefit for patients treated with Herceptin
(reviewed in Baselga et al. 2006). Notwithstanding differences in patient popula-
tions, types and regimens of chemotherapy, randomization methods, and follow up
times, adjuvant therapy with Herceptin reduced the risk of disease recurrence in
early breast cancer patients by approximately 50% (see Table 3).

These extended trials have further demonstrated that Herceptin-related adverse
cardiac events remained at a clinically acceptable number, and no new or unexpected
toxicities were reported. However, longer follow-up is needed to make conclusive
statements regarding cardiac safety. Further clinical investigation is also required
to determine duration of dosing and optimal dosing regimens, relative timing of
administration with chemotherapy, and to compare combinations with anthracycline
or nonanthracycline-based chemotherapy. Overall, these international trials support
one year of adjuvant Herceptin treatment for women with early breast cancer that
overexpress p185HER2 (Baselga et al. 2006).

4.4 Current Status and Significance of Herceptin

Currently, more than 150,000 women have been treated with Herceptin (Genentech,
Inc.). Additional clinical studies are underway to further investigate the therapeu-
tic potential of Herceptin in breast cancer patients that overexpress p185HER2, with



204 H.M. Shepard et al.

Table 3 Clinical efficacy data with Herceptin as single agent and in combination with chemother-
apy in breast cancer patients

Therapy # Patients Response
ratea

Hazard ratiob Reference

Herceptin 46 11.6% (Baselga et al. 1996)
Herceptin +
cisplatin

39 24.3% (Pegram et al. 1998)

Herceptin 222 15% (Cobleigh et al. 1999)
Herceptin 114 26% (Vogel et al. 2002)
Herceptin + ACc 143 56% (Slamon and

Pegram 2001)Herceptin +
paclitaxel

92 38%

Herceptin +
paclitaxel

98 36% 0.66 PFSd (Robert et al. 2006)

Herceptin +
paclitaxel +
carboplatin

98 52% 0.90 OSe

docetaxel 94 34% (Marty et al. 2005)
Herceptin +
docetaxel

92 61%

doxorubicin,
cyclophosphamide,
paclitaxel

1,679 0.48 DFSf

0.67 OS
(Romond et al. 2005)

Herceptin +
doxorubicin,
cyclophosphamide,
paclitaxel

1,672

Herceptin 1,694 0.54 DFS (Piccart-Gebhart
et al. 2005)Observation 1,693

FECg, docetaxel or
vinorelbine

116 0.42 RFSh (Joensuu et al. 2006)

Herceptin + FEC, 115 0.41 OS
docetaxel, or
vinorelbine
a Response rate includes complete responders and partial responders
b The hazard ratio is calculated from time to event data for the individual studies and reflects the
beneficial effect of Herceptin vs. control. A hazard ratio of 1.0 indicates no effect
c Anthracycline (doxorubicin or epirubicin) plus cyclophosphamide
d Progression-free survival
e Overall survival
f Disease-free survival
g Fluorouracil, epirubicin, cyclophosphamide
h Survival free of recurrence

additional work focused on the possibility of targeting breast and other malignan-
cies with lower levels of HER2 expression. The latter work is quite important since
high overexpressing HER2 patients make up no more than 25% of all breast cancer.
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The Herceptin project has also provided guidance for other therapeutic advances,
including the first proof for the role of tyrosine kinase in cancer, methods for mea-
suring and standardizing target expression, and a model for development of novel
antireceptor therapeutics.

5 Alternative Therapies Targeting p185HER2

5.1 Radiolabeled Herceptin

Arming antibodies with cytotoxic drugs or radionuclides provides a conceptual
strategy to increase antitumor activity, consistent with Ehrlich’s fundamental
hypothesis. Radionuclides have been conjugated to monoclonal antibodies to
enhance tumor imaging (radioimmunodiagnosis, RAID) or tumor therapy (radioim-
munotherapy, RAIT). The recent FDA approvals of Zevalin and Bexxar demon-
strated the potential for therapeutic development of RAIT for cancer. Determinants
that influence successful RAIT and RAID include antibody size (full length vs. frag-
ment), antibody affinity, protein dose and antibody pharmacokinetics, tumor size,
location, vascularity, and levels of target expression in vivo. The selection of an
appropriate radionuclide is also dependent on physical half-life, the nature of physi-
cal decay (α, β, or γ emission), available radiochemistry techniques for conjugation,
and whether the intended use includes imaging, therapy, or both. The interplay of
numerous factors can affect the development of a radiolabeled monoclonal antibody
for clinical use (for reviews, see Blumenthal et al. 1990; Brechbiel and Waldmann
2000; Goldenberg and Sharkey 2006).

Phase I investigation with radiolabeled 131I-muMAb4D5 was designed to char-
acterize the in vivo distribution of the antibody and evaluate tumor localization.
131I was chosen because of the ease of iodination of monoclonal antibodies and the
wealth of experience with this radionuclide in clinical nuclear medicine. Preclinical
studies to view the distribution of Herceptin have also used 186Re to improve the
quality of gamma scintigraphy (Kotts et al. 1996). Recently, a clinical study that
included 17 patients treated with 111In-Herceptin was reported. The primary objec-
tive of the study was to assess whether 111In-scintigraphy could predict Herceptin-
based cardiotoxicity. Although gamma camera images did not correlate with cardiac
dysfunction, new tumor lesions were detected in 13 of 15 patients evaluated, sug-
gesting that radiolabeled Herceptin may have clinical utility in the management of
breast cancer (Perik et al. 2006).

Because of the long circulating residence times of full-length antibodies,
truncated versions of anti-p185HER2 antibodies have been evaluated to maximize
tumor-to-blood ratios and optimize p185HER2 radionuclide imaging. Olafsen and
colleagues (2005) evaluated Fab fragments, single chain Fv fragments, and
Herceptin-derived diabodies using 111In and 64Cu to optimize tumor targeting in
mouse xenografts. Other investigators have used 68Ga to label an F(ab′)2 fragment



206 H.M. Shepard et al.

of Herceptin to characterize p185HER2 expression in animal models. Using positron-
emission tomography, these investigators were able to demonstrate a noninvasive
strategy to evaluate the pharmacodynamics of drug action in vivo (Smith-Jones et al.
2004). RAID techniques may complement current biopsy-based methods to identify
and select patients for Herceptin therapy.

Specific delivery of radionuclides to the tumor cell provides the opportunity to
enhance the antitumor activity of Herceptin. DeSantes et al. (1992), first demon-
strated an antitumor effect using 131I-muMAb4D5 in the mouse subcutaneous tumor
model. Although radioiodine has been used extensively in the clinic, alternative
radionuclides that deposit energy over a shorter range may prove superior for RAIT
(for review, see Brechbiel and Waldmann 2000). Preclinical studies with beta emit-
ters such as 90Y (Crow et al. 2005) and 177Lu (Persson et al. 2005) have been com-
pleted and may improve anti-p185HER2 antibody therapy. Radionuclides that emit
alpha particles provide another strategy for RAIT with Herceptin. Preclinical stud-
ies have been reported using Herceptin radiolabeled with 225Ac (Ballangrud et al.
2004), 213Bi (Milenic et al. 2004), 211At (Persson et al. 2006), and 212Pb (Milenic
et al. 2005). Although in vivo delivery can be influenced by a number of factors,
RAIT provides an attractive target to increase the anticancer activity of Herceptin.

The pursuit of this approach was not considered viable at the time of initial devel-
opment of Herceptin. There were a few reasons for this. First, it was a big step for
a biotechnology company to commit itself to the development of a humanized anti-
body against a solid tumor, and against the extracellular domain of a receptor tyro-
sine kinase – neither of which were proven therapeutic targets at the time. Second,
it was not clear how to package and deliver such a drug. In the face of the success
of Herceptin and Erbitux (targeting the EGFR/HER1), and the success of Bexxar
and Zevalin (radiolabeled anti-CD 20 antibodies), it is possible that this approach
should be pursued. Furthermore, resistance to Herceptin (innate or acquired) does
not require loss of HER2 expression, but rather the acquisition of other tumor cell
characteristics (discussed in Sect. 6). This latter observation suggests that, similarly
to the use of Bexxar in the case of Rituxan failures (Horning et al. 2005), the radiola-
beled version of Herceptin could be used successfully in Herceptin nonresponders,
or patients who have developed resistance to Herceptin.

5.2 Active Specific Immunotherapy (ASI)

Active specific immunotherapy is the vaccination of a patient with antigen(s) char-
acteristic of an ongoing malignancy. Usually such antigens are weakly immuno-
genic (Aloysius et al. 2006). This approach has been most rigorously championed
by Mitchell (Mitchell 2003; Sosman and Sondak 2003). The initial therapeutic
approach to p185HER2 was to develop a successful vaccination of breast cancer
patients with the extracellular domain of HER2 (ECD; Fendly et al. 1990a). This
concept was successfully used in a primate model in which it was shown that immu-
nized animals developed a cellular immune response as monitored by delayed-type
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hypersensitivity to ECD, and antigen-specific cellular cytotoxicity. Antisera derived
from successfully immunized animals specifically inhibited the in vitro proliferation
of HER2-overexpressing tumor cells. Despite these encouraging preclinical results,
the development of ASI was not pursued in 1990 primarily for two reasons: (1)
the uncertainties surrounding breaking tolerance with self-antigen (HER2 ECD);
and (2) the relative pharmacologic intractability of successful immunization vs. the
“known” pharmacologic properties of passive immunotherapy. There are currently a
number of ASI protocols ongoing which target p185HER2, as well as other malignan-
cies. One of the most promising ASIs in development is antigastrin vaccination for
gastric cancer (Ajani et al. 2006; Aloysius et al. 2006). There are advantages to the
development of a humoral response to disease-related ligands and receptors. In the
case of p185HER2 the best evidence to this effect is that multiple monoclonal anti-
bodies targeting distinct epitopes are much more effective in mediating downregu-
lation and degradation of receptors than single monoclonal antibody administration
(Friedman et al. 2005).

6 New Approaches to the Human EGFR Family

6.1 Current Status of the Human EGFR Family

From the time clinical work was begun for Herceptin, a great deal has been learned
about the human EGFR (HER) family of receptors. There are now four recognized
members of the family, all of which have been crystallized, and at least 11 ligands
(Fig. 11; Yarden and Sliwkowski 2001).

Both homodimerization and heterodimerization occur among these receptors,
mediated by a dimerization domain (Burgess et al. 2003) located in subdomain II
of the ECD. Further diversity is added by the multiplicity of ligands, greater or
lesser signaling based upon the composition of the heterodimer, and other issues.
For instance, the EGFR/HER1 is stimulated in response to ligand; HER2 has no
canonical ligand; HER3 has no tyrosine kinase activity; and HER4, while retain-
ing both ligand-initiated signaling and tyrosine kinase activity, may assert its activ-
ity primarily after the intracellular region is cleaved and relocalized to the nucleus
(Muraoka-Cook et al. 2006; Vidal et al. 2005).

6.2 Pan-HER Ligand Traps

Sensitivity of cells to Herceptin or its murine parent, muMAb4D5 is related to
the level of p185HER2 expression but not in a linear manner (Lewis et al. 1993;
Shepard et al. 1991). These studies demonstrated a marked increase in sensitiv-
ity when the tumor cell expresses approximately threefold to fivefold the level of
receptor expressed by normal fibroblasts, coinciding remarkably with the level of
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Fig. 11 The HER family and its canonical ligands. There are four members of the human EGFR
family. Subdomains I and III contribute to ligand binding. Subdomain II contains the dimeriza-
tion domain which is important for both homo- and heterodimerization. Subdomain IV contains a
“tether” domain that can interact and stabilize the “closed” form of the receptor in the absence of
ligand, except in the case of HER2 which most data indicate is constitutively in an open “ready to
dimerize” configuration

overexpression required to predict shorter survival in patients who have tumors
characterized by HER2 overexpression (Slamon et al. 1989; 1987). However, some
tumor cells with quite high expression of HER2 do not respond as predicted by
regression analysis (see boxed cell lines in Table 2). Similarly, about 25–50% of
patients predicted to respond to Herceptin, based upon HER2 gene amplification or
immunohistochemistry, do not respond to treatment (Joensuu et al. 2006; Piccart-
Gebhart et al. 2005; Robert et al. 2006; Romond et al. 2005).

Mechanisms of inherent or adaptive resistance to Herceptin include alterations in
the expression or mutations in p27kip1, PTEN, survivin, p95HER2, and IGF-1 recep-
tor (Nahta et al. 2006). Not surprisingly, altered expression of unrelated cell surface
proteins like MUC1, CD44, and hyaluronic acid, all of which may impact the abil-
ity of HER2 to cluster on the cell membrane, may also play a role in the activity
of Herceptin (Ghatak et al. 2005; Hommelgaard et al. 2004). However, perhaps the
most common and best documented factor associated with inherent resistance of
tumor cells to Herceptin, and disease progression, is the co-expression of other HER
family members (Bianchi et al. 2006; Robinson et al. 2006; Wiseman et al. 2005).
While most of this work has been done with cohorts of breast cancer patients, sim-
ilar data are available in a wide range of malignancies (Bladder, Chow et al. 2001;
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Hepatocellular, Ito et al. 2001; Non small cell lung, Onn et al. 2004; Ovarian, Wang
et al. 2005). It would be a great mistake to infer from this review that the human
EGFR and its ligands are only associated with cancer. Data associated dysfunctional
expression of Heregulin/Neuregulin, initially fully characterized as activators of the
HER system by Holmes et al. (1992), have now shown that the HER family and its
ligands participate in cardiac development, neuronal differentiation, schizophrenia,
and Alzheimer’s disease (Hahn et al. 2006; Meeks et al. 2006; Rohrbach et al. 2005;
Vidal et al. 2005).

There is a clear need for therapeutic approaches that address multiple HER
family members simultaneously. One approach has been to develop an antibody
(muMAb2C4, Table 1) that binds the dimerization domain of p185HER2, thereby
preventing its heterodimerization with other HER family members (Adams et al.
2005). A second approach has been the development of Lapatinib, a small molecule
tyrosine kinase inhibitor with apparent efficacy against Herceptin-resistant breast
cancers, perhaps because it simultaneously inhibits both the HER2 and EGFR/HER1
tyrosine kinases (Konecny et al. 2006; Nelson and Dolder 2006). Other approaches
to address this latter mechanism are principally aimed at inhibiting receptor multi-
merization. This concept was first introduced by Greene and colleagues (Berezov
et al. 2003; Qian et al. 1996). It has been extended to natural splice variants of the
HER2 ECD acting as dominant negative ligands (Doherty et al. 1999) as well as
several other approaches (Kumar and Pegram 2006). Our laboratory has chosen to
focus on an alternative approach, which uses molecularly engineered heterodimers
of the HER1 and HER3 extracellular domains to create receptor decoys that bind a
wide range of HER family ligands. Because these proteins have the ability to broadly
regulate juxtacrine and paracrine activation of the HER family, they are called Her-
modulins. One example of a Hermodulin (RB200h) is shown in Fig. 12a,b.

These molecules are able to bind most of the ligands which normally activate
HER1, 3, and 4. Because ligand overexpression promotes cellular transformation,
resistance to tyrosine kinase inhibitors, and pathologies in addition to cancer, there
is considerable interest in such reagents.

The concept of the Hermodulins is supported by Enbrel (a homodimeric TNF-α
ligand trap), which is effective in the treatment of autoimmune disease (Nash and
Florin 2005), and a homodimeric VEGF trap (Ferrara 2004) aimed at angiogenic
diseases. In addition, cell biological experiments have demonstrated that receptor
cooperativity and ligand stimulation are required for maximum transforming activ-
ity (Cohen et al. 1996; Zhang et al. 1996), providing further support that Hermod-
ulins should be active anticancer agents.

6.3 Inhibition of Ligand-Induced Receptor Phosphorylation
by Hermodulins

Early experiments with RB200h were intended to compare the breadth of its activity
with the proposed pan-HER activity of Pertuzumab (reported by Adams et al. 2005)
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Fig. 12 (a) The pan-HER ligand trap. Shown are subdomains I–IV of both the EGFR/HER1 and
HER 3, dimerized via IgG1 Fc domains. The canonical ligands bound by each member of the
heterodimer are also listed. (b) The predicted solution structure of RB200h in a high affinity con-
formation and a schematic of TGF-α/Amphiregulin bound to subdomains I and III of HER1; and
the neuregulins bound to subdomains I and III of HER3

and with Herceptin. The results of these experiments are shown in Table 4. The data
are summarized as a “Pan-HER Index” which is a measure of the maximum inhi-
bition of ligand-stimulated receptor phosphorylation achieved by the three agents.
Inhibition of p185HER2 phosphorylation is likely indirect, and secondary to inhibi-
tion of ligand binding mediated by RB200h.

These data clearly suggest that “trapping” is a more effective means of inhibiting
ligand-associated receptor activation than direct antibody-mediated receptor bind-
ing. The result is that muMAb2C4 seems to stimulate NRG-mediated receptor phos-
phorylation.

Table 4 Pan-HER antagonist activity of muMab2C4 (parent of Pertuzumab), Herceptin, and
RB200ha

Molecule EGFR/HER1 HER2 HER3 Pan-HER Indexb

EGF NRG EGF NRG EGF NRG
MuMAb2C4 15 −75 20 −200 62 59 −19.8
Herceptin 5 10 90 70 45 3 37.2
RB200h 90 50 65 15 60 60 56.7

Phosphorylation of HER receptors in the presence of growth factors or antagonists (2C4, Her-
ceptin, or RB200h) was assessed in an ELISA-based receptor phosphorylation assay

a Values given are percent control stimulated with 3 nM EGF or 5 nM NRG1-β1. Standard devia-
tions are less than 20%
b Pan-HER Index is the average inhibition of receptor phosphorylation for EGFR/HER1, HER2,
and HER 3. A negative number indicates stimulation of phosphorylation
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Table 5 Growth inhibition by RB200h is distinct from growth inhibition by Herceptin

Cell line IC50
a Max inhibitionb

(nM) RB200h (%) Herceptin(%)
SK-BR-3 (breast) 1 60 69
A549 (NSCLC) 1 30 <10
ZR-75-1 (breast) 2 22 <10
a Inhibition of tumor cell proliferation by RB200h was measured at 72 h using alamar blue as
described by the vendor (Biotium, Inc.; www.biotium.com). The IC50 values shown reflect half-
maximum growth inhibition for RB200h
b Maximum inhibition of tumor cell growth at the highest doses tested

6.4 Hermodulins Inhibit Tumor Cell Proliferation In Vivo

The spectrum of growth inhibitory activity of Hermodulins is distinct from
Herceptin. RB200h and its related protein, RB210h, were tested for their ability
to inhibit the proliferation of tumor cells in monolayer culture. To test whether
RB200h/210h inhibited tumor cell line proliferation in vitro, monolayer growth
assays were performed (Table 5).

The receptor phosphorylation and cell growth inhibition data show that RB200
has biological activities which are distinct from Herceptin and muMAb2C4 (the
parent of Pertuzumab).

7 Summary and Conclusions: What We Have Learned
and What to Do Next

Herceptin has helped many women with breast cancer. More than 150,000 patients
have been treated with Herceptin, and there is about 50% success rate in patients
whose malignancy is characterized by a high level of p185HER2 expression, or
gene amplification. This is, however, less than 25% of all breast cancer. The utility
of Herceptin outside of this discrete population has been difficult to demonstrate.
Attempts at optimizing administration using different schedules and combinations
with chemotherapy may improve this situation. In particular, combinations of Her-
ceptin with tyrosine kinase inhibitors like Lapatinib, or other monoclonal antibodies
which target either distinct epitopes on the ECD of p185HER2, or other members of
the HER family, are likely to improve the overall percentage of patients that can
be helped, perhaps even outside of breast cancer. Because HER family members
cooperate to promote malignancy, it is necessary that we develop approaches, such
as the pan-HER Ligand Trap, which can specifically target several members of the
family simultaneously. Other antibody-based approaches to the treatment of HER-
driven diseases need further examination. For instance, radioimmunotherapy using
Herceptin conjugated with the appropriate radioisotope would likely be effective in
HER2+++ patients, even when they co-express multiple other receptors, because its
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efficacy depends only upon the enhanced internalization which occurs with HER2
overexpression. Finally, increased understanding of the HER system and its ligands
has led to “unrelated” potential applications of reagents such as Hermodulins. As an
example, it is now known that dysregulation of the neuregulins may be involved in
diseases as disparate as autommune diseases, cardiac myopathy, and neurodegener-
ative diseases (Garratt 2006; Hall et al. 2004; Nawa and Takei 2006; Zanazzi et al.
2001). What has been learned from the application of α-HER agents in cancer is
likely to eventually benefit patients with other chronic and life-threatening diseases.
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Abstract CD3-specific monoclonal antibodies were the first rodent monoclonals
introduced in clinical practice in the mid 1980s as approved immunosuppressants
to prevent and treat organ allograft rejection. Since then compelling evidence has
been accumulated to suggest that in addition to their immunosuppressive properties,
CD3-specific antibodies can also afford inducing immune tolerance especially in the
context of ongoing immune responses. Thus, they are highly effective at restoring
self-tolerance in overt autoimmunity, a capacity first demonstrated in the experi-
mental setting, which was recently transferred to the clinic with success.

1 Introduction

OKT3, a mouse IgG2a (Kung et al. 1979), was the first monoclonal antibody (MAb)
introduced in clinical practice in 1981 to treat and prevent renal allograft rejection
(Cosimi et al. 1981a, b; Vigeral et al. 1986; Debure et al. 1988). Amazingly, this

Lucienne Chatenoud
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occurred about 4 years before the complexities of its target molecule, CD3 were
discovered (Clevers et al. 1988; Davis and Chien 1999). In addition, due to the
tight species-specificity of anti-human CD3 antibodies, which only cross-react with
chimpanzees T cells and not those from more commonly used nonhuman primates
(i.e., Rhesus or Cynomolgus), conventional in vivo preclinical toxicology data were
not available when the first patients were treated with OKT3. In this particular case
this was fortunate since the risk was high for this antibody to be excluded because of
its T cell mitogenic potential leading to the well described cytokine-mediated “flu-
like” syndrome. Several controlled trials were conducted demonstrating the very
efficient immunosuppressive properties of OKT3 both to reverse and prevent acute
organ allograft rejection episodes (Cosimi et al. 1981a, b; Ortho 1985; Debure et al.
1988), thus explaining that the MAb was licensed both in the USA and Europe for
use in transplantation.

Over the last 10 years, as other immunosuppressants developed, the use of
OKT3 was almost completely abandoned, essentially because of the aforementioned
cytokine releasing potential (Chatenoud et al. 1986, 1989, 1990; Cosimi 1987;
Abramowicz et al. 1989; Eason and Cosimi 1999; Chatenoud 2003). In parallel,
however, second generation CD3-specific MAbs have been produced by molecu-
lar engineering that are humanized (Bolt et al. 1993; Alegre et al. 1994), or even
fully human, and Fc mutated. Because of the Fc mutation these antibodies are well
tolerated since they express a significantly decreased cytokine releasing potential.
In addition, the experimental work conducted in different autoimmunity and trans-
plant models have demonstrated that far beyond their immunosuppressive potential,
CD3 MAbs are also unique tools to promote immune tolerance in naı̈ve hosts (Hay-
ward and Shreiber 1989; Nicolls et al. 1993; Plain et al. 1999) and, perhaps more
impressively and more important in terms of clinical translation, to reestablish self-
tolerance in established autoimmunity (Chatenoud et al. 1994, 1997; Belghith et al.
2003; Chatenoud 2003).

It is on this basis that in the early 2000, CD3-specific MAbs were back in the
clinic in the context of challenging protocols that mostly aim at testing whether one
may translate into patients the tolerogenic potential observed in preclinical mod-
els. It is the aim of this review to gather the data showing the reader that this may
indeed be the case. Since the most compelling clinical evidence in support of such
conclusion presently derives from the experience with CD3-specific MAbs in an
autoimmune disease that is insulin-dependent diabetes, it appears important to start
with a brief description of the physiopathology of this condition.

2 The Physiopathology of Autoimmune Insulin-Dependent
Diabetes

Diabetes mellitus is a clinical syndrome characterized by chronic hyperglycemia. It
became apparent by the 70s that this definition included two major physiopatholog-
ical entities namely, Type 1 (T1D) and Type 2 (T2D) diabetes. Type I diabetes is
an autoimmune disease causing the progressive and selective destruction of insulin
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secreting β cells of the islets of Langerhans. Thus patients with overt T1D, also
termed insulin-dependent diabetes, rely on the chronic administration of exogenous
insulin to maintain an adequate metabolic control. In non insulin-dependent diabetes
in T2D, when compared with T1D, the abnormal glucose control is not due to defi-
cient insulin production by β cells but to an aberrant sensitivity of peripheral tissues
to the effect of the hormone, thus impairing their capacity to handle glucose (i.e.,
insulin resistance). The two diseases are genetically controlled and are polygenic.
Interestingly, 5–15% of patients diagnosed as T2D present in fact slow progressing
autoimmune T1D. They are now defined as LADA patients for late autoimmune
diabetes of the adult.

In humans the autoimmune origin of T1D was initially suspected from data
showing that patients’ sera contained antibodies that stained islet cells from normal
human pancreas tissue sections (ICAs or islet cell autoantibodies) (Bottazzo et al.
1974). The obvious difficulties of having access to the target organ greatly hampered
a more in depth analysis of the disease. This explains that spontaneous animal mod-
els of T1D in rodents, such as the bio-breeding (BB) rat and the nonobese diabetic
(NOD) mouse, constituted invaluable tools to address not only the physiopathology
and the genetics of the disease but also to test for immunointervention strategies
aimed at both preventing and reversing established T1D (Bach 1994).

The BB rat was derived from outbred Wistar rats (Nakhooda et al. 1977). This
model was the one which provided the first robust evidence that autoimmune T1D
was a T cell-mediated disease (Crisa et al. 1992). BB-diabetes prone (DP) rats
express the RT1u MHC haplotype and diabetes develops in 90% of males and
females between 2 and 4 months of age. Overt disease is preceded by an infiltra-
tion of the islets of Langerhans of the pancreas by mononuclear cells, i.e., insuli-
tis that starts 2–3 weeks prior to the advent of overt hyperglycemia and glycosuria
and is present also in the few BB–DP rats that never develop full blown disease.
Although very useful, one major problem of BB rats as a model for human T1D
is that they are lymphopenic, which is not the case in T1D patients. This in part
explains that since they were characterized in Japan almost 30 years ago but now the
NOD mouse model is more extensively used (Makino et al. 1980). A wide number
of NOD colonies were rapidly developed in various laboratories that, quite inter-
estingly, showed a high variability in disease incidence. The initial interpretation
of genetic variations among substrains was invalidated by reports showing that the
pathogen environment plays a major role in disease development; high disease inci-
dence is only observed under very “clean” specific pathogen-free (SPF) conditions
(Ohsugi and Kurosawa 1994; Bach 2002). Under SPF conditions, disease incidence
is higher in females when compared with males (90–95% vs. 40–50% by 45 weeks
of age).

Aside to T1D, NOD mice present other autoimmune manifestations: they often
exhibit thyroiditis and sialitis (Garchon et al. 1991; 1995; Many et al. 1996),
they may develop autoimmune haemolytic anemia (Baxter and Mandel 1991),
they produce antinuclear antibodies Humphreys Beher et al. 1993, and are prone
to lupus-like syndrome following particular treatments (Baxter et al. 1994). It is
interesting to note that in the clinic about 10% of T1D patients also present with
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multiple endocrinopathies (in particular thyroiditis); these patients are essentially
young/middle aged women.

In NOD mice, overt T1D appears by 3 months of age and is preceded by pro-
gressive infiltration with mononuclear cells (i.e., insulitis). Insulitis first appears
by 3–4 weeks of age and up to 8–10 weeks of age it is a benign process, often
defined as prediabetes, with cells remaining confined to the periphery of the islets
(Fujino-kurihara et al. 1985; Katz et al. 1993). By 10–14 weeks of age the insulatis
becomes invasive and active β cell destruction progresses until overt disease appears
characterized as in humans by hyperglycemia, glycosuria.

Disease is caused by pathogenic CD4+ and CD8+ T lymphocytes. This was
clearly demonstrated by the capacity of “diabetogenic” T cells from the spleen of
diabetic NOD mice to transfer disease into syngeneic immunoincompetent recipi-
ents (NOD neonates, adult irradiated NOD mice, NOD SCID mice) (Wicker et al.
1986; Bendelac et al. 1987; Christianson et al. 1993; Rohane et al. 1995). Pathogenic
T cells recognize various β cell antigens including insulin (Wegmann et al. 1994;
Daniel et al. 1995; Wegmann 1996), proinsulin (French et al. 1997; Harrison et al.
1997), glutamic acid decarboxylase (GAD) (Baekkeskov et al. 1990; Honeyman
et al. 1993; Tisch et al. 1994; Panina-bordignon et al. 1995), a β cell-specific pro-
tein phosphatase I-A2 (Hawkes et al. 1996; Lampasona et al. 1996; Trembleau
et al. 1997; Dotta et al. 1999), a peptide (p277) of heat shock protein 60 (hsp60)
(Elias et al. 1991; Elias and Cohen 1994; Elias et al. 1997), and the islet-specific
glucose-6-phosphatase catalytic subunit-related protein (IGRP) (Lieberman et al.
2003). This latter antigen was characterized as being a preferential target of a sig-
nificant proportion of pathogenic CD8+ T cells from infiltrated NOD islets Utsugi
et al. 1996.

Islet cell reactive autoantibodies are also found in NOD mice, albeit in lower
amounts when compared with T1D patients, but they are not pathogenic. Interest-
ingly, however, disease development is B cell-dependent as B cell-less NOD mice
are disease free (Serreze et al. 1996). The interpretation is that B lymphocytes are
in T1D as in many other autoimmune diseases’ key autoantigen presenting cells
(Akashi et al. 1997; Noorchashm et al. 1997; Serreze and Silveira 2003).

There is very compelling evidence to show that T1D progression (to overt
disease) is tightly controlled by T cell-mediated immunoregulatory circuits. T cell
depletion that follows thymectomy at 3 weeks of age (i.e., weaning) or cyclophos-
phamide treatment accelerates disease onset (Yasunami and Bach 1988; Charlton
et al. 1989; Dardenne et al. 1989; Yasunami et al. 1990; Mahiou et al. 2001). More
direct evidence came from adoptive transfer models showing that diabetes trans-
fer by pathogenic cells is prevented by coinjection of CD4+ suppressor or regu-
latory T cells (Tregs) from the spleen or the thymus of young prediabetic mice
(Boitard et al. 1989; Herbelin et al. 1998). Spleen cells mediating effective protec-
tion from diabetes transfer include not only thymic-derived “natural suppressive”
CD4+CD25+FoxP3+ T cells (Nishizuka and Sakakura 1969; Asano et al. 1996;
Sakaguchi 2005), but also a CD4+FoxP3+ T cell subset expressing variable levels of
CD25, which appear to be cytokine dependent (i.e., TGF-dependent) thus respond-
ing to the definition of “adaptive regulatory cells” differentiating at the periphery
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from CD4+CD25− precursors (Bach and Chatenoud 2001; Bluestone and Abbas
2003; You et al. 2006, 2007). CD62-L (L-selectin) is also expressed by some of
the Tregs involved in control of T1D (Herbelin et al. 1998; Lepault and Gagnerault
2000; You et al. 2005).

Importantly, at the time of overt T1D both in experimental models and in patients,
β cells are not all destroyed, a finding that is highly relevant for our following dis-
cussion on immunointervention strategies. In fact, at such quite late disease stage,
the residual β cell mass may still represent about 30% of normal values (Sreenan
et al. 1999). This is so because the physical destruction of β cells is preceded by a
phase of functional impairment (which translates into incapacity to release insulin
in response to conventional stimulations) due to the immune-mediated inflamma-
tion. Infiltrated pancreatic islets from nondiabetic 13-week-old female NOD do not
secrete insulin in response to glucose stimulation if examined immediately after the
isolation. However, this inhibition is fully reversed upon clearing of insulitis fol-
lowing a few days of in vitro culture (Strandell et al. 1990). The same is observed
in vivo. In NOD mice, the administration of agents that clear insulitis within the
first days of overt hyperglycemia, such as polyclonal anti-T cell antibodies (Maki
et al. 1992) or monoclonal antibodies to the constant portion of the T cell receptor
(TCR) (Sempe et al. 1991) or to CD3 (Chatenoud et al. 1994) (as we shall discuss
in more detail), promote immediate return to normal glycemia. In T1D patients, the
same is observed when effective T cell directed immunointervention is applied as
assessed by a preservation of the endogenous insulin secreting capacity (i.e., release
of C-peptide after stimulation) and a decrease in insulin needs (Feutren et al. 1986;
Herold et al. 2002, 2005; Keymeulen et al. 2005).

3 The Use of CD3-Specific Antibodies in Experimental Models

The capacity of CD3-specific MAbs to promote immune tolerance in naı̈ve hosts
were first reported by the group of B. Hall in a rat transplant model (Nicolls et al.
1993; Plain et al. 1999). The authors demonstrated that a short course of a non-
mitogenic anti-rat CD3 MAb induced permanent engraftment of fully mismatched
vascularized heart allografts. Interestingly, the establishment of alloantigen-specific
tolerance was proven in this model since CD3-specific MAb-treated recipients
accepted secondary donor-matched skin grafts while third party skin allografts were
rejected (Nicolls et al. 1993; Plain et al. 1999).

Without diminishing the relevance of these findings, it is fair, however, to stress
first that similar results had been obtained with several other MAbs or fusion pro-
teins targeting key T cell signalling pathways and in particular CD4, alone or in
combination with CD8 and costimulatory pathway receptors (Wood et al. 1971;
Cobbold et al. 1992; Maki et al. 1992; Cobbold et al. 1996; Waldmann and Cobbold
1998; Adler and Turka 2002; Wekerle et al. 2002; Quezada et al. 2004). Second,
when one comes to clinical translation the obvious problem is that both in the auto-
immunity setting, and now more and more frequently also in transplantation, one
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deals with presensitized hosts, a situation that is far more complex. It is thus highly
relevant to our discussion that indeed in the context of an established autoimmune
disease CD3-specific MAbs still expressed their tolerogenic ability, a quite unique
capacity.

Data from our laboratory were the first to show that in NOD mice CD3-specific
MAb could reverse recent onset disease and restore tolerance to β cell antigens
(Chatenoud et al. 1994, 1997; Chatenoud 2003). In NOD mice presenting with
full-blown diabetes, as assessed by hyperglycemia (values ≥ 3–3.5 g l−1) and glyco-
suria, a five consecutive day treatment with low doses (5–20µg) of the hamster CD3-
specific MAb 145 2C11 (Leo et al. 1987) or of its F(ab’)2 fragments (i.e., that are
nonmitogenic when compared with the intact antibody) induces within 2–4 weeks
complete remission of disease manifested by progressive return to normal glycemia
in the absence of insulin treatment. The remission is durable (follow-up was pro-
tracted for up to 8–10 months) and not related to long standing immunosuppression
since, by 8 weeks from the last injection, treated mice regain full immunocompe-
tence: they normally reject histoincompatible skin grafts (Chatenoud et al. 1994,
1997; Chatenoud 2003). The effect is antigen specific since syngeneic islet grafts
implanted in CD3-specific MAb-treated mice are not destroyed, at variance with
what is regularly observed in untreated diabetic NOD females in which relapse of
the autoimmune aggression rapidly destroys autologous islet implants (Chatenoud
et al. 1994, 1997; Chatenoud 2003). Our data also indicated that to be effective at
fully reversing established disease and allowing complete and durable metabolic
reconstitution, the treatment had to be started within 7 days from the detection of
the first signs of overt diabetes (Chatenoud et al. 1994, 1997, Chatenoud 2003). In
fact, if treatment is started too late the β cell mass left is insufficient to guarantee the
return to a normal metabolic balance. Yet immunological self-tolerance is restored,
which explains that if a syngeneic islet graft is performed, providing again a suffi-
cient source of insulin-secreting β cells, mice enter long-standing disease remission
(Chatenoud et al. 1994).

Similar data, namely, of restoration of self tolerance in overtly diabetic NOD
mice have also been reported by Maki et al., using polyclonal antilymphocyte serum
(Maki et al. 1992). However, at variance with CD3 antibody, profound and quite
prolonged T cell depletion was induced.

Contrasting with its potent therapeutic effect when applied at disease onset, CD3-
specific MAb treatment was without any effect as a preventive treatment applied to
young prediabetic NOD mice (4–8 weeks of age) (Chatenoud et al. 1997). This is
another distinctive feature between CD3-specific MAbs and various other poten-
tially tolerogenic biological agents that in NOD mice showed great effectiveness at
disease prevention but did not act on the ongoing destructive disease (Shoda et al.
2005). Interestingly, these particular features of CD3-specific MAbs, which are of
utmost importance for potential clinical translation, were recently extended to a
model in SJL mice of induced autoimmunity namely, proteolipid protein (PLP)-
induced relapsing experimental allergic encephalomyelitits (EAE) (Kohm et al.
2005). Also in this situation, CD3-specific MAbs are effective at treating ongoing
PLP-triggered disease while no effect is obtained when the MAb is administered
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at the same time the triggering autoantigen is injected. Treatment is still active
if started when disease activity peaks; disease remission is induced and further
relapses of this chronic relapsing/remitting form of EAE are prevented (Kohm et al.
2005).

It is also important to mention here that the data reported by the group of
W. Strober showing that a single injection of CD3-specific MAb fully inhibited
the development of experimental inflammatory bowel disease (i.e., colitis) induced
following administration of TNP-KLH (2,4,6-trinitrophenol-conjugated keyhole
limpet hemocyanin) (Ludviksson et al. 1997).
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Fig. 1 The mode of action of CD3-specific MAbs in autoimmune diabetes. A short antibody treat-
ment induces durable remission of established disease. The immune mechanisms that mediate
this remarkable therapeutic activity of CD3 MAbs may be distinguished into two clearly dis-
tinct phases. The first one is coincident with CD3 MAb administration. The insulitis is completely
cleared due to various mechanisms that include CD3/TCR antigenic modulation followed by recir-
culation/marginalization of T cells and some degree of T cell apoptosis that preferential involves
activated T cells. This phase is short lasting and cannot on its own account for the long-lasting
restoration of self-tolerance that is induced by the antibody. The hallmark of this second phase
of the antibody action is the resetting of peripheral tolerance mechanisms, which are mediated by
TGF-β dependent Treg cells that are mostly of the adaptive type namely, they are induced from
mature CD4+ T lymphocytes at the periphery. A still pending fundamental issue is to better define
the initial cellular and molecular mechanisms triggering the preferential expansion of these adap-
tive Tregs following CD3 MAb treatment.
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4 Immunopharmacology of CD3-Specific Antibodies (Fig. 1)

CD3-specific MAb used in experimental models and the ones recognizing human
CD3 are all directed to the ε chain of the CD3 complex that is tightly associated to
TCR. CD3-specific MAb in both their Fc receptor binding and nonbinding forms
cross-link CD3/TCR complexes, a key step in the unique spectrum of biological
activities they elicit among which are antigenic modulation, redirected T cell lysis,
apoptosis mainly of activated T cells, and anergy. One key property of CD3-specific
MAb is that they do not promote massive T cell depletion; transient lymphopenia is
observed following treatment but T cell counts return to baseline levels within a few
days after the MAb is cleared from the circulation (Chatenoud et al. 1982, 1986;
Decochez et al. 2000). This lymphopenia ensues from partial apoptosis, from the
redistribution of cells within the various lymphocyte compartments, and also from
an increased adhesiveness of endothelial cells favoring lymphocyte marginaliza-
tion that is secondary to their activation triggered by CD3-specific MAbs released
cytokines, even in the case of non Fc-receptor binding antibodies (see later). In
mice treated with non Fc-receptor binding CD3-specific MAbs only 20–30% of
CD3+ cells disappear, because of physical destruction and/or redistribution, from
the spleen and lymph nodes (Hirsch et al. 1990, Chatenoud 2003; Chatenoud et al.
1997). In the particular case of non Fc binding, CD3-specific MAbs depletion was
shown to be mediated by redirected T cell lysis (i.e., bridging of cytotoxic T cells to
the target) (Wong and Colvin 1991) and the induction of apoptosis to which, once
again, activated T cells appear the most sensitive (Wesselborg et al. 1993).

T lymphocytes that are not destroyed following CD3-specific MAb binding will
experience antigenic modulation of CD3/TCR (Chatenoud et al. 1982, 1984). CD3+

T cells will transiently loose CD3/TCR expression and become unresponsive to var-
ious antigen-mediated or mitogenic stimuli (Chatenoud et al. 1982). It is important
at this point to mention the interesting data showing that non-Fc-receptor bind-
ing CD3-specific Mab triggers partial signalling and promotes T cell anergy in
vitro (Smith et al. 1997, 1998). T cell signalling is central to the in vivo tolero-
genic effect of non Fc-receptor binding CD3-specific MAb in NOD mice since the
therapeutic effect is lost when the well known calcineurin inhibitor cyclosporine is
given in association with CD3-specific Mab (Chatenoud et al. 1997). In the NOD
mouse, the short antibody administration promotes a rapid, complete clearing of
insulitis, which correlates with the return to normoglycemia. Transient polariza-
tion toward a Th2-type phenotype, i.e., increased production of IL-4 by stimulated
T cells from CD3-specific MAb-treated mice is also observed. This is, however,
irrelevant for the long-term tolerogenic effect since remission of disease follow-
ing CD3-specific MAb treatment is also seen in NOD mice whose IL-4 gene was
invalidated (NOD IL− 4−/−) (Belghith et al. 2003; Chatenoud 2003). Over long
term, the antigen-specific therapeutic effect is best explained by the up-regulation
of T cell-mediated “active” tolerance mediated by specialized subsets of Tregs
including CD4+CD25+ and CD4+CD62L+ T cells that control the pathogenic
potential of diabetogenic effector T cells. The numbers of Tregs increase in pancre-
atic and mesenteric lymph nodes, but not in the spleen of treated tolerant mice; in
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adoptive transfer experiments, Tregs effectively block disease induced by diabeto-
genic T cells (Belghith et al. 2003). Our most recent data demonstrate that an impor-
tant proportion of the CD3-specific MAb-induced Tregs are from the adaptive type
that derive from peripheral CD4+CD25− precursors (Belghith et al. 2003; You et al.
2006, 2007). One direct proof of this conclusion is that diabetes remission was also
induced following CD3-specific MAb treatment in NOD mice deficient for the cos-
timulation molecule CD28 (NOD CD28−/−), which are devoid of thymic natural
suppressor CD4+CD25+ cells (Salomon et al. 2000; Belghith et al. 2003). These
adaptive Tregs are TGF-β-dependent: the in vivo neutralization of TGF-β, following
injection of specific monoclonal antibodies, fully prevents CD3-specific antibody-
induced remission (Belghith et al. 2003). It remains to be determined whether in
this setting TGF-β acts as a growth and/or differentiation factor for Tregs or is also
a mediator of their regulatory effect.

5 Clinical Use of CD3-Specific Antibodies
in Type 1 Diabetes

On the basis of the preclinical data we just described clinical trials were established
using humanized CD3-specific Fc mutated MAbs to decrease their ability to bind Fc
receptors. In fact, there was quite compelling data in the literature to show that the
mitogenic activity of rodent CD3-specific MAbs and thus their cytokine-releasing
ability is monocyte-dependent, linked to their capacity to interact with Fc recep-
tors on monocyte/macrophages thus enhancing cross-linking. Thus, the mitogenic
response varies with the murine antibody isotype (IgG2a >> IgG1 >> IgG2b >>
IgA), and CD3-specific F(ab′)2 fragments, lacking the Fc portion, are nonmito-
genic (Van Lier et al. 1987; Hirsch et al. 1990; Chatenoud et al. 1994; Parlevliet
et al. 1994; Chatenoud et al. 1997).

We are going to restrict our discussion to the two humanized complementarity
determining region (CDR)-grafted nonmitogenic CD3-specific MAbs, which were
so far the most extensively used and which in particular were tested in patients
with T1D. One of these antibodies is hOKT3γ1 Ala-Ala, the humanized version of
OKT3, with two mutations in the Fc portion (Alegre et al. 1994). The other antibody
is ChAglyCD3, derived from the rat YTH 12.5 antibody, with a single mutation that
prevents glycosylation of its γ1 Fc portion (Bolt et al. 1993).

