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Fully human antibodies from transgenic mouse and
phage display platforms
Nils Lonberg
Over the past two decades, technologies have emerged for

generating monoclonal antibodies (MAbs) derived from human

immunoglobulin gene sequences. These fully human MAbs

provide an alternative to re-engineered, or de-immunized,

rodent MAbs as a source of low immunogenicity therapeutic

antibodies. There are now two marketed fully human

therapeutic MAbs, adalimumab and panitumumab, and several

dozen more in various stages of human clinical testing. Most of

the drugs, including adalimumab and panitumumab, were

generated using either phage display or transgenic mouse

platforms. The reported clinical experience with fully human

MAbs demonstrates that these two platforms are, and should

continue to be, a significant source of active and well tolerated

experimental therapeutics. While this body of reported clinical

data does not yet provide a clear distinction between the

platforms, the available descriptions of the drug discovery

processes used to identify the clinical candidates highlight one

difference. It appears that lead optimization is more commonly

applied to phage display derived leads than transgenic mouse

derived leads.
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Introduction
Köhler and Milstein’s invention of the hybridoma method

for generating antigen specific mouse monoclonal anti-

bodies (MAbs) opened the door for the development of

antibody-based drugs. However, because rodent MAbs

comprise foreign protein sequences, most of the early

drugs that entered clinical development elicited immune

responses from human patients [1]. Advances in molecu-

lar biology, involving the manipulation of gene sequences

in vitro, and the expression of these manipulated

sequences in bacterial, fungal, and mammalian cell cul-

ture systems, provided methods for re-engineering rodent
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antibodies to partially replace the rodent antibody

sequences with functionally equivalent human amino

acid sequences, thus reducing the overall immunogeni-

city without destroying the recognition properties of the

original antibody. These methods for re-engineered

rodent MAbs proved to be very successful. For example,

an engineered chimeric Fab fragment comprising mouse

variable and human constant region sequences was

immunogenic in only 1% of human patients compared

with 17% for the original mouse Fab [2]. In 1994, this Fab

fragment, abciximab, became the first, of over a dozen,

marketed engineered antibody products [3]. Shortly after

the introduction of re-engineered MAbs, new technol-

ogies were developed that allowed for the discovery of

novel MAbs derived directly from human immunoglobu-

lin gene sequences. These new technologies can be

binned into two distinct categories: in vitro assembled

recombinant human antibody libraries and transgenic

mice comprising human germline configuration immuno-

globulin gene sequences. The first of these categories

(reviewed by Hoogenboom [4]) includes libraries of

recombinant antibodies cloned into bacteriophage

(phage) or yeast such that the antibody variable regions

are displayed on the surface, providing a ‘phenotype’ that

can be used to select for, and identify, the ‘genotype’ of

the recombinant antibody clone. The impact of the host is

highlighted by a comparison of the selected repertoire

obtained from a single library using either phage or yeast

display [5�]. Antibody variable region sequences selected

from the phage library represented only a subset of the

clones obtained from the yeast library, and those variable

region sequences not represented in the phage library

were found to be poorly expressed in E. coli. Proteins such

as antibodies, or antibody fragments, that are derived

from eukaryotic organisms are often difficult to express

within a prokaryotic cell, and this could be an important

limitation for phage display. In addition to phage and

yeast display, methods have been developed for directly

selecting antibody sequences in vitro through the

isolation of ternary complexes of mRNA, ribosome,

and nascent peptide [4]. While all of these display tech-

nologies show great promise, yeast display and ribosome

display are more recent, and have not had time to have an

appreciable impact on existing clinical stage drug pipe-

lines. This review will therefore focus on drugs derived

from the more mature phage display methodologies. The

second category of technologies for direct discovery of

human sequence antibodies, transgenic mice (reviewed

by Lonberg [6]), has emerged more recently than phage

display, nevertheless, it has made a considerable impact

on clinical stage pipelines, providing over 50 different
www.sciencedirect.com
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drugs now in human clinical trials (supplemental

material).

Phage display platforms
In 1985, Smith [7] discovered that foreign DNA

sequences could be cloned into filamentous bacterio-

phage such that the cloned sequences are expressed on

the surface of the phage particles as fusion proteins.

These phage particles could then be enriched for specific

sequences on the basis of the binding properties of the

displayed fusion proteins. This discovery was combined

with PCR amplification methods developed in the late

1980s for cloning expressed immunoglobulin variable

region cDNA repertoires to create diverse libraries of

phage displayed antibody variable regions that could

be used to rapidly access target-specific MAbs without

generating a library of hybridoma clones [8]. The reper-

toire expressed by these phage display libraries reflects

the natural B cell repertoire of the individual animal from

which the cDNA was derived [9]. Thus, depending on

whether or not the donor animal or human subject was

previously exposed to the target antigen, these libraries

can be used to harvest the primary or secondary humoral

immune response. Synthetic and semisynthetic phage

display libraries, where at least some of the CDR diversity

is generated through the introduction of random synthetic

sequences, are also used [10�,11]. For non-immune and

synthetic libraries, which serve as an in vitro analog of the

primary immune response, additional methods have been

developed for mimicking the process of affinity matu-

ration that characterizes the natural secondary immune

response (Figure 1 [4,12�]).

Transgenic mouse platforms
In 1994, two papers reported the generation of geneti-

cally engineered mice that expressed fully human anti-

body repertoires that could be accessed by conventional

hybridoma technology (Figure 1 [13,14]). These engin-

eered animals comprised targeted disruptions of the

endogenous mouse heavy and k light chain genes

together with introduced transgenes comprising unrear-

ranged human heavy chain and k light chain gene

segments. The unrearranged gene segments included

in these original transgenes represent only a small frac-

tion of the complete human heavy and k light chain

repertoire. Nevertheless, IgMk [14] and IgGk [13] MAbs

specifically recognizing the immunogens were isolated.

The observation that a limited germline repertoire can be

used by the mouse immune system to construct high

specificity and high affinity antibodies to a variety of

antigens probably reflects 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) [15]. Despite the fact that human immu-

noglobulin transgenic mice express B cell receptors that

are essentially hybrids of mouse and human components
www.sciencedirect.com
(e.g. human immunoglobulin, mouse Iga, Igb, and other

signaling molecules), their B cells develop and mature

into what appear to be all of the normal B cell subtypes.

Following these initial reports of transgenic mice

comprising relatively limited germline repertoires, a

variety of additional mouse strains, created using larger

human immunoglobulin transgenes, have appeared in

the literature [6].

Fully human MAbs in the clinic
Laboratory experience with phage display and transgenic

mouse platforms, and with the antibodies derived from

them, can only support a priori arguments for their

usefulness as a source of well tolerated and effective

human therapeutics. Now that actual clinical data on

phage display and transgenic mouse derived MAbs are

beginning to appear in the literature, it is possible to

begin an a posteriori analysis. Some of these data are

outlined below, with an emphasis on immunogenicity,

pharmacokinetics (PK), and overall tolerability.

Clinical experience with fully human
antibodies targeting TNFa
In 2002, adalimumab, a phage display derived antibody

that neutralizes tumor necrosis factor-a (TNFa), which

is associated with a variety of inflammatory diseases

became the first marketed fully human MAb product

[16]. It is now approved for multiple indications, in-

cluding rheumatoid arthritis, Crohn’s disease, and plaque

psoriasis. There are two other marketed MAbs that target

TNFa: infliximab, a mouse human chimeric antibody,

and certolizumab pegol, a CDR grafted Fab fragment

that is covalently linked to polyethylene glycol to

enhance the plasma half-life [17]. Another fully human

MAb targeting TNFa, the transgenic mouse derived

golimumab, is currently being tested in a variety of phase

3 trials in rheumatoid arthritis and other indications [18].

All four MAbs elicit anti-drug antibody responses, which

might be exaggerated by an underlying predisposition

within the treated autoimmune disease patient popu-

lation (the incidence is reduced in patients receiving

methotrexate). Reported frequencies of anti-drug anti-

body responses range from 10 to 40% for infliximab,

compared with 14–87% for adalimumab, 9–12% for cer-

tolizumab pegol, and 12–16% for golimumab [17–22].

For infliximab and adalimumab, the anti-drug antibody

response correlates with reduced efficacy, and with

adverse events, such as infusion reactions [19,21], which

could be due to the observed formation of very large drug/

anti-drug antibody complexes [23]. However, adalimu-

mab shows good activity when dosed at 40 mg s.c. every

two weeks [16], and golimumab at 50 mg every four

weeks [18], indicating that antibody responses to these

fully human antibodies do not generally lead to rapid

clearance or neutralization in a majority of patients, and

are consistent with the observed two to three week half-

life for both drugs [17,22].
Current Opinion in Immunology 2008, 20:450–459
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Figure 1

Drug discovery process for phage display and transgenic mouse platforms. Human germline configuration immunoglobulin genes are used to

provide the genetic information that is incorporated into the engineered mouse genome for transgenic mouse platforms (a). The resulting

engineered mice are immunized with target antigens to stimulate an in vivo humoral immune response to generate somatically mutated, affinity

matured, secondary repertoire B cells (b), which can cloned and screened (c) using conventional methods, such as hybridoma fusion, developed

for isolating rodent MAbs. Extensive in vitro characterization of candidate MAbs, involving biochemical, biophysical, and cell biology methods,

together with in vivo testing in animal models, contributes to the selection (d) of a clinical lead that is then tested in human patients. In contrast, for

phage display platforms, the harvested human genetic information is derived not from germline configuration immunoglobulin genes, but from the

rearranged genes found in B cells of the primary and secondary repertoire (e). The rearranged genes can be used directly, or in combination with synthetic

sequences that may provide additional diversity, to construct libraries of bacteriophage particles displaying surface fusion proteins comprising a diversity

of antibody binding domains (f). These libraries can be selected or screened to isolate individual variable region sequences that bind specifically to the

target antigen (g). The cloned variable region sequences are then used to generate whole antibodies, or antibody fragments, that can be further

characterized to select a lead candidate (h). Typically this lead candidate is then optimized in vitro for improved affinity (i) to generate a clinical lead for

testing in human patients.
Clinical experience with fully human
antibodies targeting IL-12/IL-23
The cytokines IL-12 and IL-23 are heterodimeric

proteins that share a common subunit, p40. IL-12 is

associated with TH1 mediated immune responses, while

IL-23 is associated with TH17 responses. The phage

display derived antibody ABT-874 [24,25] and the trans-

genic mouse derived antibody ustekinumab [26�] are

each directed against p40 and neutralize both IL-12

and IL-23. In a phase 2 psoriasis trial, 237 patients

received ustekinumab for up to four weekly 90 mg sub-

cutaneous doses [26�]. During the 52 week monitoring

period, anti-drug antibodies were detected in 12 (4%) of
Current Opinion in Immunology 2008, 20:450–459
the treated patients. Patients given only a single subcu-

taneous dose, at either 45 or 90 mg, showed sustained

disease-modifying responses for over six months follow-

ing treatment. Together with the observed sustained

clinical benefit, the approximately 20–30 day terminal

half-life of ustekinumab appears to indicate that it does

not elicit a strong antibody response. In a pair of placebo

controlled phase 3 trials, involving a total of nearly 2000

psoriasis patients, 67% of patients met the primary ef-

ficacy endpoint in the cohorts dosed every three months

subcutaneously with 45 mg of ustekinumab following a

pair of 45 mg loading doses given month apart [27–29].

59% of patients achieved long-term responses at 40
www.sciencedirect.com
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weeks. The adverse event profile was similar between the

drug and placebo arms. Anti-drug antibodies were

detected in 5% of patients; however, injection site reac-

tions were rare and mild. The phage display antibody

ABT-874 showed some signs of immunogenicity in early

clinical trials, with anti-drug antibodies detectable in 3 of

63 patients, and 2 of those patients showing evidence of

early clearance of the drug from the serum [25]. Like

ustekinumab, ABT-874 also showed very good activity in

a psoriasis phase 2 trial [24]. However, it is difficult to

directly compare the activities or immunogenicities of the

two drugs because ABT-874 was given at higher doses,

and the patients were only followed for 12 weeks com-

pared with the 32 week ustekinumab study. Pharmaco-

kinetic and immunogenicity data were also not reported

for the ABT-874 psoriasis study.

Clinical experience with fully human
antibodies targeting EGFR
The epidermal growth factor receptor (EGFR) is a tyro-

sine kinase signaling receptor that is upregulated on a

variety of epithelial cancers. In 2006, panitumumab,

which inhibits EGFR signaling [30–34,35,36], became

the first marketed MAb derived from a transgenic mouse

platform. There has been no direct comparison of the

safety and efficacy of panitumumab and cetuximab, the

already marketed chimeric anti-EGFR MAb [37]; how-

ever, the transgenic-derived MAb does appear to be less

immunogenic than the chimeric cetuximab. None of the

231 panitumumab treated patients in a phase III study

had detectable levels of anti-drug antibodies [32], com-

pared with over 4% reported for cetuximab [33]. A sep-

arate study reported immunogenicity rates ranging from

0.3 to 4% for panitumumab, with the higher rate coming

from an assay that detected lower affinity antibodies [36].

The discrepancy between these two assays highlights the

difficulty of comparing immunogenicty across studies.

The observed rate of infusion reactions in the panitumu-

mab phase III, which have correlated with immunogenicity

for other MAbs [19], was comparatively low, and could be

the most significant point of differentiation between the

two drugs. Only 5% of the panitumumab-treated patients

experienced adverse events that could be classified as

infusion reactions, and no patients experienced grade a 3

or 4 reaction [34]. By contrast, 7.5% of the cetuximab

patients experienced hypersensitivity reactions with

1.7% having grade 3 or 4 reactions, despite the fact that

most of those patients had been pre-treated with antihis-

tamines to prevent infusion reactions. These reactions are

at least partly attributable to the presence of variable region

glycosylation comprising galactose-a-1,3-galactose [38�],
which is absent in human cells. This carbohydrate struc-

ture derives from the method of manufacture (engineered

mouse myeloma cells), and from the fact that cetuximab

has an exposed variable region glycosylation site that is a

better substrate for galactose addition than the less

exposed constant region glycosylation site at residue 297
www.sciencedirect.com
that is found in all IgG MAbs, and is not a consequence of

the rodent origin of the parent antibody.

Two additional fully human MAbs directed against

EGFR have now entered clinical development. The

transgenic mouse derived zalutumumab is in phase 3

testing and the phage display derived IMC-11F8 is in

phase 2. Clinical data are not yet available for IMC-11F8,

but an early stage trial for zalutumumab has been

reported. In a 28 patient dose escalation, safety trial,

the drug was found to be safely administrable at the

highest dose of 8 mg/kg [39]. Like cetuximab, both

zalutumumab and IMC-11F8 are IgG1 MAbs, and may

elicit greater effector function than the IgG2 panitumu-

mab [40]. Structural studies of each of these two anti-

bodies have been reported [41,42�]. Both inhibit signaling

by locking the receptor into an inactive conformation;

however, zalutumumab may have an additional mode of

action because bivalent binding of two EGFR monomers

appears to separate the chains so that they cannot form a

functional signaling dimer.

Clinical experience with fully human
antibodies targeting CD20
Expression of the CD20 antigen is restricted to B lineage

lymphocytes and neoplasms derived from these cell

types, making it an attractive target for both B cell

lymphomas and B cell mediated autoimmune disease.