Phase I trials were first carried out in renal allograft recipients presenting acute
rejection episodes and to confirm their good tolerance (Friend et al. 1999; Woodle
et al. 1999). Although they are termed “nonmitogenic” both of the antibodies still
elicit some cytokine release, which is, however, minimal when compared with what
usually observed with OKT3 (Friend et al. 1999; Woodle et al. 1999; Herold et al.
2002, 2005; Keymeulen et al. 2005). Although the number of patients included in
these trials was small, a favorable trend was observed concerning their capacity to
reverse rejection very similar to what reported in the very first studies using OKT3
(Cosimi et al. 1981).



230 L. Chatenoud

The real question was whether, given the encouraging safety profile, these
humanized CD3-specific MAbs could be used in settings other than transplanta-
tion and, if possible, within protocols aiming at more than simple immunosuppres-
sion similar to the strategy discussed above in NOD mice. Two trials were started
in 2000. hOKT3γ1 Ala-Ala alone was used in a Phase I/II trial where patients with
recent onset T1D were treated for two consecutive weeks (Herold et al. 2002, 2005).
Results showed that the treatment stopped disease progression over 1 year and even
at 36 months as assessed by C-peptide production and insulin usage when compared
with the control group (Herold et al. 2002, 2005).

In parallel, a randomized double blind multicenter Phase II placebo-controlled
study was started by an European consortium recruiting patients in Belgium and
Germany. The trial included 80 patients who received 8 mg of ChAglyCD3 (40
patients) or placebo (40 patients) daily for six consecutive days. The treatment
very efficiently preserved β cell function, maintaining significantly higher levels
of endogenous insulin secretion when compared with those observed in placebo-
treated patients at 6, 12, and even 18 months (Keymeulen et al. 2005). In addition, up
to 18 months after treatment a significant decrease in the insulin needs was observed,
which was more obvious in the subset of patients who showed a higher β cell mass at
the time of treatment (Keymeulen et al. 2005). Seventy-five percent of these patients
if treated with ChAglyCD3 received insulin doses ≤ 0.25U kg−1 day−1 that are
compatible with clinical insulin independency (Keymeulen et al. 2005).

As previously mentioned, in the two trials some degree of T cell activation is
still observed leading to limited cytokine release and consequent minor acute side
effects mainly including moderate fever, headaches, and self-limiting gastrointesti-
nal manifestations, which were all responsive to palliative treatment (Herold et al.
2002; Keymeulen et al. 2005).

Transient reactivation of Epstein Barr virus (EBV) was also observed as assessed
by an increase in numbers of EBV copies measured in peripheral blood mononu-
clear cells using quantitative PCR by 10–20 days after the first injection. Within
1–3 weeks in all patients the number of EBV copies returned to normal baseline pre-
treatment levels. Concomitantly, an efficient humoral and cellular immune response
specific to EBV developed. This effective anti-EBV response is for obvious reasons
very important in terms of safety. In addition, it suggests that, as we observed in
NOD mice, the effect of ChAglyCD3 in patients is antigen-specific i.e., the antibody
treatment affects the autoimmune reaction but does not refrain immune responses to
unrelated exogenous antigens.

6 Conclusions

In developed countries, autoimmune diseases represent the third cause of morbidity
and mortality after cardiovascular diseases and cancer and their frequency has been
steadily increasing over the last 3 decades. Thus autoimmune diseases represent a
major therapeutic challenge. Present treatments are substitutive, antiinflammatory,
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or immunosuppressive without any specificity for the pathogenic mechanisms of
the disease. Therefore, much interest is devoted to modern technologies that have
made new biological agents available such as anti-TNF antibodies in rheumatoid
arthritis or anti-VLA4 in multiple sclerosis. However, even in these cases, which
represented a major step forward, continuous treatment is needed to maintain effi-
cacy thus still confronting patients to the risk of increased infections due to over-
immunosuppression such as mycobacterial infections with TNF antagonists (Keane
et al. 2001; Gomez-Reino et al. 2003) or JC virus infection with anti-VLA4 (natal-
izumab) treatment (Langer-Gould et al. 2005; Van Assche et al. 2005).

At variance with these therapies, CD3-specific MAbs afford long term effects
following a short administration. At least in the experimental setting, the capacity to
trigger TGF-β-dependent Tregs mediating long-standing active suppression appears
as a central mechanism explaining their unique tolerogenic properties.

From the pharmacological point of view, one major challenge is now to better
dissect the molecular mechanisms underlying this effect to optimize the use of CD3-
specific MAbs. In addition, gaining further insights into specific signalling pathways
mediating the effect will pave the way toward the identification of small molecules
endowed with less side effects and sharing identical tolerogenic properties.

From a more practical point of view and in the short term, the clinical challenge
is to build on the available results to establish the use of CD3-specific MAbs in
T1D, possibly in well-selected subsets of patients, and to extend it to the treatment
to other autoimmune diseases. Last but not least, organ transplantation is for obvious
reasons another potential clinical indication.
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Abstract Early detection of prostate cancer (PCa) and advances in hormonal and
chemotherapy treatments have provided great clinical benefits to patients with early
stages of the disease. However, a significant proportion of patients still progress
to advanced, metastatic disease, for which no effective therapies are available.
Therefore, there is a critical need for new treatment modalities, ideally targeted
specifically to prostate cancer cells. The recent clinical and commercial successes
of monoclonal antibodies (MAbs) have made them the most rapidly expanding
class of therapeutics being developed for many disease indications, including can-
cer. PCa is well suited for antibody-based therapy due to the size and location of
recurrent and metastatic tumors, and the lack of necessity to avoid targeting the
normal prostate, a nonessential organ. These properties have fostered interest in
the development and clinical evaluation of therapeutic MAbs directed to both well
established and newly discovered targets in PCa. MAbs directed to established tar-
gets include those approved for other solid tumors, including anti-human epidermal
growth factor receptor-2 (HER2) MAb trastuzumab, anti-epidermal growth factor
receptor (EGFR) MAbs cetuximab and panitumumab, and the antivascular endothe-
lial growth factor (VEGF) MAb bevacizumab. Genomics efforts have yielded a
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large number of novel, clinically relevant targets in PCa with the desirable expres-
sion profiling in tumor and normal tissues, and with an implicated role in tumor
growth and spread. Growing efforts are directed to the development of naked or
payload-conjugated therapeutic antibodies to these targets, and a variety of MAb
products are currently progressing through preclinical and various stages of clinical
development. The clinical experience with some of the commercialized MAb prod-
ucts points out specific challenges in conducting clinical trials with targeted therapy
in PCa. Encouraging results with MAbs directed to both established and emerging
targets indicate a potential key role for MAb-based therapy in future treatments for
different stages of PCa.

1 Overview of Prostate Cancer

Prostate cancer (PCa) is the most commonly diagnosed cancer and the second lead-
ing cause of cancer-related deaths in American males. In 2005, over 230,000 men
were diagnosed with PCa and approximately 30,000 died of the disease (Jemel
et al. 2005). The ability to measure prostate-specific antigen (PSA) levels in men
has allowed earlier diagnosis of PCa. Although several curative therapies exist for
localized disease, such as radical prostatectomy, radiation therapy, and cryother-
apy, approximately one-third of treated patients will relapse with distant metas-
tases to bone and other organs (Jemel 2005, Pound et al. 1999). Since prostate
cancer cell growth is regulated by androgens, systemic androgen deprivation is the
common treatment for recurrent, locally advanced and metastatic disease. Despite
an initial positive response by a large percentage of patients, most will develop
hormone-refractory, metastatic disease (Saad and Schulman 2004). Treatment of
hormone-refractory prostate cancer (HPRC) patients with docetaxel in combina-
tion with prednisone has been shown to improve patient overall survival (OS), time
to disease progression, and quality of life, and was approved by the FDA in 2004
(Tannock et al. 2004). The treatment, however, is accompanied by significant toxi-
city and most patients become resistant to the chemotherapy after several treatment
cycles. The paucity of therapeutic options for hormone and/or chemotherapy refrac-
tory patients and the need for more effective and less toxic agents for earlier stages
of the disease indicate a critical need for new therapeutic approaches. Monoclonal
antibody (MAb)-based targeted therapy is emerging as one of the leading therapeu-
tic modalities under development in PCa.

2 Therapeutic Antibodies in Cancer Therapy

The therapeutic potential of MAbs stems from their specific and high affinity bind-
ing to their targets, coupled with their diversity of effector functions. More than
a quarter century after the discovery of MAbs (Kohler and Milstein 1975), their
therapeutic utility is now being realized, with over 20 MAbs approved in the US
for use in various clinical settings, including human malignancies. At present, with
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160 MAb products under development, antibodies are the most rapidly expanding
class of human therapeutics (PhRMA report 2006). The recent success in the devel-
opment and commercialization of therapeutic antibodies can be attributed to the
technical progress made in producing safer, more stable, and efficacious MAbs.
The primary contribution to this progress has been development of technologies
for generation of more human-like antibodies, allowing overcoming of the efficacy
and safety issues related to immunogenicity of mouse antibodies in human patients
(Jakobovits 1998, Lonberg 2005). The transition from mouse to human antibod-
ies has progressed from chimeric antibodies with ∼30% residual mouse sequences
(Morrison and Oi 1975) to humanized MAbs with ∼5% residual mouse sequences
(Riechmann et al. 1988), to fully human antibodies derived from combinatorial
libraries (Griffiths and Hooggenboom 1993) or mice engineering with the human
humoral immune system (Mendez et al. 1997, Fishwild et al. 1996). This techni-
cal progress, together with better understanding of targets, therapeutic indications,
and clinical designs that suit antibody therapy, has allowed for an increased rate in
successful development and commercialization of therapeutic MAbs.

Utilization of antibodies to affect tumor cell growth and survival has been one of
the most appealing applications for MAbs since their discovery. Of the 20 approved
MAbs, 9 MAbs are being commercialized for different hematological and solid can-
cer indications and over 115 additional MAb products are being evaluated in clinical
trials (PhRMA report 2006).

In oncology settings, MAbs can be developed either as naked agents or armed
with a toxic payload such as radioisotopes or toxins (Wu and Senter 2005). Naked
antibodies are directed against targets that play a role in the tumor pathogenesis and
progression. Upon binding to their target, such MAbs are capable of modulating
their function to inhibit tumor cell growth, survival, or spread. In addition, naked
antibodies bearing the IgG1 isotype are capable of recruiting the patient’s com-
plement and immune cells to induce complement-dependent cytotoxicity (CDC)
and antibody-dependent cellular cytotoxicity (ADCC) (Adams and Weiner 2005).
For many of the approved naked antibodies, their administration with the relevant
chemotherapy has led to enhanced clinical benefit.

Armed MAbs utilize the antibody as a vehicle to deliver to target-expressing
tumor cells a toxic agent, such as radioisotopes (e.g., 90Y,177Lu,131I) or potent tox-
ins (e.g., maytansinoid, auristatin) (Wu and Senter 2005). The payload approach
benefits from high affinity antibodies directed to targets that are highly expressed on
tumor cells and minimally on essential normal tissues. Utilization of antibody-drug
conjugates (ADCs) requires their internalization into the cells to induce specific
release of the active drug and subsequent cell killing (Doronina et al. 2003, Smith
2004). Among the nine FDA-approved MAbs for cancer indications, six are naked
and three are conjugated to a payload. Among the naked antibodies are: (1) rit-
uximab (Rituxan R© BiogenIdec/Genentech), a mouse MAb targeting CD20 for non-
Hodgkin’s lymphoma; (2) alemtuzumab (Campath R©, Ilex), a humanized anti-CD52
MAb for chronic lymphocytic leukemia; (3) trastuzumab (Herceptin R©, Genen-
tech), a humanized anti-HER2 MAb for breast cancer; (4) cetuximab (Erbitux R©,
ImClone/Bristol-Myers Squibb), a chimeric MAb targeting EGFR for colorectal
and head and neck cancers; (5) bevacizumab (Avastin R©, Genentech), a humanized
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MAb targeting VEGF for the treatment of colorectal and lung cancers; and (6) pan-
itumumab (VectimibTM, Amgen), an anti-EGFR fully human MAb for the treatment
of colorectal cancer.

The three approved payload-conjugated MAbs include the anti-CD20 ibritumo-
mab tiuxetan (Zevalin R©, BiogenIdec) and tositumomab (Bexxar R©, GlaxoSmith-
Kline) mouse MAbs, conjugated to the radioisotopes 90Y and 131I, respectively,
for non-Hodgkin’s lymphoma; and gemtuzumab (Mylotarg R©, Wyeth) anti-CD33
humanized MAb conjugated to the toxin calicheamicin for acute myeloid leukemia.

3 Antibody Therapy in Prostate Cancer

Different aspects of prostate cancer make it an excellent indication for antibody-
based therapy: (1) normal prostate, being a nonessential organ, allows for targeting
of antigens that are expressed in both normal prostate and prostate cancer cells; (2)
PCa metastases predominately involve bone marrow and lymph nodes, locations
that are accessible to circulating antibodies and that have shown responses to MAb
therapies in other tumor types (e.g., lymphoma, breast cancer); (3) the early diag-
nosis of the disease and the availability of the biomarker PSA allow for initiation of
treatment when primary/recurrent tumors or metastatic lesions are small and well
suited for antibody penetration; and (4) the demonstrated response of PCa to radio-
therapy and chemotherapy justifies the use of naked antibodies in combination with
chemotherapeutic agents and the use of payload-conjugated MAbs.

The premise of the antibody-based therapy in prostate cancer led to clinical
evaluation of the four MAbs approved for solid tumor indications (cetuximab,
trastuzumab, bevacizumab, and panitumumab) in different PCa settings. In paral-
lel, significant academic and corporate efforts have been made toward identification
of novel targets in PCa and evaluation of their suitability for a therapeutic antibody
approach. This review will focus on the major clinical and preclinical developments
in both areas.

3.1 Antibodies to Established Targets

3.1.1 Human Epidermal Growth Factor Receptor-2 (HER2/neu)

HER2 is a 185-kD growth factor receptor tyrosine kinase encoded by the HER2 (c-
erb-2) proto-oncogene. It is one of the four members of the HER receptor tyrosine
kinase family, which includes EGFR (HER1), HER3, and HER4, shown to regulate
cell growth, survival, and differentiation. The ligand to HER2 has not yet been iden-
tified but it appears that HER2 heterodimerization with other HER receptors leads
to activation of cell signaling pathways and thus to cell proliferation (Olayioye et al.
2000; Pegram and Slamon 2000). In breast cancer, HER2 gene amplification or pro-
tein overexpression occurs in 25–30% of patients and has been associated with a
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poor clinical prognosis (Pauletti et al. 2000; Yeon and Pegram 2005). Trastuzumab
is a humanized IgG1κ anti-HER2 MAb that binds with high affinity (Kd ∼ 5nM)
to HER2 expressed on the cell surface. It received FDA approval for treatment of
metastatic breast cancer based on two large clinical studies, which demonstrated that
antibody treatment (initial dose of 4 mg kg−1 followed by 2 mg kg−1 dose, weekly)
increased survival of patients whose tumors overexpressed HER2, both as a single
agent in second- and third-line therapy, and in combination with chemotherapy as
first-line therapy (Slamon et al. 2001). Clinical benefits were shown to correlate with
HER2 overexpression leading to patient selection based on the target expression
levels (Yeon and Pegram 2005). More recently, trastuzumab was approved for adju-
vant treatment of women with node-positive, HER2-overexpressing breast cancer,
in combination with doxorubicin, cyclophosphamide, and paclitaxel. The antibody
mode of action is not fully understood, but it may combine different mechanisms,
including effect on HER2 signaling, internalization, downregulation, and proteoly-
sis, as well as MAb-induced ADCC (Yeon and Pegram 2005).

In PCa, studies of HER2 expression resulted in variable results and a consensus
for target expression and its predictive value has not been achieved (Scher 2000,
Solit and Angus 2001). In various studies, only low proportion of patients exhib-
ited HER2 overexpression (Scher 2000, Koeppen et al. 2001, Lara et al. 2004). In
studies where overexpression was detected, it was correlated with progression to
androgen-independent and metastatic disease (Signoretti et al. 2000, Morris et al.
2002, Nishio et al. 2006). Furthermore, unlike breast cancer, HER2 amplification
in PCa has been decidedly uncommon (Scher 2000, Signoretti et al. 2000). The
role of HER2 expression in PCa progression is not clear. Some studies have shown
that HER2 overexpression activated the androgen receptor pathway in the absence
of ligand and conferred androgen-independent growth to an androgen-dependent
cell line (Craft et al. 1999). In addition, HER2 transfection in prostate cell lines
induced metastatic capacity in an orthotopic model (Marengo et al. 1997). These
findings concur with the correlation between HER2 expression levels and progres-
sion to androgen-independent disease (Signoretti et al. 2000). These data, together
with the anti-tumor activity of trastuzumab in PCa mouse xenograft models (Agus
et al. 1999, Solit and Angus 2001), provided the rationale for evaluation of the MAb
in patients with advanced PCa.

In phase II clinical trials with trastuzumab in HPRC patients, no objective
responses, based on PSA decline or regression of measurable disease, were observed
(Morris et al. 2002, Lara et al. 2004). Attempts to correlate between HER2 expres-
sion, hormone sensitivity, and trastuzumab efficacy have failed due to the low num-
ber of patients identified as HER2-positive, based on their archived primary tumor
specimens (Morris et al. 2002, Lara et al. 2004).

Clinical trials in PCa were also performed with a new anti-HER2 humanized
MAb, pertuzumab (OmnitagTM, Genentech), selected to inhibit HER2 dimeriza-
tion with other HER family members, thereby inhibiting target signaling pathways
in a mechanism distinct from trastuzumab. In xenograft models, the antibody was
shown to inhibit growth of HER2 non-overexpressing breast and prostate tumors
(Agus et al. 2002), suggesting that pertuzumab may allow to extend HER2-directed
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antibody therapy to patients that do not respond to trastuzumab. In a phase I dose
escalating study, one of five PCa patients, dosed at 15 mg kg−1 experienced a partial
response (Agus et al. 2003). However, in phase II studies with pertuzumab as single
agent in 41 HPRC patients that failed taxane-based therapy, no PSA or objective
radiographic responses were observed (Agus et al. 2005).

The overall limited clinical efficacy in PCa observed to date with trastuzumab and
pertuzumab suggests that modulation of HER2 by naked antibodies does not impact
the disease, potentially due to either insufficient expression levels or the nonessential
role of the target in PCa pathogenesis. Recently, phase I clinical studies have been
initiated in breast cancer patients with trastuzumab conjugated to the maytansinoid
derivative DM1 (trastuzumab-MCC-DM1, Genentech). Application of this ADC in
PCa may provide a more efficacious HER2-directed antibody therapy.

3.1.2 Epidermal Growth Factor Receptor (EGFR)

EGFR (HER1, c-erb-1), a member of the HER receptor family, is a 150-kD trans-
membrane glycoprotein with an extracellular ligand-binding domain and an intra-
cellular tyrosine kinase domain. Interaction of EGFR with its ligands (e.g., EGF
and transforming growth factor-α) leads to receptor dimerization and autophospho-
rylation, which triggers a cascade of signaling pathways that regulate cell prolifer-
ation, survival, motility, and transformation (Mendelsohn and Baselga 2006, Citri
and Yarden 2006). EGFR is expressed in epithelial cells from multiple normal tis-
sues, including skin and liver. EGFR protein overexpression has been detected in
many human epithelial carcinomas (Wujcik 2006). Increased EGFR overexpression
in tumors was shown to be associated with increased production of ligands, in par-
ticular TGFα, by the tumor cells, suggesting an autocrine regulatory loop for EGFR
stimulation (Di Marco et al. 1989). Due to these properties, EGFR has been consid-
ered an attractive target for MAb therapy for more than 20 years and was the first
target to which antibody-mediated anti-tumor activity was demonstrated in preclin-
ical xenograft models (Mendelsohn and Baselga 2006, Sebastian et al. 2006).

Two anti-EGFR MAbs have been approved by the US FDA: cetuximab for
the treatment of colorectal cancer and squamous cell carcinoma of head and neck
(SCCHN), and panitumumab for the treatment of colorectal cancer (Mendelsohn
and Baselga 2006, Yang et al. 2005). Cetuximab, a chimeric IgG1κ derivative of
the mouse MAb 225, binds with high affinity (Kd ∼ 0.39nM) to the extracellu-
lar domain of EGFR expressed on cells. The antibody was shown to block ligand
binding, receptor dimerization, and to inhibit activation of EGFR-mediated signal
transduction pathways associated with cell growth and transformation, invasion, and
angiogenesis (Baselga 2001, Mendelsohn and Baselga 2006). As a result, the anti-
body inhibited tumor cell proliferation, angiogenesis, and metastasis. In preclinical
xenograft models, cetuximab was shown to enhance antitumor effects of different
classes of chemotherapy and radiotherapy (Baselga 2001, Mendelsohn and Baselga
2006). Cetuximab was approved for treatment of patients with advanced colorectal
cancer based on demonstrated higher objective response rate in patients treated with



Monoclonal Antibody Therapy for Prostate Cancer 243

the MAb (initial dose of 400mgm−2 followed by 250mgm−2 weekly) in combina-
tion with irinotecan as compared to those treated with antibody alone (Cunningham
et al. 2004). More recently, the antibody was approved for treatment of SCCHN
based on significant benefit in disease control and OS (Bonner et al. 2004).

Panitumumab is a fully human IgG2κ MAb that binds to EGFR with very high
affinity (Kd ∼ 0.05nM) (Mendez et al. 1997). The IgG2 isotype was selected to min-
imize CDC- and ADCC-mediated toxicity to normal organs. The MAb was shown
to inhibit ligand binding, receptor autophosphorylation, and activation of receptor
associated kinases, resulting in inhibition of cell growth, induction of apoptosis,
and VEGF production (Yang et al. 1999). In various xenograft mouse models, pan-
itumumab has demonstrated significant antitumor activity, including eradication of
large established tumors (Yang et al. 1999, 2001). The antibody activity was fur-
ther enhanced when combined with chemotherapy or radiation. Panitumumab was
approved as a single agent treatment (6 mg kg−1, every 2 weeks) for patients with
advanced colorectal cancer who failed one or more chemotherapy regimens. The
approval was based on a demonstrated statistically significant prolongation in pro-
gression free survival (PFS) in EGFR-expressing patients receiving the MAb com-
pared to those receiving best supportive care alone (Peeters et al. 2006, Van Cutsem
et al. 2007).

EGFR is expressed in the basal/neuroendocrine compartment of the normal
prostate and there is some evidence that EGF and TGFα play a role in the struc-
tural and functional integrity of the prostatic epithelium (Sherwood and Lee 1995).
The role of EGFR in the development of PCa is not clear. Most studies did not detect
increased EGFR expression in PCa as compared to benign prostatic tissue, and no
correlation with EGFR expression and prognosis has been established. However,
Di Lorenzo et al. (2002) reported that increased EGFR expression was associated
with progression to androgen-independent disease. Constitutive EGFR activation
has been shown in PCa cell lines and the autocrine/paracrine loop interaction of
EGFR with EGF and TGFα has been implicated in PCa proliferation. Studies with
cetuximab and panitumumab in various PCa xenograft models have shown inhibi-
tion of tumor growth and enhanced sensitivity to cytotoxic agents (Yang et al. 2001,
Prewett et al. 1996).

In phase I/II studies in HPRC patients with cetuximab and doxorubicin, one
patient out of 19 experienced a partial response (Slovin et al. 1997), a limited
response as compared to the efficacy observed from combination of MAb and
chemotherapy treatment in colon cancer. Similarly, in phase II clinical studies with
panitumumab as a single agent in HPRC patients, no PSA or tumor responses have
been observed.

3.1.3 Vascular Endothelial Growth Factor (VEGF)

VEGF is a growth factor that is essential for the regulation of both physiological and
pathological angiogenesis. VEGF acts as a potent mitogen and a survival factor for
vascular endothelial cells. In addition, it modulates the migration of endothelial cells
to sites of angiogenesis, mediates the secretion and activation of enzymes involved
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with degrading extracellular matrix, and increases vascular permeability (Ferrara
et al. 2003). The role of VEGF in promoting development of tumor vasculature sup-
ports a primary role for this growth factor in tumor development. VEGF expression
is detected in many human cancers, with higher expression in hypoxic cells adja-
cent to necrotic areas. Tumor cells and their associated stroma represent the main
source of VEGF. Many anti-VEGF agents, including MAbs, were shown to inhibit
tumor growth in vivo. Studies also demonstrated that combining antibodies with
chemotherapy or radiation results in a greater antitumor effect (Ferrara et al. 2004).

Bevacizumab is a high-affinity (Kd ∼ 0.5nM) humanized IgG1κ antibody that
binds to human VEGF-A and prevents its interaction with its receptors, VEGFR1
and VEGFR2, on the surface of endothelial cells. The antibody prevents endothelial
cell proliferation, new blood vessel formation, and inhibits the growth of various
human tumor cell lines in mouse xenograft models (Ferrara et al. 2004). Beva-
cizumab was approved by the FDA as first- and second-line treatment with 5-
fluorouracil-based chemotherapy for metastatic carcinoma of the colon or rectum.
The approval was based on demonstration of a statistically significant improvement
in OS, PFS, and objective response in patients receiving bevacizumab (5 mg kg−1,
every 14 days) plus FOLFOX4 when compared to those receiving chemotherapy
alone (Hurwitz et al. 2004). More recently, based on improvement in OS, beva-
cizumab in combination with carboplatin and paclitaxel was approved for first-line
treatment of patients with unresectable, locally advanced, recurrent or metastatic
nonsmall cell lung cancer.

Although no increased VEGF expression levels have been detected in prostate
tumors, various findings suggest that VEGF may play a role in the pathogenesis and
progression of the disease. In patients with metastatic prostate cancer, plasma VEGF
levels are significantly higher than in patients with localized disease and high urine
VEGF levels are associated with progressive HPRC (Duque et al. 1999, Bok et al.
2001). Tumor angiogenesis has been correlated with adverse outcome in PCa and
increased microvascularity has been found to correlate with the pathologic stage of
the disease (Weidner et al. 1993, Silberman et al. 1997). Antibodies to VEGF slowed
tumor growth in androgen-independent PCa xenograft models, and the antitumor
activity was augmented with the addition of chemotherapy (Kirschenbaum et al.
1997, Melynk et al. 1999, Borgstrom et al. 1998).

Evaluation of bevacizumab as a single agent (10 mg kg−1, every 14 days) in
HPRC patients did not produce significant objective responses (Reese et al. 2001).
Phase II studies of bevacizumab in combination with docetaxel and estramustine in
metastatic HPRC patients led to objective responses, including PSA decline in 81%
of the patients, and tumor responses in 53% of the patients. The observed time to
progression and OS were 9.7 months and 21 months, respectively (Picus et al. 2003).
These results led to the ongoing randomized phase III study in HPRC patients, com-
paring treatment with bevacizumab (15 mg kg−1, every 3 weeks) in combination
with docetaxel and prednisone to treatment with chemotherapy and placebo. The
primary endpoint is OS and the secondary endpoints are PSA response and PFS.
Another planned study is aimed at evaluation of bevacizumab in combination with



Monoclonal Antibody Therapy for Prostate Cancer 245

docetaxel as neoadjuvant treatment of high-risk patients with localized PCa under-
going prostatectomy.

3.1.4 Insulin-Like Growth Factor I Receptor (IGF-IR)

IGF-IR is a receptor tyrosine kinase (Adams et al. 2000). IGF-IR and its ligands,
IGF-I and IGF-II, are implicated in the regulation of cell proliferation, survival, dif-
ferentiation, and angiogenesis, as well as in the maintenance of the transformed phe-
notype for different cancer types (Grothey et al. 1999,Valentinis and Baserga 2001).
IGF-IR has widespread expression among normal tissues and many tumors exhibit
increased expression of IGF-IR (Burtscher and Christofori). Blocking the IGF-IR
pathway by inhibitory peptides, soluble receptor, and antisense oligonucleotides
resulted in decreased cell growth, increased cell apoptosis, and inhibition of tumor
formation in animal models. IGF-IR-specific MAbs have been shown to block IGF-
1 binding to its receptors, to induce receptor downregulation, and to inhibit cell
proliferation in vitro. The MAbs also significantly inhibited tumor growth in var-
ious xenografts models as single agents and in combination with chemotherapy
(Maloney et al. 2003, Wu et al. 2005, Burtrum et al. 2003, Cohen et al. 2005).
Among the MAbs that are progressing in clinical development are: (1) CP-751,871
(Pfizer), a fully human IgG2κ MAb (Kd ∼ 1.5nM) (Cohen et al. 2005); (2) IMC-
A12 (ImClone), a fully human IgG1κ MAb (Kd ∼ 0.04nM) (Burtrum et al. 2003);
(3) h7C10 MAb (Merck), a humanized IgG1κ MAb (Kd ∼ 1.5nM) (Goetsch et al.
2005); and (4) AVE1642 MAb (Sanofi-Aventis/ImmunoGen), a humanized IgG1κ
MAb (Kd ∼ 1.5nM) (Maloney et al. 2003).

Different findings suggest the involvement of IGF-IR and its ligands in devel-
opment and maintenance of PCa. Elevated levels of plasma IGF-I and reduced
levels of the main serum binding protein IGF-BP3, have been shown to be asso-
ciated with an increased risk of PCa (Djavan et al. 2001). IGF-IR expression is
maintained throughout all stages of the disease and inhibition of its expression in
prostate cancer cell lines by antisense oligonucleotides reduced cell growth and
migration in vitro and in vivo (Grzmil et al. 2004). Blocking of ligand binding
by an IGF-like peptide resulted in growth inhibition of different PCa cell lines
(Pietrzkowski et al. 1993). A12 MAb significantly inhibited the growth of both
androgen-dependentand androgen–independentPCa xenografts by induction of G1-
or G2-M cell cycle arrest, respectively (Wu et al. 2005). Enhanced activity was
demonstrated when the MAb treatment was combined with docetaxel (Wu et al.
2006).

At present, only CP-751,871 MAb is being evaluated in PCa patients. In a ran-
domized two-arm phase II study, treatment of HPRC patients with CP-751,871 in
combination with docetaxel and prednisone is being compared to chemotherapy
alone. The primary endpoints of the study are antitumor efficacy measured as objec-
tive responses using PSA and RECIST criteria.
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3.2 Antibodies to Emerging Targets

3.2.1 Discovery of Novel Targets in Prostate Cancer

During the last decade, utilization of various genomics and proteomics methodolo-
gies has yielded numerous novel sequences with upregulated expression in prostate
cancer. Their validation as therapeutic targets required meeting the following desir-
able features: significant and homogeneous expression in a majority of patients
with advanced, metastatic disease; minimal expression in normal vital tissues; and
involvement in disease pathogenesis. This section will focus on the novel cell sur-
face targets in PCa that have been validated as attractive targets for either naked
or payload antibody-based therapy and are currently advancing to or are already in
clinical trials.

3.2.2 Prostate-Specific Membrane Antigen (PSMA)

Prostate-Specific Membrane Antigen (PSMA) is a 100-kDa cell surface glycopro-
tein identified as the enzyme glutamate carboxypeptidase II, which is involved
in cellular uptake of dietary folate and regulation of neurotransmitter release in
the brain (Pinto et al. 1996). Among normal tissues, PSMA expression has been
detected in prostate, small intestine, kidney, salivary glands, and in the central ner-
vous system (Silver et al. 1997). Significant PSMA expression was detected across
all stages of PCa with a strong correlation between target density and progression
to advanced, higher grade, hormone-independent and metastatic disease and poor
prognosis (Ross et al. 2005). Abundant PSMA expression was also detected on the
neovasculature of various solid tumors but not on normal vasculature (Chang et al.
1999). Characterization of mice in which PSMA expression has been knocked out
has suggested that it plays a role in endothelial cell invasion through extracellular
matrix (Conway et al. 2006). The role of PSMA enzymatic activity in prostate can-
cer progression has not been established yet and inhibition of enzymatic activity in
vitro or in vivo did not inhibit tumor cell growth (Ross et al. 2005). Various anti-
PSMA antibodies were evaluated in different therapeutic and diagnostic settings. A
mouse MAb, 7E11/CYT-356 (ProstaScint R©, Cytogen), is marketed for imaging of
PCa soft tissue metastases (Kahn et al. 1998). However, being directed to an intracel-
lular epitope, this MAb has limited therapeutic applications. Antibodies directed to
PSMA extracellular epitopes have shown good targeting to PCa tumors in xenograft
models but no antitumor activity (Bander et al. 2003). The lack of efficacy by naked
antibodies, combined with the rapid internalization of PSMA antibody complexes,
led to the development of antibodies armed with either toxins or radioisotopes as
the predominant therapeutic strategy for PSMA.

The most extensive preclinical and clinical work has been performed with the
mouse MAb J591 and its humanlike (de-immunized) derivative IgG1κ HuJ591,
which binds to the extracellular domain of PSMA with 1 nM affinity (Ross et al.
2005). In studies with established PCa xenografts, the antibody conjugated to either
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radioisotopes or to the antimicrotubule toxin DM1, a derivative of maytansinoid,
demonstrated significant antitumor activity (Smith-Jones et al. 2003, Henry et al.
2004).

A series of phase I clinical studies were performed in HPRC patients treated with
HuJ591 conjugated to different payloads: (1) Indium-111 (111In); (2) Yttrium-90
(90Y); (3) Lutetium-177 (177Lu); and (4) DM1 toxin. Studies with the radiolabeled
antibodies indicated that the conjugates were well tolerated with MTD established
as 17.5mCim−2 and 30mCim−2 for repeat dosing of 90Y and 177Lu, respectively
(Nanus et al. 2003, Milowsky et al. 2004, Bander et al. 2005). In most patients, the
antibody localized well to established tumor sites, including bone and soft tissue
metastases. In both studies, antitumor activity, including PSA decline and/or mea-
surable disease responses, were seen in about 10% of patients. Phase II studies with
177Lu HuJ591 are underway.

A phase I/II clinical study, which explored escalating doses (18–343mgm−2) of
huJ591-DM1 (MLN2704, Millennium) in HPRC patients, indicated that the ADC
was tolerated in most patients, including those who received multiple doses. Durable
antitumor activity, based on either PSA decline or partial tumor response, was detected
in two patients treated at 264 and 343mgm−2 dose, respectively (Galsky et al. 2005).
In a follow-up phase I/II study in progressing HPRC patients, multiple ascending
doses of MLN2704 at different dosing schedules were tested for tolerability and
efficacy. Dose-dependent antitumor effects were seen, most notably PSA decline
of 49–88% in 4 out of 6 patients at the 330mgm−2 dose. However, the frequency
of grade 2–3 peripheral neuropathy limited the continuous treatment at these dose
levels (Milowsky et al. 2006). At present, further development of MLN2704 has
been discontinued.

Another anti-PSMA ADC progressing to the clinic is an IgG1κ fully human MAb
conjugated to auristatin E toxin (Progenics Pharmaceuticals). Treatment of mice
bearing established human prostate tumors with this ADC prolonged their survival
and led to tumor eradication in a subset of the mice (Ma et al. 2006).

3.2.3 Prostate Stem Cell Antigen (PSCA)

PSCA is a 123-amino acid cell surface glycoprotein, a member of the Thy-1/Ly-6
family of glycosylphosphatidylinositol (GPI)- anchored antigens. PSCA was cloned
by gene expression profiling using PCa lymph node-derived xenografts (Reiter
et al. 1998). In normal tissues, PSCA expression is restricted predominantly to the
prostate, stomach, bladder, and ureter. IHC analysis has demonstrated PSCA expres-
sion in the majority of patients with prostate (Gu et al. 2000, Han et al. 2004, Lam
et al. 2005), pancreatic (Argani et al. 2001), and bladder (Amara et al. 2001) can-
cers. In prostate cancer, PSCA protein expression has been detected in all stages of
the disease, including high-grade prostatic intraepithelial neoplasia (PIN), primary
androgen-dependent and hormone-refractory disease. PSCA expression has been
detected in over 90% of primary prostate tumors analyzed, and increased expression
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levels (for both intensity and frequency) have been correlated with Gleason score,
tumor stage, grade, and progression to androgen-independent disease (Gu et al.
2000). In addition, PSCA overexpression has been linked to an increased risk of
biochemical recurrence (Han et al. 2004). Significant and uniform expression has
also been detected in the majority of PCa metastatic lesions, including over 85%
of bone metastases and over 65% of lymph node and liver metastases, with higher
staining intensity observed in bone lesions (Lam et al. 2005). This expression profile
makes PSCA a compelling therapeutic target in different PCa patient populations.

The function of PSCA is not fully understood and insights into the relevance of
PSCA to PCa development and progression have been derived predominantly from
in vivo studies with mouse and human anti-PSCA MAbs. 1G8 is a mouse IgG1κ
MAb that binds to the PSCA extracellular domain with affinity of 1 nM (Saffran
et al. 2001). Treatment with 1G8 of mice bearing PCa bone metastasis-derived
LAPC9 xenografts, established subcutaneously or orthotopically, led to a signifi-
cant inhibition of tumor growth. Tumor growth inhibition was detected with both
androgen-dependent and androgen–independent tumors as well as those derived
from PC3 cells engineered to express PSCA. Inhibition of orthotropic tumor growth
resulted in significant prolongation of survival of 1G8-treated mice as compared to
mice treated with a control antibody. Furthermore, the MAb demonstrated a dra-
matic inhibitory effect on the spread of local prostate tumors to distal sites, even
in the presence of a large tumor burden (Saffran et al. 2001). 1G8 bears the mouse
IgG1 isotype that is incapable of mediating CDC or ADCC, thus suggesting that
the MAb antitumor effect stems from an intrinsic antibody activity on modulating
PSCA function in tumor growth and spread. The minimal contribution, if any, from
the antibody effector function was corroborated by the demonstration that 1G8-
derived F(ab′)2 fragments inhibited the growth of prostate tumor cells both in vivo
and in vitro (Gu et al. 2005).

The compelling in vivo efficacy data obtained with mouse MAbs provided the
rationale for the generation of AGS-PSCA, a fully human IgG1κ MAb that specif-
ically binds to PSCA with high affinity (Kd ∼ 0.2nM). AGS-PSCA significantly
inhibited the growth of established LAPC9 androgen- independent and androgen-
dependent tumors grown subcutaneously or orthotopically. Enhanced activity on
established tumors was demonstrated when AGS-PSCA was administered in com-
bination with docetaxol (Jakobovits et al. 2005). The significant antitumor activity
of AGS-PSCA as a monotherapy and in combination with the approved chemother-
apeutic agent supported the initiation of phase I clinical study in patients with
advanced prostate cancer (Agensys/Merck).

The restricted expression of PSCA in normal tissues and its internalization upon
binding to antibodies led to its evaluation as a target for ADC approach. Mouse
MAbs conjugated to the maytansinoid derivative DM1 demonstrated in vitro cyto-
toxicity of PSCA-expressing cells and marked in vivo efficacy with complete regres-
sion of established tumors in a large subset of mice bearing PC3-PSCA tumors (Ross
et al. 2002).
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3.2.4 Cytotoxic T Lymphocyte-Associated Antigen 4 (CTAL-4)

Unlike the other described targets that are expressed by tumors or their associ-
ated endothelial cells, Cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) is
expressed on activated T cells as a second counter-receptor for the B7 family of
costimulatory molecules. CTLA-4 functions as a negative regulator of T cell activa-
tion (Allison 1994) leading to attenuation of T cell response to tumor cells. Block-
ing CTLA-4 function by MAbs resulted in enhanced immune responses and tumor
rejection in mice (Leach et al. 1996). Two anti-CTLA-4 fully human MAbs, IgG1κ
ipilimumab (Medarex/Bristol-Myers Squibb) and IgG2κ CP-675,206 (Pfizer) are
being evaluated for clinical efficacy in different cancer indications. In PCa patients,
ipilimumab has been evaluated both as a monotherapy and in combination with
chemotherapy or vaccine agents. In a randomized phase II study in HPRC patients,
which compared the treatment of ipilimumab (3 mg kg−1, every 4 weeks) as a sin-
gle agent to its combination with a single dose of docetaxel, PSA responses, but no
radiologic responses, were observed in three patients in each arm (13% and 15%,
respectively), indicating no apparent enhancement of activity by docetaxel. Three
patients experienced severe adverse effects related to immune breakthrough events
(Small et al. 2006). Two major studies are underway: (1) a phase I/II dose escalating
study in HPRC patients aimed at evaluating ipilimumab at 3, 5, 7.5, and 10 mg kg−1

every 3 weeks for 4 doses, for safety and antitumor assessment; (2) a phase I trial
in HPRC patients to study the combination of GM-CSF-gene-transduced allogeneic
PCa cellular immunotherapy (GVAX) and ipilimumab (0.3, 1, 3, or 5 mg kg−1, every
4 weeks). Preliminary data have suggested a relationship between PSA response and
the antibody dose level (Gerritsen et al. 2006).

3.2.5 Six-Transmembrane Epithelial Antigen of the Prostate-1 (STEAP-1)

STEAP-1 is a novel 339 amino acid cell surface antigen identified by differential
gene expression profiling of PCa bone lesion-derived (Hubert et al. 1999). IHC anal-
ysis demonstrated significant and homogeneous STEAP-1 expression in all stages of
PCa, including early, advanced, and hormone refractory diseases and in all lymph
nodes and bone metastases (Hubert et al. 1999). In normal tissues, STEAP-1 is
expressed predominantly in the prostate. The function of STEAP-1 in not fully
understated, but studies in our laboratories have shown its involvement in intercellu-
lar communication in tumor cells in vitro (Challita-Eid et al. 2004). These findings
concur with the hypothesis that STEAP-1 may function as a channel/transporter pro-
tein, based on its localization at cell–cell junctions and its six-transmembrane topol-
ogy. Two MAbs, specific to STEAP-1 extracellular loops, were shown to inhibit
STEAP-1-mediated intercellular transport in vitro and significantly inhibited in vivo
growth of prostate tumor xenografts, as manifested by both tumor volume and PSA
levels (Challita-Eid et al. 2004, 2007). These results support the involvement of
STEAP-1 in the growth of PCa and indicate the ability of naked STEAP-1 antibod-
ies to modulate this function.
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3.2.6 Tomoregulin

Tomoregulin (TMEFF2) is a cell surface target for PCa that was identified by gene
expression profiling and bioinformatics analysis (Afar et al. 2004, Zhao et al. 2005).
In normal human tissues, tomoregulin is predominantly expressed in the prostate
and central nervous system. In PCa, the protein was shown to be expressed in the
majority of primary tumors and lymph node and bone metastatic lesions that repre-
sent both hormone-naı̈ve and hormone-resistant diseases (Glynne-Jones et al. 2001,
Afar et al. 2004, Zhao et al. 2005).

Although tomoregulin was shown to be associated with cell proliferation and
emergence of hormone independence (Glynne-Jones et al. 2001, Gery et al. 2002),
no antitumor activity by naked tomoregulin MAbs was demonstrated in PCa
xenograft models and payload-conjugated antibody approach was pursued by dif-
ferent laboratories (Afar et al. 2004, Zhao et al. 2005). Tomoregulin was selected
as a candidate for an ADC-based therapeutic approach due to its expression profil-
ing and its rapid internalization when ligated with an antibody. When auristatin E
was conjugated to antitomoregulin mouse MAb Pr-1, the ADC specifically killed
target-expressing cells in vitro and significantly inhibited PCa xenograft growth in
vivo (Afar et al. 2004). No signs of overt toxicity by the ADC, which cross-reacts
with mouse tomoregulin, were observed. A humanized version of Pr-1 ADC (huPr-
1-vcMMAE, Protein Design Labs) is being targeted to advance to clinical studies.
Another tomoregulin mouse MAb, 2H8, armed with radioisotopes has been tested
for antitumor activity. 111In-labeled 2H8 MAb showed tumor-specific accumula-
tion and the 90Y-conjugated MAb inhibited tumor growth in PCa xenograft models
(Zhao et al. 2005).