The transgenic mouse derived IgG1 ofatumumab

[43,44,45�] and the mouse–human IgG1 chimeric MAb

rituximab [46] – which is currently approved for treat-

ment of non-Hodgkin’s lymphoma (NHL) and rheuma-

toid arthritis – both bind CD20 but recognize distinct

epitopes [45�,47]. The human antibody is reported to be a

more potent mediator of complement-dependent cyto-

toxicity in vitro than rituximab. This difference in

potency is more pronounced at lower antigen density,

and could theoretically translate into greater activity

in low CD20 expressing lymphomas such as chronic

lymphocytic leukemia (CLL). Results of an initial

safety/efficacy trial of ofatumumab in 33 patients with

relapsed or refractory CLL showed tolerability and prom-

ising clinical activity [44]. Patients received up to 6.5 g of

drug over four weekly infusions (approximately double

the typical dosing for rituximab). The response rate for

the 26 patients in the highest dose cohort was 50%. This is

comparable to the best results seen with rituximab in

CLL patients; however, the small sample size and the

differences in dosing make it difficult to compare the two

drugs. No anti-ofatumumab antibodies were detected in

treated patients.

Clinical experience with fully human
antibodies targeting CD4
Zanolimumab is a transgenic mouse derived human IgG1

antibody directed against the T cell antigen CD4. In an

85 patient placebo-controlled, phase 2 trial in psoriasis, no
Current Opinion in Immunology 2008, 20:450–459
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patients developed anti-drug antibodies. In phase 2

trials, in cutaneous T cell lymphoma patients (mycosis

fungoides and Sezary syndrome), only 1 of 47 patients had

measurable anti-drug antibodies [48]. The anti-zanolimu-

mab titer was very low in this patient, and did not appear

to be neutralizing, as demonstrated by continued clinical

activity of the drug. Dose dependent clinical activity of

zanolimumab was observed within the mycosis fungoides

patient cohorts, with three out of four patients treated at

980 mg experiencing an objective clinical response.

Clinical experience with fully human
antibodies targeting CTLA-4
CTLA-4 (CD152) is a negative T cell signaling molecule

that binds to the two ligands CD80 and CD86. This

molecule is a potential target for cancer therapy based

on the CTLA-4 blockade induced upregulation of

immune responses to tumor cells. There are two trans-

genic mouse derived MAbs directed against CTLA-4, the

IgG1 MAb ipilimumab [49], and the IgG2 MAb treme-

limumab [50], in phase 3 clinical testing. Neither of these

fully human antibodies elicits strong anti-drug antibody

responses, which is particularly notable given that both

drugs enhance immune responses, and induce very strong

inflammatory reactions in some patients. A terminal half-

life of 22 days was reported for tremelimumab [51], and

one month post-dosing serum trough levels of 10 mg/ml

ipilimumab were reported after five months of repeated

monthly dosing at 3 mg/kg [52], indicating that neither

drug is cleared by anti-drug antibodies. Clinical data in

cancer patients have been reported for both ipilimumab

[52–54] and tremelimumab [50,51,55]. Objective and

durable antitumor responses were observed for both

drugs. Rosenberg and colleagues analyzed pooled data

from 139 metastatic melanoma patients in three different

phase 2 trials of ipilimumab involving different dosing

regimens, including some patients that received a pep-

tide-based vaccine in addition to the drug [54]. Median

survival for ipilimumab-treated patients was 15.7 months;

in contrast to the historical 6.3 month median survival

derived from an analysis of phase 2 trials in metastatic

melanoma over the past three decades [56].

Clinical experience with fully human
antibodies targeting TRAIL-R1/TRAIL-R2
Tumor necrosis factor related apoptosis inducing ligand

(TRAIL) induces apoptosis by binding to the receptors

TRAIL-R1 and TRAIL-R2. Two phage display derived

antibodies, mapatumumab, which targets TRAIL-R1,

and lexatumumab, which targets TRAIL-R2, are now

in phase 2 clinical trials. Both of these drugs have agonist

activity and demonstrate tumor cell killing in vitro and in

preclinical animal models [57,58]. Results from phase 1

and 2 studies have been reported for mapatumumab

[59,60]. In a phase 1 trial in 49 advanced solid tumor

patients, there were no detectable anti-drug antibodies

elicited, and the in vivo half-life was two to three weeks,
Current Opinion in Immunology 2008, 20:450–459
as expected for a non-immunogenic human IgG1 anti-

body. Hepatic toxicity was seen in 2 out of 11 patients

treated every two weeks at the highest dose of 10 mg/kg;

however, this toxicity was not seen at 10 mg/kg dosed

every three weeks in 32 non-small cell lung cancer

patients in the multi-dose phase 2 study, and it is not

clear if it was drug related. The phase 2 study confirmed

that the drug was not immunogenic, with no anti-drug

antibodies detected in any of the patients. In a phase 1

study in 37 patients with advanced solid tumors, lexatu-

mumab was also found to be well tolerated and non-

immunogenic [61]. The reported in vivo half-life was two

to three weeks. Two of six patients treated at the highest

dose developed grade 4 hepatic toxicity, but no dose-

limiting toxicities were seen at 10 mg/kg. A third TRAIL

receptor targeted fully human MAb, HGS-TR2J, which is

derived from transgenic mice and binds to TRAIL-R2

[62], has entered clinical development; however, no

clinical data have been published.

Clinical experience with fully human
antibodies targeting EpCAM
EpCAM (CD136) is a widely expressed epithelial cell

surface glycoprotein that is upregulated on human ade-

nocarcinomas and squamous cell carcinoma. Several

different MAbs directed against EpCAM have been

tested in human patients, and a mouse MAb, edrecolo-

mab, was previously marketed in Germany [63]. Normal

epithelial cell expression of EpCAM appears to lead to

dose-limiting pancreatitis for high affinity MAbs. To

avoid toxicity, a low affinity (KD �200 nM) MAb, adeca-

tumumab, was selected from a phage display library as a

clinical candidate [64]. It was hypothesized that because

of avidity from intact bivalent antibody binding, the drug

would retain activity against tumor cells having a high

density of cell surface EpCAM but would not be as

destructive toward lower expressing normal tissue. In a

dose escalating phase I study in 20 prostate cancer

patients, it was well tolerated at up to 262 mg/m2, with

no dose-limiting toxicities [65]. None of the patients

developed detectable anti-drug antibodies, consistent

with the calculated 15 day in vivo half-life. Pharmakody-

namic activity was observed (as measured by transient

increases in serm TNFa); however, no PSA declines or

other measures of potential clinical activity were

observed.

Clinical experience with fully human
antibodies targeting RANKL
Receptor activator of nuclear factor-kB ligand (RANKL)

is a TNF family member that stimulates the maturation

and activation of osteoclasts, which mediate bone resorp-

tion. The transgenic mouse derived, human IgG2 anti-

body, denosumab blocks RANKL activity to inhibit bone

resorption. A recent review listed 21 different clinical

trials for the drug, including 10 ongoing phase 3 studies

for treatment of bone loss in postmenopausal women, and
www.sciencedirect.com
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in cancer patients with treatment induced bone loss or

skeletal disease caused by bone metastases [66]. A single

subcutaneous administration, dose escalation, phase 1

study in osteoporotic patients showed dose dependent

and sustained activity (up to six months) in blocking bone

resorption, with no reported serious drug-related adverse

events [67]. Denosumab was found to have a terminal

half-life of 32 days at the highest 3 mg/kg dose. In a

randomized, multi-dose, dose ranging, trial in 255 meta-

static breast cancer patients with bone disease, denosu-

mab was tested directly against approved bisphosphonate

drugs [68]. With very low and infrequent dosing (60 mg

subcutaneous every three months) the human MAb had

biological activity comparable to bisphosphonate. No

anti-denosumab antibodies were detected. Efficacy and

safety was evaluated in a large two year phase 2 study of

412 postmenopausal women with low bone mineral

density [69,70]. Overall adverse event profiles were

similar between the placebo, denosumab, or bisphospho-

nate arms, and no neutralizing antibodies were detected.