4 Conclusions

The numerous efforts to develop antibody-based therapies for PCa reflect the lack
of effective treatments for advanced, metastatic PCa and the desire to identify safer
and less toxic therapies for earlier stages of the disease. The 10 antibody prod-
ucts described in this review, progressing in PCa preclinical and clinical develop-
ment, signify the emergence of MAbs as one of the leading targeted therapeutic
modalities in PCa. These activities reflect both better characterization of established
targets in PCa patients and the large number of novel validated targets in the dis-
ease. Proven clinical benefits of MAbs directed to growth factors (e.g., VEGF) and
growth factor receptors (e.g., HER2, EGFR) in cancers of the colon, lung, breast,
and head and neck have led to their regulatory approval and successful commercial-
ization. Characterization of these targets for expression and function in PCa pro-
vided the rationale for evaluation of trastuzumab, cetuximab, panitumumab, and
bevacizumab in HPRC patients. However, the limited clinical benefit observed with
HER2- and EGFR-targeted MAbs in PCa suggests that these growth factor recep-
tors do not play the critical role in PCa as they do in other cancer indications. On
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the other hand, this outcome points out at challenges in selection of HPRC patients
with the desirable target expression, who are most likely to benefit from the treat-
ment. Due to the difficulty in obtaining metastatic tissues, patient profiling relies
predominantly on archived primary tumors, which may not be representative of tar-
get expression in advanced stages of PCa. Until new screening methodologies are
available, development of MAb products in PCa can be facilitated by focusing on
targets that exhibit significant and uniform expression in all stages of the disease,
such as PSMA, PSCA, and STEAP-1, and do not dictate patient selection. Prod-
ucts to such targets would be applicable to advanced as well as early disease. Of
special interest are MAbs directed to targets whose expression is not modulated by
androgen, and which can be administered in combination with hormone therapy
to further delay disease recurrence. The targets described in this review represent
different biological pathways and mechanisms that impact PCa, including growth,
survival, metastatic spread, angiogenesis, and immune response. Therefore, MAbs
directed to these targets can provide treatments that affect different aspects of the
disease. In addition, many of the described targets exhibit highly restricted expres-
sion in normal tissues, thus allowing the development of payload-conjugated MAbs.
The current multitude of MAb products under development, together with encour-
aging results emerging for some of them, indicate that MAb-based therapy will play
an important role in future treatments of PCa.
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or school absences, limitations in activity, reduced quality of life, and personal and
economic hardships.

Over the past several decades, a great deal has been learned about asthma patho-
physiology, and currently available therapies have revolutionized asthma treatment.
However, asthma remains a global public health problem, and the hope is that newer
therapies targeting specific biological mediators of asthma, particularly antibody-
mediated therapies, offer exciting new modes to the control of this disease. We will
review some of these therapies, with the majority of attention devoted to anti-IgE
therapy which has been approved for treatment of adult and childhood asthma by
the US Food and Drug Administration (FDA) since 2003.

1 Asthma Background

1.1 Asthma Epidemiology

Roughly 17 million Americans are affected by asthma, one-third of whom are chil-
dren (Gold and Wright 2005). Worldwide estimates of asthma prevalence range
from 2 to 36% of various international populations (Braman 2006). Currently, the
incidence and prevalence of asthma in the US population overall appears to have
reached a plateau, but there may well be increases within certain racial and ethnic
groups (Cohen et al. 2006; Lugogo and Kraft 2006). Many patients with asthma also
make frequent visits to their ambulatory care provider or the emergency department.
There has been a recent increase in the rates of outpatient and emergency room vis-
its from 1980 to 1999 as reported in the Morbidity and Mortality Weekly Report
(Mannino et al. 2000), indicating that asthma control is suboptimal in the US pop-
ulation. Hospitalizations for asthma are a significant factor in asthma-related cost.
Patient absenteeism from work likely also has an important impact on productiv-
ity. Thus, asthma remains an important public health problem both nationally and
globally (Eder et al. 2006).

1.2 The Biology of Asthma

Over the last several decades, much has been learned about asthma physiology and
pathogenesis. For decades, the paradigm was relatively simple: exposure from an
environmental allergen in a susceptible host resulted in inflammation in the airways;
the inflammation was then felt to result in the symptoms of the disease. However,
what became increasingly clear is that the symptoms of the disease and the asthma
clinical severity were only loosely connected in many individuals with asthma.
Today, a number of cells and molecular determinants were felt to play important
roles in asthma pathogenesis. Our current understanding is that the immunopathol-
ogy of asthma is complex and involves a dynamic interplay among various com-
ponents of the adaptive and innate immune systems, the environment, and host
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Fig. 1 Classical mechanisms of allergic asthma. Allergens are taken up by dendritic cells and
presented to T cells. The T-cell response is balanced between the TH1 and TH2 response, and
this interaction is balanced by numerous other factors. The TH2 response classically results in
clonal expansion of the TH2 cell population, which manifests by activation of B lymphocytes.
These activated B cells transform and produce allergen-specific IgE, which then binds to the FcεRI
receptor on effector cells (e.g., mast cells, basophils). Crosslinking of allergen to receptor-bound
IgE results in degranulation and subsequent release of numerous inflammatory mediators. The
resulting acute and chronic inflammation results in airway disease and the symptoms of asthma

susceptibility. Certain factors may modify these effects to result in overt clinical
disease, and subclinical disease may progress despite excellent therapy targeted
against asthma.

The classical paradigm of asthma is depicted in Fig. 1. After a dendritic cell or
other antigen-presenting cell encounters an allergen, the cell triggers the naive T
cell population to undergo a specific clonal expansion. Through numerous com-
plex mechanisms which involve isotype class switching, this TH2-mediated reaction
results in the production of B cells which secrete allergen-specific immunoglobulin
E (IgE). These IgE molecules have the ability to bind to receptors on effector cells
such as mast cells. On subsequent allergen re-exposure, the allergen, IgE molecules,
and FcεRI receptor interact to result in mast cell degranulation, the release of numer-
ous inflammatory mediators, and the subsequent symptoms of asthma. Within this
paradigm, antibody targets that inhibit important mediators and effectors appear par-
ticularly promising for the treatment of asthma and other allergic diseases. To date,
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these therapies generally center on the adaptive immune system and its production of
immunoglubilins (e.g., IgE) and cytokines (e.g., TNF-α) that are felt to drive many
of the mechanisms of asthma. We will review a few of these potentially therapeutic
antibodies in detail below.

1.3 Current Treatments for Asthma

Numerous guidelines for the diagnosis and treatment of asthma have been pub-
lished since the 1980s. In the United States, in 1991, the National Heart, Lung,
and Blood Institute (NHLBI) published its first set of guidelines (NHLBI 1991),
which were subsequently updated by the National Asthma Education and Preven-
tion Program in 1997 (NAEEP 1997) and again in 2002 (NAEEP 2002). The most
famous of the global guidelines were originally published by the Global Initia-
tive for Asthma (GINA) (NHLBI/WHO 2002), a joint consortium of the NHLBI
and the World Health Organization that updates its guidelines at least annually. A
recent update of the GINA guidelines was just released in 2006, with new NHLBI
guidelines expected in 2007. Updated guidelines can be found on the GINA website
(http://www.ginasthma.com/).

Essentially, the treatment of asthma centers around the control of or response to
patient symptomatology with particular attention to symptoms of dyspnea, cough,
and wheezing. Therefore, patient well-being, number and severity of exacerbations,
and improvement in quality of life (e.g., fewer missed days of work/school) are
the most common assessments of response to treatment. Treatment effectiveness
may also be objectively quantified by physiological measurements such as measures
of pulmonary function. Common physiological parameters include peak expiratory
flow rate (PEF) with forced exhalation as well as the forced expiratory lung vol-
ume in 1 s (FEV1); both may be reduced from baseline during disease flares, but the
results are not consistent among or within cohorts of asthmatics. Notably, the actual
airway inflammation and remodeling that ensue are not well-measured by current
methodologies. There has been some excitement recently about using quantitative
measurements of exhaled nitric oxide as a surrogate marker for airway inflamma-
tion, but this has not been universally accepted nor available. Therefore, symptoms
and patient tolerance dictate current guidelines to asthma treatment, also reflecting
a shift toward improving or maintaining symptom control rather than trying to alter
disease severity. Importantly, the newer asthma treatment guidelines represent a shift
in thought from categories of asthma severity to categories of control, regardless of
severity. Therapy is stepped up or down depending on overall control.

Available therapies are generally divided into nonpharmacologic and pharmaco-
logic categories. Nonpharmacologic therapies in asthma center around avoidance
of asthma triggers. Triggers may be discrete allergens for which the patient has a
known allergic predisposition (e.g., a positive skin-prick test on skin testing). For
example, certain species of house dust mite are known environmental allergens, and
many experts recommend that patients cover their mattresses with plastic covers so
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as to avoid direct exposure to as much house dust mite antigen as possible. Avoid-
ance of the offending allergen makes intuitive sense, but many of the allergens are
ubiquitous in the environment, difficult to avoid, or difficult to determine. Other
nonallergen triggers include exposure to environmental tobacco smoke, cold air, and
exercise, none of which may be easy to avoid. Clearly, trigger avoidance, though of
great importance, is markedly insufficient as sole therapy for the majority of asth-
matics.

The mainstays of pharmacological therapies for asthma have been bronchodila-
tors and corticosteroids. Bronchodilators, particularly β-agonists, dilate the small
airways and can have short or long-lasting effects, depending on the formulation.
These are not generally thought to treat the underlying inflammation, but rather pro-
vide symptomatic relief. Given that the hallmark of allergic asthma is inflammation,
the underlying inflammation of acute and chronic asthma is treated with corticos-
teroids. Corticosteroids decrease inflammation through numerous proposed mecha-
nisms, and to date oral or parentally administered corticosteroids are the mainstay
of treatment for patients with severe asthma, especially during a flare requiring hos-
pitalization. The major advance in asthma pharmacotherapy in the last two decades
has been the introduction and widespread use of inhaled corticosteroids in patients
with mild to moderate asthma. Though they are generally well-tolerated, inhaled
corticosteroids have potential adverse effects. These have usually been thought to be
mild and easily treatable (e.g., throat pain, oral thrush), but recent evidence suggests
that inhaled corticosteroids reach the systemic circulation and may have untoward
effects on bone growth and suppression of the hypothalamic–pituitary axis lead-
ing to possible adrenal gland dysfunction and osteoporosis (Gulliver and Eid 2005).
Moreover, the combination of inhaled corticosteroids and long-acting β-agonists
may be insufficient to treat patients with severe asthma. It is being increasingly
recognized that a small number of patients, generally those with severe persistent
asthma, are the most difficult to treat and are responsible for a large segment of the
costs of asthma (Dolan et al. 2004). These patients demonstrate a need for additional
therapeutic options to achieve enhanced asthma control.

Second-line agents for the control of asthma, such as mast-cell stabilizing agents,
leukotriene inhibitors and methylxanthines, have variable roles in the daily manage-
ment of asthma. Desensitization immunization with antigens (allergens), which is
used mainly in the United States for allergic rhinitis, is not effective for the majority
of asthma patients. Overall, these therapies have benefited subsets of patients; there-
fore, new therapeutic targets are needed. Many of these therapies are targeted toward
specific aspects of the innate and adaptive immune response. More recently, the
approval and use of anti-IgE antibodies has generated much excitement, as has
the potential uses of other antibodies targeting asthma mediators. We will review
the pathophysiology, mechanisms, and pharmacologic considerations of the latter
agents in detail in this chapter.
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2 Anti-IgE Antibodies for Asthma

2.1 Role of Immunoglobulin E in Asthma Pathogenesis

Immunoglobulin E (IgE) has been known to be a key mediator of asthma and other
allergic disorders for over 30 years and plays a central role in allergic responses
to allergens in patients with asthma and rhinitis. IgE was officially recognized by
the WHO as a new immunoglobulin in 1968. Its receptor was first identified in
1974 (Kulczycki et al. 1974) while more detail on the receptor’s molecular weight
and valence was published in 1977. After further characterization over the ensuing
decades, Kinet identified the IgE-mast cell interaction as a paradigm for the antigen–
antibody relationship. Current evidence suggests that the majority of asthma has an
allergic basis (Holt et al. 1999), and that IgE is central to the initiation of both aller-
gic and nonallergic asthma. Elevated serum levels of specific IgE toward common
environmental allergens characterize allergic diseases such as asthma and rhinitis as
illustrated by several lines of evidence. Elevated serum IgE in the first year of life,
IgE sensitization, and exposure to airborne allergens are all risk factors for the devel-
opment of childhood and lifelong asthma (Sporik et al. 1990; Martinez et al. 1995).
Concordantly, increased IgE levels are associated with increasing asthma disease
severity in patients with moderate to severe persistent asthma (Borish et al. 2005).
This is conceptually supported by the correlation of elevated serum IgE with spu-
tum eosinophilia (Covar et al. 2004) and elevated levels of nitric oxide in airways of
asthmatics (Strunk et al. 2003).

IgE is produced by B cells after sensitization and has a short half-life. Despite
low serum concentrations, IgE is immunologically highly active due to the large
number of high-affinity IgE receptors on mast cells and basophils. In addition, IgE
upregulates receptors on several cell type, including basophils and mast cells. The
binding of IgE to the receptors on these cells results in the formation of cross-
links between the allergen and the IgE molecule, thereby initiating an inflam-
matory cascade through release of a variety of mediators, including histamine,
prostaglandins, leukotrienes, chemokines, and platelet-activating factor. In some
individuals with allergic asthma, higher than normal IgE levels may increase persis-
tent airway inflammation and bronchial hyperresponsiveness, presumably through
ongoing chronic allergic activation of this complex system.

As in other antibodies, the antigen-binding site of IgE is contained in the Fab
fragment. The Cε3 domains of the Fc fragment bind either of the two known IgE
receptors, the high-affinity receptor (FCεRI) or the low-affinity receptor (FCεRII)
(Buhl 2004). Importantly, the IgE-mediated allergic cascade involves a biphasic
response with an immediate or early allergic response and a late allergic response
(Dolovich et al. 1973). The early response occurs acutely, usually within 1 h of expo-
sure to allergen, whereas the late response occurs 4–24 h later. IgE plays a critical
role in both the early and late phase responses via interaction with the FcεRI and
FcεRII receptors.
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The early allergic response results from IgE-mediated mast cell degranulation.
Interaction of receptor-bound IgE antibodies with soluble multivalent allergen leads
to receptor aggregation (Bradding et al. 2006). By signal transduction, a complex
series of events ensues culminating in rapid degranulation and release of the stored
contents of cytoplasmic granules and newly formed mediators. Acute allergic symp-
toms are generated by interaction of these receptor mediators with specific receptors
on target tissues; clinically, this cascade results in bronchospasm or acute asthma.
Moreover, the severity of this response likely has a great deal to do with the mast
cell density in the airways (Bradding et al. 2006). Disruption of the initial binding of
IgE antibodies, thereby preventing activation of mast cells and other airway effec-
tor cells, is an important potential mechanism by which anti-IgE antibodies may
attenuate the early allergic response.

Continued expression of mediators elicits an inflammatory response designated
as the late-phase reaction, though the precise cause and significance of this late
phase are less well understood. Eosinophils likely play a role, and in response to
IgE binding to the FcεRI receptor, eosinophilic cytoplasmic granules and a num-
ber of cytokines and lipid mediators are synthesized and released by degranula-
tion. However, the low level of FcεRI expression on eosinophils means this may
not be the major pathway in the late phase response (Prussin and Metcalfe 2006).
Given that IgE also enhances antigen presentation to T cells via FcεRI receptors
on antigen-presenting cells (Maurer et al. 1995), this may explain the pathogene-
sis for the role of IgE in the late-phase response. Regardless of mechanism, this
late phase response results in persistent symptoms, airway hyperresponsiveness, and
bronchospasm (Strunk and Bloomberg 2006).

Additional effects of IgE and its binding to the FcεRII receptor are not fully
understood but are being investigated heavily. Importantly, the expression of FcεRI
in basophils correlates with serum IgE levels (Malveaux et al. 1978), suggesting
that lowering IgE levels may attenuate the early asthmatic reaction. In turn, IgE can
also directly or indirectly maintain the mast cell pool by protecting the cell from
apoptosis (Kitaura et al. 2003), thereby proposing a mechanism whereby continued
suppression of IgE may lead to persistent attenuation of allergic asthma symptoms.
It is also likely that IgE may facilitate sensitization to allergens via effects on dif-
ferent cell types. For example, asthmatic airway smooth muscle expresses surface
FcεRII and expression is upregulated by IgE-FcεRII binding (Hakonarson et al.
1999), so FcεRII may be involved in transepithelial migration (Buhl 2004). FcεRII
is also implicated in the IgE-mediated presentation of allergen to antigen-presenting
cells, and allergen presentation to T cells is enhanced by IgE-FcεRI complexes on
antigen-presenting cells (Maurer et al. 1995). This allergen presentation leads to
classic Th2 cell-mediated allergic reactions with resulting inflammation. Also after
allergen inhalation, the number of dendritic cells recruited to the airway epithelia
is increased in asthma, and the expression of FcεRI by these cells is also signifi-
cantly increased compared to controls (Geiger et al. 2000). Allergens can thus be
internalized and presented to dendritic cells via cross-linking of allergen-IgE anti-
bodies bound to the alpha chain of FcεRI (Upham 2003). In regard to B cells, IgeE
binds to FcεRII receptors on B cells, where it alters differentiation and regulation of
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further IgE synthesis (Broide 2001; Oettgen and Geha 2001). In summary, the IgE
molecule probably plays a number of unique roles in the allergic response, many of
which require further elucidation.

2.2 Anti-IgE as a Therapeutic Strategy

Given the above clinical, epidemiologic, and biological evidence indicating the role
of IgE in asthma pathogenesis, it is not surprising that anti-IgE therapies have
been developed to treat allergic asthma and related disorders. The rationale for this
was first published by Chang in 1987, who proposed that chimeric or humanized
anti-IgE antibodies with a set of unique binding properties could be used for the
isotype-specific control of IgE, and thus would be a logical therapeutic approach
to IgE-mediated diseases (Chang 2000). IgE binding to its Fc receptors mediates
both FecRI-mediated mast cell degranulation and FcεRII-mediated enhancement of

Fig. 2 Mechanisms of action of omalizumab. Omalizumab binds free IgE to form omalizumab-
IgE complexes. The binding of omalizumab to the Fc portion of the IgE molecule: (1) prevents
the binding of IgE with the high-affinity receptors of effector cells, including basophils, dendritic
cells, and mast cells; (2) since these complexes are eliminated, there is then less free IgE available
for the remaining receptors; (3) there is a resulting decreased release in inflammatory mediators;
(4) a decrease in the allergic cascade results in fewer TH cell reactions resulting in (5) less serum
IgE being produced. (6) downregulation of high-affinity receptors on effector cells. The net effect
then of omalizumab is decreased airway inflammation, fewer exacerbations, and a reduction in
asthmatic symptoms



Anti-IgE and Other Antibody Targets in Asthma 265

antigen presentation in the allergic reaction; both roles thus make anti-IgE therapy
a potentially ideal target. A monoclonal anti-IgE antibody that binds free but not
receptor-bound IgE would therefore be postulated to inhibit the initiation of the
allergic cascade by preventing IgE binding to receptors.

The potential downstream effects of blocking IgE receptor binding are numerous.
Blocking IgE binding to FcεRI receptors on dendritic cells could reduce the effi-
ciency of antigen presentation to T cells, whereas blocking binding to those on mast
cells and basophils could prevent allergen-induced degranulation and the release of
inflammatory mediators (Fig. 2). It then becomes logical that if the inflammatory
mediators are not released, the progression of an asthmatic reaction would be atten-
uated and a patient’s symptoms improved. Moreover, if new immune cells such as
basophils are created to replenish the patient’s systemic supply during routine cell
turnover, these new cells would not have gone through upregulation of their FcεRI
receptors because of the low plasma free IgE concentration (Chang 2000). As dis-
cussed later, this latter effect may explain why anti-IgE therapy takes several weeks
to achieve maximal benefit.

2.3 The Development of Anti-IgE Antibodies and the Emergence
of Omalizumab (XolairTM)

As intriguing as the prospect is for an anti-IgE monoclonal antibody, there are a
number of considerations involved in the development of therapeutic monoclonal
antibodies. First of all, the antibody must be nonimmunogenic and nonaphylacto-
genic, issues which hindered the development of murine monoclonal antibodies for
decades (Dillman 1989). Secondly, the binding of the therapeutic antibody to the
IgE molecule should occur with a high degree of specificity and affinity. Moreover,
the binding affinity between IgE and the antibody should favor the formation of
immune complexes small enough to result in a reasonable degree of clearance with-
out adverse reactions. Lastly, for therapeutic efficacy, a dose of anti-IgE capable of
almost completely removing free IgE might be necessary, because only 2000 IgE
molecules are required for half-maximal histamine release from basophils exposed
to allergen (MacGlashan 1993).

Based on the above, two recombinant humanized monoclonal antibodies have
been developed against the IgE molecule. The antibodies are made with a human
IgG1 framework and a complementarity-determining region from a murine anti-
IgE antibody (Presta et al. 1993). Overall, less than 5% of the amino acid residues
are murine, which is why the molecules are considered to have low potential for
immunogenicity. The antibodies recognize the Cε3 domain of free human IgE, the
same Fc site as the high-affinity receptor binding site. Specifically, the FcεRI bind-
ing site within the Cε3 domain depends on six exposed amino acids localized in
three loops: Arg408, Ser411, Lys414, Glu452, Arg465, and Met469 (Presta et al.
1994). When the IgE antibody binds to this region, the interaction between IgE and
effector cells is blocked (Fig. 2). Moreover, the antibody-IgE complexes formed as a
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result of treatment are small and not thought to be able to trigger complement activa-
tion nor give rise to immune complex-mediated pathology (Liu et al. 1995). Impor-
tantly, the antibodies only bind free IgE, not cell-surface-bound IgE. This ensures
that there is no crosslinking of effector cells, and hence the effector cells are not acti-
vated. This may seem to be intuitively obvious, but has been an important challenge
in the development of antibody-mediated therapies (Roskos et al. 2004). To test this
concept, in vitro experiments have shown that anti-IgE did not induce histamine
release from IgE-loaded human basophils (Shields et al. 1995).

Omalizumab (also referred to as rhu-Mab-E25, rhu-mab in the literature), is
a recombinant humanized monoclonal antibody that was first cloned in 1992 by
Genentech (Presta et al. 1993; Adis 2002). It was commercialized with Novartis
and Tanox under the trade name Xolair. The second anti-IgE molecule developed
is the CGP51901 or TNX-901 monoclonal antibody independently developed by
Tanox (Chang 2000). The latter has been successfully used to treat subjects with
peanut allergy in a phase II trial but is not yet commercially available (Leung et al.
2003). The two antibody development programs were combined in 1996, which tar-
geted omalizumab for further development. Therefore, the vast majority of medical
literature on clinical and biological data regarding anti-IgE therapies is based on
omalizumab. As detailed later, omalizumab has been shown to reduce serum con-
centrations of free IgE, resulting in significant reductions in early and late asthmatic
responses following allergen inhalation and improved asthma symptom control. In
2003, the FDA granted approval for the use of omalizumab in moderate to severe
atopic asthmatic patients.

2.4 Pharmacokinetics and Dosing of Omalizumab

Developing a dosing regimen for omalizumab takes into account the pharmacoki-
netic properties and the goals of serum IgE reduction. Given subcutaneously, the
drug is absorbed slowly, with an absolute bioavailability of 62%, and peak serum
concentrations are reached 7–8 days following the injection (Genentech 2003).
Interval of dosing is predicated on the long average terminal half-life of omalizumab
of 19–22 days (Hochhaus et al. 2003). The serum concentration of total IgE in the
nonatopic, nonasthmatic population is <100IUml−1 (<240ngml−1); however, in
allergic individuals, this concentration varies from normal range to several hun-
dred IU ml−1. Clinical benefit with omalizumab is observed when free IgE levels in
serum are reduced to 50 ng ml−1 or less, but little additional benefit is gained with
levels <12ngml−1 (Hochhaus et al. 2003). It was then determined that omalizumab
must be given at molar excess of 15–20:1 relative to baseline total IgE to achieve
such a reduction in free IgE (Casale et al. 1997). Therefore, the ability of omal-
izumab to reduce free IgE levels to less than 10% of pretreatment level depends
on the dose and the patient’s weight and baseline IgE level (Boulet et al. 1997;
Hochhaus et al. 2003). A pooled analysis of two previous studies with 859 patients
with asthma found that administration of the minimum dose calculated to achieve a
mean free IgE level of 25 ng ml−1 resulted in free IgE levels of <50ngml−1 in more
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Table 1 Dosing of Omalizumab

Pre-treatment serum
IgE (IU ml−1)

Body Weight (kg)

30–60 >60–70 >70–90 >90–150

30–100 150 mg every
4 weeks

150 mg every
4 weeks

150 mg every
4 weeks

300 mg every
4 weeks

>100–200 300 mg every
4 weeks

300 mg every
4 weeks

300 mg every
4 weeks

225 mg every
2 weeks

>200–300 300 mg every
4 weeks

225 mg every
2 weeks

225 mg every
2 weeks

300 mg every
2 weeks

>300–400 225 mg every
2 weeks

225 mg every
2 weeks

300 mg every
2 weeks

Do not dose

>400–500 300 mg every
2 weeks

300 mg every
2 weeks

375 mg every
2 weeks

Do not dose

>500–600 300 mg every
2 weeks

375 mg every
2 weeks

Do not dose Do not dose

>600–700 375 mg every
2 weeks

Do not dose Do not dose Do not dose

than 95% of patients (Hochhaus et al. 2003). As a footnote, there was no change in
the serum IgE levels after inhalation of aerosolized omalizumab (Fahy et al. 1999),
which leads one to suspect that the lack of efficacy of this route of administration
may have somehow been due to its ineffectiveness at obtaining systemic levels.

Taking the above factors into account, an individualized tiered dosing table was
developed to ensure that free IgE reduction is achieved (Hochhaus et al. 2003).
The recommended dose is 0.016 mg per kilogram of body weight per international
unit of IgE every four weeks, administered subcutaneously at either two-week or
four-week intervals. The actual dose depends mainly on current body weight and
pretreatment total IgE level; the corresponding dosing table (Table 1) takes into
account the broad range of pretreatment total IgE levels and the patient body weights
likely to be encountered in clinical practice. Patients requiring a monthly dose of
≤300 mg are treated once every 4 weeks while those requiring a higher dose receive
two equal doses administered every 2 weeks. There is presently no recommended
dose for patients with body weight greater than 150 kg and/or total IgE 700 IU ml−1

or greater.
The tiered dosing strategy has proven overall to be successful in meeting the tar-

geted objectives. Results from large, placebo-controlled phase III clinical studies
in patients with moderate-to-severe allergic asthma show overall consistent sup-
pression of free IgE, with median serum free IgE levels well below the target of
25 ng ml−1 (10.4 IU ml−1) across the omalizumab dose range (Busse et al. 2001;
Milgrom et al. 2001; Soler et al. 2001). The clinical effectiveness of this strategy
is detailed later in this chapter, but overall, the results indicate improved asthma
symptom control in subjects with allergic asthma. Moreover, a retrospective pooled
analysis of two of these studies was conducted to study the range of individualized
doses and free IgE suppression in relation to clinical effectiveness. This analysis
showed no additional clinical benefit at higher omalizumab doses or at serum free
IgE levels lower than the average target of 25 ng ml−1 (10.4 IU ml−1) (Hochhaus
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et al. 2003). However, this latter aspect is controversial as others argue that higher
dosing, particularly to achieve near-saturation of high-affinity receptors, has been
poorly studied and may be of direct clinical benefit.

Biologically, following either intravenous or subcutaneous injection of omal-
izumab, a substantial reduction in the free serum IgE concentrations was demon-
strated after a single injection (Casale et al. 1997). Notably, the magnitude of
reduction was typically 89–99% from the pretreatment levels (Schulman 2001), and
that this effect occurred regardless of different dosing regimens. Low levels of free
serum IgE appeared to be sustained throughout the trials. Proof-of-concept stud-
ies have shown decreased numbers of eosinophils in sputum samples and bronchial
biopsies (Djukanovic et al. 2004). Important studies have also shown a reduction
in FcεRI receptor density on basophils, and a decrease in basophil responsiveness
to stimulation by allergen of approximately 90% (MacGlashan et al. 1997). This
indicates that FcεRI-receptor density is regulated by circulating levels of free IgE,
and that reducing free IgE with omalizumab is very effective in decreasing FcεRI
expression. Similar downregulation of FcεRI receptors has been noted with mast
cells (Beck et al. 2004) and dendritic cells (Prussin et al. 2003), implying that the
effector cell response to IgE is not only mediated by the IgE-FcεRI binding, but
that the effects of IgE antagonism extend into later phases of the asthmatic response
(Fig. 2). Concordantly, studies have shown decreased numbers of eosinophils in spu-
tum samples and bronchial biopsies (Djukanovic et al. 2004), further supporting evi-
dence that the underlying inflammatory response is being appropriately suppressed
in asthmatic airways.

Additional considerations for dosing, beyond weight and pretreatment total IgE,
do not appear to require dose adjustments. Specifically there is no need to adjust
based on additional demographic factors such as age, gender, and ethnicity. There
is also no need for adjustment based on renal impairment, as drug metabolism and
elimination is via the reticulendothelial system of the liver and spleen. Though cases
of hepatic and/or renal toxicity have not been reported, drug dosing in liver impair-
ment has not been studied. Treatment duration itself is controversial. Bousquet and
colleagues noted that, among patients who responded to 16 weeks’ treatment with
omalizumab, only 61% responded at 4 weeks whereas 87% had responded at 12
weeks (Bousquet et al. 2005). Although the mechanism of this delayed onset of
action is unknown, it is likely that the downstream anti-inflammatory effects of anti-
IgE activity require several weeks to achieve maximum efficacy. Therefore, a mini-
mum duration of 12 weeks is currently recommended before determining the level
of omalizumab response. Interestingly, after discontinuation of omalizumab ther-
apy, changes in free IgE concentrations, basophil FcεRI expression, and allergen-
induced histamine release from basophils slowly returned to pretreatment levels
within 2–10 months (Saini et al. 1999). Based on this premise, some authors advo-
cate treatment for years or possibly even lifelong (Chang 2000), but this concept is
very controversial particularly in light of the high cost of omalizumab and unknown
long-term risks associated with this medication.
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2.5 Clinical Efficacy of Omalizumab

2.5.1 Overview

A number of phase II and III studies have been published to date on the effectiveness
of omalizumab. Published studies to date have come from the United States, Europe,
and Japan, with the majority of human subjects being adults with allergic asthma.
Primary outcomes in the majority of studies included (1) a reduction or termination
in steroid usage and (2) decreased frequency of exacerbations (as defined by either
hospital admissions, emergency room visits, days lost from work/school, unscheduled
doctor visits, and/or increase in medicine). Secondary outcomes varied in the studies,
but generally included assessments of asthma symptoms, health-related quality of
life indices, rescue medication usage, physiological measures of pulmonary function
testing, and adverse events. The results of the above analyses have been pooled
and recently published by the Cochrane Collaboration (Walker et al. 2006), which
evaluated 3,143 subjects with mild to severe allergic asthma enrolled in 14 published
and unpublished studies. Essentially, there have been key phase III clinical trials in
1651 patients (age, 6–76 years) (Busse et al. 2001; Milgrom et al. 2001; Soler et al.
2001; Holgate et al. 2004). Moreover, a number of other exploratory and secondary
analyses have been performed to date and are summarized below.

2.5.2 Patient Selection and Study Design

In four randomized, double-blind, placebo-controlled trials (Busse et al. 2001;
Milgrom et al. 2001; Soler et al. 2001; Holgate et al. 2004), patients had asthma for
at least one year and required treatment with inhaled corticosteroids. All patients
were nonsmokers and had at least one positive skin test to a perennial aeroallergen
(specifically, dust mites, cockroaches, or dog and cat dander), as well as a serum
IgE between 50–700 IU ml−1. Each trial followed a similar overall structure: (1)
after patient enrollment, a 4–10 week run-in period was used to optimize and stabi-
lize current therapies including adjustments of inhaled corticosteroids; (2) a stable-
steroid phase for 12–16 weeks during which inhaled corticosteroids were main-
tained at a stable dose, followed by (3) a steroid-reduction phase during which
inhaled corticosteroids were lowered to the lowest range required for asthma control.

The majority of patients were adults with moderate to severe persistent asthma
(requiring doses of inhaled beclomethasone, or its equivalent, ranging from 168
to 1200 mcg per day) (Strunk and Bloomberg 2006). Two of these trials included
adolescents and adults (Busse et al. 2001; Soler et al. 2001), and one was a study
of children 6–12 years of age (Milgrom et al. 1999b). The fourth trial evaluated
patients with more severe asthma who required high-dose inhaled corticosteroids
for symptom control (fluticasone, ≥mcg per day) (Holgate et al. 2004). A more
recent trial involved patients who required at least 1000 mcg per day of inhaled
beclomethasone plus a long-acting bronchodilator for symptom control (Humbert
et al. 2005). These issues are important, given that the use of first-line therapies
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(i.e., inhaled corticosteroids) in these patients with asthma were surprisingly low,
especially in the earlier trials. Since omalizumab is only FDA-approved as a second-
line agent in the current treatment of asthma, it is very possible that studies may have
had a biased effect toward efficacy if steroid doses were indeed not optimized prior
to administration of omalizumab.

Omalizumab has been given via intravenous, subcutaneous, and inhalational
routes. In asthmatic adults, both intravenous and subcutaneous routes were effica-
cious (Boulet et al. 1997; Fahy et al. 1997; Milgrom et al. 1999a; Busse et al. 2001;
Soler et al. 2001; Holgate et al. 2004; Vignola et al. 2004), whereas the inhala-
tion route showed no efficacy and did not reduce serum-free IgE (Fahy et al. 1999).
Therefore, the subcutaneous route was selected as the most practical for clinical use,
being used in the largest trials and subsequently receiving FDA approval.

2.5.3 Results

The results of the major clinical trials, as compiled by the Cochrane Collaboration
and summarized in Table 2, are detailed below. When Omalizumab was used as
an add-on therapy to inhaled or oral corticosteroids in patients with stable asthma,
there seemed to be a significant reduction in the risk of asthma exacerbations, partic-
ularly in the severe asthma group (Busse et al. 2001). Moreover, the exacerbations
appeared to be of lesser duration and severity. Also, patients treated with omal-
izumab were significantly more likely to be able to decrease the dose of inhaled
corticosteroids, often decreasing dosage by greater than 50% or even being able to
discontinue inhaled corticosteroids completely (Milgrom et al. 1999a; Busse et al.
2001; Soler et al. 2001). Interestingly, treatment with omalizumab was also associ-
ated with shorter duration of exacerbations in adults with moderate to severe asthma
(Busse et al. 2001), but not in a pediatric subgroup (Lemanske et al. 2002). Concor-
dantly, there was a reduction in β-2 agonist usage in adolescents and adults with
moderate to severe asthma, both in the subcutaneous and high-dose IV formula-
tions. In patients taking oral corticosteroids, there was not a significant difference
in the number of patients being able to withdraw from oral steroid therapy between
omalizumab and placebo treatment (Holgate et al. 2004).

Omalizumab reduced free IgE by 89–99% in asthmatic subjects (Walker et al.
2006), which indicates that the antibody is indeed binding to free IgE. Though this
may intuitively seem adequate in its ability to suppress asthma symptoms, some
authors suggest that this inability to reach 99% suppression of free IgE may reflect
undertreatment in the clinical trials (Avila 2007). Therefore, it is conceivable that
omalizumab may have greater efficacy than was demonstrated in the clinical trials.

The effects of omalizumab on lung function and airway hyperresponsiveness
were small and did not reach statistical or clinical significance (Djukanovic et al.
2004). Only one published study showed statistically significant improvement in
lung function as measured by the forced expiratory volume over 1 s (FEV1) (Vignola
et al. 2004), with the magnitude of improvement being of dubious clinical signifi-
cance. This lack of significant improvement is not surprising, given that other studies
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Table 2 Clinical efficacy of omalizumab based on Cochrane Analysis (Avila 2007)

Clinical outcome Superiority of Omalizumab vs.
placebo

Reduction in free serum IgE (range) 89–99%
Odds ratio of having exacerbation 0.60 (95% CI 0.42–0.86)
Rate of exacerbations per subject −0.18 (95% CI −0.10 to −0.25)
Duration of exacerbation 7.8 vs. 12.7 days (p < 0.001)
Rescue short-acting bronchodilator use −0.63 puffs/day (95% CI −0.90 to

−0.36)
Peak expiratory flow (ml min−1) 3.6 ml min−1 (95% CI −23.5 to

160.1)
End of treatment FEV1 (ml) 68.3 ml (95% CI −23.5 to 160.1)
Change in FEV1 (ml) 73 ml (p = 0.03) or 2.8% (p = 0.04)

better
End of treatment asthma symptom score change −0.046 (95% CI −0.75 to −0.29)
Reduction in symptom score ≥50% 2.99 (95% CI 1.64–5.44)
Improvement in asthma quality-of-life scores 0.32 (95% CI 0.22–0.43)
Rate of subjects achieving asthma control 59% vs. 41% (p < 0.001)
Odds ratio of achieving good or excellent
asthma control

2.6 (95% CI 1.9–3.4)

Odds ratio of complete inhaled corticosteroid
withdrawal

2.5 (95% CI 2.0–3.1)

Rate of complete steroid withdrawal 34% vs. 14% (p < 0.001)
Inhaled corticosteroid reduction −118mcg BDP (95% CI −154 to

−84)
Likelihood of reducing ICS ≥50% 2.5 (95% CI 2.0–3.1)
Odds ratio of withdrawing oral corticosteroid 1.18 (95% CI 0.53–2.63)
Median relative reduction in oral corticosteroid use 69% vs. 75% (p = 0.68)
Odds ratio of being hospitalized for asthma 0.11 (95% CI 0.93–0.48)
Number need to treat to: Number (95% CI)
Prevent one exacerbation 11 (9–16)
Enable one patient to stop steroid therapy 6 (5–8)
Enable one patient to reduce steroid therapy
by >50%

5 (5–7)

Prevent one hospitalization for exacerbation 57 (52–98)
Enable one patient to rate his/
her asthma in good or excellent control

5 (4–6)

have previously shown no relationship between lung function and hospital admis-
sions (Qureshi et al. 1998) as well as poor relationships between lung function and
health-related quality of life (Wijnhoven et al. 2001). The most impressive benefit
of omalizumab observed in the trials has been reduction in frequency of hospitaliza-
tions, where it reduced hospitalizations by 93.6% compared with placebo during the
12–16 weeks of the extension phase in three trials (1/767 omalizumab vs. 13/638
placebo; p = 0.003) (Busse et al. 2001; Milgrom et al. 2001; Soler et al. 2001; Avila
2007).
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2.5.4 Impact of Omalizumab on Health-Related Quality of Life

An important secondary outcome in the studies, and one that is obviously of pri-
mary importance to the clinician, is improvement in heath-related quality of life.
Traditionally, most studies in asthma have not focused on this aspect of outcome,
rather focusing on conventional measurements of airway function such as spirom-
etry, symptoms, medication usage, and degrees of airway hyperresponsiveness. Yet
it is widely known that asthma exerts profound and variable effects on quality of
life, and that such effects may be missed by measuring only conventional outcomes
(Juniper 1999). Over the last two decades, the development and validation of sev-
eral disease-specific instruments designed to assess quality of life have been devel-
oped. Moreover, these questionnaires are now widely available, easy to complete in
5–10 min, and found in multiple languages (Buhl 2003). Among the most widely
used is the Asthma Quality of Life Questionnaire (AQLQ) (Juniper et al. 1992),
a 32-item questionnaire that seeks to identify four basic domains in which asthma
impacts one’s quality of life: activity limitations, emotions, symptoms, and expo-
sure to environmental stimuli. Each question is answered by the patient on a 7-
point scale, from 1 (extremely impaired) to 7 (no impairment). Results are generally
expressed in terms of a mean score for each domain, along with an overall score. An
increase in domain or overall score of 0.5 or greater is generally accepted as clin-
ically significant, and differences of 1.5 or greater reflecting a large improvement
(Hajiro and Nishimura 2002; Jones 2002).

Initially, it appeared that use of omalizumab resulted in substantial improvement
in health-related quality of life. This was evident by two of the four main clini-
cal trials (Busse et al. 2001; Soler et al. 2001); these two studies not only utilized
the AQLQ, but their similarities in study design allowed pooling of the data. Over-
all, patients treated with omalizumab experienced clinically relevant improvements
in their asthma-related quality of life, as shown by improvements in mean scores
of ≥0.5 in all four domains of the AQLQ, as well as the overall score (Buhl 2003).
However, when more recent data were included in the analysis and the results pooled
by the Cochrane Collaboration, the administration of subcutaneous omalizumab did
not reach 0.5 (Walker et al. 2006), raising doubts about the significance of improve-
ments in quality of life measures described above. Currently, it is still unclear as to
what degree omalizumab improves quality of life measures in patients with asthma.

2.5.5 Summary of Efficacy in Asthma

Overall, the reduction in daily inhaled steroid use following treatment with
omalizumab was modest but significant. However, the baseline steroid doses, the
impressive effects of placebo treatment, and the mean difference in steroid con-
sumption between treatment and placebo, bring in to question the true size of the
steroid-sparing effects of omalizumab (Walker et al. 2006). An important caveat to
the clinical trial data published so far is that, generally speaking, the majority of
the data pertained to mild and moderate asthmatic subjects. Given that omalizumab
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is generally used to treat patients with severe or difficult-to-treat asthma, it has not
been studied as extensively in this population. Therefore, several investigators have
formed a consortium known as The Epidemiology and Natural History of Asthma:
Outcomes and Treatment Regimens (TENOR) to study the natural history of such
patients and the effects of advanced therapies such as omalizumab (Dolan et al.
2004).

2.5.6 Non-Asthma Atopic Diseases

In atopic diseases related to asthma, and specifically related to IgE, omalizumab has
proven safe and effective. It attenuates early and late responses to allergen challenge
to the skin (Beck et al. 2004; Ong et al. 2005) and early response to nasal allergen
challenges (Kuehr et al. 2002) (late responses were not assessed). The magnitude
of these reductions ranged from 20% to 70%. In addition, these reductions were
associated with concomitant attenuation in local inflammatory diseases. It has been
successfully used to treat allergic rhinitis alone and in combination with immunother-
apy (Parks and Casale 2006). Recently, pretreatment of rush immunotherapy with
omalizumab was found to decrease severity of anaphylaxis during therapy as well
as decrease symptoms of ragweed-induced allergic rhinitis (Casale et al. 2006).
Further clinical studies are needed in the use of omalizumab in the treatment of other
atopic diseases such as atopic dermatitis, urticaria, and food allergies. Indeed, if
omalizumab can control comorbid atopic conditions, this may be of particular benefit
to asthmatic subjects who suffer from these related conditions; such benefit may,
in some instances, justify the current high costs associated with the medication’s
administration.

2.6 Adverse Events and Safety Issues of Omalizumab

Omalizumab has so far been deemed to be a relatively safe medication, though
information from phase IV trials are lacking in published form. The overall rate
of any side effects in the phase III clinical trials was 80% for omalizumab-treated
subjects and 77% for placebo-treated subjects, with injection-site reactions (45%
treated, 43% placebo), viral infections (23% treated, 26% placebo), and upper-
respiratory infections (20% treated, 20% placebo) accounting for the vast majority
of these effects (Walker et al. 2006). Injection-site reactions were generally mild
and included pain, induration, erythema, warmth, burning sensation, and localized
hive formation.

Serious side effects occurred at similar rates between groups treated with omali-
zumab vs. placebo, yet particular concern is given to the development of anaphylaxis
and malignancy. Anaphylaxis occurred in three subjects within 2 h of omalizumab
injections, but none in the placebo arms (Genentech-Inc 2003; Rieves 2003). One
patient developed large injection-site edema and mild pharyngeal edema. Another
developed urticaria, skin pruritus and dyspnea hours after the initial treatment
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(Avila 2007). Events resolved with epinephrine injections, oral antihistamines, and
systemic corticosteroid administration. These reactions obviate the need for the
ability to treat anaphylaxis in facilities that administer omalizumab. Moreover, the
delayed anaphylaxis requires that patient and/or parent education be provided to
recognize signs and symptoms of anaphylaxis.