In a phase 3 trial [71�] enrolling 332 women with less

severe osteoporosis, patients were randomized to receive

either 60 mg denosumab s.c. or placebo every six months.

The mean increase in bone mineral density at 24 months

was 6.5% for the treatment arm compared with a decrease

of 0.6% in the placebo arm. Two patients in the deno-

sumab arm and three patients in the placebo arm had

measurable levels of anti-drug antibodies; however, none

were neutralizing, and there was no evidence of an effect

on safety or PK. Overall incidence of adverse events was

similar in both arms; however, in the denosumab-treated

cohort there were eight patients who required hospital-

ization for treatment of infections, compared with 1

patient in the placebo arm. Because RANKL is expressed

on activated T and B cells, and dendritic cells, and

because mice homozygous for RANKL gene deletion

are born without lymph nodes, it is theoretically possible

that denosumab could effect immune function; however,

mouse and rat animal models involving continuous block-

ade of RANKL show no evidence of immune suppression

[72]. Additional human studies involving larger numbers

of patients will be required to determine if infection is an

actual concern.

Concluding remarks
At least 66 different therapeutic drugs, derived from

either phage display or transgenic mouse platforms, have

entered human clinical testing. The reported binding

affinities for these MAbs range over five orders of mag-

nitude; however, most are subnanomolar, and nearly half

of the MAbs from each platform have affinities in the 0.1–

1 nanomolar range, with similar representation of each

platform on either side of that range. Thus, the published

literature does not appear to distinguish fully the human

antibody drug discovery technologies based on binding

affinity. Drugs derived from either platform are in general

well tolerated in human patients, with good PK and
www.sciencedirect.com
immunogenicity profiles. It is difficult to draw con-

clusions about the relative merits of these platforms based

on reported immunogenicity because of differences in the

sensitivity of the assays used [36] and because of differ-

ences between individual drugs with regard to target Fc

receptor and complement binding, patient population,

and route, frequency, and magnitude of dosing; all factors

that could affect immunogenicity. A recent review of the

literature concluded that there is a clear immunogenicity

advantage for chimeric antibodies over mouse antibodies,

and a strong suggestion that CDR grafting confers a

further advantage [1]. The reported incidence of anti-

drug antibodies in treated patients ranged from 0 to 34%

for CDR grafted MAbs, with approximately 40% of the

drugs having no detectable immunogenicity. The experi-

ence to date is more limited for fully human antibodies;

however, the existing data fall into a similar range. As

more fully human antibodies become approved, it may be

possible to directly compare the immunogenicty of anti-

bodies derived from different platforms. It will be particu-

larly interesting to compare the fully human phage

display derived adalimumab and ABT-874 to the trans-

genic mouse derived golimumab and ustekinumab, which

comprise matched pairs of drugs targeting TNFa and IL-

12/IL-23 p40. This analysis may address the potential

contribution to immunogenicity from the introduction of

novel sequences during lead optimization of two phage

displayed derived MAbs (discussed below).

The most striking apparent difference between the phage

display and transgenic mouse platforms relates to the

processes employed for discovery of the drugs now in

clinical development (Figure 1). While the descriptions

available from the published literature are often incom-

plete, the transgenic mouse derived antibodies appear to

have typically been moved from lead selection directly to

clinical development without undergoing lead optimiz-

ation steps. The drug discovery process is at least partially

described in the literature for 25 transgenic mouse

derived MAbs (supplemental material). In these reports,

it appears that the drug taken into human clinical testing

comprises the variable region sequences of the parent

transgenic mouse B cell. By contrast, for the 10 phage

display derived MAbs for which the drug discovery pro-

cess has been reported (supplemental material), 7 include

descriptions of lead optimization for improved affinity. In

one case where lead optimization was not employed, low

affinity was actually one of the criteria for the clinical

candidate [64]. The discovery of the phage display

derived eotaxin neutralizing antibody bertilimumab pro-

vides a more typical example of the lead-selection-fol-

lowed-by-lead-optimization strategy employed for phage

display platforms [73]. The potency of the parental anti-

body was improved by over three orders of magnitude

using a lead optimization strategy involving randomiz-

ation of the heavy chain CDR3 sequence, point muta-

genesis, and shuffling of the parental light chain with a
Current Opinion in Immunology 2008, 20:450–459
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diverse library of light chain sequences. Lead optimiz-

ation by heavy chain CDR3 sequence randomization was

also employed in the absence of light chain shuffling for

the discovery of belimumab, resulting in an order of

magnitude increase in potency as measured by neutral-

ization of the B cell stimulatory factor BLys [74]. Light

chain shuffling strategies have also been successfully

employed alone to optimize affinity before clinical de-

velopment [75,76]. Notably, the reported affinities for

antibodies derived from the two types of platforms fall

into the same range, with no overall significant difference

between affinity optimized phage display derived MAbs

and un-optimized transgenic derived MAbs. Lead optim-

ization as employed for phage display derived antibodies

may not be required for transgenic mouse derived anti-

bodies that have already undergone affinity maturation

in vivo. This opportunity to bypass lead optimization

entirely has potential advantages for the overall drug

discovery process, as it might decrease timelines, and

at the same time, increase the epitope diversity of the

high affinity lead candidate pool.
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Table 1.  Selected phage display, and transgenic mouse, derived fully human antibodies in clinical development.
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Target Drug Indication Discovery 
Platform

Company 
(developer)

Company 
(technology
)

Highest 
Development 
Stage

Reported 
Affinity 
(nM)g

Reference(s)

Alpha 
Interferons

MDX-1103/ MEDI-
545

Lupus Transgenic 
Mouse

Astra Zeneca/ 
Medarex

Medarex Phase 1 company 
information

Amyloid β R-1450 Alzheimers Phage 
Display

Roche Morphosys Phase 1 company 
information

Anthrax 
protective 
antigen

raxibacumab B. Anthracis infection Phage 
Display

Human Genome 
Sciences

CAT Phase 2 company 
information

Anthrax 
protective 
antigen

Valortim™ B. Anthracis infection Transgenic 
Mouse

Pharmathene/ 
Medarex

Medarex Phase 1 [1]

BLys belimumab B cell mediated 
autoimmune diseases

Phage 
Display

Human Genome 
Sciences

CAT Phase 3 [2,3]

CCR5 CCR5 mAb HIV Infection Transgenic 
Mouse

Human Genome 
Sciences

Abgenix Phase 2 [4]

CD19 MDX-1342 Lymphoma/ RA Transgenic 
Mouse

Medarex Medarex Phase 1 company 
information

CD20 ofatumumab Non-Hodgkin 
lymphoma

Transgenic 
Mouse

Genmab Medarex Phase 3 [5-7]

CD30 MDX-060, MDX-
1401c

Lymphoma Transgenic 
Mouse

Medarex Medarex Phase 2 0.6 [8]

CD38 HuMax-CD38 Multiple Myeloma Transgenic 
Mouse

Genmab Medarex Phase 1 company 
information

CD3ε NI-0401 Autoimmune disease Transgenic 
Mouse

NovImmune Medarex Phase 1 company 
information

CD4 zanolimumab Lymphoma Transgenic 
Mouse

Genmab Medarex Phase 3 0.1 [9-11]
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CD70 MDX-1411 Renel Cell Carcinoma Transgenic 
Mouse

Medarex Medarex Phase 1 company 
information

CD89 MDX-214b Solid tumors Transgenic 
Mouse

Medarex Medarex Phase 1 company 
information

CDw137 BMS-66513 Cancer Transgenic 
Mouse

Bristol-Myers 
Squibb

Medarex Phase 1 company 
information

Clostridium 
difficile toxins 
A and B

MDX-066/ MDX-
1388a

Hospital acquired C. 
difficile associated 
diarrhea

Transgenic 
Mouse

Medarex/Massach
usetts Biologic 
Laboratories

Medarex Phase 2 [12]