There was a slightly increased risk of malignancy in patients treated with omal-
izumab, though this did not reach statistical significance. Malignancies occurred in
20 out of 4,127 (0.5%) of omalizumab-treated subjects and in 5 out of 2,236 (0.2%)
of placebo-treated subjects (Genentech-Inc 2003; Rieves 2003; Avila 2007). In the
omalizumab group, subjects were diagnosed with nonmelanoma skin cancer (5 sub-
jects; one of these also had melanoma), breast cancer (5 subjects), prostate cancer
(2), melanoma (2), parotid cancer (2), bladder cancer (2), non-Hodgkins lymphoma
(1), pancreatic cancer (1), rectal cancer (1), and thyroid cancer (1). In the placebo
group, subjects were diagnosed with nonmelanoma skin cancer (3 subjects), glioma
(1), and testicular cancer (1). When expressed as events per exposure, there were
6.3 malignancies per patient-year in the omalizumab group and 3.3. in the placebo
group for a rate difference of 3.0 and a rate ratio of 1.9 cancers per patient-year,
both of which are not statistically significant. Moreover, the rate of cancer in the
omalizumab group was similar to the expected rate for subjects of similar age and
gender according to the National Cancer Institute’s Surveillance, Epidemiology, and
End Results database, which collects cancer statistics from 14% of the US popula-
tion (Genentech-Inc 2003). Nevertheless, due to this heightened concern, Genen-
tech has initiated the Epidemiologic Study of Xolair in Patients with Moderate to
Severe Asthma (EXCELS) study and other surveillance evaluations to assess the
natural medical history of patients with severe asthma, including rates of malignan-
cies (Dolan et al. 2004; Borish et al. 2005; Slavin et al. 2006).

The development of immune complex disease and deposition seems to be a theo-
retical concern for many antibody-based therapies (Dillman 1989). If immune com-
plexes are large, deposition can occur in multiple body tissues especially synovial
joint spaces, the renal parenchyma, skin, and gastrointestinal tract. However, the
humanization of the monoclonal antibody has resulted in less than 5% of amino
acids being of murine origin, making the molecule less immunogenic. Moreover, if
antibodies do develop, the resulting complexes are generally small and of low serum
concentration (Liu et al. 1995). Among 1,723 subjects exposed to omalizumab, only
one subject, who received the drug by inhalation, developed antibodies to omal-
izumab; none developed immune complex disease (Fahy et al. 1999). Overall, this
appears to be less of a concern than was previously thought, but long-term data are
not available as yet to clearly delineate this issue.

Though omalizumab has been studied and approved by the FDA for use in ado-
lescents and adults, there are limited data in children under the age of 12, elderly
subjects, and pregnant and nursing women. The latter issue deserves particular atten-
tion. In monkeys, omalizumab given at 12 times the dose used in clinical trials
did not cause maternal toxicity, embryotoxicity, or teratogenicity. In human stud-
ies, 17 subjects became pregnant while receiving omalizumab, of whom 11 had
normal deliveries and the others had spontaneous (3) or elective (3) abortions. In



Anti-IgE and Other Antibody Targets in Asthma 275

the placebo group, 10 subjects became pregnant, of whom 6 had normal deliveries,
2 had spontaneous abortions, and 2 had unknown outcomes (Avila 2007). Omal-
izumab was stopped as soon as pregnancy was noticed. Though the FDA classified
omalizumab as a category B drug for use in pregnancy, as an IgG1 molecule, omal-
izumab can cross the placenta and its effects are unknown. Therefore, at the time of
this writing, we advise that omalizumab be stopped in the event of pregnancy.

Another safety concern for anti-IgE therapy is a theoretical risk of increased
parasitic infections in patients treated with omalizumab. Parasitic infections result
in increased IgE, though it is unclear if this effect is protective or simply a secondary
marker of active parasite infection (Mingomataj et al. 2006). To test this hypothesis,
anti-IgE-treated mice were infected with Nippostrogylus brasiliensis (Amiri et al.
1994). In this model, omalizumab treatment resulted in decreased worm load and
enhanced parasite clearance. A related concern is that anti-IgE therapy, by affecting
the body’s response to parasitic infections, especially early in life, may modulate the
development of asthma and atopy (Yazdanbakhsh et al. 2001). These concerns are
not well-answered at this timepoint, especially given that published clinical trials
to date have occurred in well-developed countries, where the incidence of parasitic
infections remains low in comparison to lesser-developed regions.

Overall, it appears that administration of omalizumab appears relatively safe,
especially when administered by a skilled staff that is able to recognize and treat
anaphylaxis immediately. However, phase IV clinical trial data are needed, espe-
cially if anti-IgE therapy is to be continued lifelong.

2.7 Practical Aspects of Omalizumab

Despite the improvements seen in asthma exacerbations and quality of life with
omalizumab, the exact role of omalizumab in clinical practice has yet to be defined
(Avila 2007). As discussed earlier in the chapter, a number of pharmacologic,
environmental, and possibly immunologic treatmentoptionsexist.Moreover, recently
a number of studies have advocated the use of adjunctive therapies or focus on
coexisting conditions (Roberts et al. 2006), such as allergic rhinitis and sinusitis
(Dixon et al. 2006), gastroesophageal reflux disease (Harding 2005), vocal cord
dysfunction (Jain et al. 2006), obesity (Chinn 2006), and obstructive sleep apnea
(Yigla et al. 2003). Although national guidelines for asthma management have been
in place and advocated for several years, it is clear that adherence to these guidelines
is suboptimal (Reeves et al. 2006). Therefore, many critics of omalizumab feel that if
commonlyusedtreatmentoptionsareimplementedthatconformtonationalguidelines
and coexisting conditions are managed effectively, many patients with moderate
to severe asthma would be symptomatically well-controlled. This is particularly
evident in the impressive placebo responses noted in the above-described trials.
Although placebo effects have been observed with virtually any medication, it is
likely that with asthma particular attention to peak flow measurements, education
about inhaler usage and techniques, and prompt treatment of disease exacerbations
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likely led to a strong placebo response. Given the suboptimal compliance observed
in asthma medications, this could be seen as an advantage for omalizumab – a
treatment that is administered periodically under clinical supervision has obvious
benefits in this regard.

Despite the above criticisms, it is clear that better care is needed for the large
number of patients with allergic asthma who are refractory to current therapies.
What is not clear is which patients would specifically benefit from omalizumab.
Patients who are particularly likely to benefit include those with evidence of sensiti-
zation to perennial aeroallergens who require high doses of inhaled corticosteroids
and those with frequent exacerbations. Analyses of pooled data from published clin-
ical trials have indicated that patients who had a response to omalizumab had a
ratio of observed to expected FEV1 of less than 65% (normal ≥70%), were taking
doses of inhaled corticosteroids equivalent to more than 800 mcg of beclomethasone
diproprionate per day, and had had at least one visit to the emergency department in
the past year (Bousquet et al. 2004; Bousquet et al. 2005). In general, current asthma
symptoms are not a contraindication to the administration of omalizumab.

Dosing of omalizumab was discussed earlier and follows the normogram depicted
in Table 1. A pretreatment total IgE is required, and dose adjustment made on the
recommendation of 0.016 mg kg−1 of body weight per international unit of IgE. The
drug is supplied as a lyophilized, sterile powder in single-use, 5-ml vials designed
to deliver either 150 or 75 mg on reconstitution with sterile water for injection. The
powder requires 15–20 min or more to dissolve, and the resulting viscous solution
takes several seconds to both draw into the syringe and subsequently inject. Once
prepared, the drug must be used within 4 h at room temperature or 8 h if refrigerated.
Since doses can require several vials to be drawn and injected, the staff and facility
demands for routine omalizumab injections can be beyond the capabilities of many
clinicians’ offices (Marcus 2006). From a subspecialty perspective, administration
of omalizumab has been easier for allergists than pulmonologists for several rea-
sons: (1) allergen skin testing (a requirement for administration of omalizumab) is
routinely done in an allergist’s office; (2) allergist offices routinely have patients do
walk-in subcutaneous injections as done for immunotherapy; (3) allergists’ staff are
trained to quickly treat anaphylaxis (Marcus 2006; Avila 2007).

Omalizumab is considerably more expensive than conventional asthma therapy.
At present, the cost of a single 150 mg vial is approximately $470, and accordingly
yearly costs range from $6,100 to $36,600 per year (Marcus 2006). This com-
pares with approximate annual costs of $1,280 for montelukast (Singulair, Merck),
$2,160 for the combination of fluticasone diproprionate and salmeterol (Advair,
GlaxoSmithKline), and $680 for extended-release theophylline (e.g., UniphylTM)
(Strunk and Bloomberg 2006). Given the expense, it is not surprising that many
third-party payers are carefully surveying usage of omalizumab and that occasion-
ally the approval process from Medicare and other payers may involve substantial
administrative responsibilities (Marcus 2006). The only currently available cost-
effectiveness analysis of omalizumab was limited to direct payer’s costs and did
not take into account indirect costs (Oba and Salzman 2004). The authors con-
cluded that omalizumab is cost-effective in asthmatic subjects who experience ≥5
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hospitalizations or ≥20 inpatient days for exacerbations per year. Clearly, a real-
world cost-effectiveness analysis needs to be performed which accounts for not
only direct and indirect costs of omalizumab administration, but also the health and
societal effects of asthma control in patients optimized on various forms of asthma
therapy.

Monitoring of total serum IgE levels during the course of therapy with oma-
lizumab in not indicated, because these levels will be elevated as a result of the
presence of circulating IgE-anti-IgE complexes. To date, free serum IgE levels are
not routine and are prohibitively expensive for most laboratories. It is unclear if
monitoring the free, circulating levels will have an effect on patient treatment and
response, though assays are being investigated and developed for commercial avail-
ability and more widespread use.

3 Anti-TNF-α Therapy for Asthma

3.1 Role of Tumor Necrosis Factor-Alpha (TNF-α)
in Asthma Pathogenesis

Tumor necrosis factor alpha (TNF-α) is an important cytokine in asthma pathogen-
esis. Extensive genetic, biologic, and physiologic evidence indicates that TNF-α
may play a critical role in the initiation and amplification of airway inflammation in
patients with asthma (Erzurum 2006). Preformed TNF-α is stored by mast cells and
rapidly released during IgE-mediated reactions that typify the asthmatic response
to allergens (Howarth et al. 2005; Mukhopadhyay et al. 2006) (Fig. 1). Elevated
levels of TNF-α have been observed in induced sputum from patients with asthma
(Keatings et al. 1997); moreover, the expression of TNF-α in asthmatic airways cor-
relates with asthma disease severity (Howarth et al. 2005). Interestingly, inhalation
of TNF-α by normal individuals increased airway responsiveness and neutrophil
counts in induced sputum (Thomas et al. 1995) and TNF-α inhalation in patients
with mild asthma causes airway hyperresponsiveness and sputum neutrophilia and
eosinophilia (Thomas and Heywood 2002). TNF-α is a known candidate gene for
asthma (Ober and Hoffjan 2006), and polymorphisms of the gene may be associated
with the development of childhood asthma (Li et al. 2006).

Although it is clear that TNF-α is involved in asthma pathogenesis, the exact
manner in which TNF-α effects its responses is complex and multifaceted.
Macrophage activation in the late asthmatic response has been known to be a key
pathway (Gosset et al. 1991), but TNF-α also upregulates adhesion molecule expres-
sion and activity, which leads to increased migration of eosinophils and neutrophils
into the airways (Ohkawara et al. 1997). Airway epithelial cells are also activated
by TNF-α to release cytotoxic mediators and reactive nitrogen and oxygen species
that result in airway injury (Bayram et al. 2001; Bosson et al. 2003). The end result
of chronic, unresolved inflammation is a structural change in the airway, termed air-
way remodeling. TNF-α may contribute to all aspects of remodeling, including the
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proliferation and activation of fibroblasts, the increased production of extracellular
matrix glycoproteins, subepithelial fibrosis, and mucous-cell hyperplasia (Erzurum
2006). Independent of its effect on inflammation, TNF-α also has direct effects on
bronchial hyperreactivity to methacholine and allergen (Pennings et al. 1998).

3.2 The Use of Anti-TNF Therapy in Asthma

Humanized anti-TNF-α monoclonal antibodies (infliximab, adalimumab) and solu-
ble TNF receptor blockers (etanercept) have been developed and shown to be effec-
tive in other inflammatory diseases such as Crohn’s disease (Hyams et al. 2000)
and rheumatoid arthritis (Scott and Kingsley 2006). In a murine model of asthma,
treatment with anti-TNF-α monoclonal antibodies reduces pulmonary inflammation
and airway hyperresponsiveness, perhaps via a decrease in eotaxin levels (Kim et al.
2006). Over the past several years, a number of studies have been undertaken to eval-
uate the potential benefits of anti-TNF therapy in diseases such as asthma (Howarth
et al. 2005; Berry et al. 2006; Erin et al. 2006), chronic obstructive pulmonary
disease (van der Vaart et al. 2005), and other diseases of lung and airway injury
(Mukhopadhyay et al. 2006).

In a UK study, 17 subjects with severe corticosteroid-dependent asthma were
administered subcutaneous etanercept (EnbrelTM, Wyeth Laboratories, Berkshire,
UK) in an open-label fashion and assessed for clinical and biological response.
Administration of etanercept was associated with improvement in asthma symp-
toms, lung function, and bronchial hyperresponsiveness (Howarth et al. 2005).
These effects were maintained 2–4 weeks after cessation of therapy, after which
the benefits were lost. This trial prompted a follow-up study in which 10 patients
with refractory asthma were randomized to etanercept in a crossover pilot study
(Berry et al. 2006). In this study, 10 weeks of treatment with etanercept was associ-
ated with a significant improvement in methacholine responsiveness, asthma-related
quality of life score, and post-bronchodilator FEV1.

Recently, another study was published investigating the usage of a different
anti-TNF agent, infliximab (RemicadeTM, Centocorp Inc., Malvern, PA, USA). In
this study, 38 patients with moderate-to-severe persistent asthma currently being
treated with inhaled corticosteroids, were randomized to treatment with intravenous
infliximab or placebo (Erin et al. 2006). Infliximab was well-tolerated and associ-
ated with a decrease in mean diurnal variation of peak expiratory flow (a marker
of airway obstruction) and fewer numbers of patients with asthma exacerbations
among the treated group. Concordantly, there were lower levels of TNF-α and other
inflammatory markers in the sputum of treated subjects. Importantly, there were no
treatment-related statistically significant effects of morning peak expiratory flow,
exhaled nitric oxide levels, or blood or sputum eosinophilia. This was merely a pilot
study, and larger studies are needed to understand the effects of TNF-α inhibition in
asthmatics.
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3.3 Additional Issues Regarding Anti-TNF Therapy
in Asthma

The above data regarding the usage of anti-TNF therapies for asthma are quite pre-
liminary as the number of study subjects are small and larger controlled trials are
needed. Injection site reactions were common with administration of infliximab and
etanercept, but were mild and easily treated.

The greatest concern in the use of these antibody-mediated therapies is the poten-
tial risks for acquiring serious infections. Animal studies have long shown an essen-
tial role of TNF-α in fighting infection; therefore, suppression of this arm of host
defense may significantly hamper one’s ability to fight pathogens. Serious infections
with anti-TNF therapies have been associated with all the anti-TNF therapies to
date (Giles and Bathon 2004). These can be either usual bacterial infections (Kroe-
sen et al. 2003), but may also include tuberculosis (Keane et al. 2001; Bresnihan
and Cunnane 2003), serious fungal infections (Wood et al. 2003), and other less-
commonly seen pathogens. It is perhaps the alarming incidence of tuberculosis that
has most healthcare workers concerned about the use of anti-TNF therapies, as dis-
ease has great public health and treatment-related consequences (Rychly and DiPiro
2005). Recently, a systematic review was published addressing this concern – 9
clinical trials of over 3,900 patients with rheumatoid arthritis treated for 12 weeks
or longer with anti-TNF therapies were compared to 1,512 patients who received
placebo (Bongartz et al. 2006). In patients treated for 3–12 months, the odds ratio
for serious infections in the treated group was 2.0 (95% CI 1.3 to 3.1), meaning
essentially double the incidence of serious infections in the treated group vs. control
group. The incidence of serious infection was almost 1 in 60 treated subjects based
upon this analysis. This is not as high as others would have predicted, but is still
clinically relevant.

Another important concern in the use of anti-TNF therapies is the theoretical
increased incidence in the development of malignancy. TNF was originally named
for the recognition of its ability to kill tumor cells in vitro and is important in
natural killer cell and CD8 lymphocyte-mediated killing of tumor cells. In the
above-mentioned meta-analysis by Bongartz et al., the pooled odds ratio for the
development of malignancy in these patients with rheumatoid arthritis was 3.3 (95%
CI 1.2–9.1), and the authors estimated that roughly one malignancy would develop
for every 154 patients treated with anti-TNF therapies (treatment period of 3–12
months). Moreover, this is dose-dependent as studies utilizing higher doses were
associated with greater incidences of malignancy formation.

Other potential adverse effects associated with anti-TNF therapies include the
development of congestive heart failure, demyelinating diseases, and systemic lupus
erythematosus, but in most cases these can be identified and managed (Hochberg
et al. 2005). As an aside, adalimumab was associated, paradoxically, with the devel-
opment of asthma in a single case report (Bennett et al. 2005), though the mecha-
nism for this remains speculative.
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Overall, anti-TNF therapies are important in the treatment of many immunolog-
ically mediated diseases, though their roles in asthma remain uncertain as yet given
the paucity of clinical data. Needless to say, more data are needed to gain better
understanding of potential benefits in patients with asthma. Moreover, concerns for
infection, malignancy, and other serious adverse effects remain particularly impor-
tant in the evaluation of these therapies. Like anti-IgE therapy, anti-TNF therapies
share many concerns for parenteral administration, costs, and identifying patients
who would most benefit from these therapies.

4 Other Antibody-Mediated Therapies for Asthma

There are numerous other potential antibody targets in asthma (Walsh 2005; Walsh
2006). Since much asthmatic inflammation is thought to be a consequence of uncon-
trolled inflammation, it follows that a number of targets are being developed that
modulate inflammatory pathways.

4.1 Antibodies to Interleukin-5

Interleukin-5 (IL-5) is a cytokine that is crucial to the development and release of
eosinophils and the subsequent release of eosinophils from the bone marrow, their
enhanced adhesion to endothelials cells lining the postcapillary tissues. Several ani-
mal models of asthma, including primates, have provided good evidence that inhibit-
ing the effects of IL-5 using specific monoclonal antibodies inhibited eosinophilic
inflammation and airway hyperresponsiveness. Given its central role in regulating
eosinophil development and function, IL-5 was therefore chosen as a potentially
attractive target to prevent or blunt eosinophil-mediated inflammation in patients
with asthma.

To date, clinical trials with anti-IL5 monoclonal antibodies have not reported
substantial efficacy. The first study of mepolizumab (Leckie et al. 2000) was criti-
cized for lack of power and validity of patient selection. A later placebo-controlled
study found that treatment of mild asthmatic patients with mepolizumab abolished
circulating eosinophils and reduced airway and bone marrow eosinophils (Flood-
Page et al. 2003b); however, there were no significant improvements in clinical
measures of asthma. Interestingly, lung biopsy samples from the treatment group
contained intact tissue eosinophils and large quantities of eosinophil granule pro-
teins, likely explaining the lack of clinical benefit. Similar findings were reported
with the anti-IL5 monoclonal antibody SCH55700 in patients with severe asthma
that had not been controlled by inhaled corticosteroid use (Kips et al. 2003). These
authors reported profound reductions in circulating eosinophils, but no significant
improvement was observed in either asthma symptoms or lung function. Interest-
ingly, anti-IL-5 therapy reduced deposition of extracellular membrane proteins in
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the bronchial subepithelial basement membrane of mild allergic asthmatics, hence
implying that this therapy may improve airway remodeling in asthma (Flood-Page
et al. 2003a).

4.2 Antibodies to Interleukin-4 and Interleukin 13

Another cytokine important in eosinophil accumulation is Interleukin-4 (IL-4), and
together with its close relative, Interleukin-13 (IL-13), it is important in IgE syn-
thesis by B cells. Both cytokines signal through a shared surface receptor, IL-4α,
which then activates the transcription factor, STAT-6 (Jiang et al. 2000). Studies
with soluble IL-4 given in a nebulized form demonstrated that the fall in lung func-
tion induced by withdrawal of inhaled corticosteroids was prevented in patients with
moderately severe asthma (Borish et al. 2001). However, despite these promising
findings, subsequent trials have not been as successful and consequently this treat-
ment is no longer being developed (Walsh 2005). Other approaches for blocking the
IL-4 receptor include administration of antibodies against the receptor and mutant
IL-4 proteins. Interrupting IL-4 receptor signaling by targeting transcription factors
such as STAT-6, GATA-3, or FOG-1 might also be possible (Barnes 2003).

IL-13 has been found in bronchoalveolar lavage fluid following allergen provoca-
tion of asthmatic subjects, which strongly correlated with the increase in eosinophil
numbers (Kroegel et al. 1996) and mRNA expression was detected in bronchial
biopsies from allergic and nonallergic asthmatic subjects (Humbert et al. 1997).
In animal models, IL-13 mimics many of the pro-inflammatory changes associated
with asthma (Grunig et al. 1998). Two receptors for IL-13 have been described –
IL-13Rα1 and IL-13Rα2. The latter exists in soluble form and has a high affin-
ity for IL-13, which by competitive inhibition of IL-13 results in decreases in IgE
production, pulmonary eosinophilia, and airway hyperresponsiveness (Wills-Karp
et al. 1998). A humanized IL-13Rα2 is in clinical development as a novel ther-
apy for asthma, but results so far have been inconclusive about its benefits (Walsh
2006).

4.3 Other Antibody-Based Therapies in Development

A number of potential antibody-mediated therapies are probably worth mentioning
but beyond the scope of this chapter, as data are too preliminary on their potential
for clinical effectiveness. The majority of these therapies invariably involve control
of the inflammatory cascade. The spectrum of potential sites of action is diverse, and
may involve targeting of intracellular adhesion molecules located on inflammatory
cells and airway epithelia (e.g., VCAM), specific therapies against mast cells and
their mediators (e.g., tryptase, prostaglandins), regulation of apoptosis of inflamma-
tory cells (e.g., via inhibition of NF-κB), regulation of cell cycling and signaling
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cascades, and even gene-based therapies that target transcriptional activation of the
inflammatory cascade (Walsh 2005).

5 Summary

Asthma remains a disease of great public health importance, and though current
therapies have dramatically improved asthma control in the vast percentage of
patients with asthma, current treatments remain inadequate in certain segments of
the asthma population. Antibody-mediated therapies, specifically anti-IgE therapy,
are proving to be viable tools in the management of asthma and related inflamma-
tory disorders. Though their current roles are still being determined, and long-term
efficacy and safety data still being accumulated, we believe that such targeted ther-
apies will ultimately change the daily management of asthma.

References

Adis (2002) Omalizumab. Biodrugs 16:380–386
Amiri P, Haak-Frendscho M, Robbins K, McKerrow JH, Stewart T, Jardieu P (1994) Anti-

immunoglobulin E treatment decreases worm burden and egg production in Schistosoma
mansoni-infected normal and interferon gamma knockout mice. J Exp Med 180:43–51

Avila PC (2007) Does Anti-IgE Therapy Help in Asthma? Efficacy and Controversies. Annu Rev
Med 58

Barnes PJ (2003) Cytokine-directed therapies for the treatment of chronic airway diseases.
Cytokine Growth Factor Rev 14:511–522

Bayram H, Sapsford RJ, Abdelaziz MM, Khair OA (2001) Effect of ozone and nitrogen dioxide on
the release of proinflammatory mediators from bronchial epithelial cells of nonatopic nonasth-
matic subjects and atopic asthmatic patients in vitro. J Allergy Clin Immunol 107:287–294

Beck LA, Marcotte GV, MacGlashan JD, Togias A, Saini S (2004) Omalizumab-induced reduc-
tions in mast cell FcεRI expression and function. J Allergy Clin Immunol 114:527–530

Bennett AN, Wong M, Zain A, Panayi G, Kirkham B (2005) Adalimumab-induced asthma.
Rheumatology 44:1199–1200

Berry MA, Hargadon B, Shelley M, Parker D, Shaw DE, Green RH, Bradding P, Brightling CE,
Wardlaw AJ, Pavord ID (2006) Evidence of a role of tumor necrosis factor {alpha} in refractory
asthma. N Engl J Med 354:697–708

Bongartz T, Sutton AJ, Sweeting MJ, Buchan I, Matteson EL, Montori V (2006) Anti-TNF anti-
body therapy in rheumatoid arthritis and the risk of serious infections and malignancies: sys-
tematic review and meta-analysis of rare harmful effects in randomized controlled trials. JAMA
295:2275–2285

Borish L, Chipps B, Deniz Y, Gujrathi S, Zheng B, Dolan C (2005) Total serum IgE levels in a
large cohort of patients with severe or difficult-to-treat asthma. Ann Allergy Asthma Immunol
95:247–253

Borish LC, Nelson HS, Corren J, Bensch G, Busse WW (2001) Efficacy of soluble IL-4 receptor
for the treatment of adults with asthma. J Allergy Clin Immunol 107:963–970

Bosson J, Stenfors N, Bucht A, Helleday R, Pourazar J, Holgate ST, Kelly FJ, Sandstrom T,
Wilson S, Frew AJ, Blomberg A (2003) Ozone-induced bronchial epithelial cytokine expres-
sion differs between healthy and asthmatic subjects. Clin Exp Allergy 33:777–782



Anti-IgE and Other Antibody Targets in Asthma 283

Boulet L-P, Chapman KR, Cote J, Kalra S, Bhagat R, Swystun VA, Laviolette M, Cleland LD,
Deschesnes F, Su JQ, Devault A, Fick RB, Cockcroft DW (1997) Inhibitory effects of an Anti-
IgE antibody E25 on allergen-induced early asthmatic response. Am J Respir Crit Care Med
155:1835–1840

Bousquet J, Cabrera P, Berkman N, Buhl R, Holgate S, Wenzel S, Fox H, Hedgecock S, Blogg M,
Cioppa GD (2005) The effect of treatment with omalizumab, an anti-IgE antibody, on asthma
exacerbations and emergency medical visits in patients with severe persistent asthma. Allergy
60:302–308

Bousquet J, Wenzel S, Holgate S, Lumry W, Freeman P, Fox H (2004) Predicting Response to
Omalizumab, an Anti-IgE Antibody, in Patients With Allergic Asthma. Chest 125:1378–1386

Bradding P, Walls AF, Holgate ST (2006) The role of the mast cell in the pathophysiology of
asthma. J Allergy Clin Immunol 117:1277–1284

Braman SS (2006) The Global Burden of Asthma. Chest 130:4S-12
Bresnihan B, Cunnane G (2003) Infection complications associated with the use of biologic agents.

Rheum Dis Clin North Am 29:185–202
Broide DH (2001) Molecular and cellular mechanisms of allergic disease. J Allergy Clin Immunol

108:S65–S71
Buhl R (2003) Omalizumab (Xolair) improves quality of life in adult patients with allergic asthma:

a review. Respir Med 97:123–129
Buhl R (2004) Anti-IgE antibodies for the treatment of asthma. Curr Opin Pulm Med 11:27–34
Busse W, Corren J, Lanier BQ, McAlary M, Fowler-Taylor A, Cioppa GD, van As A, Gupta N

(2001) Omalizumab, anti-IgE recombinant humanized monoclonal antibody, for the treatment
of severe allergic asthma. J Allergy Clin Immunol 108:184–190

Casale TB, Bernstein IL, Busse WW, LaForce CF, Tinkelman DG, Stoltz RR, Dockhorn RJ,
Reimann J, Su JQ (1997) Use of an anti-IgE humanized monoclonal antibody in ragweed-
induced allergic rhinitis. J Allergy Clin Immunol 100:110–121

Casale TB, Busse WW, Kline JN, Ballas ZK, Moss MH, Townley RG, Mokhtarani M, Seyfert-
Margolis V, Asare A, Bateman K (2006) Omalizumab pretreatment decreases acute reac-
tions after rush immunotherapy for ragweed-induced seasonal allergic rhinitis. J Allergy Clin
Immunol 117:134–140

Chang TW (2000) The pharmacological basis of anti-IgE therapy. Nat Biotech 18:157–162
Chinn S (2006) Obesity and asthma. Paediatr Respir Rev 7:223–228
Cohen RT, Celedon JC, Hinckson VJ, Ramsey CD, Wakefield DB, Weiss ST, Cloutier MM (2006)

Health-Care Use Among Puerto Rican and African-American Children With Asthma. Chest
130:463–471

Covar RA, Spahn JD, Martin RJ, Silkoff PE, Sundstrom DA, Murphy J, Szefler SJ (2004) Safety
and application of induced sputum analysis in childhood asthma. J Allergy Clin Immunol
114:575–582

Dillman R (1989) Monoclonal antibodies for treating cancer. Ann Intern Med 111:592–603
Dixon AE, Kaminsky DA, Holbrook JT, Wise RA, Shade DM, Irvin CG (2006) Allergic rhini-

tis and sinusitis in asthma: Differential effects on symptoms and pulmonary function. Chest
130:429–435

Djukanovic R, Wilson SJ, Kraft M, Jarjour NN, Steel M, Chung KF, Bao W, Fowler-Taylor A,
Matthews J, Busse WW, Holgate ST, Fahy JV (2004) Effects of treatment with anti-
immunoglobulin E antibody omalizumab on airway inflammation in allergic asthma. Am J
Respir Crit Care Med 170:583–593

Dolan C, Fraher K, Bleecker E, Borish LC, B, Hayden M, Weiss S, Zheng B, Johnson C, Wenzel S
(2004) Design and baseline characteristics of the epidemiology and natural history of asthma:
Outcomes and Treatment Regimens (TENOR) study: a large cohort of patients with severe or
difficult-to-treat asthma. Ann Allergy Asthma Immunol 92:32–39

Dolovich J, Hargreave FE, Chalmers R, Shier KJ, Gauldie J, Bienenstock J (1973) Late cutaneous
allergic responses in isolated IgE-dependent reactions. J Allergy Clin Immunol 52:38–46

Eder W, Ege MJ, von Mutius E (2006) The asthma epidemic. N Engl J Med 355:2226–2235



284 J. Singh, M. Kraft

Erin EM, Leaker BR, Nicholson GC, Tan AJ, Green LM, Neighbour H, Zacharasiewicz AS,
Turner J, Barnathan ES, Kon OM, Barnes PJ, Hansel TT (2006) The effects of a monoclonal
antibody directed against tumor necrosis factor-alpha in asthma. Am J Respir Crit. Care Med
174:753–762

Erzurum SC (2006) Inhibition of tumor necrosis factor α for refractory asthma. N Engl J Med
354:754–758

Fahy J, Cockcroft D, Boulet L, Wong H, Deschesnes F, Dvid E, Ruppel J, Su J, Adelman D (1999)
Effect of aerosolized anti-IgE (E25) on airway responses to inhaled allergen in asthmatic sub-
jects. Am J Respir Crit Care Med 160

Fahy JV, Fleming HE, Wong HH, Liu JT, Su JQ, Reimann J, Fick RB, Boushey HA (1997) The
effect of an anti-IgE monoclonal antibody on the early- and late-phase responses to allergen
inhalation in asthmatic subjects. Am J Respir Crit Care Med 155:1828–1834

Flood-Page P, Menzies-Gow A, Phipps S, Ying S, Wangoo A, Ludwig MS, Barnes N, Robinson D,
Kay AB (2003a) Anti-IL-5 treatment reduces deposition of ECM proteins in the bronchial
subepithelial basement membrane of mild atopic asthmatics. J Clin Invest 112:1029–1036

Flood-Page PT, Menzies-Gow AN, Kay AB, Robinson DS (2003b) Eosinophil’s role remains
uncertain as anti-interleukin-5 only partially depletes numbers in asthmatic airway. Am J Respir
Crit Care Med 167:199–204

Geiger E, Magerstaedt R, Weendorf JHM, Kraft S, Hanau D, Bieber T (2000) IL-4 induces the
intracellular expression of the α chain of the high-affinity receptor for IgE in in vitro-generated
dendritic cells. J Allergy Clin Immunol 105:150–156

Genentech-Inc (2003) Briefing document on safety of omalizumab (Xolair) for treatment of aller-
gic asthma (BLA STN 103976/0). Food and Drug Administration, Washington, DC

Genentech (2003) Omalizumab prescribing information. South San Francisco, CA
Giles JT, Bathon JM (2004) Serious Infections Associated with Anticytokine Therapies in the

Rheumatic Diseases. J Intensive Care Med 19:320–334
Gold DR, Wright R (2005) Population disparities in asthma. Ann Rev Public Health 26:89–113
Gosset P, Tsicopoulos A, Wallaert B, Vannimenus C, Joseph M, Tonnel A-B, Capron A (1991)

Increased secretion of tumor necrosis factor α and interleukin-6 by alveolar macrophages con-
secutive to the development of the late asthmatic reaction. J Allergy Clin Immunol 88:561–571

Grunig G, Warnock M, Wakil AE, Venkayya R, Brombacher F, Rennick DM, Sheppard D,
Mohrs M, Donaldson DD, Locksley RM, Corry DB (1998) Requirement for IL-13 indepen-
dently of IL-4 in experimental asthma. Science 282:2261–2263

Gulliver T, Eid N (2005) Effects of glucocorticoids on the hypothalamic-pituitary-adrenal axis in
children and adults. Immunol Allergy Clin North Am 25:541–555

Hajiro T, Nishimura K (2002) Minimal clinically significant difference in health status: the thorny
path of health status measures? Eur Respir J 19:390–391

Hakonarson H, Carter C, Kim C, Grunstein M (1999) Altered expression and action of the
low-affinity IgE receptor FcεRII (CD23) in asthmatic airway smooth muscle. J Allergy Clin
Immunol 104:575–584

Harding (2005) Gastroesophageal reflux: a potential asthma trigger. Immunol Allergy Clin N Am
25:131–148

Hochberg MC, Lebwohl MG, Plevy SE, Hobbs KF, Yocum DE (2005) The benefit/risk profile of
TNF-blocking agents: findings of a consensus panel. Semin Arthritis Rheum 34:819–836

Hochhaus G, Brookman L, Fox H, Johnson C, Matthews J, Ren S, Deniz Y (2003) Pharmacody-
namics of omalizumab: implications for optimised dosing strategies and clinical efficacy in the
treatment of allergic asthma. Curr Med Res Opin 19:491–498

Holgate ST, Chuchalin AG, Hebert J, Lotvall J, Persson GB, Chung KF, Bousquet J,
Kerstjens HA, Fox H, Thirlwell J, Cioppa GD (2004) Efficacy and safety of a recombinant
anti-immunoglobulin E antibody (omalizumab) in severe allergic asthma. Clin Exp Allergy
34:632–638

Holt P, Macaubas C, Stumbles P, Sly P (1999) The role of allergy in the development of asthma.
Nature 402:B12–B17



Anti-IgE and Other Antibody Targets in Asthma 285

Howarth PH, Babu KS, Arshad HS, Lau L, Buckley M, McConnell W, Beckett P, Al Ali M,
Chauhan A, Wilson SJ, Reynolds A, Davies DE, Holgate ST (2005) Tumour necrosis factor
(TNFα) as a novel therapeutic target in symptomatic corticosteroid dependent asthma. Thorax
60:1012–1018

Humbert M, Beasley R, Ayres J, Slavin R, Hebert J, Bousquet J, Beeh KM, Ramos S,
Canonica GW, Hedgecock S, Fox H, Blogg M, Surrey K (2005) Benefits of omalizumab as add-
on therapy in patients with severe persistent asthma who are inadequately controlled despite
best available therapy (GINA 2002 step 4 treatment): INNOVATE. Allergy 60:309–316

Humbert M, Durham SR, Kimmitt P, Powell N, Assoufi B, Pfister R, Menz G, Kay AB, Corrigan CJ
(1997) Elevated expression of messenger ribonucleic acid encoding IL-13 in the bronchial
mucosa of atopic and nonatopic subjects with asthma. J Allergy Clin Immunol 99:657–665

Hyams JS, Markowitz J, Wyllie R (2000) Use of infliximab in the treatment of Crohn’s disease in
children and adolescents. J Pediatr 137:192–196

Jain S, Bandi V, Officer T, Wolley M, Guntupalli K (2006) Role of vocal cord function and dysfunc-
tion in patients presenting with symptoms of acute asthma exacerbation. J Asthma 43:207–212

Jiang H, Harris MB, Rothman P (2000) IL-4/IL-13 signaling beyond JAK/STAT. J Allergy Clin
Immunol 105:1063–1070

Jones PW (2002) Interpreting thresholds for a clinically significant change in health status in
asthma and COPD. Eur Respir J 19:398–404

Juniper E (1999) Health-related quality of life in asthma. Curr Opin Pulm Med 5:105–110
Juniper E, Guyatt G, Epstein R, Ferrie P, Jaeschke R, Hiller T (1992) Evaluation of impairment of

health-related quality of life in asthma: development of a questionnaire for use in clinical trials.
Thorax 47:76–83

Keane J, Gershon S, Wise RP, Mirabile-Levens E, Kasznica J, Schwieterman WD, Siegel JN, Braun
MM (2001) Tuberculosis associated with infliximab, a tumor necrosis factor α-neutralizing
agent. N Engl J Med 345:1098–1104

Keatings VM, Jatakanon A, Worsdell YM, Barnes PJ (1997) Effects of inhaled and oral glucocorti-
coids on inflammatory indices in asthma and COPD. Am J Respir Crit Care Med 155:542–548

Kim J, McKinley L, Natarajan S, Bolgos GL, Siddiqui J, Copeland S, Remick DG (2006)
Anti-tumor necrosis factor-alpha antibody treatment reduces pulmonary inflammation and
methacholine hyper-responsiveness in a murine asthma model induced by house dust. Clin
Exp Allergy 36:122–132

Kips JC, O’Connor BJ, Langley SJ, Woodcock A, Kerstjens HAM, Postma DS, Danzig M, Cuss F,
Pauwels RA (2003) Effect of SCH55700, a humanized anti-human interleukin-5 antibody, in
severe persistent asthma: a pilot study. Am J Respir Crit Care Med 167:1655–1659

Kitaura J, Song J, Tsai M, Asai K, Maeda-Yamamoto M, Mocsai A, Kawakami Y, Liu F-T,
Lowell CA, Barisas BG, Galli SJ, Kawakami T (2003) Evidence that IgE molecules medi-
ate a spectrum of effects on mast cell survival and activation via aggregation of the FcεRI.
PNAS 100:12911–12916

Kroegel C, Julius P, Matthys H, Virchow Jc, Jr., Luttmann W (1996) Endobronchial secretion of
interleukin-13 following local allergen challenge in atopic asthma: relationship to interleukin-4
and eosinophil counts. Eur Respir J 9:899–904

Kroesen S, Widmer AF, Tyndall A, Hasler P (2003) Serious bacterial infections in patients with
rheumatoid arthritis under anti-TNF-α therapy. Rheumatology 42:617–621

Kuehr J, Brauburger J, Zielen S, Schauer U, Kamin W, Von Berg A, Leupold W, Bergmann K-C,
Rolinck-Werninghaus C, Grave M (2002) Efficacy of combination treatment with anti-IgE plus
specific immunotherapy in polysensitized children and adolescents with seasonal allergic rhini-
tis. J Allergy Clin Immunol 109:274–280

Kulczycki A, Isersky C, Metzger H (1974) The interaction of IgE with rat basophilic leukemia
cells. I. Evidence for specific binding of IgE. J Exp Med 139:600–616

Leckie MJ, Brinke At, Khan J, Diamant Z, O’Connor BJ, Walls CM, Mathur AK, Cowley HC,
Chung KF, Djukanovic R (2000) Effects of an interleukin-5 blocking monoclonal anti-
body on eosinophils, airway hyper-responsiveness, and the late asthmatic response. Lancet
356:2144–2148



286 J. Singh, M. Kraft

Lemanske RF, Jr., Nayak A, McAlary M, Everhard F, Fowler-Taylor A, Gupta N (2002) Oma-
lizumab improves asthma-related quality of life in children with allergic asthma. Pediatrics
110:e55

Leung DYM, Sampson HA, Yunginger JW, Burks AW, Jr., Schneider LC, Wortel CH, Davis FM,
Hyun JD, Shanahan WR, Jr., the TNXPASG (2003) Effect of anti-IgE therapy in patients with
peanut allergy. N Engl J Med 348:986–993

Li Y-F, Gauderman WJ, Avol E, Dubeau L, Gilliland FD (2006) Associations of tumor necrosis
factor G-308A with childhood asthma and wheezing. Am J Respir Crit Care Med 173:970–976

Liu J, Lester P, Builder S, Shire SJ (1995) Characterization of Complex formation by humanized
anti-IgE monoclonal antibody and monoclonal human IgE. Biochemistry 34:10474–10482

Lugogo NL, Kraft M (2006) Epidemiology of asthma. Clin Chest Med 27:1–15
MacGlashan D (1993) Releasability of human basophils: cellular sensitivity and maximal his-

tamine release are independent variables. J Allergy Clin Immunol 91:605–615
MacGlashan DW, Jr., Bochner BS, Adelman DC, Jardieu PM, Togias A, McKenzie-White J,

Sterbinsky SA, Hamilton RG, Lichtenstein LM (1997) Down-regulation of FcεRI expres-
sion on human basophils during in vivo treatment of atopic patients with anti-IgE antibody.
J Immunol 158:1438–1445

Malveaux F, Conroy M, Adkinson NJ, LM L (1978) IgE receptors on human basophils. Relation-
ship to serum IgE concentration. J Clin Invest 62:176–181

Mannino DM, Homa DM, Akinbami LJ, Moorman JE, Gwynn C, Redd SC (2000) Surveillance
for Asthma – United States, 1980–1999.

Marcus P (2006) Incorporating anti-IgE (omalizumab) therapy into pulmonary medicine practice:
practice management implications. Chest 129:466–474

Martinez FD, Wright AL, Taussig LM, Holberg CJ, Halonen M, Morgan WJ (1995) Asthma and
wheezing in the first six years of life. N Engl J Med 332:133–138

Maurer D, Ebner C, Reininger B, Fiebiger E, Kraft D, Kinet JP, Stingl G (1995) The high affinity
IgE receptor (FcεRI) mediates IgE-dependent allergen presentation. J Immunol 154:6285–6290

Milgrom H, Berger W, Nayak A, Gupta N, Pollard S, McAlary M, Taylor AF, Rohane P (2001)
Treatment of childhood asthma with anti-immunoglobulin E antibody (omalizumab). Pediatrics
108:e36

Milgrom H, Fick R, Su J, Reimann J, Bush R, Watrous M, Metzger W (1999a) Treatment of allergic
asthma with monoclonal anti-IgE antibody. N Engl J Med 341:1966–1973

Milgrom H, Fick RB, Su JQ, Reimann JD, Bush RK, Watrous ML, Metzger WJ, The rhu M-
ESG (1999b) Treatment of allergic asthma with monoclonal anti-IgE antibody. N Engl J Med
341:1966–1973

Mingomataj EC, Xhixha F, Gjata E (2006) Helminths can protect themselves against rejection
inhibiting hostile respiratory allergy symptoms. Allergy 61:400–406

Mukhopadhyay S, Hoidal J, Mukherjee T (2006) Role of TNFα in pulmonary pathophysiology.
Respir Res 7:125

NAEEP (1997) National Asthma Education and Prevention Program Expert Panel Report 2: Guide-
lines for the Diagnosis and Management of Asthma. NIH

NAEEP (2002) Expert Panel Report 2: Guidelines for the Diagnosis and Management of
Asthma – Update on Selected Topics (2002). NIH

NHLBI (1991) Guidelines for the Diagnosis and Management of Asthma: I. Definition and diag-
nosis. J Allergy Clin Immunol 88:427–438

NHLBI/WHO (2002) Global Initiative for asthma: global strategy for asthma management and
prevention. NIH

Oba Y, Salzman GA (2004) Cost-effectiveness analysis of omalizumab in adults and adolescents
with moderate-to-severe allergic asthma. J Allergy Clin Immunol 114:265–269

Ober C, Hoffjan S (2006) Asthma genetics 2006: the long and winding road to gene discovery.
Genes Immunol 7:95–100

Oettgen HC, Geha RS (2001) IgE regulation and roles in asthma pathogenesis. J Allergy Clin
Immunol 107:429–440



Anti-IgE and Other Antibody Targets in Asthma 287

Ohkawara Y, Lei XF, Stampfli MR, Marshall JS, Xing Z, Jordana M (1997) Cytokine and
eosinophil responses in the lung, peripheral blood, and bone marrow compartments in a murine
model of allergen-induced airways inflammation. Am J Respir Cell Mol Biol 16:510–520

Ong YE, Menzies-Gow A, Barkans J, Benyahia F, Ou T-T, Ying S, Kay AB (2005) Anti-IgE
(omalizumab) inhibits late-phase reactions and inflammatory cells after repeat skin allergen
challenge. J Allergy Clin Immunol 116:558–564

Parks KW, Casale TB (2006) Anti–immunoglobulin E monoclonal antibody administered with
immunotherapy. Allergy Asthma Proc 27:33–36

Pennings HJ, Kramer K, Bast A, Buurman WA, Wouters EF (1998) Tumour necrosis factor-alpha
induces hyperreactivity in tracheal smooth muscle of the guinea-pig in vitro. Eur Respir J
12:45–49

Presta L, Shields R, O’Connell L, Lahr S, Porter J, Gorman C, Jardieu P (1994) The binding site
on human immunoglobulin E for its high affinity receptor. J Biol Chem 269:26368–26373

Presta LG, Lahr SJ, Shields RL, Porter JP, Gorman CM, Fendly BM, Jardieu PM (1993) Human-
ization of an antibody directed against IgE. J Immunol 151:2623–2632

Prussin C, Griffith DT, Boesel KM, Lin H, Foster B, Casale TB (2003) Omalizumab treatment
downregulates dendritic cell FcεRI expression. J Allergy Clin Immunol 112:1147–1154

Prussin C, Metcalfe DD (2006) IgE, mast cells, basophils, and eosinophils. J Allergy Clin Immunol
117:S450–S456

Qureshi F, Pestian J, Davis P, Zaritsky A (1998) Effect of nebulized ipratropium on the hospital-
ization rates of children with asthma. N Engl J Med 339:1030–1035

Reeves MJ, Bohm SR, Korzeniewski SJ, Brown MD (2006) Asthma care and management before
an emergency department visit in children in Western Michigan: how well does care adhere to
guidelines? Pediatrics 117:S118–126

Rieves D (2003) FDA medical officer’s review of safety information on omalizumab in briefing
BLA STN 103976/0. Food and Drug Administration, Washington, DC

Roberts NJ, Robinson DS, Partridge MR (2006) How is difficult asthma managed? Eur Respir J
28:968–973

Roskos LK, Davis CG, Schwab GM (2004) The clinical pharmacology of therapeutic monoclonal
antibodies. Drug Development Res 61:108–120

Rychly D, DiPiro J (2005) Infections associated with tumor necrosis factor-alpha antagonists. Phar-
macotherapy 25:1181–1192

Saini SS, MacGlashan DW, Jr., Sterbinsky SA, Togias A, Adelman DC, Lichtenstein LM,
Bochner BS (1999) Down-regulation of human basophil IgE and FCεRIα surface densities and
mediator release by anti-IgE-infusions is reversible in vitro and in vivo. J Immunol 162:5624–
5630

Schulman ES (2001) Development of a monoclonal anti-immunoglobulin E antibody (Oma-
lizumab) for the treatment of allergic respiratory disorders. Am J Respir Crit Care Med
164:6S–11

Scott DL, Kingsley GH (2006) Tumor necrosis factor inhibitors for rheumatoid arthritis. N Engl J
Med 355:704–712

Shields R, Whether W, Zioncheck K, O’Connell L, Fendly B, Presta L, Thomas D, Saban R,
Jardieu P (1995) Inhibition of allergic reactions with antibodies to IgE. Int Arch Allergy
Immunol 107:308–312

Slavin RG, Haselkorn T, Lee JH, Zheng B, Deniz Y, Wenzel SE (2006) Asthma in older adults:
observations from the epidemiology and natural history of asthma: outcomes and treatment
regimens (TENOR) study. Ann Allergy, Asthma Immunol 96:406–414

Soler M, Matz J, Townley R, Buhl R, O’Brien J, Fox H, Thirlwell J, Gupta N, Della Cioppa G
(2001) The anti-IgE antibody omalizumab reduces exacerbations and steroid requirement in
allergic asthmatics. Eur Respir J 18:254–261

Sporik R, Holgate ST, Platts-Mills TA, Cogswell JJ (1990) Exposure to house-dust mite allergen
(Der p I) and the development of asthma in childhood. A prospective study. N Engl J Med
323:502–507

Strunk RC, Bloomberg GR (2006) Omalizumab for Asthma. N Engl J Med 354:2689–2695



288 J. Singh, M. Kraft

Strunk RC, Szefler SJ, Phillips BR, Zeiger RS, Chinchilli VM, Larsen G, Hodgdon K, Morgan W,
Sorkness CA, Lemanske JRF (2003) Relationship of exhaled nitric oxide to clinical and inflam-
matory markers of persistent asthma in children. J Allergy Clin Immunol 112:883–892

Thomas P, Heywood G (2002) Effects of inhaled tumour necrosis factor alpha in subjects with mild
asthma. Thorax 57:774–778

Thomas PS, Yates DH, Barnes PJ (1995) Tumor necrosis factor-alpha increases airway responsive-
ness and sputum neutrophilia in normal human subjects. Am J Respir Crit Care Med 152:76–80

Upham JW (2003) The role of dendritic cells in immune regulation and allergic airway inflamma-
tion. Respirology 8:140–148

van der Vaart H, Koeter GH, Postma DS, Kauffman HF, ten Hacken NHT (2005) First study of
infliximab treatment in patients with chronic obstructive pulmonary disease. Am J Respir Crit
Care Med 172:465–469

Vignola AM, Humbert M, Bousquet J, Boulet LP, Hedgecock S, Blogg M, Fox H, Surrey K (2004)
Efficacy and tolerability of anti-immunoglobulin E therapy with omalizumab in patients with
concomitant allergic asthma and persistent allergic rhinitis: SOLAR. Allergy 59:709–717

Walker S, Monteil M, Phelan K, Lasserson T, EHW (2006) Anti-IgE for chronic asthma in adults
and children. Cochrane Database Syst Rev

Walsh GM (2005) Novel therapies for asthma – advances and problems. Curr Pharm Design
11:3027–3038

Walsh GM (2006) Targeting airway inflammation: novel therapies for the treatment of asthma.
Curr Med Chem 13:3105–3111

Wijnhoven HAH, Kriegsman DMW, Hesselink AE, Penninx BWJH, de Haan M (2001) Determi-
nants of different dimensions of disease severity in asthma and COPD: pulmonary function and
health-related quality of life. Chest 119:1034–1042

Wills-Karp M, Luyimbazi J, Xu X, Schofield B, Neben TY, Karp CL, Donaldson DD (1998)
Interleukin-13: central mediator of allergic asthma. Science 282:2258–2261

Wood KL, Hage CA, Knox KS, Kleiman MB, Sannuti A, Day RB, Wheat LJ, Twigg HL, III (2003)
Histoplasmosis after Treatment with Anti-Tumor Necrosis Factor-α Therapy. Am J Respir Crit
Care Med 167:1279–1282

Yazdanbakhsh M, van den Biggelaar A, Maizels RM (2001) Th2 responses without atopy:
immunoregulation in chronic helminth infections and reduced allergic disease. Trends Immunol
22:372–377

Yigla M, Tov N, Solomonov A, Rubin A, Harlev D (2003) Difficult-to-control asthma and obstruc-
tive sleep apnea. J Asthma 40:865–871



Part V
Development of Antibody-Based Cellular

and Molecular Therapies



Cytokine, Chemokine, and Co-Stimulatory
Fusion Proteins for the Immunotherapy
of Solid Tumors

L.A. Khawli, P. Hu, and A.L. Epstein(�)

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 292
2 Overview of Cancer Immunotherapy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 293

2.1 Antibody-Targeted Immunotherapy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 294
2.2 Untargeted Soluble Fc Fusion Protein Immunotherapy . . . . . . . . . . . . . . . . . . . . . . . . . 295

3 Immunoregulatory Molecules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296
3.1 Cytokines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296
3.2 Chemokines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 299
3.3 B7 Costimulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 305
3.4 TNFSF Ligands . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 309
3.5 Immunoregulatory T Cells (Treg) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 314

4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 320
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 324

Abstract This chapter describes the generation of novel reagents for the treatment
of cancer using fusion proteins constructed with natural ligands of the immune sys-
tem. Immunotherapy is a powerful therapeutic modality that has not been fully
harnessed for the treatment of cancer. We and others have hypothesized that if
the proper immunoregulatory ligands can be targeted to the tumor, an effective
immune response can be mounted to treat both established primary tumors and dis-
tant metastatic lesions. Though it is generally believed that immunotherapy has the
potential to treat only residual disease, we offer evidence that this approach can, by
itself, destroy large tumor masses and produce lasting remissions of experimental
solid tumors. From these studies, three major classes of immune activators, namely,
cytokines, chemokines, and costimulatory molecules, have been shown to generate
antitumor responses in animal models. In addition, the reversal of immune tolerance

A.L. Epstein
Department of Pathology, USC Keck School of Medicine, 2011 Zonal Avenue, HMR 205,
Los Angeles, CA 90033, USA
e-mail: aepstein@usc.edu

Y. Chernajovsky, A. Nissim (eds.) Therapeutic Antibodies. Handbook of
Experimental Pharmacology 181.
c© Springer-Verlag Berlin Heidelberg 2008

291



292 L.A. Khawli et al.

by the deletion of T regulatory (Treg) cells has been shown to be equally important
for effective immunotherapy. In an attempt to identify reagents that can provide an
enhanced immune stimulation and treatment of cancer, our laboratory has developed
a novel monoclonal antibody targeting approach, designated Tumor Necrosis Ther-
apy (TNT), which utilizes stable intracellular antigens present in all cell types but
which are only accessible in dead and/or dying cells. Since tumors contain necrotic
and degenerating regions that account for 30–80% of the tumor mass, this targeting
approach can be used to deliver therapeutic reagents to the core of tumors, a site
abundant in tumor antigens. In our first set of reagents, a panel of cytokine fusion
proteins was genetically engineered using monoclonal antibody chimeric TNT-3
(chTNT-3) directed against necrotic regions of tumors (single-stranded DNA) fused
with IL-2, or GM-CSF, or TNFα, or IFNγ. Tested against different solid tumors,
these reagents were found to mount an effective although transient immune response
to tumor especially when used in combination. To improve upon these results, addi-
tional chTNT-3 fusion proteins using the liver-expression chemokine (LEC) and
the costimulatory molecule B7.1 were constructed. Both of these reagents were
found to work significantly better than the above cytokine fusion proteins due to
their ability to stimulate multiple arms of the immune system deemed useful for
cancer immunotherapy. Finally, the Tumor Necrosis Factor Superfamily (TNFSF)
gene CD137L was used to generate chTNT-3 antibody (targeted) and soluble Fc
(untargeted) fusion proteins. When used alone, both forms of costimulatory fusion
proteins were found to produce in a dose-dependent manner, complete regression of
murine solid tumors. Evidence is presented to show that Treg cells play an important
role in suppressing antitumor immunity since the deletion of these cells, when used
in combination with LEC or costimulatory fusion proteins, produced profound and
effective treatment with sustained memory. It is hoped that these data will further
the preclinical development of soluble Fc and antibody based fusion proteins for the
immunotherapy of cancer.

1 Introduction

Immunotherapy is a powerful therapeutic modality that utilizes the patient’s own
immune system to attack and eliminate tumor cells. To ensure the clinical poten-
tial of this approach, our laboratory is investigating ways to enhance the antitumor
response of the host at the tumor site, thereby minimizing systemic toxicity. To do
so, we have genetically engineered fusion proteins composed of the Tumor Necrosis
Therapy (TNT) monoclonal antibody, which targets single stranded DNA exposed
in degenerating cells (Epstein et al. 1988, 1991; Chen et al. 1991; Miller et al. 1993;
Hornick et al. 1998) linked to immune effector or ligands molecules. These fusion
proteins are able to target solid tumors in immunocompetent mice, overcome periph-
eral tolerance, and incite an effective antitumor immune response that brings about
tumor regression in solid tumor models. Our laboratory has successfully generated
a number of new TNT fusion protein, including one with the CC liver-expression
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chemokine (LEC, CCL16), demonstrated to be a very potent chemoattractant to
PMNs, T cells, macrophages, B-cells, and dendritic cells (Giovarelli et al. 2000;
Hisayuki et al. 2001). These studies confirmed the ability of LEC/chTNT-3 to induce
a multiarmed immune response against solid tumors by attracting APC and effector
cells into the tumor to induce significant tumor regression (Li et al. 2003a). More
recently, we have found that tumor regression can also be achieved through the use
of the costimulatory molecule B7.1 (Liu et al. 2005), the APC molecule that acti-
vates T cells by delivering a second signal via binding to CD28. While investigating
which T-cell subpopulations are required for LEC and B7.1 activity, we discovered
that depletion of CD4+ or CD4+CD25+ immunoregulatory T cells (Tregs) greatly
enhanced LEC and B7.1 activity, resulting in complete and lasting remissions of
established solid tumors in BALB/c mice (Li et al. 2003b, 2005). Finally, the labo-
ratory has discovered that fusion proteins consisting of costimulatory proteins such
as CD137L which enhance immunity are very effective in suppressing tumor growth
in syngeneic tumor models of the mouse.

The overall goal of our laboratory is to develop reagents that can be successfully
translated to the clinic for the treatment of solid tumors. In general, current treat-
ment modalities of surgery, radiation, and chemotherapy are nonspecific, in that
they remove or destroy normal cells along with the cancer cells. Other factors that
limit the effectiveness of current therapeutic modalities include the presence of dis-
tant metastases, tumor cell heterogeneity, and the resistance of tumors to drugs and
radiation (Mocellin et al. 2002) especially after repeated treatment. Systemic treat-
ments for solid tumors with standard chemotherapy agents are largely ineffective,
leaving the clinician few options to treat this lethal group of tumors. Therefore, new
approaches to therapy are needed to provide the oncologist with viable treatment
alternatives (Dy and Adjei 2002). Immunotherapy is a promising approach that uti-
lizes the patient’s own immune system to destroy evolving tumor. Once thought to
be a method of treatment for minimal residual disease only, our laboratory and oth-
ers now believe that this form of therapy has the potential to destroy larger primary
tumors and distant metastatic lesions. The key immune molecules for accomplish-
ing this have been identified and fall into three classes of potent modulators called
cytokines, chemokines, and costimulatory molecules. In general, we have focused
our studies on the identification of relevant cellular processes associated with effec-
tive solid tumor immunotherapy. Those cellular and molecular components of the
immune system that have the capacity to treat tumor need to be harnessed and prop-
erly presented in order to generate effective cancer therapy.

2 Overview of Cancer Immunotherapy

The goal of cancer immunotherapy is to establish an effective immune response
to tumors in patients. As part of the malignant phenotype, tumors have evolved to
overcome innate and adaptive immune responses of the host in order to grow and
metastasize (Smyth et al. 2001). Historically, investigators have been of the opinion
that the immune response against tumors is inherently weak and has insufficient T
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effector cells to destroy large, established lesions. As evidenced by recent research,
however, cancer immunotherapy may have sufficient therapeutic potential to treat
and cure deep-seated and established malignancies if properly invoked (Waldmann
et al. 2003; Parish 2003; Blattman and Greenberg 2004). For this to happen, how-
ever, two key events must occur, namely, the reversal of immune tolerance and the
activation of effective immunity with memory. One of the most powerful methods
nature has evolved to control the immune system is the generation of Treg cells,
the same cells now believed to be one of the major mechanisms responsible for
the protection of the fetus in the mother’s womb (Aluvaihare et al. 2004). Recent
histopathologic and flow cytometric studies, respectively, have shown an increase
in Treg cells in the parenchyma of solid tumors or circulating in the blood or cavity
fluids of cancer patients (Liyanage et al. 2002; Ichihara et al. 2003; Marshall et al.
2004). Experimentally, methods to suppress Treg cells in tumor-bearing mice using
anti-CTLA-4 (Leach et al. 1996), anti-CD4 (North and Awwad 1990), or anti-CD25
(Tanaka et al. 2002; Pardoll 2003) antibodies have provided improved immunother-
apy when used alone or with tumor vaccines. The second event that is required for
active immunotherapy is the use of potent immunostimulatory agents to evoke an
effective immune response against tumor antigens. More recently, our laboratory
has shown that combination therapy with an anti-Treg cell antibody and several dif-
ferent fusion proteins is an effective method of reactivating the immune system to
tumor (Li et al. 2003; Liu et al. 2005, 2006). By comparison, when these reagents
are used alone, they produce only partial responses compared to untreated controls
(Strumhoeful et al. 1999; Runyon et al. 2001). As reviewed by Chen (2004) and
Yamaguchi et al. (2004), B7-CD28 costimulation (second signal) is an important
and vital step in the activation of T cells. Recently, it has been demonstrated that
B7-CD28 costimulation can activate both the Th1 and Th2 differentiation pathways
and that the latter is dependent on the induction of IL-4. Used systemically, however,
this approach can induce unwanted autoimmune side effects such as those seen with
anti-CTLA-4 antibody treatment (Sutmuller et al. 2001). These toxic side effects
may be substantially decreased if costimulation is targeted to the tumor site and
not distributed systemically. In this chapter, we intend to show the effects of dif-
ferent fusion proteins consisting of active immunostimulatory molecules and com-
pare their activity as targeted and untargeted reagents. It is hypothesized that proper
immune activation, when used in combination with methods to reverse immune tol-
erance, can successfully treat established solid tumors.

2.1 Antibody-Targeted Immunotherapy

Immunotherapy has been used to treat tumor-bearing hosts for over a century (Ben-
Efraim 1999). Unfortunately, thepromise ofeffective cytokine-based immunotherapy
for cancer remains largely unfulfilled. Despite numerous in vitro and in vivo studies
demonstrating the stimulatory effects of various cytokines to induce active leukocyte
responses against tumor cells, favorable and consistent responses have remained
elusive in the actual treatment of human disease. The limitation in clinical efficacy
is partly due to the toxic effects observed with traditional administration methods
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as well as the inability to recreate the microenvironmental conditions required
for the generation of specific antitumor immune responses using these reagents
(Parmiani et al. 2000; Di Cailo et al. 2001). Systemic infusion produces elevated
cytokine levels that lead to a nonspecific activation of immune cells. Rather than
a coordinated response limited to tumor, as is seen during naturally occurring
immune responses, these bioactive compounds often lead to dysfunctional systemic
activation with significant dose-limiting and potentially fatal toxicities (Ben-Efraim
1999). Additionally, treatment protocols that fail to localize these bioactive molecules
may not only be unsuccessful in the generation of specific immune activity, but may
actually predispose the patient to immunodeficiency states or tolerance (Bubenik
et al. 2000). Most recently, it has become recognized that in addition to the induction
of an effective immunologic response to tumor, it is also important to produce
a lasting response by the development of immunologic memory (Di Cailo et al.
2001). Placed in the correct context, the immune system is capable of massive cell
destruction as witnessed by graft vs. host responses and certain autoimmune states.
Based upon these observations, it is highly feasible that once harnessed the immune
system will be capable of destroying deep-seated primary tumors and metastatic
lesions in cancer patients.

In an attempt to identify reagents that can elicit an effective antitumor immune
response, we generated a panel of fusion proteins consisting of the tumor target-
ing monoclonal antibody chTNT-3 that binds to necrotic regions of tumors (Epstein
et al. 1988; 1991) and cytokines, chemokines, and costimulatory molecules previ-
ously shown to be important components of an antitumor response. At the center
of this approach is the TNT antibody, which has a number of important character-
istics that make it an ideal delivery agent for immune modulators. These include
its applicability to a wide range of human and animal cancers, its inability to bind
normal tissues, its long retention time in tumors after targeting, and its ability to
target necrotic regions centrally in both primary and metastatic lesions. Because of
these attributes, TNT has been used to deliver radionuclides (Hornick et al. 1998),
immunostimulatory molecules (Li et al. 2003; Liu et al. 2005; 2006), and vasop-
ermeability agents (Hornick et al. 1999) to treat experimental and human tumors.
To date over 250 patients have been treated with 131I-chTNT-3 and the results show
that all types of tumors tested can be targeted specifically (Chen et al. 2005; Yu et al.
2006). No uptake has been seen in normal tissues regardless of the age or condition
of the patients tested. In June of 2003, 131I-chTNT-3 became the second radiola-
beled monoclonal antibody worldwide to obtain FDA approval. The antibody was
approved for the treatment of lung cancer and is currently in clinical trials for the
treatment of brain and other solid tumors.

2.2 Untargeted Soluble Fc Fusion Protein Immunotherapy

Optimal activation of naı̈ve T cells requires both antigen-specific signaling and the
induction of costimulatory pathways (Zou 2005). The absence of costimulatory sig-
naling leads naı̈ve T cells to fail to recognize antigens and become tolerant to cancer
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cells, a possible strategy by which tumors escape from host immunity (Mapara and
Sykes 2004). To break immune tolerance and elicit effective antitumor responses,
many strategies have been devised, including the expression of costimulatory mole-
cules (Townsend and Allison 1993; Hodge et al. 1994), blockade of inhibitory sig-
naling using anti-CTLA-4 antibody (Leach et al. 1996), and grafting T cells with the
stimulatory receptor CD28 in adoptive immunotherapy (Maher and Davies 2004). In
the above studies, suppression of tumor growth was achieved by presenting costimu-
latory signals directly on the tumor cell surface in transfected cells, by gene therapy
and by similar approaches (Singh et al. 2003). All these strategies are promising
but have only been met with limited success in experimental therapeutic models. In
the past few years, soluble costimulatory proteins fused to the N-terminus of the Fc
portion of antibodies have been developed and tested in mouse tumor models (Moro
et al. 1999; Zheng et al. 2001). For example, Sturmhoefel et al. (1999) have reported
that B7.2-Fc therapy as an adjuvant in cancer vaccines could produce complete
tumor rejection in some tumor models, including the poorly-immunogenic B16/F10
tumor. It was concluded that tumor rejection induced by B7.2-Fc was mediated by
type 2 CD8+ T cells and was dependent on IL-4 induction (Yamaguchi et al. 2004).
Soluble Fc fusion proteins represent a nontargeting approach to provide costimula-
tion or immune activation systemically. Because they do not target tumor in vivo,
however, they could produce autoimmune side effects, which may limit their clinical
utility. To determine which reagent(s) are most promising for translation to man, we
have chosen to generate and compare both tumor-targeted and nontargeted deriva-
tives when possible.

3 Immunoregulatory Molecules

3.1 Cytokines

Cytokines are extracellular protein messenger molecules produced by cells involved
in inflammation, immunity, differentiation, cell division, fibrosis, and repair (Smith
1993). Molecular characterization studies have revealed, however, that several
cytokines also function as cell surface signaling molecules such as TNFα, IL-1α,
TGFβ, and IL-2. A distinctive feature of cytokines is that they are not constitu-
tively produced, but are generated in response to stimulation. Cytokine genes are
highly inducible and a number of transcriptional factors such as NFκB, NF-AT, and
AP-1 are involved in the regulation and production of their mRNA’s (Oppenheim
and Feldmann 2001). Typically, their production lasts a few hours to a few days
and they usually have a short action radius associated with a very high affinity for
receptors. Their high potency is also due to the fact that receptors only require a low
occupancy (around 10%) to stimulate immune cells. The usual mechanism of action
of cytokines is on neighboring cells and because of their short half-life, which is in
the order of minutes, only small amounts ever enter the systemic circulation dur-
ing inflammation. When administered systemically, cytokines are in general very
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toxic causing multiple symptoms, including fever, hypotension, headache, malaise,
weakness, and capillary leak syndrome, thereby making it difficult to achieve clin-
ically relevant dosages. Importantly, cytokines can act in networks and cascades
influencing a number of different immune cells once secreted into an inflamed tis-
sue. Because of their potency, a number of mechanisms exist to regulate their effects
in tissues.

The first cytokine to obtain approval for cancer therapy was Interleukin-2 (IL-2)
(Rao et al. 1997). IL-2 is a potent cytokine involved in both the cellular and humoral
arms of the immune system. Its primary role is to stimulate the growth and pro-
liferation of T lymphocytes. It has also been shown, however, to have stimulatory
effects on a variety of immune cells, including natural killer (NK) cells, lymphokine-
activated killer (LAK) cells, and tumor infiltrating lymphocytes (TIL) (Rao et al.
1997). While it has shown some promise in the treatment of renal cancer and
melanoma (Silagi and Shaefer 1986), its potential is offset by the occurrence of
serious adverse reactions with its use, including damage to the blood vessels of the
body (capillary leak syndrome). Direct applications in which IL-2 is infused intratu-
morally has been somewhat more effective and has resulted in a higher level of ther-
apeutic response, including the control of clinical complications, prevention of the
growth of established tumors, and reduction in the size of the tumor mass (Sone and
Ogura 1994). Unfortunately, this technique is not feasible for disseminated disease.

As mentioned previously, one approach to using these potent cytokines is to
link them to tumor targeting MAbs to generate fusion proteins. Toward this end,
our laboratory has generated a series of fusion proteins consisting of chTNT-3 and
IL-2, murine GM-CSF, TNFα, and murine IFNγ. Gene transfection of transplantable
tumors with the above cytokine DNAs has clearly demonstrated that the production
of high local concentrations of these cytokines in tumors can stimulate effective
antitumor immune responses (Ajani et al. 1989; Morikawa et al. 1989). Based upon
this information, targeting these cytokines to the tumor parenchyma is a viable alter-
native that can be applied to patients once fully human derivatives are constructed.
Our laboratory has completed the production of several fusion proteins consisting of
chTNT-3 and human IL-2 (LeBerton et al. 1991; Khawli et al. 1994; 1997; Hornick
et al. 1999), murine IFNγ (Mizokami et al. 2003), human IFNγ and TNFα (Sharifi
et al. 2002), and muGM-CSF (unpublished) genetically linked to the C-terminal
portion of chTNT-3. Their construction, testing, and use in immunotherapy experi-
ments are briefly described further.

3.1.1 Cytokine Fusion Proteins

The chTNT-3 (IgG1κ) was constructed and expressed as described previously
(Hornick et al. 1999). PCR fragments containing either the human IL-2, IFNγ,
or TNFα cDNA preceded by a noncleavable seven amino acid linker peptide
was inserted into the NotI site previously appended immediately downstream of
the human γ1 terminal codon, producing a TNT-3 VH/human γ1/human cytokine
fusion gene. This resulted in the expression vectors pEE12/chTNT-3 HC/hIL-2,
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pEE12/chTNT-3 HC/muIFNγ, and pEE12/chTNT-3 HC/TNFα, encoding a fusion
protein consisting of the chimeric TNT-3 heavy chain with human IL-2, murine
IFNγ, or TNFα at its C-terminus. These expression vectors were cotransfected with
the expression vector for the chimeric TNT-3 light chain, pEE6/chTNT-3 light chain.
The fusion protein was expressed in NS0 murine myeloma cells using the Glutamine
Synthetase Gene Amplification System (Lonza) and purified by tandom protein-A
affinity and ion-exchange chromatography.

The biological activity of each of the cytokine moieties of the four fusion proteins
was determined by in vitro assays. IL-2 bioactivity was demonstrated by testing its
ability to support the proliferation of IL-2-dependent CTLL-2 cells (Gillis et al.
1978). For the muTNT-3/muGM-CSF fusion protein, the biological activity of the
muGM-CSF moiety was determined by measuring its ability to support the prolifer-
ation of the cytokine dependent cell line FDC-P (Delta-Cruz et al. 2000). From this
assay, the ED50 for muTNT-3/muGM-CSF was shown to be 0.4–1.0 ng ml−1. For the
muIFNγ moiety of the chTNT-3/muIFNγ fusion protein, an assay was performed to
determine the induction of nitric oxide (NO) in RAW 264.7 murine macrophage
cells (Kim and Son 1996). By this method, the specific activity of the chTNT-
3/muIFN-γ fusion protein was calculated to be approximately 450 U µg−1. ChTNT-3
was negative in all of the above assays. The biological activity of chTNT-3/muIFN-
γ was also measured by up-regulation of MHC class II molecule expression in the
WEHI-3 murine myelomonocytic cell line using flow cytometry. Cells were grown
in complete media supplemented with recombinant muIFNγ, chTNT-3, or chTNT-
3/muIFN-γ for 48 h and then assayed for MHC class II molecule expression by
FACS. By this method, the specific activity of the fusion protein was 430 U/µg.
In contrast, chTNT-3 was unable to induce MHC class II up-regulation. For the
chTNT-3/huTNFα fusion protein, the biological activity of TNFα moiety was deter-
mined by the percent inhibition of Hep-2 cell growth as described previously (Hogan
1993). From this assay, the chTNT-3/TNFα fusion protein was found to have a spe-
cific activity of 10.8 U µg−1.

Clearance and biodistribution studies were performed to determine pharmacoki-
netic clearance half-life and tumor uptake of all the fusion proteins. The results of
these studies are shown in Table 1. Marked differences in clearance times are noted

Table 1 Summary of pharmacokinetic clearance and biodistribution studies with cytokine fusion
proteins

Antibody or
antibody/cytokine

Half-life (h) Tumor model % Injected dose/gm of tumor
at 3 days

chTNT-3 134 MAD 109 13.5
chTNT-3/muIFN-γ 46 MAD 109 2.4
chTNT-3 134 LS174T 7.1
chTNT-3/huIFN-γ 9.1 LS174T 1.2
chTNT-3/huIL-2 12 LS 174 T 1.7
chTNT-3/huTNF-α 8 LS 174 T 1.3
muTNT-3 150 Colon 26 5.3
muTNT-3/muGM-CSF 15 Colon 26 1.27
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between the muIFNγ fusion protein and the IL-2, TNFα, and muGM-CSF fusion
proteins. The chTNT-3 was found to have an unusually long half-life in these
studies. For all the fusion proteins, tumor uptake is significantly lower than that
seen for chTNT-3. The tumor-to-organ ratios, however, which reflect normal organ
uptake and provide an indication of possible toxicity, are either comparable or even
slightly higher for all the fusion proteins.

In summary, the above characterization studies demonstrate that all the fusion
proteins are able to maintain their binding affinity to antigen as well as their direct
cytotoxic effect and immunomodulatory functions. In vivo, the fusion proteins were
found to have a substantially shorter whole body half-life than parental chTNT-3,
yet were able to target tumor as shown by biodistribution analyses. Because of their
retention in tumor and rapid clearance from normal tissues, the fusion proteins were
found to have equivalent or higher normal tissue/tumor ratios than chTNT-3.

3.1.2 Combination Therapy with Cytokine Fusion Proteins

The chTNT-3/cytokine fusion proteins were tested in three different solid tumor
models of the BALB/c mouse, including the COLON 26 colon adenocarcinoma,
the MAD109 lung carcinoma, and the RENCA renal cell carcinoma. Analysis of
the cytokine activity of these fusion proteins using standard in vitro tests shows that
they have between 50 and 85% of the activity of the comparable free cytokine tested
in parallel. Despite these somewhat lower activity levels, these reagents produced
good tumor suppression in the three tumor models during and directly after treat-
ment but 5–7 days after therapy, the tumors continued to progress in size (Fig. 1).
In two of these models, those mice receiving the combination of chTNT-3/IL-2,
chTNT-3/TNFα, and chTNT-3/IFNγ had the best tumor regression estimated to be
about 80% of control groups at day 17. Although individual fusion proteins had
varying degrees of effectiveness in these tumor models, this combination or the one
in which muTNT-3/muGM-CSF was substituted for the chTNT-3/IL-2 was most
effective. Because of species differences associated with the use of a chimeric anti-
body and human cytokines in the construction of most of these fusion proteins,
treatments were limited to daily doses for 4–5 days. Since the tumors were found
to continue growing at about the same pace as control treated mice, the therapeu-
tic effect of these treatments was found to be transient in nature. This incomplete
immune response may have been due to the nongeneration of immune memory cells.

3.2 Chemokines

Chemokines are small (7–15 kDa), secreted, and structurally related soluble pro-
teins that are involved in leukocyte and dendritic cell chemotaxis, PMN degran-
ulation, and angiogenesis (Mackay 2001). Based on the position and number of
cysteine residues, they are divided into four families: CXC (α), CC (β), C (γ), and
CX3C. Because of their important role in the immune system, chemokines have
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Fig. 1 Combination immunotherapy using TNT-3/cytokine fusion proteins in RENCA renal car-
cinoma tumor model. Each fusion protein is abbreviated in the chart by listing the cytokine moi-
ety (IL-2, GM-CSF, IFNγ, and TNFα). For these studies, 6-week-old female BALB/C mice were
injected subcutaneously with 5× 106 tumor cells in the left flank. Five-seven days later when the
tumors reached 0.5 cm in diameter (0.2cm3), groups of mice (n = 5) were injected daily for four
consecutive days with intravenous injection of 0.1 ml inoculum of each fusion protein. The dose of
the fusion proteins was 20 µg except for chTNT-3/muGM-CSF, which was more toxic necessitat-
ing the use of 5 µg/dose. Control groups received saline only or 20 µg of chTNT-3, which did not
affect the growth curves of the three tumor models. A study of control groups from four individual
experiments showed that the growth curves were very reproducible

been utilized to treat inflammatory and autoimmune diseases (Gerard and Rollins
2001), HIV, and cancer (Miyagishi et al. 1995). Because of their ability to recruit
leukocytes into tumors, alter tumor vasculature structure, and stimulate host anti-
cancer immune responses, chemokines are promising reagents in cancer therapy.
The human chemokine LEC (liver-expression chemokine, CCL16, also known as
NCC-4, LMC, and HCC-4) was originally found in an expression sequence tag
library and later mapped to chromosome 17q in the CC chemokine cluster (Naruse
et al. 1996). The LEC gene in the mouse is a pseudogene that has lost its func-
tion due to the insertion of an intron (Naruse et al. 1996). LEC (also known as
NCC-4, LMC, and HCC-4) was also found to chemoattract monocytes, lympho-
cytes, and polymorphonuclear lymphocytes (PMNS) upon binding to CCR1 and
CCR8 chemokine receptors (Howard et al. 2000). LEC is unique because unlike
any other chemokine, it is the first chemokine whose mRNA expression is strongly
increased and stabilized by the presence of IL-10. In vitro studies indicate that LEC
requires a much higher concentration to induce maximum chemotaxis than it does
for adhesion (Moser and Loetscher 2001). The potential therapeutic applications of
LEC were first studied by Giovarelli et al. (2000), who showed that mammary car-
cinoma TSA cells engineered to express LEC inhibit the metastatic spread of tumor
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and induce tumor rejection due to an impressive infiltration of macrophages, den-
dritic cells, T cells, and PMNs, and the production of IFN-γ and IL-12. Furthermore,
LEC is a potent chemotactic factor for both human monocytes and dendritic cells
(APC cells) (Thelen 2001). Rejection of tumor by the secretion of LEC involves
both CD8+ lymphocytes and PMNS (Giovarelli et al. 2000). In these mice, an anti-
tumor immune memory was quickly established after rejection as shown by rechal-
lenging experiments. The ability of LEC to improve markedly the recognition of
poorly immunogenic tumor cells by promoting APC-T cell interaction establishes
it as a prime candidate for targeted immunotherapy. As shown below, we describe
the generation and testing of an antibody/chemokine fusion protein consisting of
chTNT-3 and LEC, which targets central necrotic areas of tumor to chemoattract
and amplify responding lymphoid and dendritic cells capable of inducing an effec-
tive antitumor immune response in three different experimental solid tumors of the
mouse (Li et al. 2003a).

3.2.1 Chemokine Fusion Proteins

Since the N-terminus of chemokines is essential for bioactivity, we fused the
C-terminus of the LEC gene to the N-terminus of the chTNT-3 heavy chain gene
with a five amino acid universal linker (Gly4Ser). The fused LEC/chTNT-3 heavy
chain gene (Fig. 2a) was translated under an antibody leader and the expressed
fusion protein was found to retain its biological activities. The bioactivity of the

Fig. 2 Schematic diagram depicting the construction of different fusion proteins: (a) LEC/chTNT-
3, (b) human B7.1/NHS76, (c) B7.1-Fc (N-terminal), (d) murine TNT-3/CD137L, and (e) murine
Fc-CD137L (C-terminal)
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Fig. 3 Chemotaxic activity of LEC/chTNT-3. THP-1 human monocytic leukemia cells were used
in a chemotaxis chamber (Neuroprobe, Gaithersburg, MD) to determine the biologic activity of the
LEC/chTNT-3, free LEC, and chTNT-3 (negative control)

LEC fusion protein was demonstrated by measuring the migration of target cells
in a 96-well microchemotaxis chamber. As shown in Fig. 3, free human recombi-
nant LEC and the fusion protein induced human leukemia THP-1 cell migration.
The migration of THP-1 cells exposed to the fusion protein was dose-dependent
starting at a concentration as low as 1.6 nM and peaking at concentration of 12.5 nM.
Free human recombinant LEC peaked at a higher concentration of about 25 nM in
this assay. THP-1 cells exposed to the parental antibody (chTNT-3) did not show any
migration verifying the biological activity of the LEC moiety of the fusion protein.

Biodistribution studies were performed to determine tumor uptake of the fusion
protein. 125I-LEC/chTNT-3 demonstrated a tumor uptake of 2.4% injected dose per
gram (ID/g) at both 12 and 24 h post-injection (Fig. 4). The rapid clearance of 125I-
LEC/chTNT-3 also showed a decrease in radioactivity levels in blood and most of
the other normal tissues at all time points, resulting in high tumor-to-organ ratios.
These data demonstrate that the radiolabeled LEC/chTNT-3 specifically bound to
tumor with excellent retention at the tumor site.

3.2.2 LEC Fusion Protein Treatment, Alone

The immunotherapeutic potential of LEC/chTNT-3 was demonstrated by treating
groups of BALB/c mice that had been injected subcutaneously in the left flank
with MAD109 murine lung carcinoma cells, COLON 26 cells, or RENCA cells. As
shown in Fig. 5, LEC/chTNT-3 treatment produced a 55% tumor growth reduction
in the COLON 26 tumor model, a 42% reduction in the RENCA tumor model, and
a 37% reduction in the MAD109 lung tumor model, as compared to untreated con-
trols. Importantly, LEC/chTNT-3 immunotherapy was found to be entirely nontoxic
(even at 100 µg), in marked contrast to the use of chTNT-3/IL-2, chTNT-3/TNFα,
and TNT-3/mGM-CSF fusion proteins, which demonstrated varying degrees of
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Fig. 4 Twelve and 24 h biodistribution of LEC/chTNT-3 in MAD109 tumor-bearing BALB/c mice.
Tumor uptake was measured by (a) percent injected dose/gram of 125I-labeled LEC/chTNT-3 and
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toxicity when increased above 20 µg per dose. Treatment with these three fusion
proteins at doses exceeding 20 µg made the mice lethargic, induced a ruffled fur
appearance, produced a loss of appetite, and lowered activity levels of treated mice.
Toxicity at the organ and cellular levels has not been investigated to date. Recently, a
nontargeted LEC fusion protein consisting of human LEC and soluble Fc (LEC-Fc)
was constructed and is currently being tested for potency and therapeutic potential.
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Fig. 5 LEC/chTNT-3 immunotherapy in three murine solid tumor models (Y axis is defined as
Tumor Volume). This was demonstrated by treating groups (n = 7) of six-week old female BALB/c
mice that had been injected subcutaneously in the left flank with 107 MAD109 murine lung carci-
noma cells, COLON 26 cells, or RENCA cells. Tumors were grown until they reached 0.5 cm in
diameter (5–7 days), and groups of mice were then treated daily for 5 days with intravenous injec-
tion of 0.1 ml LEC/chTNT-3 (20 µg), PBS, or control chTNT-3 (20 µg). Control studies showed
that treatment with chTNT-3 antibody alone does yields no effect
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3.2.3 Combination Therapy with LEC and Cytokine
Fusion Proteins

To enhance the therapeutic effectiveness of the LEC/chTNT-3, we focused our
attention on combining this reagent with other fusion proteins that we and others
have found to be critical components of cancer immunotherapy. For these studies,
six-week-old female BALB/c mice were inoculated subcutaneously with approxi-
mately 5×106 MAD109 murine lung adenocarcinoma cells. Five days later when
tumors reached 0.5 cm in diameter, the mice were injected with 0.1 ml of inoculum
containing 20 µg of LEC/chTNT-3 alone or with 20 µg of chTNT-3/IFNγ, chTNT-
3/TNFα, chTNT-3/GM-CSF, or chTNT-3/IL-2. All groups were treated daily for 5
days and tumor growth was monitored every other day by caliper measurement in
three dimensions. As shown in Fig. 6, combination therapy with LEC/chTNT-3 and
each of the four chTNT-3/cytokine fusion proteins produced only minimal improve-
ment but the combination containing the chTNT-3/IL-2 did show flattening of the
growth curve by day 17.

3.3 B7 Costimulation

The growth and metastasis of tumors depends to a large extent on their capacity to
evade host immune surveillance and overcome host defenses. Most tumors express
antigens that can be recognized to a variable extent by the host immune system, but
in many cases, an inadequate immune response is elicited because of the ineffec-
tive activation of effector T cells. Studies showed that the weak immunogenicity of
tumor antigens might be due to inappropriate or absent expression of costimulatory
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molecules on tumor cells (Abken et al. 2002). For most T cells, proliferation and
IL-2 production will not occur unless a costimulatory signal is also provided. In
the absence of costimulatory signals during TCR engagement, T cells enter a func-
tionally unresponsive state, referred to as clonal anergy. One of the major signaling
pathways involved in delivering the costimulatory signal is mediated by interaction
between CD28 on T cells and the B7 family members, including B7.1 (CD80) and
B7.2 (CD86) on APC (Hatcock et al. 1994).

B7.1 was first discovered as a B-cell antigen in 1989 and it has been the most
intensively investigated costimulatory molecule to date. T cell-mediated rejection
of tumors is achieved by presenting costimulatory signals directly on the tumor
cells surface. Transfection of several murine tumor cells with B7.1 or B7.2 genes
induced T cell-dependent rejection of B7-expressing tumors in mice and protected
against tumor challenge with parental tumor cells. These data suggest that the pre-
sentation of B7 molecules on the tumor cell surface in vivo might be a promising
novel approach for cancer immunotherapy. Other strategies to decorate tumor cells
with the costimulatory B7.1 molecule include those by McHuge et al. (1999) who
constructed a recombinant glycol-lipid-anchored protein attached to the extracellu-
lar domain of human B7.1. This fusion protein was inserted in the tumor cell mem-
brane and provided the necessary signal for the proliferation of cytotoxic T cells in a
mixed lymphocyte reaction. In the late 1990s, a new form of B7.1 and B7.2, namely
the generation of soluble B7-Ig, was studied and found to be very effective for the
immunotherapy of solid tumors (Sturmhoefel et al. 1999), but little work with these
reagents were done past these initial studies.

3.3.1 B7.1 Fusion Proteins

B7.1 is the prototypic costimulatory molecule and has the ability to provide T cells
with the “second signal” that ensures T cell activation supersedes T cell anergy.
We thus chose B7.1 as our first costimulatory fusion protein. To target B7.1, we
linked the molecule to NHS76, a human TNT monoclonal antibody generated by
phage display that is capable of binding intracellular antigens accessible and abun-
dant in necrotic regions of tumors (Sharifi et al. 2001). These intracellular antigens
show preferential localization in malignant tumors due to the presence of abnor-
mally permeable, degenerating cells not found in normal tissues. Because the N-
terminus of B7.1 is critical for interaction with its counter-receptors, the C-terminus
of B7.1 was linked to the N-terminus of NHS76 (Fig. 2b). Studies confirmed that the
B7.1/NHS76 fusion protein retained both the costimulatory activity of B7.1 and the
tumor-targeting ability of NHS76 antibody (Liu et al. 2006). For comparison, we
also constructed a B7.1 fusion protein consisting of human B7.1 and the Fc portion
of human IgG1, referred to as B7.1-Fc (Fig. 2c) (Liu et al. 2005).

Relative tumor uptake of the fusion protein was determined by tissue biodis-
tribution studies in COLON 26 tumor-bearing BALB/c mice. Tumor and normal
tissue uptake was measured 24 and 48 h after the i.v. administration of radiolabeled
B7.1/NHS76. As shown in Fig. 7a, the uptake of the fusion protein per gram of
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Fig. 7 In vivo biodistribution of 125I-labeled B7.1/NHS76 in COLON 26-bearing BALB/c mice at
24 and 48 h post-injection. Data were expressed for each mouse as (a) %ID/g (percentage injected
dose per gram of organ) and (b) tumor/organ ratios

tumor (%ID/g) was significantly higher than the normal organs at both 24 and 48 h
post-injection. The rapid clearance of 125I-B7.1/NHS76 also demonstrated a marked
decrease in radioactivity levels in blood, liver, and kidney with time, resulting in
increasing tumor/organ ratios in Fig. 7b. These data demonstrate that B7.1/NHS76
targets the tumor with good retention as compared to normal organs and blood.