CTGF FG-3019 Diabetic 
nephropathy/pulmona
ry fibrosis/pancreatic 
cancer

Transgenic 
Mouse

Fibrogen Medarex Phase 1 [13,14]

CTLA-4 ipilimumab Melanoma and 
various other cancers

Transgenic 
Mouse

Medarex Medarex Phase 3 3 [15-19]

CTLA-4 tremelimumab Melanoma Transgenic 
Mouse

Pfizer Abgenix Phase 3 0.3 [20-22]

CXCL10 MDX-1100 Ulcerative colitis Transgenic 
Mouse

Medarex Medarex Phase 2 company 
information

Dendritic cell 
mannose 
receptor

MDX-1307d Human 
gonadotropin–positive 
cancers

Transgenic 
Mouse

Celldex Medarex Phase 1 [23]

EGFR panitumumab Colorectal cancer and 
non-small cell lung 
cancer, renal cell 
carcinoma

Transgenic 
Mouse

Amgen Abgenix Launched 0.05 [4,24-29]

EGFR zalutumumab Head and neck 
cancer

Transgenic 
Mouse

Genmab Medarex Phase 3 20 [30-32]

EGFR IMC-11F8 Solid Tumors Phage Imclone Dyax Phase 2 3 [33]
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Display

Eotaxin-1 bertilimumab allergic conjunctivitis Phage 
Display

iCO CAT Phase 2 0.08 [34]

EpCAM adecatumumab Solid Tumors Phage 
Display

Micromet/ Merck 
Serono

Micromet Phase 2 200 [35,36]

GM-CSF MOR103 Rheumatoid Arthritis Transgenic 
Mouse

Morphosys Morphosys Phase 1 Company 
information

HGF/SF AMG 102 Solid Tumors Transgenic 
Mouse

Amgen Abgenix Phase 1 0.1 [37]

HLA-DR 1D093C Lymphoid Cancers Phage 
Display

GPC Biotech Morphosys Phase 1f company 
information

IGF-1R IMC-A12 Solid Tumors Phage 
Display

ImClone Dyax Phase 2 0.04 [38,39]

IGF-1R CP-751,871 Cancer Transgenic 
Mouse

Pfizer Abgenix Phase 2 2 [40]

IGF-1R R1507 Solid Tumors Transgenic 
Mouse

Roche Medarex Phase 2 company 
information

IGF-1R 19D12 Cancer Transgenic 
Mouse

Schering Plough Medarex Phase 2 0.004 [41]

IL-12/ IL-23 
p40

ustekinumab Psoriasis and multiple 
sclerosis

Transgenic 
Mouse

Johnson & 
Johnson

Medarex Phase 3 [42-45]

IL-12/IL-23 p40 ABT-874 Psoriasis Phage 
Display

Abbott CAT Phase 3 0.1 [46,47]

IL-13 CAT-354 Allergic rhinitis, 
asthma

Phage 
Display

Astra Zeneca CAT Phase 2 [48]

IL-15 AMG 714 Rheumatoid arthritis/ 
psoriasis

Transgenic 
Mouse

Amgen/ Genmab Medarex Phase 2 [49]
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IL-1beta ACZ885 Muckle Wells 
Syndrome

Transgenic 
Mouse

Novartis Medarex Phase 3 company 
information

IL-8 ABX-IL8 Psoriasis Transgenic 
Mouse

Abgenix Abgenix Phase 1f 0.05 [50,51]

IL-8 HuMax-IL8 Palmoplantar 
Pustulosis

Transgenic 
Mouse

Genmab Medarex Phase 1 0.4 [52]

Melanoma 
antigen 
glycoprotein 
NMB

CR011-vcMMAEe Melanoma Transgenic 
Mouse

Curagen Abgenix Phase 2 50 [53]

Muc18 ABX-MA1 Melanoma Transgenic 
Mouse

Abgenix Abgenix Phase 1f [50]

myostatin stamulumab muscle waisting 
diseases

Phage 
Display

Wyeth CAT Phase 2 [54]

OX40L LC001 Asthma Transgenic 
Mouse

Roche/Genentech Medarex Phase 1 [55]

Parathyroid 
hormone

ABX-PTH Hyperparathyroidism Transgenic 
Mouse

Amgen Abgenix Phase 1f company 
information

PD-1 MDX-1106/ ONO-
4538

Cancer/ HCV Transgenic 
Mouse

Ono 
Pharmaceuticals/ 
Medarex

Medarex Phase 1 [56]

PDGF-D CR002 Inflammatory kidney 
disease

Transgenic 
Mouse

Curagen Abgenix Phase 1 0.2 [57]

PDGFRα IMC-3G3 Cancer Transgenic 
Mouse

ImClone Medarex Phase 1 [58]

PSCA AGS-PSCA/ MK-
4721

Prostate Cancer Transgenic 
Mouse

Agensys/ Merck Abgenix Phase 1 [4]

PSMA MDX-070 Prostate cancer Transgenic 
Mouse

Medarex Medarex Phase 2f [59]
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PSMA Prostate Cancer Transgenic 
Mouse

Progenics Abgenix Phase 1 [60,61]

RANKL denosumab Osteoporosis and 
treatment-induced 
bone loss

Transgenic 
Mouse

Amgen Abgenix Phase 3 [62-68]

TGF-β1 metelimumab fibrotic disease Phage 
Display

Astra Zeneca CAT Phase 2f [69]

TGF-β1 GC-1008 fibrotic disease Phage 
Display

Genzyme CAT Phase 1 company 
information

TNFα adalimumab Inflammatory disease Phage 
Display

Abbott CAT Launched 0.1h [70-75]

TNFα golimumab Inflammatory disease Transgenic 
Mouse

Johnson & 
Johnson

Medarex Phase 3 [76,77]

TRAIL-R1 mapatumumab Solid Tumors Phage 
Display

Human Genome 
Sciences

CAT Phase 2 [78-81]

TRAIL-R2 lexatumumab Solid Tumors Phage 
Display

Human Genome 
Sciences

CAT Phase 2 [79,82]

TRAIL-R2 AMG 655 Solid tumors Transgenic 
Mouse

Amgen Abgenix Phase 1 [4]

TRAIL-R2 HGS-TR2J Solid tumors Transgenic 
Mouse

Human Genome 
Sciences

Kirin Phase 1 0.07 [83]

VAP-1 VAP-1 Mab Inflammatory disease Transgenic 
Mouse

BioTie 
Therapeutics/ 
Roche

Medarex Phase 1 company 
information

VEGFR-1 IMC-18F1 Cancer Transgenic 
Mouse

ImClone Medarex Phase 1 0.05 [84]

VEGFR-2 IMC-1121B Solid tumors Phage 
Display

ImClone Dyax Phase 3 0.1 [85,86]
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αv Integrins CNTO 95 Solid tumors Transgenic 
Mouse

Johnson & 
Johnson

Medarex Phase 2 0.2 [87,88]

a Combination of two different monoclonal antibodies directed against each of two toxins.
b Human antigen-binding fragment (Fab) fused to epidermal growth factor.
c Nonfucosylated glycovariant of MDX-060.
d Human Fab fused to βhCG.
e Antibody-drug conjugate with small molecule microtubule inhibitor MMAE.
f Clinical development interrupted or terminated.
g Reported affinity values rounded to a single significant digit.
h Three different affinity values for adalimumab, ranging from 0.1 to 1 nM, have been reported in the literature [73-75].

7



References

1. Vitale L, Blanset D, Lowy I, O'Neill T, Goldstein J, Little SF, Andrews GP, Dorough G, Taylor RK, Keler T: Prophylaxis and 
therapy of inhalational anthrax by a novel monoclonal antibody to protective antigen that mimics vaccine-induced 
immunity. Infect Immun 2006, 74:5840-5847.