3.3.2 B7.1 Fusion Protein Treatment, Alone

Since human B7.1 can interact functionally with murine B7.1 counter-receptors, the
immunotherapeutic potential of this fusion protein was tested in three mouse tumor
models; COLON 26, RENCA, and MAD109. In testing the targeted molecule,
mice treated with B7.1/NHS76 alone showed a 35–55% reduction in tumor volume
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Fig. 8 Human B7.1/NHS76 immunotherapy in three different murine solid models. Control studies
showed that pretreatment with NHS76 antibody alone does not show any effect

(Fig. 8). Identical treatment studies performed with the soluble B7.1-Fc fusion
protein showed complete regression of COLON 26 tumors after a 5-day treatment
regimen (Fig. 9). This was true even in mice with established MAD109 tumors,
which are known to be poorly immunogenic.
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Fig. 9 Dose response of B7.1-Fc immunotherapy in COLON 26 tumor-bearing BALB/c mice.
Antitumor effects of B7.1-Fc fusion protein show a dosing threshold, with doses greater than 5 µg
per day inducing dramatic regression of mouse tumors, whereas doses less than 5 µg per day pro-
duced no antitumor effects

3.4 TNFSF Ligands

The members of Tumor Necrosis Factor Superfamily (TNFSF) are type II cell sur-
face glycoproteins that are normally expressed on APCs. Their receptors are type
I transmembrane proteins, characterized by cysteine-rich motifs in their extracellu-
lar domains, and are transiently expressed on T cells after initial activation. Several
members of the TNFSF family, including OX40L, CD137L, and GITRL, upon bind-
ing to their receptors, provide critical signals for T cells to sustain their response
after initial activation (immunological memory).

3.4.1 CD137L Costimulation

As described earlier, the B7-CD28 interaction has been widely studied as the pri-
mary pathway for delivering costimulatory signals to resting T cells (Yamaguchi
et al. 2004). In addition, 4-1BB (CD137) is another important costimulatory path-
way that has been recently described (Alderson et al. 1994; Futugawa et al. 2002;
Wen et al. 2002). CD137 and its natural ligand CD137L are both members of the
TNF superfamilies (Gruss et al. 1996). Generally, CD137 is found on activated
T cells, and CD137L on activated B cells, activated macrophages, and differenti-
ated dendritic cells (Futugawa et al. 2002). In mice, the expression of CD137 takes
several hours following TCR stimulation, peaking at 60 h and declining again by
110 h. CD137L has been shown to costimulate T cell responses independently of
signals through the CD28 molecule (Vinay and Kwon 1998) and can stimulate both
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primary (Gramaglia et al. 2000) and secondary (DeBenedette et al. 1995) responses
of both CD4+ and CD8+ T cells (Cannons et al. 2001). Furthermore, enhanced
CD137/CD137L interactions amplify T cell-mediated antitumor immunity in sev-
eral mouse models (Mogi et al. 2000). Similar experiments have shown that sys-
temic administration of the agonistic anti-CD137 2A antibody eradicates established
subcutaneous tumors in mice (Melero et al. 1997) and a human 2A antibody is cur-
rently under development for the treatment of cancer.

Besides its relationship with conventional T cells, CD137 signaling on CD4+

CD25+ Treg cells, although presumed, has been controversial. For example, Zheng
et al. (2004) have verified the expression of CD137 on Treg cells isolated from mice,
and demonstrated that CD137L ligation augmented the proliferation of functional
Treg cells. Choi et al. (2004), however, using the agonist 2A antibody, showed that
CD137 signaling resulted in negligible enhancement of proliferation of Treg cells
and actually inhibited Treg cell function in vitro and in vivo.

3.4.2 CD137L Fusion Proteins

Taking into account the importance of the extracellular C-terminus of CD137L for
its bioactivity, the N-terminus of the extracellular CD137L gene was fused to the
C-terminus of the mTNT-3 heavy chain gene to construct both TNT-3/CD137L and
Fc-CD137L fusion genes (Figs. 2d and 2e) (Zhang 2007). Whole-body clearance
studies were performed in healthy BALB/c mice to establish the in vivo half-life
of TNT-3/CD137L and Fc-CD137L, which was found to be 18 and 24 h, respec-
tively. Tissue biodistribution studies in COLON 26 tumor-bearing BALB/c mice
were performed to determine the relative tumor uptake of each fusion protein.
Tumor and normal tissue uptake was measured 24 and 48 h after i.v. administration
of radiolabeled TNT-3/CD137L and Fc-CD137L. As shown in Fig. 10, the uptake
of TNT-3/CD137L per gram of tumor was significantly higher than the uptake in
normal organs at 24 h and showed even higher retention at 48 h post-injection. As
expected, Fc-CD137L demonstrated low tumor retention over time. Examination
of the tumor draining lymph nodes, an important site for tumor immunotherapy,
revealed that TNT-3/CD137L had slightly better uptake than Fc-CD137L at 24
and 48 h post-injection (Fig. 10). However, the average tumor draining lymph node
retention of TNT-3/CD137L was still much lower than that measured in tumor.

A dosing study was performed in COLON 26-bearing BALB/c mice with
different doses ranging from 10 pmol/dose to 1 nmol/dose of TNT-3/CD137L,
Fc-CD137L, and anti-CD137 agonist antibody 2A (Fig. 11) (1 pmole is equiva-
lent to 0.2, 0.1, and 0.15 µg of TNT-3/CD137L, Fc-CD137L, and 2A, respec-
tively). At 10 pmol/dose (2, 1, and 1.5 µg of TNT-3/CD137L, Fc-CD137L, and
2A, respectively), no significant tumor reduction was observed in any of the treat-
ment groups. At 100 pmol/dose (20, 10, and 15 µg of TNT-3/CD137L, Fc-CD137L,
and 2A, respectively) and 250 pmol/dose (50, 25, and 37.5 µg of TNT-3/CD137L,
Fc-CD137L, and 2A, respectively), 2A treated mice demonstrated 95% tumor



Cytokine, Chemokine, and Co-Stimulatory Fusion Proteins for the Immunotherapy 311

Fig. 10 Tissue biodistribution and tumor uptake of TNT-3/CD137L and Fc-CD137L at 24 and
48 h post-injection in COLON 26-bearing BALB/c mice. Tumor uptake was measured by percent
injected dose per gram of 125I-labeled TNT-3/CD137L or Fc-CD137L (upper) and tumor/normal
organ ratios (lower); columns show the mean and bars indicate SD

volume reduction, while TNT-3/CD137L and Fc-CD137L treatment resulted in
30–40% tumor reduction at day 19 post-tumor implantation. At 500 pmol/dose
(100, 50, and 75 µg of TNT-3/CD137L, Fc-CD137L, and 2A, respectively), however,
the TNT-3/CD137L group showed 70% tumor reduction, whereas the Fc-CD137L-
treated mice achieved only 30% tumor reduction. This difference potentially indi-
cates that at this particular dosage, localization of CD137L is more effective. At
1 nmol/dose (200, 100, and 150 µg of TNT-3/CD137L, Fc-CD137L, and 2A, res-
pectively), however, both TNT-3/CD137L and Fc-CD137L treated groups showed
80% tumor reduction, and 2A treated groups continued to demonstrate 95% tumor
reduction. All 2A treated groups (except 10 pmol/ dose group) eventually became
tumor free and all treated mice were free of signs of toxicity throughout the 140-day
observation period.
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Fig. 11 Dose response of mTNT-3/CD137L, Fc-CD137L, and 2A in COLON 26-bearing BALB/c
mice. One pmole is equivalent to 0.2, 0.1, and 0.15 µg of TNT-3/CD137L, Fc-CD137L, and 2A,
respectively

3.4.3 GITRL Costimulation

Recently, there have been a number of studies that have attempted to characterize
the cell surface of Treg cells to evaluate whether individual proteins play a role in the
activation or inhibition of Treg-induced suppression. One such cell surface marker
is the 18th member of TNFSF designated GITR (glucocorticoid-induced TNFR-
related gene), which is constitutively expressed on CD4+CD25+ (Treg) cells and
is upregulated in CD4+ and CD8+ cells (Nocentini and Riccardi 2005). GITR has
a high homology in the cytoplasmic region with other TNFSF members such as
CD137, OX40, and CD40L (Rochetti et al. 2004). The ligand for GITR (GITRL) is
a type II transmembrane protein that belongs to TNFSF and is normally expressed
on APCs such as macrophages, dendritic cells, and B cells (Nocentini and Riccardi
2005). More importantly, GITR activation by GITRL leads to the proliferation of
CD4+CD25− and CD8+ effector T cells and a reduction of tumor volume in vivo.
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Also, an interesting characteristic of GITR activation on Treg cells results in their
inability to suppress responding CD4+CD25− T cells (Zheng et al. 2004). There-
fore, GITR engagement by GITRL results in the inhibition of Treg cells and the
activation of responding T cells. This dual function of GITR activation may be
unique for costimulatory interactions and could be responsible for its highly potent
antitumor activity in vivo.

3.4.4 OX40L Costimulation

OX40 (CD134), a membrane-associated glycoprotein, is transiently expressed on
the surface of T cells after TCR ligation (Mallet et al. 1990). Its natural ligand,
OX40L (TNFSF4, CD134L), is found primarily on APCs such as activated B cells,
activated endothelial cells, dendritic cells, and macrophages (Weinberg et al. 1999;
Pippig et al. 1999). The OX40L delivers a potent costimulatory signal to OX40+

T cells leading to optimal T cell function. Studies of the primary T cell responses
revealed that OX40L is a potent costimulatory molecule for sustaining CD4+T cell
response (Maxwell et al. 2000). OX40 signaling strikingly prolongs T cell division
initially induced by CD28, and enhances the survival of CD4+ cells during the initial
response by promoting Bcl-XL and Bcl-2 expression. OX40-/-T cells fail to main-
tain high levels of Bcl-XL and Bcl-2 4–8 h after activation and undergo apoptosis
(Rogers et al. 2001). In vivo, OX40 signaling would augment tumor-specific priming
through stimulating and expanding the natural repertoire of the host’s tumor-specific
CD4+ T cells (Pippig et al. 1999). Therefore, it is believed that OX40-OX40L inter-
actions are crucial for the survival of effector T cells and the generation of memory
T cells. Although the effects of OX40 costimulation on CD4+ T cells were ini-
tially studied, more recent work has shown that OX40 signaling also costimulates
CD8+ T cells (Wang and Klein 2001). Profound CD8+ T cell clonal expansion
and a massive burst of CD8+ T cell effector function were induced by dual cos-
timulation of OX40 and 41BB (Lee et al. 2002). This synergistic response of the
specific CD8+ T cells has been shown to last for several weeks, and is sufficient
to treat established tumors even under immunocompromised conditions (Lee et al.
2004).

Interestingly, OX40 is also found to be expressed on both naı̈ve and activated
CD4+CD25+ Treg cells (Gavin et al. 2002). OX40 signals may abrogate Treg-
mediated suppression when they are delivered directly to antigen-engaged naı̈ve
T cells (Takeda et al. 2004). Using the agonist antibody, OX86, OX40 signaling
on Treg cells inhibited their capacity to suppress, and restored effector T cell pro-
liferation and cytokine production (Valzasina et al. 2005). It has been confirmed
that OX40 abrogation of Treg cells occurs in vivo using a graft-versus-host dis-
ease model (Valzasina et al. 2005). Because of its potent effects on T cell activation
and possible inhibition on Treg cells, fusion proteins with OX40L are currently in
progress.



314 L.A. Khawli et al.

3.5 Immunoregulatory T Cells (Treg)

To create more effective immunotherapy for the treatment of cancer, it is important
to have a comprehensive understanding of how the immune system is regulated.
There is now abundant evidence from a number of diverse experimental systems
that a subpopulation of CD4+ T cells, collectively termed Treg cells, are present in
normal mice and are essential for both homeostasis and the maintenance of toler-
ance to tissue-specific antigens (Hill et al. 1989; North and Awwad 1990; Awwad
and North 1990; Rakhmilevich and North 1993, 1994; Shevach 2000, 2001, 2002).
Although substantial controversy existed regarding their phenotype and their mech-
anism(s) to mediate suppression, it is now generally agreed that these cells display
the CD4+CD25+ phenotype and the FOX3p genotype (Javia and Rosenberg 2003)
and that they exert their activity either by cell–cell contact (Sutmuller et al. 2001;
Javia and Rosenberg 2003) or by secretion of inhibitory IL-10 or TGFβ cytokines
(Hara and Kingsley 2001; Somasundaram and Jacob 2002). With regards to tumor
immunity, CD4+ Treg cells were first discovered by North and his colleagues, who
published a number of papers on this concept starting from the late-1980s (Hill
et al. 1989; North and Awwad 1990; Awwad and North 1990). Although this work
was largely ignored, a flurry of papers describing the immunosuppressive effects
of CD4+CD25+ Treg cells on tumor growth started to appear by the late 1990s
(Onizuka et al. 1999; Shimizu et al. 1999). In these later discoveries, immunocom-
petent mice bearing syngeneic tumors become tolerant to their tumors by day 9
after transplantation when CD4+CD25+ appeared in the peripheral circulation. If
tumor-bearing mice were depleted of Treg cells before or at the time of implantation
with the rat monoclonal antibody PC61, tumor growth was arrested (Onizuka et al.
1999). Moreover, tumor suppression could also be produced by low dose whole-
body irradiation or chemotherapy, which presumably is also cytotoxic to Treg cells
(Awwad and North 1990). In most studies, CD4+ or CD4+CD25+ T cell depletion
was tumor suppressive but resulted in either incomplete tumor reduction or a delay
in tumor growth. Although CD4+CD25+ cells were first discovered in mice, a popu-
lation with identical phenotypic and functional properties has been defined recently
in humans (Levings et al. 2001; Dieckmann et al. 2001; Jonuleit 2001; Stephens
et al. 2001; Ng 2001; Baecher-Allen et al. 2001). Since clinical trials to reduce or
delete Treg cells in the setting of cancer immunotherapy have not been performed,
the potential of this procedure in humans is currently unknown. Evidence, however,
is accumulating that Treg cells are more abundant in the peripheral blood and tumor
microenvironment of cancer patients and may be responsible for the observed toler-
ance displayed in patients (Liyanage et al. 2002).

3.5.1 LEC Fusion Protein Treatment in Combination
with Treg Depletion

To evaluate the subpopulation(s) of T cells responsible for the observed tumor
destruction, depletion studies were performed in conjunction with the above therapy
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Fig. 12 T-cell depletion studies with LEC/chTNT-3. (a) Combination therapy with anti-CD4+,
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bearing COLON 26 tumors on day 25 after tumor implantation, demonstrating complete remission
in all the mice treated with combination therapy (fourth panel on right)

studies (Li et al. 2003b). One day after COLON 26 tumor implantation, mice rece-
ived cytotoxic antisera specific for CD4+, CD8+, or NK cells. Each of these anti-
sera were administered every 5 days, reducing the appropriate cell subpopulation
to <2% in the peripheral blood, as demonstrated by flow cytometry. As expected,
CD8+ and NK depletion negated the antitumor activity of LEC/chTNT-3 treatment,
indicating that these lymphocyte subpopulations are critical to the function of the
fusion protein (Fig. 12a). By contrast, mice receiving CD4+ depletion in combina-
tion with LEC/chTNT-3 therapy demonstrated 100% regression of tumor and went
into lasting remission. These unexpected results were highly significant and turned
our attention to the necessity of deleting or suppressing immunoregulatory cells and
mechanisms.

To probe this observation further, only the CD4+CD25+ Treg subpopulation
was depleted in repeat experiments. Since Treg represents approximately 10% of
the CD4+ population in both mice and humans, depletion of this small subpop-
ulation using the rat anti-mouse CD25+ monoclonal antibody PC61 would be
highly instructive. As shown in Fig. 12b, depletion of Treg cells in combination
with LEC/chTNT-3, did indeed produce complete remissions in COLON 26 tumor-
bearing BALB/c mice, suggesting that it is this small population of CD25+ cells that
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regressed mice, and (e) 5–6 month tumor-regressed mice

is responsible minimizing the effects of LEC/chTNT-3. PC61 treatment alone or in
combination with control chTNT-3 also produced significant tumor regressions, but
never complete responses (Fig. 12c) (Li et al. 2003b).

Rechallenge experiments demonstrated that combining LEC/chTNT-3 treatment
with CD25+ depletion produces long-acting memory cells. Tumor-free mice from
the experiments described above were again injected subcutaneously with COLON
26 and MAD109 tumor cells in their contralateral flanks, alongside naı̈ve mice
injected with each tumor cell line. Two weeks after tumor implantation, all naı̈ve
mice had solid tumors growing on their left (COLON 26) and right (MAD109)
flanks (Fig. 13a), while the tumor-remission mice (now 60 days after initial tumor
implantation) had tumors only on the right flank (MAD109) (Fig. 13b). Interest-
ingly, a second series of rechallenge experiments performed 6 months after the
initiation of therapy, however, showed no difference between naı̈ve and remission
mice. To determine if regenerated CD4+CD25+ T cells in tumor-draining lymph
nodes correlated with the ability of tumor to take in these mice, the percent of Treg
cells was measured by flow cytometry in each of these groups of mice. The data
showed that CD4+CD25+T cells in naı̈ve mice constituted 9.7% of total T cells
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(Fig. 13c), while in 2–3 month tumor-regressed mice they constituted only 6% of
total T cells (Fig. 13d) and in 5–6 month tumor-regressed Treg cells constituted
13% of total T cells (Fig. 13e). This increase in Treg cells may explain the fail-
ure to reject tumor seen at 6 months. Additionally, these experiments suggest that
combination LEC/chTNT-3 treatment and CD25+ depletion does in fact produce
long-acting memory cells capable of preventing re-engraftment of the same tumor,
so long as Treg regeneration does not suppress the memory response.

3.5.2 Cytokine Fusion Proteins in Combination
with Treg Depletion

To show that targeted LEC is critical to the above results, similar combination stud-
ies were performed with chTNT-3/cytokine fusion proteins consisting of human
IL-2, murine IFN-γ, and murine TNF-α using identical treatment regimens. The
results of these studies presented in Table 2, showed only modest improvement
indicating that combination therapy with anti-CD25+ antisera requires LEC not
cytokine localization to tumor in order to produce complete regression. Of inter-
est, histochemical studies performed on tumor-bearing mice treated with the above
fusion proteins showed that only LEC/chTNT-3 treatment produced a coordinated
infiltration of lymphoid cells, which started with dendritic cells and neutrophils at
the beginning of treatment and ended three days later with a significant T- and B-cell
infiltration (Li et al. 2003a). The other cytokine fusion proteins may in fact be more
effective at enhancing existing lymphoid responses as opposed to recruiting and
initiating a de novo adaptive response resulting in the generation of memory cells.

Table 2 Combination cytokine or chemokine fusion protein immunotherapy and T-cell subset
depletion in the treatment of COLON 26 carcinoma

Immunotherapya T-cell subset
depletionb

% Tumor reduction (Day 19) (%)

chTNT-3 (control) – 0
chTNT-3 (control) CD4+ depletion 33
LEC/chTNT-3 – 60
LEC/chTNT-3 CD4+ depletion 100
chTNT-3/IL-2 – 38
chTNT-3/IL-2 CD4+ depletion 64
chTNT-3/IFN-γ – 32
chTNT-3/IFN-γ CD4+ depletion 33
chTNT-3/TNF-α – 10
chTNT-3/TNF-α CD4+ depletion 33
a Antibodies and fusion proteins (20 µg/dose) were injected i.v. for five consecutive days after
tumors reached 0.5 cm in diameter.
b CD4+ depletion (0.5 mg per dose of GK1.5) was performed i.p. 1 day after tumor implantation
and repeated every 5 days.
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Fig. 14 Combination immunotherapy of tumor-bearing mice by B7.1/NHS76 in MAD109 tumor
models of BALB/c mice with anti-CD4, anti-CD8, or anti-CD25 antibodies

3.5.3 B7.1 Fusion Proteins in Combination with Treg Depletion

As shown above (Fig. 8), mice treated with B7.1/NHS76 alone showed a 35–55%
reduction in tumor volume. To determine if Treg deletion could enhance the effects
of B7.1 fusion proteins, additional tumor-bearing mice were treated with combi-
nation therapy using PC61 and B7.1/NHS76. As shown in Fig. 14, combination
therapy produced complete regression of established lung tumors (MAD109) and
was associated with increased effector T cell tumor infiltration (Liu et al. 2006).
When soluble B7.1-Fc was used in combination with Treg depletion PC61 shown in
Fig. 15 (Panel a, RENCA model and panel b, MAD109 model), all tumor-bearing
mice also went into complete remission and remained so for the observation period
of 6 months. Rechallenge experiments performed with these mice showed that they
had immunological memory and were able to reject subsequent tumor implantation
(Fig. 16).

Using knockout mice, it was determined that the antitumor activity of B7.1-Fc
immunotherapy was dependent both on perforin and IFN-γ, but not on IL-4, as
demonstrated by the failure of perforin and IFN-γ knockout mice to reject tumors
after treatment (Fig. 17). In these studies, anti-IL-4 was found to have no tumor
suppressive activity (data not shown). By these experiments, it appears that per-
forin may not be the exclusive method of tumor cell killing since the activity of the
B7.1-Fc was not entirely eliminated as seen in the knock-out experiments. In sum-
mary, these data show that B7.1-Fc immunotherapy is dependent upon the induction
of IFN-γ, activated CD8+ T cells, and partially by perforin for tumor cell killing.
When used in combination with Treg cell depletion, memory cells are generated to
assure the complete destruction of tumor in the host.
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Fig. 15 Combination B7.1-Fc immunotherapy and CD25+ T-cell depletion on the growth of (a)
RENCA and (b) MAD109 solid tumors. BALB/c mice were injected with rat anti-mouse CD25
(PC61) antibody on the day of tumor implantation and every 5 days thereafter

3.5.4 CD137L Fusion Proteins Treatment in Combination
with Treg Depletion

To assess the role of CD4+ and CD8+ T cells in CD137L mediated immunotherapy,
T-subset depletion studies were performed with cytotoxic antibodies against CD4+

and CD8+ cells (Zhang 2007). Anti-CD4 antibody (Clone GK1.5) and anti-CD8
antibody (Clone H35) were injected i.p. on the 5th day after tumor implantation, and
these treatments were repeated every 5 days. Depletion was confirmed by flow cyto-
metry. As shown in Fig. 18, panel a, CD8+ T cell depletion completely abrogated
TNT-3/CD137L and Fc-CD137L’s antitumor effects, indicating that tumor suppres-
sion was dependent on this subpopulation of T cells. Like the results shown above
for LEC and B7.1, CD137L fusion protein treatment when used in combination
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Fig. 16 Rechallenge experiments. (a) and (c) are naı̈ve mice controls, and (b) and (d) are tumor-
regressed mice from previous studies. (a) and (b) were s.c. implanted with 106 COLON 26 cells
on the left flank and 106 RENCA cells on the right flank. (c) and (d) were s.c. implanted with
106 COLON 26 cells on the left flank and 106 MAD109 cells on the right flank. (b) and (d) were
treated with B7.1-Fc and anti-Treg antibody (PC61) in previous studies and remained tumor-free
for 3 month before beginning rechallenge experiments

with anti-CD4+ reagents caused enhanced tumor regression (Fig. 18, panels b and
c). Unlike combination therapy with LEC/chTNT-3, the synergy or additive effect
of anti-CD4 is not seen in mice co-treated with CD13L fusion proteins.

4 Conclusions

As discussed earlier, the overall objective of this chapter is be to evaluate the effi-
cacy of genetically engineered fusion proteins developed in our laboratory for the
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Fig. 17 Combination immunotherapy in (a) IFN-γ−/−, (b) perforin−/− mice, and (c) IL-4-depleted
mice, with CD25+ cell depletion. The antitumor effects of B7.1-Fc were not affected by IL-4
neutralization but were abrogated completely in IFN-γ knockout mice and partially in perforin
knockout mice
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Fig. 18 Combination immunotherapy of CD137L fusion proteins and deleted T-cell subsets. (a)
Deletion of CD4+ and CD8+ subpopulations only. (b) TNT-3/CD137L treatment alone and in
combination with T-cell subset deletion. (c) Fc-CD137L treatment alone and in combination with
T-cell subset deletion. One nmol/dose is equivalent to 200 and 100 µg of TNT-3/CD137L and
Fc/CD137L, respectively
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immunotherapy of solid tumors. The use of chTNT-3, which targets necrotic areas
of solid tumors regardless of the species of origin of the tumor, enabled us to com-
pare by the same targeting antibody, the relative therapeutic potential of selected
cytokines, chemokines, and costimulatory molecules in tumor-bearing immuno-
competent mice. This point cannot be overemphasized since there are few antibod-
ies available that target murine tumor models. By our studies, it has become clear
that the targeting of specific but not all immune modulators to the tumor microen-
vironment can cause a massive and effective destruction of established tumors. As
controls, soluble Fc fusion proteins were also prepared of most of these immunoreg-
ulatory molecules, and to our consternation, many of these appear to be as effective
as the corresponding antibody fusion proteins that target tumor. It appears that when
administered in high enough concentrations, soluble Fc fusion proteins can also
reverse immune tolerance to tumor. This is seen clearly in dosing studies in which a
threshold amount of soluble Fc is required for the induction of tumor suppression.
Threshold amounts were less often seen in those mice receiving antibody fusion
proteins. Although very potent in their antitumor action, it remains to be seen if
these soluble Fc fusion proteins are more toxic in man than corresponding antibody
fusion proteins. The other major finding of these studies, namely the importance of
Treg cells in immunotherapy, illustrates the importance of understanding existing
mechanisms of immune tolerance in cancer patients. For instance, do all cases of
a given tumor type evoke a similar mechanism of tumor escape, and do metastatic
lesions display the same mechanism as primary lesions in the same patient? These
types of questions should be answered prior to proceeding with the testing of spe-
cific immunotherapeutic reagents to maximize the therapeutic potential of a given
reagent. We should also be aware that histopathologic diagnosis may not corre-
late with the immune status of patients and that immunologic phenotyping may be
required to identify populations of patients that can respond to immunotherapy. In
conclusion, in the last 10 years, we have generated a panel of cytokine, chemokine,
and costimulatory fusion proteins and tested them similarly in three solid tumor
models of the BALB/c mouse. Cell deletion experiments have identified the impor-
tance of NK+ and CD8+ effector T cells for tumor immunotherapy and the negative
influence of CD25+ Treg cells. Both soluble Fc and antibody fusion proteins have
been found to be effective agents for the delivery of immunoregulatory molecules
that can induce significant tumor regression or cure. In particular, the chemokine
LEC and several different costimulatory molecules including B7.1 and CD137L
were found to be especially effective in the induction of effective cancer treatment.
It is our goal to bring a number of these novel reagents into the clinic in order to test
the potential value of immunotherapy as an emerging new treatment of cancer.
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Abstract “T-bodies” are genetically engineered T cells armed with chimeric
receptors whose extracellular recognition unit is comprised of an antibody-derived
recognition domain and whose intracellular region is derived from lymphocyte stim-
ulating moiety(ies). The structure of the prototypic chimeric receptor, also known
as a chimeric immune receptor, is modular, designed to accomodate various func-
tional domains and thereby to enable choice of specificity and controlled activation
of T cells. The preferred antibody-derived recognition unit is a single chain variable
fragment (scFv) that combines the specificity and binding residues of both the heavy
and light chain variable regions of a monoclonal antibody. The most common lym-
phocyte activation moieties include a T-cell costimulatory (e.g. CD28) domain in
tandem with a T-cell triggering (e.g. CD3ζ) moiety. By arming effector lymphocytes
(such as T cells and natural killer cells) with such chimeric receptors, the engineered
cell is redirected with a predefined specificity to any desired target antigen, in a non-
HLA restricted manner. Chimeric receptor (CR) constructs are introduced ex vivo
into T cells from peripheral lymphocytes of a given patient using retroviral vectors.
Following infusion of the resulting T-bodies back into the patient, they traffic, reach
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their target site, and upon interaction with their target cell or tissue, they undergo
activation and perform their predefined effector function. Therapeutic targets for
the T-body approach include cancer and HIV-infected cells, or autoimmune effector
cells. To date, the most investigated area is cancer therapy. Here, the T-bodies are
advantageous because their tumor recognition is not HLA-specific and, therefore,
the same constructs can be used for a wide spectrum of patients and cancers. In
addition, they can penetrate and reject not only vascular tumors but also bulky solid
tumors. T-bodies have so far been prepared against a variety of tumors using scFv’s
derived from antibodies specific for tumor associated antigens. Proof of concept for
the therapeutical benefit of cancer-specific T-bodies has been provided in animal
models, and several phase I clinical trials are in process.

1 Background

The T-body approach, which combines antibody specificity with T cell stimulatory
function within the context of a CR, was originally designed to better understand the
mode of T-cell receptor (TCR) activation and the physicochemical parameters gov-
erning the T cell/antigen interaction (Gross and Eshhar 1992). Shortly thereafter, we
and others realized the potential of this approach for cancer immunotherapy, com-
bining the non-HLA restricted specificity of antitumor antibodies with the efficient
tissue rejection of T cells (Eshhar et al. 1996).

The first configuration of an antibody-based chimeric receptor was composed of
the two TCR chains. Here, the variable regions, Vα and Vβ, of the TCR chains
were replaced with the VH and VL of the antibody light and heavy chains (Gross
et al. 1989a, 1989b; Eshhar et al. 1996). Upon transfection of T-cell hybridomas and
lines with the two chimeric chains (either CαVL and CβVH or CαVH and CβVL),
a functional chimeric TCR/CD3 (chTCR) complex with antibody specificity was
expressed on the cell surface. This chTCR associated with the CD3 complex and
did not mix-assemble with the endogenous TCR chains. The double-chain config-
uration was instrumental for demonstrating that T cells can undergo activation in a
non-MHC dependent or restricted manner (Gross and Eshhar 1992) and to highlight
the role that TCR avidity and coreceptors (such as LFA-1, CD4, and CD8) play
in T-cell activation (Lustgarten et al. 1991; Gorochov et al. 1993). The two-chain
chTCR used in these early studies was directed at haptens and helped delineate
the physicochemical parameters for TCR-mediated activation (Gross and Eshhar
1992). For these receptors, two genes were required to be co- or sequentially trans-
ferred into T cells to obtain a functional expression. Such double transfections were
cumbersome for stable expression in naı̈ve T cells. We therefore adapted the single
chain Fv (scFv) unit to serve as an antibody recognition unit, and coupled it, through
a hinge sequence, to either the CD3ζ or FCRγ activation chains (Eshhar et al. 1993).
Such a single chain chimeric receptor was expressed as a homodimer or monovalent
heterodimer associated with the endogenous CD3ζ chain and could, by itself, trigger
T-cell activation and stimulate proliferation and effector functions including inter-
leukin release and target cell killing upon antigen encounter (Eshhar et al. 1993).
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This prototypic single chain configuration of the chimeric receptor (CR) has served
as the template for today’s T-body receptors. An additional significant development
was the optimization of conditions to enable the transduction of naı̈ve T cells, based
on ex vivo activation and the use of retrovirus-mediated transduction (Rosenberg
et al. 1990; Culver et al. 1991).

In this Chapter, I focus on the application of the T-body approach for can-
cer immunotherapy. Adoptive and passive immunotherapy have become a promis-
ing therapeutic option based on several clinical trials that demonstrated significant
objective responses (and a few complete remissions) in cancer patients receiving
tumor-specific T cells (Gomez et al. 2001; Dudley et al. 2002; Rosenberg et al. 2004;
Bollard et al. 2004). Because tumor-specific T cells are rare for most human malig-
nancies, the alternative of using genetically redirected, effector cells bearing ectopic
receptors has become an attractive option for cancer therapy. Endowing T cells
with antitumor specificity by the transduction of the two TCR chains has already
proven effective in cancer patients (Morgan et al. 2006). This approach, unlike the
T-body approach, is limited to individuals of certain HLA and is not applicable to
tumors that escaped the immune system by failing to express surface MHC:peptide
complexes.

2 Optimal Chimeric Receptor Composition

To serve as a cancer-specific therapeutic agent able to eliminate the large mass of
cells in solid tumors, the T-body receptor must optimally discriminate the tumor
from healthy tissue. Following its systemic administration to the patient, the T-body
should migrate to the tumor site, interact with the tumor cell, undergo activation,
and execute its effector function, culminating in cancer elimination. Optimal per-
formance of this series of events is dependent on predefined, intrinsic properties of
the transfected T cell that are triggered and regulated by the CR, and are dependent
on its composition. The process of tumor rejection, similar to tissue rejection, is a
complex one that requires both CD8 and CD4 cells that can mediate direct target
cell killing and induce a local inflammatory response. Apparently, a single CR that
interacts with its target antigen at high enough affinity can trigger the activation of
both CD8 and CD4 T cells in which it is expressed. Nevertheless, for certain appli-
cations and specific targets, fine-tuning of the CR can be achieved by modifying
several elements, mainly the activation and costimulatory sequences in its intracel-
lular domain.

2.1 Combining Costimulatory and Stimulatory Signals

For optimal and sustained function of T cells, their development into memory cells
and their reactivation, especially by targets lacking the ligands for costimulatory
molecules (which are missing on many tumor cells), an added costimulatory sig-
nal is advantageous. It has been shown that CR that lack the capacity to provide
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costimulatory signaling cannot activate resting or naı̈ve lymphocytes, such as T cells
derived from genetically modified stem-cells or from CR transgenic mice (Brocker
et al. 1995). It is also well established that, in the absence of costimulatory signaling
by CD28, resting T lymphocytes typically undergo anergy or apoptosis (Boussiotis
et al. 1998).

These obstacles have been resolved by constructing CR in which the scFv is
linked to the intracellular part of CD28 or other costimulatory molecules such as
OX40 (CD134), CD40L, PD-1, or 4-1BB (CD137) (Finney et al. 1998; Finney et al.
2004). The effect of these costimulatory domains in the context of the CR was com-
pared in unstimulated human CD4 and CD8 T cells and was found that cytokine
release and killing activity in response to target cells was dramatically enhanced
by all the costimulatory sequences relative to the CR that did not contain any cos-
timulatory signaling moieties. No practical advantage was demonstrated by ICOS,
OX40, or 4-1BB over the CD28-based tripartite CR. We designed a novel tripar-
tite CR composed of an scFv recognition moiety, fused to the nonligand binding
part of the extracellular and the entire transmembrane and intracellular domains of
the CD28 costimulatory molecule, together with the intracellular domain of FcRγ
(scFv-CD28-γ). Human PBL transducedwith such a CR gene demonstrate specific
stimulation of IL-2 production and target cell killing (Eshhar et al. 2001). Many
studies, from different groups, have demonstrated that out of the costimulatory
domains, CD28 performed the best in various experimental settings (Gong et al.
1999; Hombach et al 2001; Haynes et al. 2002; Maher et al. 2002; Willemsen
et al. 2005; Kowolik et al. 2006). Enhanced tumor rejection in mouse models using
human and has been demonstrated (Pinthus et al. 2003, 2004; Westwood et al. 2005;
Gade et al. 2005; Vera et al. 2006).To prove the ultimate requirement of CD28
for antigen-specific activation and development of mature naı̈ve T cells, we have
recently generated several lines of transgenic mice expressing CR under the control
of T-cell-specific regulatory sequences. Unprimed, naı̈ve T lymphocytes from mice
transgenic for scFv-CD28-γ tripartite CR undergo high levels of proliferation, IL-2
secretion, and rescue from apoptosis following stimulation by plastic-bound cognate
antigen (Friedmann-Morvinski et al. 2005). The rescue from apoptosis by CD28 in
the context of T cells stimulation through the antigen-specific CR is an important
factor in the persistence of the T-bodies in the patient where they are at the risk of
antigen-induced cell death in the absence of B7 on the surface of the tumor target
cell. Additional advantage is the recent finding that CD28 costimulation overcomes
transforming growth factor (TGF)-β-mediated repression of proliferation of redi-
rected human CD4+ and CD8+ T cells in an antitumor cell attack (Koehler et al.
2007). TGF-β is known for its immunosuppressive activity that is produced by reg-
ulatory T cells and some tumors. Along this line is the finding that the inclusion of
CD28 to the CR enhances chimeric T-cell resistance to Treg (Loskog et al. 2006).

As to the use of 4-1BB signaling domain in the context of the CR, it was found to
elicit potent cytotoxicity against acute lymphoblastic leukemia cells in vitro (Imai
et al. 2004). Although the performance to date of CD28 appears quite satisfactory
both in vitro and in vivo, the possibility of including additional or alternative moi-
eties, or combinations of costimulatory domains should be further explored, espe-
cially to sustain and optimize the anticancer effect of T-bodies in vivo.
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2.2 Signaling Domains

In contrast to the costimulatory moieties, only a few stimulatory domains have been
used in the CR context. The original studies used both the CD3ζ and FcRγ subunits
(Eshhar et al. 1993) and one group used the CD3ϖ domain (Schaft et al. 2006).
All these domains signal through the immune T-cell activation motifs (ITAM) that
contain a tyrosine, which undergoes phosphorylation as a result of the interaction of
the TCR with antigen presenting cells. The phosphorylated ITAM facilitates dock-
ing of down stream kinases (such as ZAP70 and Syk) that are involved in signal
transduction. FcRγ and CD3ζ contain a single ITAM, while CD3ζ contains three
such motifs. No comprehensive comparison has been done so far to identify the
most active domain in the context of the CR. We tend to prefer the FcRγ based on
early studies showing that phosphorylation of the first ITAM of the CD3ζ leads to
anergy (Kersh et al. 1999). Despite the lack of consensus, we have tried to bypass
signaling through the ITAM that is impaired in T lymphocytes of tumor-bearing
subjects (Mizoguchi et al. 1992). In a series of studies, we found that using the Syk
cytoplasmic phosphotyrosine kinase as the signaling domain of the CR instead of
an ITAM-containing signaling chain can efficiently induce T-cell activation (Fitzer
Attas et al. 1998).

3 Preclinical Proof of Concept in Experimental Models

To date, many antibodies recognizing various tumor antigens have been used to
generate CR that target T-bodies to variety of human tumors (for recent reviews see
Kershaw et al. 2005; Friedman-Morvinski and Eshhar 2006). In the first preclini-
cal trial (Moritz et al. 1994) of T-body-mediated therapy, mouse T cells express-
ing HER2-specific CR were injected subcutaneously (s.c.) into nude mice together
with a target tumor transfected with the human erbB2 gene. In this model, it was
observed that tumor development was significantly delayed. In a more recent study
by the same group (Altenschmidt et al. 1997), it was shown that HER2-specific
splenic T cells repeatedly administered directly into erbB2-expressing mouse mam-
mary tumors result in total tumor regression. Using murine CTL expressing CEA-
specific CR (Haynes et al. 2002), the group in Melbourne showed an in vivo effect
against colon carcinoma. The CTL-mediated effect in this study required perforin
and IFNγ and was independent of FAS-L or TNF. A more clinically relevant exper-
iment used murine tumor infiltrating lymphocytes transduced with a folate binding
protein (FBP)-specific CR (Hwu et al. 1995). The tumor target was a syngeneic
metastatic sarcoma, transduced with the human FBP gene. When injected intra-
venously into mice, together with daily injections of IL-2, FBP-specific T cells
induced a significant reduction in the number of lung metastasis.

To test whether human T-bodies (usually from peripheral blood lymphocytes
(PBL) derived by retroviral vector transduction) could specifically recognize and
eliminate human tumor cells or xenografts, most models used immune deficient
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SCID or nude mice. In such a system, we demonstrated the ability of HER/2-specific
human T-bodies to reject large established (subcutaneous and orthotopic) prostate
cancer human xenografts (Pinthus et al. 2003) and tumors derived from human
breast cancer cell lines (Morvinski-Friedman and Eshhar, unpublished). It should
be emphasized that in these studies, the T-bodies were injected directly into the
tumor; such an administration route is a valid option for primary solid tumors that
are accessible. A simpler and more desirable route of effector cell administration
is systemic infusion. Here, the redirected T-bodies must circulate in the body and
migrate to their tumor target, whether a localized primary tumor, secondary metas-
tases, or disseminated residual tumor cells following conventional therapy. Using
systemic administration, most published (and many unpublished) studies showed
only a mild and transient effect. On the basis of the experience of Rosenberg’s
group using either human tumor infiltrating lymphocytes (TIL) for melanoma treat-
ment (Dudley et al. 2002) and results obtained in the murine Pmel system by Restifo
and Rosenberg (for recent review see Gattinoni et al. 2006), it was found that treat-
ing patients (or mice) with mild lymphodepletion agents (such as cyclophosphamide
and fludarabin alone, or together with sublethal irradiation) to create a lymphopaenic
environment before T-cell transfer, dramatically improves the antitumor response of
the adoptively transferrd cells in the recipient. Indeed, when we treated recipient
SCID mice harboring a prostate cancer bone lesion in a similar way, the T-bodies
resulted in considerable antitumor respones including complete cure in a significant
number of mice (Pinthus et al. 2004). Several mechanisms have been suggested for
the effect of lymphodepletion (for reviews see Klebanoff et al. 2005; Wrzesinski
et al. 2005) including overcoming homeostatic control, eliminating regulatory cells
and cytokine sink (Gattinoni et al. 2005). Because our studies were done in both
lympho and myelo deficient strains of SCID mice, in which the homeostatic con-
trol and suppressive effects of lymphodepletion do not play a role, we found that at
least part of the benefit of lymphoablative preconditioning is due to an increase in
SDF-1, which is induced by the regenerative process following the preconditioning
treatment. Apparently, the elevation of SDF-1 compensates for the low expression
of its receptor, CXCR4, on the ex vivo manipulated cells (Pinthus et al. 2004).

Studies using adoptive cell transfer for the treatment of cancer have been greatly
intensified in recent years, mainly due to the lack of success of therapeutic cancer
vaccination using active immunization (Rosenberg et al. 2004); these trials have
provided many lessons that could be adapted to the T-body approach. Yet, adoptive
T-body transfer requiring ex vivo manipulation to introduce the CR genes suffers
from the fact that the T cells must be activated to enable the gene transfer process.
Such activation, usually induced by anti-CD3 and CD28 antibodies, drives the cells
to differentiate into effector cells with modified expression of surface receptors and
adhesion molecules, thus resulting in impaired migration patterns and limited per-
sistence in the recipient. Much effort has been invested in recent years in order to
improve these key issues that directly affect the therapeutic potency and potential of
the T-bodies. Approaches that are currently being tested include the use of nonretro-
viral vehicles, such as transfection of CTL with naked DNA (Jensen et al. 2000) and
RNA-based transfection (Johnson et al. 2006). In addition, cytokines such as IL-2,
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IL-7, IL-15, and IL-21 are being tested to support the homeostatic proliferation of
T cells in the recipient (Brentjens et al. 2003; Klebanoff et al. 2004; Wang et al.
2005; Hsu et al. 2005; Hwang et al. 2006; Hsu et al. 2007). These interleukins are
added during the ex vivo preparation phase and/or as part of the in vivo treatment.
One notable example is IL-21, which directs cells to differentiate in vivo into central
immune memory cells, rather than into the short-lived effector memory phenotype
(Klebanoff et al. 2006). Other variables that are being studied in order to improve
and optimize T-body function in vivo are selecting the best costimulatory moiety (as
discussed above), not only elimination of regulatory cells from the cancer patient as
described above, but also their removal from the lymphocyte population set aside
for transduction. Finally, to provide the T-body with growth signals in vivo that will
prolong their persistence regardless of the CR signals, several groups have intro-
duced the CR to T cell populations already specific to a common viral antigen (such
a EBV (Rossig et al. 2002) or Flu (Cooper et al. 2005)).

A different approach to avoid the need for ex vivo manipulation of T cells is
to introduce the CR into hematopoietic stem cells that will eventually differenti-
ate and mature into T cells. Wang et al. (1998) evaluated the potency of murine
bone-marrow stem cells, transduced with FBP-specific CR gene, and found that
the growth of an FBP-expressing tumor was retarded. Interestingly, T cells are
not directly involved in this process, as depletion of CD4 and CD8 cells does not
diminish the antitumor activity. It was therefore suggested that NK cells and/or
macrophages expressing the anti-FBP CR are responsible for this antitumor effect.
More recently, Baltimore’s group described a method to genetically program mouse
hematopoietic stem cells (HSC) to develop into functional CD8 or CD4 T cells
of defined specificity in vivo (Yang et al. 2002 and 2005). To this end, they engi-
neered a bicistronic retroviral vector that efficiently delivers genes for both α and β
TCR chains of the TCR to the HSC. By combining cells modified with CD8- and
CD4-specific TCRs and boosting with dendritic cells pulsed with cognate peptides,
complete suppression of tumor growth was achieved, and even established tumors
regress and are eliminated following dendritic cell/peptide immunization. These
experiments highlight an extension of the T-body approach through the administra-
tion of effector cells into patients undergoing systemic cyto-ablative therapy. Thus,
cancer patients treated with bone marrow transplants could be reconstituted with
genetically altered stem cells. Immediate possible candidates for such a treatment
are leukemic patients receiving stem cell grafts. The tripartite CR is the construct of
choice for such treatment, as its built-in costimulatory signaling function supports
the priming and activation of naı̈ve T cells to mature specific effector activity.

4 Clinical Trials

As shown in Table 1, several phase-I clinical trials using T-bodies for cancer ther-
apy have been initiated, and several others are on-going or in various stages of plan-
ning. Because results from only a few of these studies have been published to date,
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Table 1 T-Bodies in clinical trials

Tumor Antigen Group Statusa

Ovarian FBP Hwu, Rosenberg, NCI Performed
Colorectal ca. TAG-72 McArthur, Cell Genesys Performed
Colorectal &

breast ca. CEA Junghans, Harvard Performed
Renal ca. Carboxyanhydrase IX Gratama, Rotterdam Ongoing
Neuroblastoma CD171 Jensen Seattle/City of Hope Ongoing
Glioblastoma IL-13 Receptorb Jensen, City of Hope Ongoing
Neuroblastoma G(D)2 Brenner, Baylor College of Med. Ongoing
Gastric ca. CEA (2nd generation) Junghans, Roger Williams Recruiting
Prostate ca. PSMA Junghans, Roger Williams Recruiting
Leukemia CD19 Jensen, City of Hope Recruiting
Leukemia CD19 Hawkins, Manchester Recruiting
Leukemia CD19 Sadelain, Sloan Kettering Recruiting
Leukemia CD19 Brenner, Baylor College of Med. Approved
Leukemia CD19 June, Univ. Pennsylvania Pending
Pancreatic ca. Mesothelin June, Univ. Pennsylvania Pending
Colorectal ca. CEA Hawkins, Manchester In planning
Prostate ca. PSMA Sadelain, Sloan Kettering In planning
Myeloma Lewis-Y Kershaw, Melbourne In planning
Cutaneous

lymphoma CD30 Abken, Cologne In planning
Lymphoma CD20 Cooper, MD Anderson In planning
a Updated to April 2007
b Redirected by IL-13 ζ CR (not antibody based)

much of the information in this section is derived from registries and from personal
communications. One fully documented phase I trial was conducted in HIV infected
subjects receiving autologous lymphocytes bearingthe CD4-ζ CR (Mitsuyasu et al.
2000). About half of the patients also received concurrent IL-2 infusions for five
days. The treatment was well tolerated with grade 3 or 4 adverse events predomi-
nantly associated with the IL-2 infusion. In some patients, a transient decrease of
the viral load was observed in the plasma and the rectal mucosa, the tissue reser-
voir for HIV. All 24 subjects tested negative for replication-competent retrovirus for
up to one year after cell infusion. Cell Genesys, which carried out this study, also
conducted phase I clinical trials in colorectal patients using the anti-TAG72-ζ CR
made from the humanized CC49 mAb (Warren et al.1998). This trial, however, was
terminated due to the identification of anti-idiotypic antibodies in the patient sera,
which caused difficulty in interpretation of the results.

The group of Junghans tested 24 doses of CEA-specific CR-bearing lympho-
cytes, with a total dose of up to 1011 cells per patient. The treatment was reported
to be adequately tolerated, with only two minor adverse effects observed in two col-
orectal carcinoma patients (Junghans et al. 2000). Hwu and colleagues (Kershaw
et al. 2006) at the NCI conducted a phase I clinical trial in ovarian cancer patients
using T-bodies expressing a CR that we generated against human α folate receptor,
also known as FBP. This trial demonstrated that large numbers of gene-modified
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tumor-reactive T cells can be safely given to patients, but these cells do not persist
in large numbers in the long term. No reduction in tumor burden was seen in any
patient. Tracking 111In-labeled adoptively transferred T cells revealed that the T
cells did not localize to the tumor, except in one patient where some signal was
detected in a peritoneal deposit. PCR analysis showed that gene-modified T cells
were present in the circulation in large numbers for the first two days after transfer,
but these quickly declined and became barely detectable one month later in most
patients. Five out of eight patients who received a dose escalation of T cells in com-
bination with high-dose IL-2 experienced some grade 3 to 4 treatment-related tox-
icity that was probably due to IL-2 administration, which could be managed using
standard measures. Patients in cohort 2 who received T cells with dual specificity
(reactive with both FR and allogeneic cells), followed by immunization with allo-
geneic peripheral blood mononuclear cells, experienced relatively mild side effects
with grade 1 to 2 symptoms. Neutralizing antibodies were found in some of the
patient sera, specific to the murine anti-FBP MoV18 mAb.

A group at Daniel den Hoed Cancer Center in Rotterdam reported a phase I clin-
ical trial in renal cell cancer (RCC), using autologous T lymphocytes modified with
a CR specific for carboxy anhydrase IX (Lamers et al. 2004, 2006). Infusions of
the modified T lymphocytes were initially well tolerated. However, after four to
five infusions, all three patients began to develop liver enzyme abnormalities. This
was explained by the reactivity of the genetically modified cells with low levels of
carboxy anhydrase IX expressed on the bile duct epithelium, limiting treatment to
only low doses of CR-expressing T-bodies. The results of this study showed that the
T-bodies exert CR-directed functions in vivo. Several patients in the trial also devel-
oped antibodies to the murine G250 scFv. Because of these side effects, this trial was
put on hold and awaits renewal pending the application of systemic anti-carboxy
anhydrase IX antibodies to block antigen expression on the bile duct. The results of
a safety/feasibility trial using human CTL clones redirected at metastatic neurob-
lastoma was recently published (Park et al. 2007). In this trial CD8+ CTL clones
were transfected with anti-CD171 CR and the selection suicide expression enzyme
HyTK. Six children with recurrent/refractory neuroblastoma received 12 infusions.
No overt toxicities to tissues known to express the CD171 adhesion molecule were
observed. The persistence of the modified CTL in the circulation was short (1–7
days) in patients with bulky disease, but significantly longer (42 days) in a patient
with limited disease burden. The authors suggest this pilot study set the stage for
clinical trial in the context of minimal residual disease.

Table 1 also includes clinical trials that are either ongoing or in advanced phases
of preparation (e.g., awaiting authorization from regulatory bodies). Many of these
trials have been designed based on lessons learned from the preclinical animal mod-
els, e.g., use of humanized scFv, inclusion of the CD28 costimulatory domain, use of
lentiviral vectors to transduce the PBL, inclusion of homeostatic interleukins in the
ex vivo procedures used to prepare the T-bodies, transfection of both CD4 and CD8
T cells, use of T-bodies made from autologous T cells that are also specific to viral
antigens such as EBV and influenza. Very importantly, in several of these studies,
lymphoablative pretreatments will be used to precondition the patients before the
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administration of T-bodies. Most of the trials will target blood borne tumors such
as lymphoma or leukemia, using anti-CD19 or CD20 scFvs from humanized anti-
bodies. Although less challenging than solid tumors, it is hoped that the results of
using T-bodies against these targets will demonstrate some dose-dependent effect,
by decreasing the tumor load, and thereby paving the way for applying the T-body
approach against more challenging solid tumors. Introduction of genes to T cells
using retroviral vectors has been proved safe and it is clear today that the risk of
leukemia that occurred in patients receiving retroviral vector-mediated gene trans-
fer into HSC does not exist for mature T cells. Potential severe side effects seen in
some patient in the clinical trials reported above are manageable. A careful selec-
tion of the antibody whose scFv will serve to redirect the T-bodies, both in terms of
specificity and affinity, will diminish the risk of damaging essential healthy tissues
and side effects of IL-2 could be controlled and hopefully will be prevented when
the persistence of the T-bodies in the body will be improved as discussed above.

Acknowledgements The studies of Prof. Eshhar group were supported in part by EU FP5 and
FP6, US Army Prostate Cancer and Breast Cancer Research Program, Prostate Cancer Foundation,
Israel Science Foundation, M.D. Moross Institute for Cancer Research, and Benoziyo Center for
Cancer Research.

References

Altenschmidt U, Klundt E, Groner B (1997) Adoptive transfer of in vitro-targeted, activated T
lymphocytes results in total tumor regression. J Immunol 159: 5509–5515

Bollard CM, Aguilar L, Straathof KC, Gahn B, Huls MH, Rousseau A, Sixbey J, Gresik MV,
Carrum G, Hudson M, Dilloo D, Gee A, Brenner MK, Rooney CM, Heslop HE (2004)
Cytotoxic T lymphocyte therapy for Epstein-Barr virus+ Hodgkin’s disease. J Exp Med 200:
1623–1633

Boussiotis VA, Freeman GJ, Gribben JG, Nadler LM (1998) The role of B7-1/B7-2:CD28/CLTA-4
pathways in the prevention of anergy, induction of productive immunity and down-regulation
of the immune response. Immunol Rev 153: 5–26

Brentjens RJ, Latouche JB, Santos E, Marti F, Gong MC, Lyddane C, King PD, Larson S, Weiss M,
Riviere I, Sadelain M (2003) Eradication of systemic B-cell tumors by genetically targeted
human T lymphocytes co-stimulated by CD80 and interleukin-15. Nat Med 9: 279–286

Brocker T, Karjalainen K (1995) Signals through T cell receptor-zeta chain alone are insufficient
to prime resting T lymphocytes. J Exp Med 181: 1653–1659

Cooper LJ, Al-Kadhimi Z, Serrano LM, Pfeiffer T, Olivares S, Castro A, Chang WC, Gonzalez S,
Smith D, Forman SJ, Jensen MC (2005) Enhanced antilymphoma efficacy of CD19-redirected
influenza MP1-specific CTLs by cotransfer of T cells modified to present influenza MP1. Blood
105: 1622–1631

Culver K, Cornetta K, Morgan R, Morecki S, Aebersold P, Kasid A, Lotze M, Rosenberg SA,
Anderson WF, Blaese RM (1991) Lymphocytes as cellular vehicles for gene therapy in mouse
and man. Proc Natl Acad Sci USA 88: 3155–3159

Dudley ME, Wunderlich JR, Robbins PF, Yang JC, Hwu P, Schwartzentruber DJ, Topalian SL,
Sherry R, Restifo NP, Hubicki AM, Robinson MR, Raffeld M, Duray P, Seipp CA, Rogers-
Freezer L, Morton KE, Mavroukakis SA, White DE, Rosenberg SA (2002) Cancer regression
and autoimmunity in patients after clonal repopulation with anti-tumor lymphocytes. Science
298: 850–854



The T-Body Approach: Redirecting T Cells with Antibody Specificity 339

Eshhar Z, Bach N, Fitzer-Attas CJ, Gross G, Lustgarten J, Waks T, Schindler DG (1996) The
T-body approach: Potential for cancer immunotherapy. Springer Semin Immunopathol 18: 199–
209

Eshhar Z, Waks T, Bendavid A, Schindler DG (2001) Functional expression of chimeric receptor
genes in human T cells. J Immunol Methods 248: 67–76

Eshhar Z, Waks T, Gross G, Schindler DG (1993) Specific activation and targeting of cytotoxic
lymphocytes through chimeric single chains consisting of antibody-binding domains and the
gamma or zeta subunits of the immunoglobulin and T cell receptors. Proc Natl Acad Sci USA
90: 720–724

Finney HM, Akbar AN, Lawson AD (2004) Activation of resting human primary T cells with
chimeric receptors: Co-stimulation from CD28, inducible costimulator, CD134, and CD137 in
series with signals from the TCR zeta chain. J Immunol 172: 104–113

Finney HM, Lawson AD, Bebbington CR, Weir AN (1998) Chimeric receptors providing both
primary and co-stimulatory signaling in T cells from a single gene product. J Immunol 161:
2791–2797

Fitzer-Attas, CJ, Schindler DG, Waks T, Eshhar Z (1998) Harnessing Syk family tyrosine kinases
as signaling domains for chimeric single chain of the variable domain receptors: Optimal design
for T cell activation. J Immunol 160:145–153.

Friedmann-Morvinski D, Bendavid A, Waks T, Schindler D, Eshhar Z (2005) Redirected primary T
cells harboring a chimeric receptor require co-stimulation for their antigen-specific activation.
Blood 105: 3087–3093

Friedman-Morvinski D, Eshhar Z (2006) Adoptive immunotherapy of cancer using effector lym-
phocytes redirected with antibody specificity. CCBRM 23

Gade TP, Hassen W, Santos E, Gunset G, Saudemont A, Gong MC, Brentjens R, Zhong XS,
Stephan M, Stefanski J, Lyddane C, Osborne JR, Buchanan IM, Hall SJ, Heston WD,
Riviere I, Larson SM, Koutcher JA, Sadelain M (2005) Targeted elimination of prostate cancer
by genetically directed human T lymphocytes. Cancer Res 65: 9080–9088

Gattinoni L, Finkelstein SE, Klebanoff CA, Antony PA, Palmer DC, Spiess PJ, Hwang LN, Yu Z,
Wrzesinski C, Heimann DM, Surh CD, Rosenberg SA, Restifo NP (2005) Removal of homeo-
static cytokine sinks by lymphodepletion enhances the efficacy of adoptively transferred tumor-
specific CD8+ T cells. J Exp Med 202: 907–912

Gattinoni L, Powell DJ, Jr, Rosenberg SA, Restifo NP (2006) Adoptive immunotherapy for cancer:
Building on success. Nat Rev Immunol 6: 383–393

Gomez GG, Hutchison RB, Kruse CA (2001) Chemo-immunotherapy and chemo-adoptive
immunotherapy of cancer. Cancer Treat Rev 27: 375–402

Gong MC, Latouche JB, Krause A, Heston WD, Bander NH, Sadelain M (1999) Cancer patient
T cells genetically targeted to prostate-specific membrane antigen specifically lyse prostate
cancer cells and release cytokines in response to prostate-specific membrane antigen. Neoplasia
1: 123–127

Gorochov G, Gross G, Waks T, Eshhar Z (1993) Anti-leucocyte function-associated antigen-1 anti-
bodies inhibit T cell activation following low-avidity and adhesion-independent interactions.
Immunology 79: 548–555

Gross G, Eshhar Z (1992) Endowing T cells with antibody specificity using chimeric T cell recep-
tors. FASEB J 6: 3370–3378

Gross G, Gorochov G, Waks T, Eshhar Z (1989a) Generation of effector T cells expressing chimeric
T cell receptor with antibody type-specificity. Transplant Proc 21: 127–130

Gross G, Waks T, Eshhar Z (1989b) Expression of immunoglobulin-T cell receptor chimeric
molecules as functional receptors with antibody-type specificity. Proc Natl Acad Sci USA 86:
10024–10028

Haynes NM, Trapani JA, Teng MW, Jackson JT, Cerruti L, Jane SM, Kershaw MH, Smyth MJ,
Darcy PK (2002) Rejection of syngeneic colon carcinoma by CTLs expressing single-chain
antibody receptors codelivering CD28 co-stimulation. J Immunol 169: 5780–5786



340 Z. Eshhar

Hombach A, Sent D, Schneider C, Heuser C, Koch D, Pohl C, Seliger B, Abken H (2001) T cell
activation by recombinant receptors: CD28 co-stimulation is required for interleukin 2 secretion
and receptor-mediated T cell proliferation but does not affect receptor-mediated target cell lysis.
Cancer Res 61: 1976–1982

Hsu C, Hughes MS, Zheng Z, Bray RB, Rosenberg SA, Morgan RA (2005) Primary human T lym-
phocytes engineered with a codon-optimized IL-15 gene resist cytokine withdrawal-induced
apoptosis and persist long-term in the absence of exogenous cytokine. J Immunol 175: 7226–
7234

Hsu C, Jones SA, Cohen CJ, Zheng Z, Kerstann K, Zhou J, Robbins PF, Peng PD, Shen X, Gomes
TJ, Dunbar CE, Munroe DJ, Stewart C, Cornetta K, Wangsa D, Ried T, Rosenberg SA, Morgan
RA (2007) Cytokine independent growth and clonal expansion of a primary human CD8+ T
cell clone following retroviral transduction with the IL-15 gene. Blood 109(12): 5168–5177

Hwang LN, Yu Z, Palmer DC, Restifo NP (2006) The in vivo expansion rate of properly stimulated
transferred CD8+ T cells exceeds that of an aggressively growing mouse tumor. Cancer Res
66: 1132–1138

Hwu P, Yang JC, Cowherd R, Treisman J, Shafer GE, Eshhar Z, Rosenberg SA (1995) In vivo
anti-tumor activity of T cells redirected with chimeric antibody/T cell receptor genes. Cancer
Res 55: 3369–3373

Imai C, Mihara K, Andreansky M, Nicholson IC, Pui CH, Geiger TL, Campana D (2004) Chimeric
receptors with 4-1BB signaling capacity provoke potent cytotoxicity against acute lymphoblas-
tic leukemia. Leukemia 18: 676–684

Jensen MC, Clarke P, Tan G, Wright C, Chung-Chang W, Clark TN, Zhang F, Slovak ML, Wu AM,
Forman SJ, Raubitschek A (2000) Human T lymphocyte genetic modification with naked DNA.
Mol Ther 1: 49–55

Johnson LA, Heemskerk B, Powell DJ, Jr, Cohen CJ, Morgan RA, Dudley ME, Robbins PF,
Rosenberg SA (2006) Gene transfer of tumor-reactive TCR confers both high avidity and tumor
reactivity to nonreactive peripheral blood mononuclear cells and tumor-infiltrating lympho-
cytes. J Immunol 177: 6548–6559

Junghans R, Safa M, Huberman M (2000) Preclinical and Phase I data of anti-CEA designer T cell
therapy for cancer: A new immunotherapeutic moduality. Proc Am Assoc Can Res 41: 543

Kersh EN, Kersh GJ, Allen PM (1999) Partially phosphorylated T cell receptor zeta molecules can
inhibit T cell activation. J Exp Med 190: 1627–1636

Kershaw MH, Teng MW, Smyth MJ, Darcy PK (2005) Supernatural T cells: Genetic modification
of T cells for cancer therapy. Nat Rev Immunol 5: 928–940

Kershaw MH, Westwood JA, Parker LL, Wang G, Eshhar Z, Mavroukakis SA, White DE,
Wunderlich JR, Canevari S, Rogers-Freezer L, Chen CC, Yang JC, Rosenberg SA, Hwu P
(2006) A phase I study on adoptive immunotherapy using gene-modified T cells for ovarian
cancer. Clin Cancer Res 12: 6106–6115

Klebanoff CA, Finkelstein SE, Surman DR, Lichtman MK, Gattinoni L, Theoret MR, Grewal N,
Spiess PJ, Antony PA, Palmer DC, Tagaya Y, Rosenberg SA, Waldmann TA, Restifo NP (2004)
IL-15 enhances the in vivo anti-tumor activity of tumor-reactive CD8+ T cells. Proc Natl Acad
Sci USA 101: 1969–1974

Klebanoff CA, Gattinoni L, Restifo NP (2006) CD8+ T cell memory in tumor immunology and
immunotherapy. Immunol Rev 211: 214–224

Klebanoff CA, Khong HT, Antony PA, Palmer DC, Restifo NP (2005) Sinks, suppressors and
antigen presenters: How lymphodepletion enhances T cell-mediated tumor immunotherapy.
Trends Immunol 26: 111–117

Koehler H, Kofler D, Hombach A, Abken H (2007) CD28 co-stimulation overcomes transforming
growth factor-beta-mediated repression of proliferation of redirected human CD4+ and CD8+
T cells in an anti-tumor cell attack. Cancer Res 67: 2265–2273

Kowolik CM, Topp MS, Gonzalez S, Pfeffer T et al. (2006) CD28 co-stimulation provided through
a CD19-specific chimeric antigen receptor enhances in vivo persistance and anti-tumor efficacy
of adoptively transferred T cells. Cancer Res 66: 10995–11004



The T-Body Approach: Redirecting T Cells with Antibody Specificity 341

Lamers CH, Sleijfer S, Willemsen RA, Debets R, Kruit WH, Gratama JW, Stoter G (2004)
Adoptive immuno-gene therapy of cancer with single chain antibody [scFv(Ig)] gene modi-
fied T lymphocytes. J Biol Regul Homeost Agents 18: 134–140

Lamers CH, van Elzakker P, Langeveld SC, Sleijfer S, Gratama JW (2006) Process validation
and clinical evaluation of a protocol to generate gene-modified T lymphocytes for imunogene
therapy for metastatic renal cell carcinoma: GMP-controlled transduction and expansion of
patient’s T lymphocytes using a carboxy anhydrase IX-specific scFv transgene. Cytotherapy 8:
542–553

Loskog A, Giandomenico V, Rossig C, Pule M, Dotti G, Brenner MK (2006) Addition of the
CD28 signaling domain to chimeric T cell receptors enhances chimeric T cell resistance to T
regulatory cells. Leukemia 20: 1819–1828

Lustgarten J, Waks T, Eshhar Z (1991) CD4 and CD8 accessory molecules function through inter-
actions with major histocompatibility complex molecules which are not directly associated with
the T cell receptor-antigen complex. Eur J Immunol 21: 2507–2515

Maher J, Brentjens RJ, Gunset G, Riviere I, Sadelain M (2002) Human T-lymphocyte cytotoxicity
and proliferation directed by a single chimeric TCRzeta /CD28 receptor. Nat Biotechnol 20:
70–75

Mitsuyasu RT, Anton PA, Deeks SG, Scadden DT, Connick E, Downs MT, Bakker A, Roberts
MR, June CH, Jalali S, Lin AA, Pennathur-Das R, Hege KM (2000) Prolonged survival and
tissue trafficking following adoptive transfer of CD4zeta gene-modified autologous CD4(+)
and CD8(+) T cells in human immunodeficiency virus-infected subjects. Blood 96: 785–793

Mizoguchi H, O’Shea JJ, Longo DL, Loeffler CM, McVicar DW, Ochoa AC (1992) Alterations in
signal transduction molecules in T lymphocytes from tumor-bearing mice. Science 258: 1795–
1798

Morgan RA, Dudley ME, Wunderlich JR, Hughes MS, Yang JC, Sherry RM, Royal RE,
Topalian SL, Kammula US, Restifo NP, Zheng Z, Nahvi A, de Vries CR, Rogers-Freezer LJ,
Mavroukakis SA, Rosenberg SA (2006) Cancer regression in patients after transfer of geneti-
cally engineered lymphocytes. Science 314: 126–129

Moritz D, Wels W, Mattern J, Groner B (1994) Cytotoxic T lymphocytes with a grafted recognition
specificity for ERBB2-expressing tumor cells. Proc Natl Acad Sci USA 91: 4318–4322

Park JR, Digiust DL, Slovak C, Wright C, et al. (2007) Adoptive transfer of chimeric antigen
receptor redirected cytolytic T lymphocyte clones in patients with neuroblastoma. Mol Ther
15: 825–833

Pinthus JH, Waks T, Kaufman-Francis K, Schindler DG, Harmelin A, Kanety H, Ramon J,
Eshhar Z (2003) Immuno-gene therapy of established prostate tumors using chimeric receptor-
redirected human lymphocytes. Cancer Res 63: 2470–2476

Pinthus JH, Waks T, Malina V, Kaufman-Francis K, Harmelin A, Aizenberg I, Kanety H, Ramon
J, Eshhar Z (2004) Adoptive immunotherapy of prostate cancer bone lesions using redirected
effector lymphocytes. J Clin Invest 114: 1774–1781

Rosenberg SA, Aebersold P, Cornetta K, Kasid A, Morgan RA, Moen R, Karson EM, Lotze MT,
Yang JC, Topalian SL, et al. (1990) Gene transfer into humans – immunotherapy of patients
with advanced melanoma, using tumor-infiltrating lymphocytes modified by retroviral gene
transduction. N Engl J Med 323: 570–578

Rosenberg SA, Yang JC, Restifo NP (2004) Cancer immunotherapy: Moving beyond current vac-
cines. Nat Med 10: 909–915

Rossig C, Bollard CM, Nuchtern JG, Rooney CM, Brenner MK (2002) Epstein-Barr virus-specific
human T lymphocytes expressing anti-tumor chimeric T cell receptors: Potential for improved
immunotherapy. Blood 99: 2009–2016

Schaft N, Lankiewicz B, Drexhage J, Berrevoets C, Moss DJ, Levitsky V, Bonneville M, Lee SP,
McMichael AJ, Gratama JW, Bolhuis RL, Willemsen R, Debets R (2006) T cell re-targeting
to EBV antigens following TCR gene transfer: CD28-containing receptors mediate enhanced
antigen-specific IFNγ production. Int Immunol 18: 591–601



342 Z. Eshhar

Vera J, Savoldo B, Vigouroux S, Biagi E, Pule M, Rossig C, Wu J, Heslop HE, Rooney CM, Bren-
ner MK, Dotti G (2006) T lymphocytes redirected against the kappa light chain of human
immunoglobulin efficiently kill mature B lymphocyte-derived malignant cells. Blood 108:
3890–3897

Warren R, Fisher G, Bergaland E (1998) Studies of regional and systemic gene therapy with autol-
ogous CC49-zeta modified T cells in colorecal cancer metastatic to liver. In 7th International
Conference on Gene Therapy of Cancer

Wang G, Chopra RK, Royal RE, Yang JC, Rosenberg SA, Hwu P (1998) A T-cell-independent anti-
tumor response in mice with bone marrow cells retrovirally transduced with an antibody/Fc-
gamma chain chimeric receptor gene recognizing a human ovarian cancer antigen. Nat Med 4:
168–172

Wang LX, Li R, Yang G, Lim M, O’Hara A, Chu Y, Fox BA, Restifo NP, Urba WJ, Hu HM (2005)
Interleukin-7-dependent expansion and persistence of melanoma-specific T cells in lymphode-
pleted mice lead to tumor regression and editing. Cancer Res 65: 10569–10577

Westwood JA, Smyth MJ, Teng MW, Moeller M, Trapani JA, Scott AM, Smyth FE, Cartwright GA,
Power BE, Honemann D, Prince HM, Darcy PK, Kershaw MH (2005) Adoptive transfer of T
cells modified with a humanized chimeric receptor gene inhibits growth of Lewis-Y-expressing
tumors in mice. Proc Natl Acad Sci USA 102: 19051–19056

Willemsen RA, Ronteltap C, Chames P, Debets R, Bolhuis RL (2005) T cell retargeting with MHC
class I-restricted antibodies: The CD28 co-stimulatory domain enhances antigen-specific cyto-
toxicity and cytokine production. J Immunol 174: 7853–7858

Wrzesinski C, Restifo NP (2005) Less is more: Lymphodepletion followed by hematopoietic stem
cell transplant augments adoptive T-cell-based anti-tumor immunotherapy. Curr Opin Immunol
17: 195–201

Yang L, Baltimore D (2005) Long-term in vivo provision of antigen-specific T cell immunity by
programming hematopoietic stem cells. Proc Natl Acad Sci USA 102: 4518–4523

Yang L, Qin XF, Baltimore D, Van Parijs L (2002) Generation of functional antigen-specific T
cells in defined genetic backgrounds by retrovirus-mediated expression of TCR cDNAs in
hematopoietic precursor cells. Proc Natl Acad Sci USA 99: 6204–6209



Intracellular Antibodies (Intrabodies)
and Their Therapeutic Potential

A.S.-Y. Lo, Q. Zhu, and W.A. Marasco(�)

1 The Structure of Intrabodies and Antibody Fragments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 344
1.1 ScFv and Intracellular Single Variable Domain (IDab) . . . . . . . . . . . . . . . . . . . . . . . . . 344
1.2 Bispecific Tetravalent Intrabody . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 346

2 The Molecular Mechanism of Intrabodies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 346
3 Practical Considerations for Construction and Selection

of an Intrabody . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 348
3.1 Intrabody Gene Sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 348
3.2 Intrabody Gene Construction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349
3.3 Recombinant Antibody Selection Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 352

4 In Vitro or In Vivo Delivery of Intrabody . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 353
5 Comparison of Intrabodies and RNAi-Mediated Gene Inactivation . . . . . . . . . . . . . . . . . . . . 358
6 Disease Specific Applications of Intrabodies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 359

6.1 Intrabodies in HIV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 359
6.2 Intrabodies in Cancer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 361
6.3 Intrabodies in Transplantation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363
6.4 Intrabodies in Neurodegenerative Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 364
6.5 Intrabodies Targeting Other Viruses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 365

7 Conclusion and Future Directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 365
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 366

Abstract Combining exquisite specificity and high antigen-binding affinity, intra-
bodies have been used as a biotechnological tool to interrupt, modulate, or define
the functions of a wide range of target antigens at the posttranslational level. An
intrabody is an antibody that has been designed to be expressed intracellularly and
can be directed to a specific target antigen present in various subcellular locations
including the cytosol, nucleus, endoplasmic reticulum (ER), mitochondria, peroxi-
somes, plasma membrane and trans-Golgi network (TGN) through in frame fusion

W.A. Marasco
Dana-Farber Cancer Institute, Harvard Medical School, 44 Binney Street, Boston MA 02115, USA
e-mail: Wayne Marasco@dfci.harvard.edu

Y. Chernajovsky, A. Nissim (eds.) Therapeutic Antibodies. Handbook of
Experimental Pharmacology 181.
c© Springer-Verlag Berlin Heidelberg 2008

343



344 A.S.-Y. Lo et al.

with intracellular trafficking/localization peptide sequences. Although intrabodies
can be expressed in different forms, the most commonly used format is a single-
chain antibody (scFv Ab) created by joining the antigen-binding variable domains of
heavy and light chain with an interchain linker (ICL), most often the 15 amino acid
linker (GGGGS)3 between the variable heavy (VH) and variable light (VL) chains.
Intrabodies have been used in research of cancer, HIV, autoimmune disease, neu-
rodegenerative disease, and transplantation. Clinical application of intrabodies has
mainly been hindered by the availability of robust gene delivery system(s) includ-
ing target cell directed gene delivery. This review will discuss several methods of
intrabody selection, different strategies of cellular targeting, and recent success-
ful examples of intrabody applications. Taking advantage of the high specificity
and affinity of an antibody for its antigen, and of the virtually unlimited diversity
of antigen-binding variable domains available for molecular targeting, intrabody
techniques are emerging as promising tools to generate phenotypic knockouts, to
manipulate biological processes, and to obtain a more thorough understanding of
functional genomics.

1 The Structure of Intrabodies and Antibody Fragments

An intracellular antibody or “intrabody” is an antibody or a fragment of an antibody
that is expressed within a designated intracellular compartment, a process which
is made possible through the in frame incorporation of intracellular trafficking sig-
nals. Intrabodies exert their functions upon exquisitely specific interaction with tar-
get antigens. This results in interruption or modification of the biological functions
of the target protein. An intrabody can be expressed in any shape or form such
as an intact IgG molecule or a Fab fragment (Fig. 1). More frequently, intrabodies
are used in genetically engineered antibody fragment format and structures of scFv
intrabodies, single domain intrabodies, or bispecific tetravalent intradiabodies are
discussed below.

1.1 ScFv and Intracellular Single Variable Domain (IDab)

The most commonly used form of intrabodies is a recombinant scFv Ab in which
VH and VL segments are held together by a short, flexible interchain linker (ICL),
often the 15 amino acid linker (GGGGS)3 (Fig. 1). A scFv antibody can be in either
VH–ICL–VL or VL-ICL-VH configuration and longer ICL (20-mer: GGGGSGGGG
SGGGGSSGGGS) has been reported with a VL–ICL–VH orientation (Worn et al.
2000). These formats retain essential regions of antigen-binding specificity of its
parental antibody consisting approximately 250 amino acids with a molecular mass
∼28 kDa. Because of the extensive sequence and length variation of the comple-
mentarity determining region 3 (CDR3), VH domains even have antigen bind-
ing activities without their light chain (Ward et al. 1989). An intrabody thus can
also be reduced in size to a single functional variable domain. For this designed
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Fig. 1 Structure of antibody and antibody fragments. Intact full length IgG antibody contains
heavy chain with variable domain (VH) and three constant domains (CH1, CH2, and CH3), and
also the light chain with variable domain (VL) and one constant domain (Cλ or Cκ). One pair of
each heavy chain and light chain is held together by interchain disulfide bond within the hinge
region (H). Fab fragment is formed without the CH2 and CH3 domain. Single-chain Fv fragment
(scFv) is Fv region that contains the variable domains of the heavy and the light chain connected
by a linker peptide (L). Complementarity determining regions (CDRs) shape the antigen binding
sites and determine the specificity of the antibody. There are three CDRs on each of VH and VL.
The CDR1–3 regions of VH domain of scFv are shown. scFv-Fc is an effector antibody, which
is composed of scFv and CH2 and CH3 of heavy chain (Fc). Fc domain confers the prolonged
half-life of antibody and the Fc-mediated effector functions. The molecular structure is shown
as VL–L–VH–H–CH2–CH3. Intradiabody is a bispecific tetravalent antibody with two different
scFv antibody fragments (a and b) linked with Fc domain. The molecular structure is shown as
aVL–L–aVH–CH2–CH3–bVL–L–bVH
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format, a single VH domain, known as an IDab, possesses excellent solubility, sta-
bility, and expression within eukaryotic cells. An ideal IDab should exhibit specific
antigen recognition and neutralizing activity. IDabs isolated for RAS protein have
been shown to inhibit RAS-dependent oncogenic transformation of NIH3T3 cells
(Tanaka et al. 2003). In HIV, an important function of viral protein Vif is to suppress
the activity of a cytidine deaminase Apobec3G that induces G to A hypermutation
in the viral genome and leads to activation of DNA repair mechanisms causing pre-
mature degradation of newly synthesized viral DNA. VH single-domain intrabodies
against Vif were engineered from rabbit anti-Vif scFv and exhibited a strong neutral-
ization of HIV infectivity and an increase in Apobec3G expression (Goncalves et al.
2002; Aires da Silva et al. 2004). Another format is the Fd fragment (VH-CH1) that
has been shown to inhibit glucose-6-phosphate dehydrogenase in the cytoplasm of
mammalian cells (Mulligan-Kehoe and Russo 1999). Recently, a VL-Dab and its
disulfide bond-free derivative were also successfully utilized as an anti-Huntingtin
(htt) intrabody in Huntington’s disease (Colby et al. 2004a, 2004b).

1.2 Bispecific Tetravalent Intrabody

Both scFv and IDab are monovalent antibodies. Genetic fusion of scFv or IDab
to the IgG Fc region could lead to not only bivalency but also a longer half-life.
Multispecific intrabodies have also been engineered. In a recent example, a bispe-
cific tetravalent intradiabody (See Fig. 1, two antivascular endothelial growth factor
receptor 2 (VEGF-R2) and two anti-Tie-2 scFv link to the Fc domains of human
IgG1) was used to target two endothelial cell receptor-tyrosine kinases: VEGF-R2
and Tie-2. The dual antibody construct simultaneously blocks two independent
signaling pathways and affords higher intracellular stability than scFv antibod-
ies. After subtumoral injection of the intradiabody gene carried by a replication
incompetent, E1, E3-deleted adenoviral vector and intracellular expression, bispe-
cific intradiabody caused a significant reduction of the growth and angiogenesis of
human melanoma M21 in nude mice as compared with a lesser reduction using the
monospecific tetravalent intrabody anti-VEGF-R2 over 30 days (Jendreyko et al.
2003; Jendreyko et al. 2005), demonstrating that targeting two different receptors
simultaneously yielded an enhanced therapeutic activity.

2 The Molecular Mechanism of Intrabodies

Intrabodies have been used to alter the functions of the target antigens (Marasco,
1995) by modifying related cellular pathways or by redirecting antigen to a new
cellular compartment (Zhu et al. 1999; Rajpal and Turi 2001). The unique molecular
characteristics of intrabodies allow them to affect protein functions in many ways:

• Sequestration of a target protein from its normal subcellular compartment of
action
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• Mediating enzyme function through blocking of the active site or modulation
of its conformation

• Disrupting biological or signal pathways via interfering normal protein–
protein or protein–DNA interactions

• Inducing cell death via activation of the caspase-3-mediated apoptotic path-
way

• Selective degradation via the ubiquitin–proteosome pathway

First, intrabodies can be designed to be expressed in different subcellular com-
partments such as cytoplasm, nucleus, endoplasmic reticulum (ER), Golgi,
mitochondria, peroxisomes, plasma membrane, and other locations (Persic et al.
1997). DNA recombinant techniques allow classical intercellular trafficking signals
to be genetically fused to the N- or C-termini of antibodies to direct the intrabod-
ies to specific subcellular localizations in order to block or interfere with target
antigen function. For instance, ER-retained intrabodies are designed with a sig-
nal leader peptide sequence at the N-terminus and a retention peptide, KDEL, at
the C-terminus to tether intrabodies within the lumen of the ER. Engineered intra-
body can then interact with targeted secretory-pathway proteins, sequestering them
within the ER and inhibiting their natural expression. Retention of antibodies in the
ER can effectively down regulate its target receptors or signaling molecules (Beerli
et al. 1994), such as reduction of cell surface expression of VEGF-R2 and epidermal
growth factor receptor (EGFR) (Jannot et al. 1996; Boldicke et al. 2005). Also, ER-
targeted intrabody against HIV-1 envelope glycoprotein gp160 blocks HIV-1 enve-
lope processing and virus maturation (Marasco et al. 1993). Similar target protein
retention in the trans-Golgi has been reported for intrabodies containing a trans-
Golgi retention signal (Zhou et al. 1998). For expression of cytoplasmic intrabod-
ies, the signal sequences are removed and cytosolic intrabodies are translated on
free polysomes. An intrinsically stable amino acid sequence that can fold properly
in the absence of disulfide bond formation is required for a cytoplasmic intrabody to
function appropriately. Other trafficking signals used to direct antibodies to various
specific subcellular locations are listed in Table 1.

Second, intrabodies can modulate enzymatic function by blocking an enzyme
active site, by sequestering substrate, or by modulating the conformation of an
enzyme catalytic site. It has been shown that cytoplasm-expressed single-domain
intrabodies targeting the protein kinase Etk could inhibit its autophosphorylation and
ability to phosphorylate its substrate. This resulted in a partial inhibition of cellular
transformation in Src-transformed cells (Paz et al. 2005). Third, intrabodies can be
used to disrupt biological signaling pathways of target proteins by interfering with
normal protein–protein or protein–DNA interactions. For example, a nuclear-targeted
intrabody has been used to bind to cyclin-E to inhibit the growth of a breast cancer
cell line (Strube and Chen 2002). When genetically fused to caspase-3, intrabodies
can be used to promote the death of target cells (e.g. cancer cells) by activating the
caspase-3-mediated apoptosis pathway (Tse and Rabbitts 2000). It is also possible
for intrabodies to be designed to promote selective degradation of cellular protein
targets via the ubiquitin–proteasome pathway by fusion with F-box (Zhou et al.
2000). In addition, intrabodies also have the potential to cause gain-of-function after
binding to their target proteins. For example, it has been demonstrated that certain
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Table 1 Use of intracellular trafficking signal peptides including leader sequences and retention
signal peptides for subcellular compartmental targeting of intrabodies

Subcellular Targeting The Usage of Leader Sequence and Retention
Signal Peptide

Cytoplasm The immunoglobulin (Ig) leader sequence is removed.
Nucleus Use of nuclear localization signal (NLS), (T)PPKKK

RKV peptide, from the large T antigen of SV40 (Yoneda
et al. 1992).

Endoplasmic reticulum (ER) Use of a signal peptide such as an Ig leader sequence
for trafficking to ER and KDEL retention signal for
interacting with hERD2 receptor to allow the intrabody
effectively tethering within the lumen of ER/Golgi com-
partment.

Mitochondria Use of the N-terminal presequence of subunit VIII of
human cytochrome C oxidase.

Peroxisomes Use of the SKL retention signal.
Plasma membrane Use of the H-Ras or K-Ras CAAX signal to target inner

leaflet of the plasma membrane.
Trans-Golgi network (TGN) scFv fused with 192-bp sequence encoding the trans-

membrane domain and cytoplasmic tail of TGN38
protein, including the YQRL retention signal of TGN38
protein.

anti-p53 scFv antibodies restored the transactivating activity of mutant p53 in p53
knockout human tumor cells (Caron de Fromentel et al. 1999). As another example,
fusion of an anti-p53 scFv intrabody to the DNA-binding domain of bacterial
tetracycline repressor resulted in a protein that acted as a transcription activator
and inducer of gene expression (Mary et al. 1999). The unique specificity, affinity,
and diversity of antibodies make them useful in a wide variety of basic research
and clinical applications. More examples of intrabody applications in cancer, HIV,
neurodegenerative disease, and transplantation will be discussed in a later section.

3 Practical Considerations for Construction
and Selection of an Intrabody

3.1 Intrabody Gene Sources

An intrabody can be constructed by cloning the V-regions of a mouse monoclonal
antibody producing hybridoma cell line with a known specificity or can be selected
against a specific antigen from antibody libraries of human or animal sources.
Immunogenicity of intrabodies that are derived from nonhuman antibody genes is
a concern in applications where long-term intrabody expression is desired (e.g.,
expression of intrabody based HIV resistance genes in CD4+ T cells) but is less
of a concern if the intrabody is acting directly in a tumor cell to induce apopto-
sis/cell killing. In the former example, one likely has to take steps to “humanize”
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such antibodies in order to avoid the unwanted immunogenicity as a result of MHC-I
presentation of intrabody fragments that may lead to activation of CTL and clear-
ance of the intrabody-expressing cells.

The type and size of recombinant antibody libraries used could also have a direct
effect on the success of isolating an intrabody against a specific antigen. “Naı̈ve”
or “nonimmune” antibody libraries have been generally built from IgM-V or IgG-V
gene pools of B cells of unimmunized individuals, respectively. Rich sources of
Ig genes can be from diverse lymphoid organs including bone marrow, peripheral
blood, spleen, or tonsils. Early versions of small-size human single-pot libraries with
titers of 3× 107 have been used to isolate antibodies to self-antigens such as thy-
roglobulin and tumor necrosis factor α (Nissim et al. 1994). However, the antibod-
ies isolated from this library were low in affinity. The larger size library made from
over 40 nonimmunized human donors with titer greater than 1010 yielded antibodies
with higher affinity (Vaughan et al. 1996; Bai et al. 2003). The Marasco laboratory
routinely uses the 27 billion member, nonimmune, Mehta I/II libraries that were
constructed from peripheral blood B cells from 57 healthy volunteers and have iso-
lated intrabody genes with high affinity and broad epitope diversity (Bai et al. 2003;
Gennari et al. 2004). It should be noted that the naı̈ve or nonimmune libraries are
biased due to the limited diversity of the Ig repertoire and often unknown exposure
history of the B-cell donors. Semisynthetic libraries through CDR randomization,
particularly VH CDR3, have been created to address this specific concern (Knappik
et al. 2000; Tanha et al. 2001).

In contrast to naı̈ve or nonimmune libraries, the “immune” libraries are con-
structed from V genes of an immunized animal or human or donors with viral
infections, tumors, or autoimmune diseases. Antibodies isolated from these immune
sources have been shown to have high affinity and specificity for the antigens under
selection since these antibodies have undergone somatic hypermutation leading to
their affinity maturation. Using these libraries, antibodies against carcinoembryonic
antigen (Chester et al. 1994), major histocompatibility complex/peptide complexes
(Yamanaka et al. 1996) and T-cell receptor-Vα (Popov et al. 1996) have been suc-
cessfully isolated. One limitation of this approach is that this type of library must
be newly prepared for each new antigen of interest; however, the approach has been
quite useful and has been used for isolating antibodies against self-reactive or toxic
antigens (Graus et al. 1997; Wild et al. 2003). For detailed discussion of the types
of libraries, their construction and other characteristics, please refer to the reviews
cited (Hoogenboom and Chames 2000; Pini and Bracci 2000; Azzazy and High-
smith 2002; Hoogenboom 2005).