2. Baker KP, Edwards BM, Main SH, Choi GH, Wager RE, Halpern WG, Lappin PB, Riccobene T, Abramian D, Sekut L, et al.: 
Generation and characterization of LymphoStat-B, a human monoclonal antibody that antagonizes the bioactivities of 
B lymphocyte stimulator. Arthritis Rheum 2003, 48:3253-3265.

3. Halpern WG, Lappin P, Zanardi T, Cai W, Corcoran M, Zhong J, Baker KP: Chronic administration of belimumab, a BLyS 
antagonist, decreases tissue and peripheral blood B-lymphocyte populations in cynomolgus monkeys: pharmacokinetic, 
pharmacodynamic, and toxicologic effects. Toxicol Sci 2006, 91:586-599.

4. Jakobovits A, Amado RG, Yang X, Roskos L, Schwab G: From XenoMouse technology to panitumumab, the first fully human 
antibody product from transgenic mice. Nat Biotechnol 2007, 25:1134-1143.

5. Teeling JL, French RR, Cragg MS, van den Brakel J, Pluyter M, Huang H, Chan C, Parren PW, Hack CE, Dechant M, et al.: 
Characterization of new human CD20 monoclonal antibodies with potent cytolytic activity against non-Hodgkin 
lymphomas. Blood 2004, 104:1793-1800.

6. Teeling JL, Mackus WJ, Wiegman LJ, van den Brakel JH, Beers SA, French RR, van Meerten T, Ebeling S, Vink T, Slootstra JW, 
et al.: The biological activity of human CD20 monoclonal antibodies is linked to unique epitopes on CD20. J Immunol  
2006, 177:362-371.

7. Coiffier B, Lepretre S, Pedersen LM, Gadeberg O, Fredriksen H, van Oers MH, Wooldridge J, Kloczko J, Holowiecki J, Hellmann 
A, et al.: Safety and efficacy of ofatumumab, a fully human monoclonal anti-CD20 antibody, in patients with relapsed 
or refractory B-cell chronic lymphocytic leukemia: a phase 1-2 study. Blood 2008, 111:1094-1100.

8. Borchmann P, Treml JF, Hansen H, Gottstein C, Schnell R, Staak O, Zhang HF, Davis T, Keler T, Diehl V, et al.: The human anti-
CD30 antibody 5F11 shows in vitro and in vivo activity against malignant lymphoma. Blood 2003, 102:3737-3742.

9. Fishwild DM, O'Donnell SL, Bengoechea T, Hudson DV, Harding F, Bernhard SL, Jones D, Kay RM, Higgins KM, Schramm SR, 
et al.: High-avidity human IgG kappa monoclonal antibodies from a novel strain of minilocus transgenic mice. Nat 
Biotechnol 1996, 14:845-851.

8



10. Rider DA, Havenith CE, de Ridder R, Schuurman J, Favre C, Cooper JC, Walker S, Baadsgaard O, Marschner S, vandeWinkel JG, 
et al.: A human CD4 monoclonal antibody for the treatment of T-cell lymphoma combines inhibition of T-cell signaling 
by a dual mechanism with potent Fc-dependent effector activity. Cancer Res 2007, 67:9945-9953.

11. Kim YH, Duvic M, Obitz E, Gniadecki R, Iversen L, Osterborg A, Whittaker S, Illidge TM, Schwarz T, Kaufmann R, et al.: 
Clinical efficacy of zanolimumab (HuMax-CD4): two phase 2 studies in refractory cutaneous T-cell lymphoma. Blood 
2007, 109:4655-4662.

12. Babcock GJ, Broering TJ, Hernandez HJ, Mandell RB, Donahue K, Boatright N, Stack AM, Lowy I, Graziano R, Molrine D, et 
al.: Human monoclonal antibodies directed against toxins A and B prevent Clostridium difficile-induced mortality in 
hamsters. Infect Immun 2006, 74:6339-6347.

13. Dornhofer N, Spong S, Bennewith K, Salim A, Klaus S, Kambham N, Wong C, Kaper F, Sutphin P, Nacamuli R, et al.: 
Connective tissue growth factor-specific monoclonal antibody therapy inhibits pancreatic tumor growth and 
metastasis. Cancer Res 2006, 66:5816-5827.

14. Aikawa T, Gunn J, Spong SM, Klaus SJ, Korc M: Connective tissue growth factor-specific antibody attenuates tumor growth, 
metastasis, and angiogenesis in an orthotopic mouse model of pancreatic cancer. Mol Cancer Ther 2006, 5:1108-1116.

15. Keler T, Halk E, Vitale L, O'Neill T, Blanset D, Lee S, Srinivasan M, Graziano RF, Davis T, Lonberg N, et al.: Activity and 
safety of CTLA-4 blockade combined with vaccines in cynomolgus macaques. J Immunol 2003, 171:6251-6259.

16. Sanderson K, Scotland R, Lee P, Liu D, Groshen S, Snively J, Sian S, Nichol G, Davis T, Keler T, et al.: Autoimmunity in a 
phase I trial of a fully human anti-cytotoxic T-lymphocyte antigen-4 monoclonal antibody with multiple melanoma 
peptides and Montanide ISA 51 for patients with resected stages III and IV melanoma. J Clin Oncol 2005, 23:741-750.

17. Hodi FS, Mihm MC, Soiffer RJ, Haluska FG, Butler M, Seiden MV, Davis T, Henry-Spires R, MacRae S, Willman A, et al.: 
Biologic activity of cytotoxic T lymphocyte-associated antigen 4 antibody blockade in previously vaccinated metastatic 
melanoma and ovarian carcinoma patients. Proc Natl Acad Sci U S A 2003, 100:4712-4717.

18. Hodi FS, Butler M, Oble DA, Seiden MV, Haluska FG, Kruse A, Macrae S, Nelson M, Canning C, Lowy I, et al.: Immunologic 
and clinical effects of antibody blockade of cytotoxic T lymphocyte-associated antigen 4 in previously vaccinated cancer 
patients. Proc Natl Acad Sci U S A 2008, 105:3005-3010.

19. Downey SG, Klapper JA, Smith FO, Yang JC, Sherry RM, Royal RE, Kammula US, Hughes MS, Allen TE, Levy CL, et al.: 
Prognostic Factors Related to Clinical Response in Patients with Metastatic Melanoma Treated by CTL-Associated 
Antigen-4 Blockade. Clin Cancer Res 2007, 13:6681-6688.

20. Camacho LH: Novel therapies targeting the immune system: CTLA4 blockade with tremelimumab (CP-675,206), a fully 
human monoclonal antibody. Expert Opin Investig Drugs 2008, 17:371-385.

9



21. Ribas A, Camacho LH, Lopez-Berestein G, Pavlov D, Bulanhagui CA, Millham R, Comin-Anduix B, Reuben JM, Seja E, Parker 
CA, et al.: Antitumor activity in melanoma and anti-self responses in a phase I trial with the anti-cytotoxic T 
lymphocyte-associated antigen 4 monoclonal antibody CP-675,206. J Clin Oncol 2005, 23:8968-8977.

22. Ribas A, Hanson DC, Noe DA, Millham R, Guyot DJ, Bernstein SH, Canniff PC, Sharma A, Gomez-Navarro J: Tremelimumab 
(CP-675,206), a cytotoxic T lymphocyte associated antigen 4 blocking monoclonal antibody in clinical development for 
patients with cancer. Oncologist 2007, 12:873-883.

23. Ramakrishna V, Treml JF, Vitale L, Connolly JE, O'Neill T, Smith PA, Jones CL, He LZ, Goldstein J, Wallace PK, et al.: 
Mannose receptor targeting of tumor antigen pmel17 to human dendritic cells directs anti-melanoma T cell responses 
via multiple HLA molecules. J Immunol 2004, 172:2845-2852.

24. Yang XD, Jia XC, Corvalan JR, Wang P, Davis CG, Jakobovits A: Eradication of established tumors by a fully human 
monoclonal antibody to the epidermal growth factor receptor without concomitant chemotherapy. Cancer Res 1999, 
59:1236-1243.