3.2 Intrabody Gene Construction

Intrabody constructions, while technically simple to achieve, require a strong under-
standing of cell biology so that the subcellular compartment that will be used
for their translation is properly chosen as this will ultimately effect functional
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expression, protein folding, solubility, and stability. During the natural secretory
process, the Ig leader sequence directs antibodies to rough ER membranes for syn-
thesis. The nascent polypeptides pass through the ER membrane into the lumen
where the leader peptides are cleaved cotranslationally. Upon synthesis, antibody
peptides pass through the ER/Golgi while being processed/modified and are nor-
mally secreted into the extracellular fluid or remain membrane bound on the B-cell
surface as antigen receptors. With the help of chaperones and other factors that are
active in the ER, efficient intrachain and interchain disulfide bridge formation and
H- and L-chain association occurs.

Cytoplasmic expression of intrabodies is more problematic due to unnatural fold-
ing of many antibodies in a reducing environment where disulfide bond formation
is inefficient or absent. This can result in low solubility, short protein half-life, and a
tendency to aggregate with resulting proteosome degradation (Cattaneo and Biocca
1999). Only intrinsically soluble and stable scFv fragments appear to fold correctly
in sufficient amounts to be active as functional intrabodies (Cattaneo and Biocca
1999; Worn and Pluckthun 2001).

At present, no consistent rules have been established that reliably predict which
intrabodies will fold and function properly in a cytosolic environment based on pri-
mary structure (Marasco et al. 1993); however, preselection allows researchers to
identify rare, stable scFvs from natural and engineered scFv-phage libraries. One
preselection approach has been use of the yeast two-hybrid system (Visintin et al.
1999; Worn et al. 2000). This method had been further developed for the isolation
of leucine zipper binding intrabodies from a library with randomized VH CDR3
sequences located in the stable antibody framework (Auf der Maur et al. 2002). A
related approach is to employ stringent selection procedures including denaturation
under reducing conditions to isolate antibodies with improved stability from phage
display libraries (Brockmann et al. 2005); however, positive antibodies obtained
under these harsh elution conditions still need to be functionally tested intracellu-
larly to see if they are effective intrabodies.

Gennari and colleagues (2004) investigated whether specific scFvs that were iso-
lated from a human scFv-phage display library could be directly screened in pools
as intrabodies without prior knowledge of their individual identity or purity within
pools of antigen-specific scFvs. As the target, they used a synthetic transforma-
tion effector site 1 (TES1) polypeptide comprising the membrane-most proximal 34
amino acid residues of the carboxy-terminal cytoplasmic tail of the oncogenic latent
membrane protein 1 (LMP1) of Epstein Barr virus. Anti-TES1 scFvs, initially iden-
tified by phage ELISA screens, were grouped and then transferred as pools into
eukaryotic expression vectors and expressed as cytoplasmic intrabodies. Using this
direct phage to intrabody screening (DPIS) strategy they were able to identify intra-
bodies that were able to selectively block LMP1-induced NFκB activity. This should
allow investigators to bypass much of the in vitro scFv characterization that is often
not predictive of in vivo intrabody function and provide a more efficient use of large
native and synthetic scFv phage libraries already in existence to identify intrabodies
that are active in vivo.
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Several other strategies have also been developed to address these same concerns.
For example, stable and functional cytoplasmic cysteine-free scFv have been gen-
erated by using DNA shuffling and phage display (Proba et al. 1998). The VH sin-
gle domain antibody libraries can also be used to avoid disulfide bond requirement
(Tanaka et al. 2003). In addition, a known stable framework was created by point
mutations and libraries were generated by grafting synthetic CDRs onto the anti-
body framework (Ewert et al. 2004). Finally, fusion of intrabodies with E. coli mal-
tose binding protein (MBP) were shown to enhance their solubility and stability
in bacteria and mammalian cell cytoplasm (Bach et al. 2001; Shaki-Loewenstein
et al. 2005). Should bacterial components raise immunogenecity problems in a
therapeutic application, the MBP could conceivably be replaced with a mammalian
chaperon protein in such a fusion construct.

While scFv have been used in many different kinds of applications as the prefer-
able form of intrabodies, in some studies, it has shown that inclusion of the Cκ light
chain constant domain at the carboxy-terminus of a scFv could increase the stabil-
ity and solubility of an intrabody in cytosol by promoting dimerization (Mhashilkar
et al. 1995; Cohen et al. 1998). Reinman et al. (2003) using a bidirectional galac-
tose inducible GAL1–10 promoter to express several formats of antibody fragments
against Sem1 (the analog of Sem1P in mammalian cells interacts with tumor sup-
pressor BRCA2) in a yeast system and demonstrated that Fabs gave a higher expres-
sion level, function, and stability than scFv or scFv containing the lambda constant
domain of L chain (scFvCL). Their studies also suggested that addition of con-
stant region of L or H chain to the scFv increased intracellular levels considerably.
This may be explained by the observation that while a conserved hydrophobic patch
formed at the variable–constant domain interface (v/c interface) is covered by the
constant domains in Fab construct, it becomes exposed in scFv format. The result-
ing antibody is insoluble, nonfunctional protein produced in the periplasm of E. coli.
Substitution of a key hydrophobic residue (V84D at VH) of antifluorescein antibody
4-4-20 at the v/c interface significantly improved the in vivo folding of the scFv
fragment (Nieba et al. 1997).

It should be noted that the functionality of intrabodies in vivo is often nonrelated
or poorly related to their in vitro binding affinity. For example, as compared to a
higher affinity scFv intrabody, the intrabody with lower binding affinity possessed
greater potency due to its ability to (1) transactivate p53 by inducing a favorable
conformational change (Caron de Fromentel et al. 1999) or (2) bind the specific
activation domain of Rev for efficient blocking (Wu et al. 1996). A study using two
anticaspase-7 scFv demonstrated that an extended half-life and high steady state
levels of protein accumulation are critical for functional study of an intrabody (Zhu
et al. 1999). It is clear that only in vivo studies can ultimately be used to determine
which intrabody is most potent. As a result, intrabodies that bind to different epi-
topes and with different affinities should be examined early and directly through in
vivo functional assays.
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3.3 Recombinant Antibody Selection Methods

Many methods can be used to obtain antibody genes for the construction of intra-
bodies and can be used most effectively if the intrabodies are to be directed to the
ER for inhibition of factor secretion or cell surface protein expression. Microbial-
based antibody display methods such on phage, yeast, bacterial, and retroviruses as
well as nonmicrobial-based display methods such as ribosomal display have been
recently reviewed elsewhere by Hoogenboom (2005). During selection, antibodies
are enriched by several rounds of panning, consisting of consecutive cycles of incu-
bation with target antigen (either immobilized, soluble, or on surface of cells or
paramagnetic liposomes), elution, and amplification.

3.3.1 Lentivirus and Mammalian Cell Display

Mammalian cell surface antibody display is a platform that has gained much
attention because its obvious advantage of being able to posttranslationally modify
antibody fragments that may contribute to binding affinity and aid proper folding
leading to a more diversified antibody repertoire (Ho et al. 2006). With the use of
self-inactivating lentiviral vectors, bivalent scFvFc human antibodies were fused in
frame with a transmembrane anchoring moiety to allow efficient high-level expres-
sion on surface of human cells and lentivirus particle (Taube, Zhu, and Marasco,
submitted for publication). Both human cells and virus particles bound antigen in a
highly specific manner. FACS sorting in combination with enrichment through mag-
netic beads allowed isolation of specific scFv expressing cells from a background
cell population with 106-fold enrichment in a rapid, single round of selection. If
necessary, the enriched scFv genes could be immediately recovered by PCR res-
cue, followed by recloning into a lentiviral display vector, generation of viral par-
ticles, and additional rounds of transduction and isolation of antigen-specific scFvs
by FACS. Importantly, evidence that the cell surface displayed scFvFc antibodies
could indeed undergo posttranslational modification of the variable regions through
sulfation of CDR tyrosine residues (Choe et al. 2003; Huang et al. 2004), a property
that has been recently shown to markedly broaden the binding affinity and antigen
recognition of variable region genes was obtained (Chen, Sui, Zhu, and Marasco, J.
Immunol. in press). This antibody display platform should be able to complement
existing antibody display technologies by virtue of providing properties unique to
lentiviruses and antibody expression in human cells.

3.3.2 Growth Selection Through Protein Fragment Complementation Assay

Protein fragment complementation assay (PCA) has been adapted to screen for anti-
body binding by reconstituting the activity of dihydrofolate reductase (DHFR) that
confers a survival advantage on transformed E. coli. In this method, antibodies
and antigens are linked with dissected portions of mouse DHFR (mDHFR). The
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interaction of antibody and antigen brings the two halves of dissected mDHFR
together, thus restoring its enzyme activity and allowing transformed E. coli to grow
on minimal medium in the presence of antibiotic trimethoprim. Four different tar-
get antigens were tested by this system, it was shown that there was about seven
orders of magnitude more colonies in antigen pool containing specific antigen as
compared with few colonies found in pool with only nonspecific antigen (Mossner
et al. 2001). The procedure is relatively simple and fast and only involves trans-
formation of plasmids, functional expression of the fusion proteins, and analysis of
the grown bacterial cells. Notably, it gives a very low background of false-positive
results. The antigen does not need to be purified and immobilized. However, since
the screening is performed in the cytoplasm of E. coli, antibodies with inherent sta-
ble framework can be isolated under reducing conditions but they would be lack of
posttranslational modification.

3.3.3 Growth Selection Through Yeast or Mammalian Two-Hybrid System

Intracellular interaction of antibody with target antigen in yeast could be evaluated
by providing conditional cell growth advantage through controlled expression of
selected reporter genes (Visintin et al. 1999; Auf der Maur et al. 2002). In such
a system, the antigen is usually cloned in frame at C-terminus of the DNA bind-
ing domain of Gal 4 (or Lex A) and scFv antibody fused at the N-terminus of a
transcription activation domain (AD) of Gal 4 (or VP16). After cotransfection of
these plasmids into the yeast cells and upon interaction, the antibody–antigen com-
plex binds to the promoter of reporter genes containing relevant DNA binding sites
and activates their transcription. For example, activation of HIS3 gene controlled by
a minimal transcription promoter with Gal 4-binding sites upon antigen–antibody
interaction enables the host yeast to grow on plate without histidine and with 3-
amino-triazole (3-AT) for selection (Auf der Maur et al. 2002). In addition, Auf der
Maur et al. (2001) developed a related procedure in which stable intrabodies could
be selected independent of their antigens based on strong correlation between the
degree of reporter gene activation and the stability/solubility of the fused antibody.
Specifically worth mentioning is a similar system also demonstrated in Hela cells
through activation of an integrated luciferase reporter by the strong transcriptional
activation domain of the herpes simplex virus type 1 VP16 (VP16-AD) with scFv
antibodies fused to its C-terminus and Gal 4 DNA-binding domain at its N-terminus.
It should be noted that a library size of 107 clones can be screened per assay in these
yeast or mammalian systems, which is at disadvantage as compared with >1010

clones can be handled with relative ease using phage display.

4 In Vitro or In Vivo Delivery of Intrabody

In vivo and/or clinical applications of intrabody therapy have been limited mainly
due to lack of optimal gene transfer vehicles, a common issue in the field of gene
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Table 2 In vitro and in vivo expression of intrabodies for intracellular gene targeting

Delivery Method Intrabody Format and
Target (Types of Disease)

Outcome and Reference

Retrovirus Anti-Tat scFv (HIV) In retrovirus transduced CD4+-
selected, CD8+-depleted, and total
PBMC, the anti-Tat scFv express-
ing cells showed marked inhibition
of HIV-1 replication and resistance
to HIV-1 infection (Mhashilkar
et al. 1999)

Retrovirus Anti-CCR5 scFv (HIV) Retrovirus transduced CCR5+ T-
cell line, PM1, protected from
CCR5-dependent cell fusion and
R5 HIV-1 infection (Steinberger
et al. 2000)

Retrovirus Anti-Vif scFv (HIV) It conferred primary cells highly
refractory to challenge with the
HIV-1 virus or HIV-1-infected cells
and inhibited HIV-1 replication
(Goncalves et al. 2002)

Lentivirus Anti-IL-2Rα scFv Tac
(Leukemia)

Using a bicistronic lentivirus vec-
tor, the established T-cell line Kit
225 and primary human T cells
were shown to have a low or unde-
tectable cell surface expression of
IL-2Rα and exhibited a 10-fold
reduction of IL-2 responsiveness
(Richardson et al. 1998)

Lentivirus pseudotyped
with Sindbis envelope

Anti-CCR5 scFv (HIV) Authors developed lentiviral-
derived particles with specificity of
gene delivery mediated by pseu-
dotyped Sindbis envelope protein
that display scFv recognizing
CCR5-expressing cell line and
primary lymphocytes in vitro. The
nonspecific viral infection was
observed by using VSV envelope
(Aires da Silva et al. 2005)

Lentivirus Anti-CXCR4 scFv (HIV) scFv inhibited infectious entry
in primary isolated human brain
microvascular endothelial cells
(MVECs) and reduced HIV-1 p24
production in postmitotic differ-
entiated human neurons (Mukhtar
et al. 2005)

Lentivirus Anti-CCR5 scFv (HIV) Lentiviral CCR5 intrabody expres-
sion in primary CD4+ T cells were
refractory to HIV-1 infection and
supported significant growth and
enrichment during R5-tropic HIV-
1 challenge. Also, thymocytes risen
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Table 2 (continued)

Delivery Method Intrabody Format and
Target (Types of Disease)

Outcome and Reference

from lentivirus transduced CD34+

cells in NOD-SCID-human thy-
mus/liver mice maintained CCR5
intrabody expression and were
resistant to HIV-1 challenge (Swan
et al. 2006)

Lentivirus Anti-rat MHC I scFv
(Transplantation)

Rat aortic endothelial cells (RAEC)
showed a stable expression of the
anti-rat MHC I scFv and dis-
played low MHC I levels. They
were protected from killing by allo-
specific, cytotoxic T cells (CTL)
and by allo-antibody/complement-
mediated lysis (Doebis et al. 2006)

Adenovirus Anti-erbB2 scFv (Ovarian
cancer)

ER-directed anti-erbB-2 scFv
accomplished specific cytotoxicity
in erbB-2-overexpressing tumors.
Intraperitoneal injection of aden-
ovirus resulted in a reduction of
tumor burdens and prolongation of
survival (Deshane et al. 1995b)

Adenovirus Anti-erbB-2 scFv
(Ovarian cancer)

Phase I trial was performed using
i.p. administration in erbB-2-
overexpressing ovarian cancer.
5/13 patients had stable disease
and 8/13 had progressive disease.
One patient with nonmeasurable
disease normalized her CA125
at the 8-week evaluation and one
patient had no sign of disease for 6
months (Alvarez et al. 2000)

Adenovirus Anti-MHC I scFv
(Transplantation)

Intrabody achieved a marked
reduction of surface MHC I
expression in primary human
keratinocytes (Mhashilkar et al.
2002)

Adenovirus Anti-VEGFR-2
(Angiogenesis)

Adenovirus infected HUVEC
showed induction of apoptosis
and inhibition of tube formation
(Wheeler et al. 2003)

Adenovirus Anti-MHC-1 scFv
(Transplantation)

Adenovirus transduced HUVEC
showed a reduced cell lysis in a
cytotoxicity assay when compared
with that of MHC mismatched con-
trol. This effect was not reversed by
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Table 2 (continued)

Delivery Method Intrabody Format and
Target (Types of Disease)

Outcome and Reference

stimulation with inflammatory
cytokines (Beyer et al. 2004)

Adenovirus Anti-αV integrin scFv
(Cancer)

Virus transduced melanoma cell
line caused detachment of cells
from extracellular matrix, induced
apoptosis, and prevented subcuta-
neous tumor implantation in SCID
mice (Koistinen et al. 2004)

Adenovirus Intrabdiabody of
anti-VEGF-R2 scFv &
anti-Tie-2 scFv
(Angiogenesis)

Subtumoral injection of adenovirus
gave simultaneous blocking of both
VEGF-R2 and Tie-2 and resulted
in a significant inhibition of tumor
growth and tumor-associated blood
vessels (Jendreyko et al. 2003;
Jendreyko et al. 2005)

Adenovirus Anti-Tie-2 scFv
pAd-2S03 (Angiogenesis)

scFv inhibited human Kaposi’s
sarcoma (SLK) and human colon
carcinoma (SW1222) xenograft
growth in mice and also decreased
vessel density markedly in both
tumor models (Popkov et al. 2005)

AAV Anti-Amyloid β scFv
(Neurophathology)

AAV injection into corticohip-
pocampal regions of Alzheimer
disease (AD) mice gave less amy-
loid deposits than the mice sub-
jected to PBS injection and showed
no eliciting inflammation (Fukuchi
et al. 2006)

AAV Anti-Amyloid β scFv
Aβ1-16, 40, 42
(Neuropathology)

Intracranial scFv expression in
neonatal amyloid precursor pro-
tein mice decreased Aβ deposition
by 25–50% and attenuated plaque
deposition (Levites et al. 2006)

AAV Anti-death receptor 5
(DR5) scFv rAAV-S3C
(Cancer)

A single i.m. injection of rAAV-
S3C in nude mice resulted in a
stable secretion of S3C scFv in
sera for at least 24 days. scFv sup-
pressed the growth and induced
tumor cell apoptosis in established
s.c. human lung LTEP-sml and liver
Hep3B tumor xenografts (Shi et al.
2006)
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therapy that is nevertheless making steady advances into the clinic. Viral vec-
tors including retrovirus, lentivirus, adenovirus, and adeno-associated virus (AAV)
are currently used to obtain high transduction efficiency and long-term expression
of intrabodies (Table 2). While retroviruses produce high transduction level for
dividing cells, lentivirus-derived vectors (HIV-1, SIV, EIAV, FIV) can transduce
both dividing and nondividing cells including resting T cells, DCs, macrophages,
and noncycling hematopoietic stem cells. Lentivirus vectors have been used to
express intrabodies against target protein in in vitro studies and result in dra-
matic reduction of expression and functional activity of target proteins (Table 2).
Adenovirus and AAV vectors are also widely used due to their high transduction
efficiency, ability to infect a wide variety of cell types, and lack of insertional muta-
genesis (Jooss and Chirmule 2003); however, preexisting neutralizing antibodies
can significantly reduce the transfer efficiency with these viral vectors. In addi-
tion, adenoviral vector induces strong inflammatory responses in vivo. For efficient
gene delivery, vectors from different adenovirus serotypes can be used in alter-
nate (Noureddini and Curiel 2005; Bangari and Mittal 2006). Currently, replica-
tion incompetent E1, E3-deleted adenoviral vector is the only vector so far used for
intrabody gene delivery in a Phase I clinical trial (Alvarez et al. 2000). Compare
to adenoviral vectors, although with limited transgene packaging capacity, AAV
vectors possess advantages in that they are less immunogenic with a substantially
longer lasting gene expression due to their ability to stay extrachoromosomal pre-
dominantly as circular concatemers, or in low frequency, to integrate into the host
genome (Jooss and Chirmule 2003; Tenenbaum et al. 2003). Originally from rhesus
macaques, the new adeno-associated vector rAAV serotype 8 has a very high trans-
duction efficiency by intravenous infusion and avoids the intrinsic immunogenicity
against AAV serotypes 1–6 in humans (Gao et al. 2002).

Efficient intravenous targeting to specific cell types is one of the desired gene
transfer features for clinical applications. A recent report demonstrated that a Sind-
bis envelope protein pseudotyped lentiviral vector displaying anti-CCR5 scFv lead
to specific targeting to CCR5-expressing cells and primary lymphocytes in vitro
(Aires da Silva et al. 2005). P-glycoproteins on metastatic melanoma cells in lung
tissue were also successfully targeted by modified lentivirus pseudotyped with a
chimeric Sindbis envelope (termed m168) and surface displayed anti-P-glycoprotein
antibody through intravenous injection. Unlike other pseudotyped envelope pro-
teins, m168 did not have nonspecific infectivity in the liver and spleen (Mori-
zono et al. 2005). Additionally, by incorporation of an antibody conferring target
specificity and a modified influenza hemagglutinin mutant mediating pH-dependent
membrane fusion, the lentiviral vector was successfully used to target CD20 in
human B cells in vitro and in animals (Yang et al. 2006). Further understanding
of envelope tropism and vector trafficking will be important for successful applica-
tions of in vivo targeted gene delivery, which, in turn, will accelerate the site-specific
expression of therapeutic molecules including intrabodies.

Despite the high transduction efficiency of viral transfer system, viral vectors
causes the potential problems including immunogenicity, possibility of insertional
mutagenesis, difficulty in large-scale production, and size limitation of exogenous
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DNA. Thus nonviral gene delivery systems, although have not been used directly for
intrabody delivery, remain as options for the clinical application of intrabody. For
example, by linking nucleic acid-binding human protamine to the C-terminus of
an anti-erbB2 scFv antibody (Li et al. 2001), exogenous DNA could be selectively
delivered into erbB-2 positive cells. Alternatively, an immunoliposome could hold
within its lipid bilayer nucleic acids or proteins and has been coupled with anti-
bodies to facilitate targeting and endocytosis to specific cells (Nielsen et al. 2002).
Thus immunoliposomes could potentially be utilized for delivery of an intrabody as
a gene or a protein. Finally, it is conceivable that an intrabody could also be intro-
duced into cells through protein transduction when fused with short cationic peptide
sequences called protein transduction domains (PTD) (Niesner et al. 2002; Lobato
and Rabbitts 2003; Joliot and Prochiantz 2004; Heng et al. 2005). This technique
eliminates the safety or ethical concerns associated with viral transfer but intrabod-
ies, when delivered as proteins, could be limited in their intracellular level as well
as half-life and thus require repeated dosing for an effective treatment.

5 Comparison of Intrabodies and RNAi-Mediated
Gene Inactivation

At present, there are two popular technologies for the down-regulation of gene
expression – RNA interference (RNAi) and intrabodies. These techniques have
shown promising results for biomedical research (Ryther et al. 2005). Researchers
choose between these two techniques based on their specific merits and limita-
tions in the context of the desired applications. RNAi is an evolutionarily conserved
process of posttranscriptional, sequence-specific gene silencing that uses double-
stranded RNA (dsRNA) as an intermediate in the degradation of its homologous
mRNA. The silencing effect of dsRNA was first discovered in Caenorhabditis ele-
gans and RNAi is now routinely used as a reverse genetics tool in plants (Fire et al.
1998). Gene silencing with RNAi involves two steps. First, long dsRNA are rec-
ognized by the ribonuclease III-like enzyme Dicer, which cleaves the dsRNA into
small 21–23 bp RNAs. Then these RNAs are associated with helicase and nuclease
to form a complex – RNA-induced silencing complex (RISC), which unwinds RNAi
and performs sequence-specific degradation of mRNA (Kitabwalla and Ruprecht
2002). It has been reported that RNAi achieves knockdown of gene expression to
10–40% of its normal levels (Coumoul and Deng 2006).

In general, the RNAi strategy follows a simple design with well-defined algo-
rithms and is less technically challenging than intrabody techniques; however, it
has nonspecific effects. This nonspecificity takes the form of dsRNA-triggered
responses mediated by interferon-associated pathways (Gil and Esteban 2000; Sledz
et al. 2003; Sledz and Williams 2004), which do not exist in invertebrates and plants.
A gene expression profiling study indicated that >1,000 genes involved in diverse
cellular functions are nonspecifically stimulated or repressed in mammalian tissue-
culture cells treated with conventional 21-bp RNAi (Sledz et al. 2003; Persengiev
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et al. 2004). Another limitation of the RNAi technique is the relatively short half-life
of the desired knockdown effects unless stimulatory RNAs are expressed via trans-
fected recombinant DNA (which delays observation of the knockdown effect). In
contrast, it is useful to use intrabodies for a nearly instantaneous and durable effect.
Intrabodies can block particular binding interactions of target molecules, by chang-
ing their structural conformation or by exerting positive functions including cat-
alytic functions, stabilization of protein–protein or protein–DNA interactions, etc.
The prominent usages of intrabodies include redirecting target antigen to a particu-
lar subcellular location through an appropriate trafficking signal peptide fused with
the intrabody (Table 1) and the unique ability to specifically disrupt a specific func-
tion of a multifunction protein (Bai et al. 2003). Other molecular mechanisms of
intrabodies have been discussed in Sect. 2. Despite the diversity of outcomes elicited
through intrabody use, the phage library construction and screening process required
to implement intrabody techniques is time consuming and labor intensive. Success
in isolation of stable and functional antibody is relatively unpredictable (Sect. 3).

6 Disease Specific Applications of Intrabodies

6.1 Intrabodies in HIV

Intrabodies have important therapeutic potential in microbial pathologies and have
been broadly used to interrupt the HIV-1 viral life cycle. ER-directed intrabody
F105 targeted to CD4 binding region of HIV envelope protein blocked process-
ing of the envelope precursor gp160 and virus-mediated syncytium formation, lead-
ing to low infectivity of progeny HIV particles (Marasco et al. 1993). Later, it was
shown that both ER- and TGN-retained anti-HIV-1-gp41 scFv intrabodies inhibited
HIV replication and syncytial formation, while only the ER-retained form blocked
maturation processing of gp160 into gp120 and gp41 (Zhou et al. 1998). When
transduced via a MuLV-based vector, an anti-tat scFv intrabody was more effective
than an anti-gp120 scFv in stably inhibiting HIV replication in CD4+ T cells iso-
lated from patients with HIV-1 infection at different disease stage (Poznansky et al.
1998).

Preintegration blockage of virus replication has been demonstrated by intrabodies
against the HIV-1 matrix protein (MA, p17) and reverse transcriptase (RT). A Fab
intrabody, directed against a carboxy-terminal epitope of MA, p17 from the Clade
B HIV-1 genotype, was shown to inhibit HIV-1 infection when it expressed in the
cytoplasm of actively dividing CD4+ T cells (Levin et al. 1997). Anti-HIV-1 RT
Fab intrabodies expressed in the cytoplasm were shown to block early stage HIV-1
replication in human T-lymphoid cells SupT1. By targeting to a common structural
fold of different DNA polymerases, intrabody neutralized RT activity from avian
and murine retroviruses, prokaryotic polymerases, and human DNA polymerase α
(Gargano et al. 1996).



360 A.S.-Y. Lo et al.

Postintegration blockage of HIV-1 replication can be achieved by inhibiting
critical HIV-1 regulatory protein functions such as Tat-mediated viral transcriptional
transactivation or Rev-mediated nuclear export of singly spliced or genomic viral
RNA. A cytosolic scFvCk directed against the N-terminal-activation domain of Tat
efficiently inhibited Tat-mediated transactivation of the HIV-1 LTR and resistance to
HIV-1 infection in lymphocytes (Mhashilkar et al. 1995). Mhashilkar et al. (1997)
demonstrated cooperative down-regulation of HIV LTR-driven gene expression and
more durable inhibition of HIV-1 replication in cells with stably expressed anti-
tat scFv intrabody when treated with a combination of NF-κB inhibitors pentoxi-
fylline and Gö-6976. Tat binds cooperatively with hCyclin T1, a regulatory partner
of cyclin-dependent kinase 9 (cdk9) in the positive transcription elongation fac-
tor (P-TEFb) complex, to the transcription response element and is required for
HIV transcription elongation. Expression of hCyclin T1-specific scFv intrabodies
in SupT1 cells was shown to disrupt the interaction between Tat and hCyclinT1
leading to inhibition of Tat-mediated transactivation and HIV replication. Impor-
tantly, the presence of P-TEFb complex indicated that anti-hCyclinT1 intrabody did
not disrupt the heterodimerization between hCyclinT1 and Cdk9 (Bai et al. 2003),
a prime example to demonstrate intrabody’s ability to selectively disrupt a specific
function of a multifunction protein while leaving other functions intact. The Rev
protein shuttles between the nucleus and cytoplasm of infected cells and is required
for the nuclear export of a subset of HIV-mRNAs that encode the structural pro-
teins. A cytosolic directed anti-Rev scFv has been demonstrated to inhibit HIV-1
replication in HeLa-T4 cells (Duan et al. 1994). Wu et al. (1996) showed that a
lower binding affinity anti-Rev D8 antibody mapped to activation domain in the
C-terminus of Rev had a more potent inhibition of HIV-1 replication in HeLa-T4
cells, human T-cell lines, and PBMC than the higher affinity anti-Rev D10 bound
downstream from activation domain in the nonactivation region of the C terminus,
demonstrating importance and specificity of an antibody binding site.

Integrase (IN) mediates integration of viral dsDNA into the host genome during
early stage of retroviral life cycle. Cytoplasmic or nuclear localized anti-HIV IN
scFvs expressed in human T lymphocytes were shown to be resistant to HIV-1 infec-
tion by neutralizing IN activity prior to integration (Levy-Mintz et al. 1996). Specific
VH single-domain intrabody from immunized rabbit against HIV-1 Vif protein was
used to neutralize Vif-mediated enhanced infectivity by reducing late reverse tran-
scripts and proviral integration in nonpermissive cells specifically (Goncalves et al.
2002).

HIV infection requires a coreceptor for entry into permissive cells. CCR5 and
CXCR4 are two major coreceptors used by macrophage-tropic and T-cell-tropic
HIV strains, respectively. Lentivirus expression of an anti-CXCR4 scFv inhibited
infectious entry in primary isolated human brain microvascular endothelial cells
(MVECs) and postmitotic differentiated human neurons (Mukhtar et al. 2005). An
ER-retained CCR5-specific scFv was shown having a superior effect to RANTES in
blocking CCR5 surface expression and cell-to-cell infection in CCR5+ T cell line
PM1. Besides, the intrabody ST6 recognizes the conserved region of the first extra-
cellular domain of CCR5 in human and nonhuman primate, thus it could be used
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to prevent infection by CCR5-dependent viral infection (Steinberger et al. 2000).
In another study, the combinational therapy using anti-CCR5 scFv and hammer-
head CCR5 specific ribozyme had an additive effect on both abrogation of the CCR5
cell surface expression and inhibition of higher dose HIV infection (Cordelier et al.
2004). Finally, it is proposed that using a combination of different targeting intra-
bodies that have a role in different phases of HIV life cycle may achieve additional
effects of inhibition. It has been demonstrated that using scFv intrabodies against
CXCR4, RT, and IN in combination had a synergistic reduction on HIV-1 infection
as compared to the results of using individual scFv (Strayer et al. 2002).

6.2 Intrabodies in Cancer

Intrabodies have been widely used in cancer gene therapy to alter the neoplastic
phenotype of cancer cells. This includes knockdown of growth-factor receptors,
angiogenesis-related receptors, oncogenic proteins (cell cycle and apoptosis-related),
transcription factors, and cancer resistance related proteins.

6.2.1 Growth Factor Receptors and Angiogenesis-Related Receptors

ErbB2 is a member of the type I/epidermal growth factor receptor (EGFR)-related
family of receptor tyrosin kinases that include erbB/EGFR, erbB2, erbB3, and
erbB4. ErbB2 becomes rapidly phosphorylated and activated following ligand treat-
ment of many cell lines. It is amplified in multiple tumors such as breast and ovar-
ian carcinoma, in which it correlated with a poor prognosis. Expressing ER-retained
anti-erbB2 scFv in T47D mammary carcinoma cells resulted in selective reduction
of erbB2 cell surface expression and functional inactivation of the receptor by reduc-
tion in the phosphorylation of Shc. It also inhibited activation of mitogen-activated
protein kinase (MAPK) and p70/p85S6K, and impaired induction of c-fos expres-
sion in response to natural ligands epidermal growth factor (EGF) and Neu differen-
tiation factor (NDF) (Graus-Porta et al. 1995). No tumor growth was detected and
complete tumor eradication was found in mice receiving ER directed anti-erbB-2
scFv 80 days after subcutaneous transplant of human ovarian carcinoma cell line
SKOV3 (Deshane et al. 1995a). Treatment with intraperitoneal administration of
adenovirus encoding anti-erbB-2 scFv in tumor transplanted mice had shown tumor
regression and a prolonged survival as compared with control groups (Deshane et al.
1995b). Phase I clinical trial using this anti-erbB-2 encoding adenovirus (Ad21) for
intraperitoneal treatment of ovarian cancer patients demonstrated that 5 out of 13
patients (38%) had stable disease and 8 out of 13 patients (61%) had progressive
status of disease. It also showed after the treatment, one patient with nonmeasurable
disease remained without clinical evidence of disease for 6 months. Patients gen-
erally experienced virus vector related fever without Ad21-specific dose-limiting
toxicity (Alvarez and Curiel 1997; Alvarez et al. 2000). Epidermal growth factor



362 A.S.-Y. Lo et al.

receptor (EGFR) is a member of type I receptor-tyrosine kinase (RTK) family and it
is overexpressed in glioblastomas and many epithelial original cancers. ER-targeted
scFv against EGFR had been shown to reduce tyrosine phosphorylation of EGFR
and cell growth in EGFR transformed NIH3T3 cells (Jannot et al. 1996). Intrabod-
ies were also designed to target a member of the Met RTK family such as Ron
(Secco et al. 2004), angiogenesis-related receptors including VEGF-R2 and Tie-2,
and another cancer-related folate receptor (Figini et al. 2003).

IL-2Rα (Tac, CD25) plays a key role in T cell-mediated immune response and is
constitutively overexpressed in some T- and B-cell leukemias, most notably in adult
T-cell leukemia (ATL), which is caused by HTLV-1. An ER-targeted anti-Tac scFv
abrogated the cell surface expression completely in PMA-stimulated Jurkat cells
(Richardson et al. 1995). IL-2Rα expression was reduced to undetectable levels
without affecting cell viability or growth rate (Richardson et al. 1997).

6.2.2 Cell Cycle and Apoptosis-Related Oncogenic Proteins

p21ras is a guanine nucleotide-binding protein, which is involved in the control of
cell growth and differentiation. Cytosolic expression of Y259 scFv by removing
immunoglobulin leader sequence was shown to perturb p21ras function. Microin-
jection of mRNA encoding an anti-p21ras scFv intrabody into Xenopus oocytes was
shown to inhibit insulin-induced meiotic maturation of the cell, a process known
to be p21ras-dependent (Biocca et al. 1993; Biocca et al. 1994). In other studies,
activation of p42 MAPK by ras in Xenopus oocytes was also strongly inhibited by
scFv antibody (Montano and Jimenez 1995). As two scFv Y259 and Y238 mapped
to different epitopes of ras, Y259 scFv was shown to block ras-mediated functions
and to elicit an effective tumor regression of HCT116 colon carcinoma cells in nude
mice (Cochet et al. 1998b), whereas Y238 scFv was demonstrated to bind to ras in
oocytes without adverse effect on ras-dependent activation pathway (Cochet et al.
1998a).

6.2.3 Signal Transduction

Etk, the endothelial and epithelial tyrosine kinase, is a member of the Tec family of
nonreceptor tyrosine kinases, others include Btk, Itk, and Tec. It is involved in sev-
eral cellular processes including proliferation, differentiation, and motility. Anti-Etk
single domain intrabodies was shown to bind specifically to the Etk kinase domain,
inhibit its kinase activity, and partially block v-Src-induced cellular transformation
in transformed NIH3T3 cells (Paz et al. 2005). The serine-threonine kinase Akt
contributes to tumor cell proliferation and survival, and dysregulated function of
the PI3K/Akt pathways is commonly found in several human cancers. Intracellu-
lar expression of cell-permeable anti-Akt scFv antibodies inhibited p-Ser473 Akt
and GSK-3α/β phosphorylation, blocked activities of exogenously expressed Akt2
and Akt3, induced apoptosis in three cancer cell lines, and reduced tumor volume
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and neovascularization in polyomavirus middle T antigen (PyVmT)-expressing
transgenic tumors implanted in mouse dorsal chambers (Shin et al. 2005).

6.2.4 Drug Resistance Proteins

Cancer patients treated with chemotherapy leading to upregulation of cancer mul-
tiple drug resistance (MDR) gene. A MDR gene product, P-glycoprotein (P-gp)
is an energy dependent drug efflux pump for multiple anticancer agents in human
cancers. Anti-MDR1 monoclonal antibody C219 was shown to bind near the ATP
binding domain of the cytoplasmic portion of P-gp and inhibit the ATPase activ-
ity of P-gp by inhibiting ATP binding. Intracellular expression of anti-MDR1 scFv
inhibited the function of P-gp. As a result, the transfected cells exhibited increased
Rhodamine123 (Rh123) retention and Adriamycin (ADM) uptake as well as higher
sensitivity to ADM (Heike et al. 2001).

6.2.5 Integrins

Integrin heterodimers constituted by αV integrin with one of five different integrin
β subunits (β1,β3,β5,β6 and β8) are adhesion receptors for various extracellular
matrix proteins including fibronectin, vitronectin, and osteopontin. They are essen-
tial for cell anchoring, differentiation, survival, and metastasis. Constructed with
KDEL peptide, anti-αV integrin scFv caused a great impairment in cell adhesion
to α4β1 ligands and cell spreading on immobilized one of α4β1 ligands – FN40
protein in RD rhabdomyosarcoma cells and Jurkat cells (Yuan et al. 1996). Trans-
fection of anti-αV integrins in osteosarcoma cells resulted in 70–100% reduction
in cell surface expression of αVβ3 and αVβ5 leading to reduced cell spreading on
fibronectin and vitronectin, induced expression of osteoblast differentiation markers
alkaline phosphatase and osteopontin, and suppressed synthesis of gelatinase matrix
metalloproteinase-2 (MMP-2) (Koistinen et al. 1999). Finally, expression of anti-αV
integrin scFv by adenovirus in melanoma cell lines depleted αV integrins, detached
cells from extracellular matrix, and induced apoptosis. Subcutaneous implantation
of one of melanoma cell lines transduced with anti-αV adenovirus prevented tumor
formation in SCID mice (Koistinen et al. 2004).

6.3 Intrabodies in Transplantation

Major histocompatibility complex (MHC)-restricted antigen presentation is respon-
sible for the rejection of allogeneic cell and tissue transplants. Transplantation of
allogeneic MHC class I expressing keratinocytes induces CTL-mediated lysis in
response to alloantigen. ER-directed antihuman MHC I scFv intrabody effectively
blocked MHC I cell surface expression on monkey and human cell lines with
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different HLA-A, B, C haplotypes (Mhashilkar et al. 2002; Busch et al. 2004).
Upon transduction by antihuman MHC I scFv encoding adenovirus, susceptibility
of primary human keratinocytes to allorecognition by cytotoxic T cells were reduced
(Mhashilkar et al. 2002; Busch et al. 2004). Phenotypic knockout of MHC I by intra-
body in human umbilical vein endothelial cells (HUVECs) also increased protec-
tion of those intrabody-expressing HUVEC from CTL-mediated lysis (Beyer et al.
2004). Furthermore, in xenotransplantation, the carbohydrate structure Galα1,3Gal
expressed on pig cells is the major antigen recognized by human xenoreactive nat-
ural antibodies (XNA). This activates complement and coagulation cascades and
leads to hyperacute rejection of vascularized pig organs in primates. Intracellular
expression of anti-α1,3-galactosyltransferase scFv reduced the intracellular accu-
mulation of Galα1,3Gal and its surface expression, thus increased resistance to
complement-dependent cytotoxicity mediated by anti-Gal xenoantibodies (Vanhove
et al. 1998; Sepp et al. 1999).

6.4 Intrabodies in Neurodegenerative Disease

Abnormal protein aggregation and inclusions in the nuclei of affected neurons is
a hallmark of several central nervous system disorders. Huntington’s disease is
associated with an expanded CAG repeat located within exon 1 of the IT-15 gene
encoding htt. The CAG repeat is translated into a polyglutamine (polyQ) sequence,
and abnormal SDS-resistant aggregates with a fibrillar morphology appears when
polyQ exceeds more than 37 glutamines (Busch et al. 2003). Intrabodies has been
applied to target the proteins related to Huntington’s (anti-htt scFv) (Lecerf et al.
2001; Wolfgang et al. 2005) and Parkinson’s disease (anti-α-Synuclein scFv) (Zhou
et al. 2004) to prevent the misfolding of glutamine-expanded protein and forma-
tion of high molecular-weight oligomers, protofibrils and aggregates respectively
(Miller and Messer 2005). Lecerf et al. (2001) reported that using nuclear localiz-
ing scFv specific to the N-terminal 17 residues adjacent to the polyglutamine of htt
successfully reduced length-dependent htt aggregation in cellular and organotypic
slice culture models of Huntington’s disease. In addition, different domain targeting
intrabodies were used to dissect the functional domains of htt. Mouse intrabod-
ies recognized the polyproline region, flanking the polyglutamine on the carboxyl-
terminal side, prevented aggregation and apoptosis while intrabodies targeted to
expanded polyglutamine stimulated htt aggregation, and induced cell death (Khosh-
nan et al. 2002). Recently, a single variable light chain (VL)12.3, derived from an
scFv against the N-terminal 20 amino acids of htt, was isolated with improved affin-
ity and functional activity by yeast surface-display library (Colby et al. 2004a; Colby
et al. 2004b). Another usage of intrabody is targeting to substrate production rather
than association with enzyme. ER-targeted intrabody was used to target amyloid
β-peptide (Aβ), which is produced as a result of endoproteolysis of the β-amyloid
precursor protein by β- and γ-secretases in the brain of Alzheimer’s disease patient.
(Paganetti et al. 2005). In addition, antiprion intrabodies targeted at ER were shown
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to prevent abnormal scrapie isoform PrPSc accumulation and antagonize scrapie
infectivity in mice brain (Cardinale et al. 2005; Vetrugno et al. 2005).

6.5 Intrabodies Targeting Other Viruses

ER-directed anti-hepatitis C virus (HCV) C7-50 scFv bound to the HCV core pro-
tein specifically in vitro (Heintges et al. 1999) and this intrabody could be used to
study its effect on HCV-replication and virus assembly in hepatocytes. Maedi-visna
virus (MMV) is a retrovirus that causes pneumonitis, encephalomyelitis, and arthri-
tis in sheep. Two cytosolic scFv against the transmembrane envelope glycoprotein
gp46 of the MMV had been isolated and recognized gp46 peptide in ELISA. These
intrabodies have the potential to be used for prevention of the maturation process
of the gp150 precursor envelope glycoprotein into gp135 and gp46 in infected cells
leading to virus particles with less infectivity (Blazek et al. 2004). Hepatitis B virus
X protein (HBx) triggers oncogenesis by transactivating various genes such as c-fos
and c-myc, activating Ras-raf-MAP kinase signaling pathway and promoting cell
cycle progression in quiescent mouse fibroblasts. Expression of a scFv targeting to
HBx was shown to inhibit HBx-stimulated transactivation in vitro and suppression
of tumorigenicity in soft agar and nude mice (Jin et al. 2006).

7 Conclusion and Future Directions

Intrabody technology has been used as a promising tool to achieve a variety of
purposes in gene therapy for HIV, cancer, neurodegenerative disease, and transplan-
tation. As gene delivery systems become mature and more sophisticated, intrabody
techniques will be used more effectively to achieve phenotypic knockout, neutral-
ization of pathogens, or positive functions. Since intrabody methods operate at the
protein level, avenues of research and therapy are possible that would not other-
wise have been available through RNA interference (RNAi). Intrabodies also could
avoid the RNAi-mediated nonspecific immunologic response that elicits IFN-α sig-
naling pathways. Intrabodies can be expressed inside the cell at defined cellular
compartments or to interact with specific structural or functional motifs of a target
protein. Moreover, an intrabody method may be the only option in situations where
the target molecule has not been cloned or is nonprotein in nature (sugars, DNA, or
soluble metabolites). A thorough examination of intrabody stability characteristics
or the building of stable phage-display libraries will be of key interest in the field
of intrabody engineering. The quality of produced antibody will be dependent on
its expression, solubility, and stability. Finally, the single domain intrabody, IDab,
which has the most versatile antigen-binding domain, good membrane penetration,
and reasonable stability, is becoming an important format for future use.
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For future clinical applications, intrabodies could be used therapeutically for ex
vivo treatment to suppress MHC molecules in tissue transplants or to down regu-
late the immunogenicity of adult stem cells for allogenic transplantation. Intrabod-
ies could also be used to alleviate the alloimmune response via CD8+ T cells and
infiltrating recipient APC’s after transplantation and to purge marrow populations
of cancer cells before reinfusion into the patients (Heng et al. 2005). Furthermore,
intrabody-mediated gene inactivation will be continuously useful in the investiga-
tion of signal transduction of the essential pathologic pathways in diseases or of
lineage commitment in cell differentiations. At the time of this writing, high levels
of intrabody expression have not been reported to have caused cell death or deterio-
rated metabolic state. Human or humanized antibodies could be used to circumvent
the immune recognition problems. The development of an efficient gene delivery
system in conjunction with direct intravenous targeting using viral particles will
accelerate the prominent outcomes of intrabody technology.
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