25. Foon KA, Yang XD, Weiner LM, Belldegrun AS, Figlin RA, Crawford J, Rowinsky EK, Dutcher JP, Vogelzang NJ, Gollub J, et 
al.: Preclinical and clinical evaluations of ABX-EGF, a fully human anti-epidermal growth factor receptor antibody. Int  
J Radiat Oncol Biol Phys 2004, 58:984-990.

26. Van Cutsem E, Peeters M, Siena S, Humblet Y, Hendlisz A, Neyns B, Canon JL, Van Laethem JL, Maurel J, Richardson G, et al.: 
Open-label phase III trial of panitumumab plus best supportive care compared with best supportive care alone in 
patients with chemotherapy-refractory metastatic colorectal cancer. J Clin Oncol 2007, 25:1658-1664.

27. Lenz HJ, Van Cutsem E, Khambata-Ford S, Mayer RJ, Gold P, Stella P, Mirtsching B, Cohn AL, Pippas AW, Azarnia N, et al.: 
Multicenter phase II and translational study of cetuximab in metastatic colorectal carcinoma refractory to irinotecan, 
oxaliplatin, and fluoropyrimidines. J Clin Oncol 2006, 24:4914-4921.

28. Gibson TB, Ranganathan A, Grothey A: Randomized phase III trial results of panitumumab, a fully human anti-epidermal 
growth factor receptor monoclonal antibody, in metastatic colorectal cancer. Clin Colorectal Cancer 2006, 6:29-31.

29. Lofgren JA, Dhandapani S, Pennucci JJ, Abbott CM, Mytych DT, Kaliyaperumal A, Swanson SJ, Mullenix MC: Comparing 
ELISA and surface plasmon resonance for assessing clinical immunogenicity of panitumumab. J Immunol 2007, 
178:7467-7472.

30. Bleeker WK, Lammerts van Bueren JJ, van Ojik HH, Gerritsen AF, Pluyter M, Houtkamp M, Halk E, Goldstein J, Schuurman J, 
van Dijk MA, et al.: Dual mode of action of a human anti-epidermal growth factor receptor monoclonal antibody for 
cancer therapy. J Immunol 2004, 173:4699-4707.

10



31. Bastholt L, Specht L, Jensen K, Brun E, Loft A, Petersen J, Kastberg H, Eriksen JG: Phase I/II clinical and pharmacokinetic 
study evaluating a fully human monoclonal antibody against EGFr (HuMax-EGFr) in patients with advanced 
squamous cell carcinoma of the head and neck. Radiother Oncol 2007, 85:24-28.

32. Lammerts van Bueren JJ, Bleeker WK, Brannstrom A, von Euler A, Jansson M, Peipp M, Schneider-Merck T, Valerius T, van de 
Winkel JG, Parren PW: The antibody zalutumumab inhibits epidermal growth factor receptor signaling by limiting 
intra- and intermolecular flexibility. Proc Natl Acad Sci U S A 2008, 105:6109-6114.

33. Li S, Kussie P, Ferguson KM: Structural basis for EGF receptor inhibition by the therapeutic antibody IMC-11F8. Structure 
2008, 16:216-227.

34. Main S, Handy R, Wilton J, Smith S, Williams L, Fou LD, Andrews J, Conroy LA, May R, Anderson I, et al.: A potent human 
anti-eotaxin1 antibody, CAT-213: isolation by phage display and in vitro and in vivo efficacy. J Pharmacol Exp Ther 
2006, 319:1395-1404.

35. Naundorf S, Preithner S, Mayer P, Lippold S, Wolf A, Hanakam F, Fichtner I, Kufer P, Raum T, Riethmuller G, et al.: In vitro 
and in vivo activity of MT201, a fully human monoclonal antibody for pancarcinoma treatment. Int J Cancer 2002, 
100:101-110.

36. Oberneder R, Weckermann D, Ebner B, Quadt C, Kirchinger P, Raum T, Locher M, Prang N, Baeuerle PA, Leo E: A phase I 
study with adecatumumab, a human antibody directed against epithelial cell adhesion molecule, in hormone refractory 
prostate cancer patients. Eur J Cancer 2006, 42:2530-2538.

37. Burgess T, Coxon A, Meyer S, Sun J, Rex K, Tsuruda T, Chen Q, Ho SY, Li L, Kaufman S, et al.: Fully human monoclonal 
antibodies to hepatocyte growth factor with therapeutic potential against hepatocyte growth factor/c-Met-dependent 
human tumors. Cancer Res 2006, 66:1721-1729.

38. Burtrum D, Zhu Z, Lu D, Anderson DM, Prewett M, Pereira DS, Bassi R, Abdullah R, Hooper AT, Koo H, et al.: A fully human 
monoclonal antibody to the insulin-like growth factor I receptor blocks ligand-dependent signaling and inhibits human 
tumor growth in vivo. Cancer Res 2003, 63:8912-8921.

39. Rowinsky EK, Youssoufian H, Tonra JR, Solomon P, Burtrum D, Ludwig DL: IMC-A12, a human IgG1 monoclonal antibody 
to the insulin-like growth factor I receptor. Clin Cancer Res 2007, 13:5549s-5555s.

40. Cohen BD, Baker DA, Soderstrom C, Tkalcevic G, Rossi AM, Miller PE, Tengowski MW, Wang F, Gualberto A, Beebe JS, et al.: 
Combination therapy enhances the inhibition of tumor growth with the fully human anti-type 1 insulin-like growth 
factor receptor monoclonal antibody CP-751,871. Clin Cancer Res 2005, 11:2063-2073.

41. Wang Y, Hailey J, Williams D, Lipari P, Malkowski M, Wang X, Xie L, Li G, Saha D, Ling WL, et al.: Inhibition of insulin-like 
growth factor-I receptor (IGF-IR) signaling and tumor cell growth by a fully human neutralizing anti-IGF-IR 
antibody. Mol Cancer Ther 2005, 4:1214-1221.

11



42. Krueger GG, Langley RG, Leonardi C, Yeilding N, Guzzo C, Wang Y, Dooley LT, Lebwohl M: A human interleukin-12/23 
monoclonal antibody for the treatment of psoriasis. N Engl J Med 2007, 356:580-592.

43. Bartlett BL, Tyring SK: Ustekinumab for chronic plaque psoriasis. Lancet 2008, 371:1639-1640.
44. Leonardi CL, Kimball AB, Papp KA, Yeilding N, Guzzo C, Wang Y, Li S, Dooley LT, Gordon KB: Efficacy and safety of 

ustekinumab, a human interleukin-12/23 monoclonal antibody, in patients with psoriasis: 76-week results from a 
randomised, double-blind, placebo-controlled trial (PHOENIX 1). Lancet 2008, 371:1665-1674.

45. Papp KA, Langley RG, Lebwohl M, Krueger GG, Szapary P, Yeilding N, Guzzo C, Hsu MC, Wang Y, Li S, et al.: Efficacy and 
safety of ustekinumab, a human interleukin-12/23 monoclonal antibody, in patients with psoriasis: 52-week results 
from a randomised, double-blind, placebo-controlled trial (PHOENIX 2). Lancet 2008, 371:1675-1684.

46. Mannon PJ, Fuss IJ, Mayer L, Elson CO, Sandborn WJ, Present D, Dolin B, Goodman N, Groden C, Hornung RL, et al.: Anti-
interleukin-12 antibody for active Crohn's disease. N Engl J Med 2004, 351:2069-2079.

47. Kimball AB, Gordon KB, Langley RG, Menter A, Chartash EK, Valdes J: Safety and efficacy of ABT-874, a fully human 
interleukin 12/23 monoclonal antibody, in the treatment of moderate to severe chronic plaque psoriasis: results of a 
randomized, placebo-controlled, phase 2 trial. Arch Dermatol 2008, 144:200-207.

48. Blanchard C, Mishra A, Saito-Akei H, Monk P, Anderson I, Rothenberg ME: Inhibition of human interleukin-13-induced 
respiratory and oesophageal inflammation by anti-human-interleukin-13 antibody (CAT-354). Clin Exp Allergy 2005, 
35:1096-1103.

49. Baslund B, Tvede N, Danneskiold-Samsoe B, Larsson P, Panayi G, Petersen J, Petersen LJ, Beurskens FJ, Schuurman J, van de 
Winkel JG, et al.: Targeting interleukin-15 in patients with rheumatoid arthritis: a proof-of-concept study. Arthritis  
Rheum 2005, 52:2686-2692.

50. Melnikova VO, Bar-Eli M: Bioimmunotherapy for melanoma using fully human antibodies targeting MCAM/MUC18 and 
IL-8. Pigment Cell Res 2006, 19:395-405.

51. Mian BM, Dinney CP, Bermejo CE, Sweeney P, Tellez C, Yang XD, Gudas JM, McConkey DJ, Bar-Eli M: Fully human anti-
interleukin 8 antibody inhibits tumor growth in orthotopic bladder cancer xenografts via down-regulation of matrix 
metalloproteases and nuclear factor-kappaB. Clin Cancer Res 2003, 9:3167-3175.

52. Skov L, Beurskens F, Zachariae C, Reitamo S, Teeling JL, Satijn D, Knudsen KM, Boot E, Hudson D, Baadsgaard O, et al.: 
Interleukin-8 as antibody therapeutic target in inflammatory diseases: reduction of clinical activity in palmoplantar 
pustulaosis. J Immunol 2008, in press.

53. Tse KF, Jeffers M, Pollack VA, McCabe DA, Shadish ML, Khramtsov NV, Hackett CS, Shenoy SG, Kuang B, Boldog FL, et al.: 
CR011, a fully human monoclonal antibody-auristatin E conjugate, for the treatment of melanoma. Clin Cancer Res  
2006, 12:1373-1382.

12



54. Wagner KR, Fleckenstein JL, Amato AA, Barohn RJ, Bushby K, Escolar DM, Flanigan KM, Pestronk A, Tawil R, Wolfe GI, et 
al.: A phase I/IItrial of MYO-029 in adult subjects with muscular dystrophy. Ann Neurol 2008.

55. Seshasayee D, Lee WP, Zhou M, Shu J, Suto E, Zhang J, Diehl L, Austin CD, Meng YG, Tan M, et al.: In vivo blockade of 
OX40 ligand inhibits thymic stromal lymphopoietin driven atopic inflammation. J Clin Invest 2007, 117:3868-3878.

56. Wong RM, Scotland RR, Lau RL, Wang C, Korman AJ, Kast WM, Weber JS: Programmed death-1 blockade enhances 
expansion and functional capacity of human melanoma antigen-specific CTLs. Int Immunol 2007, 19:1223-1234.

57. Ostendorf T, van Roeyen CR, Peterson JD, Kunter U, Eitner F, Hamad AJ, Chan G, Jia XC, Macaluso J, Gazit-Bornstein G, et al.: 
A fully human monoclonal antibody (CR002) identifies PDGF-D as a novel mediator of mesangioproliferative 
glomerulonephritis. J Am Soc Nephrol 2003, 14:2237-2247.

58. Dolloff NG, Russell MR, Loizos N, Fatatis A: Human bone marrow activates the Akt pathway in metastatic prostate cells 
through transactivation of the alpha-platelet-derived growth factor receptor. Cancer Res 2007, 67:555-562.

59. Holmes EH: PSMA specific antibodies and their diagnostic and therapeutic use. Expert Opin Investig Drugs 2001, 10:511-
519.

60. Schulke N, Varlamova OA, Donovan GP, Ma D, Gardner JP, Morrissey DM, Arrigale RR, Zhan C, Chodera AJ, Surowitz KG, et 
al.: The homodimer of prostate-specific membrane antigen is a functional target for cancer therapy. Proc Natl Acad Sci  
U S A 2003, 100:12590-12595.

61. Ma D, Hopf CE, Malewicz AD, Donovan GP, Senter PD, Goeckeler WF, Maddon PJ, Olson WC: Potent antitumor activity of 
an auristatin-conjugated, fully human monoclonal antibody to prostate-specific membrane antigen. Clin Cancer Res 
2006, 12:2591-2596.

62. Schwarz EM, Ritchlin CT: Clinical development of anti-RANKL therapy. Arthritis Res Ther 2007, 9 Suppl 1:S7.
63. Bekker PJ, Holloway DL, Rasmussen AS, Murphy R, Martin SW, Leese PT, Holmes GB, Dunstan CR, DePaoli AM: A single-

dose placebo-controlled study of AMG 162, a fully human monoclonal antibody to RANKL, in postmenopausal women. 
J Bone Miner Res 2004, 19:1059-1066.

64. Lipton A, Steger GG, Figueroa J, Alvarado C, Solal-Celigny P, Body JJ, de Boer R, Berardi R, Gascon P, Tonkin KS, et al.: 
Randomized active-controlled phase II study of denosumab efficacy and safety in patients with breast cancer-related 
bone metastases. J Clin Oncol 2007, 25:4431-4437.

65. McClung MR, Lewiecki EM, Cohen SB, Bolognese MA, Woodson GC, Moffett AH, Peacock M, Miller PD, Lederman SN, 
Chesnut CH, et al.: Denosumab in postmenopausal women with low bone mineral density. N Engl J Med 2006, 354:821-
831.

13



66. Lewiecki EM, Miller PD, McClung MR, Cohen SB, Bolognese MA, Liu Y, Wang A, Siddhanti S, Fitzpatrick LA: Two-Year 
Treatment With Denosumab (AMG 162) in a Randomized Phase 2 Study of Postmenopausal Women With Low Bone 
Mineral Density. J Bone Miner Res 2007.

67. Bone HG BM, Yuen CK, Kendler DL, Wang H, Liu Y, San Martin J: Effects of Denosumab on Bone Mineral Density and 
Bone Turnover in Postmenopausal Women. J Clin Endocrinol Metab 2008.

68. Stolina M DD, Ominsky MS, Corbin T, Van G, Bolon B, Sarosi I, McCabe J, Zack DJ, Kostenuik P: Continuous RANKL 
inhibition in osteoprotegerin transgenic mice and rats suppresses bone resorption without impairing 
lymphorganogenesis or functional immune responses. 2007, 179:7497-7505.

69. Denton CP, Merkel PA, Furst DE, Khanna D, Emery P, Hsu VM, Silliman N, Streisand J, Powell J, Akesson A, et al.: 
Recombinant human anti-transforming growth factor beta1 antibody therapy in systemic sclerosis: a multicenter, 
randomized, placebo-controlled phase I/II trial of CAT-192. Arthritis Rheum 2007, 56:323-333.

70. van de Putte LB, Atkins C, Malaise M, Sany J, Russell AS, van Riel PL, Settas L, Bijlsma JW, Todesco S, Dougados M, et al.: 
Efficacy and safety of adalimumab as monotherapy in patients with rheumatoid arthritis for whom previous disease 
modifying antirheumatic drug treatment has failed. Ann Rheum Dis 2004, 63:508-516.

71. Tracey D, Klareskog L, Sasso EH, Salfeld JG, Tak PP: Tumor necrosis factor antagonist mechanisms of action: a 
comprehensive review. Pharmacol Ther 2008, 117:244-279.

72. Bender NK, Heilig CE, Droll B, Wohlgemuth J, Armbruster FP, Heilig B: Immunogenicity, efficacy and adverse events of 
adalimumab in RA patients. Rheumatol Int 2007, 27:269-274.

73. van de Putte LB, Rau R, Breedveld FC, Kalden JR, Malaise MG, van Riel PL, Schattenkirchner M, Emery P, Burmester GR, 
Zeidler H, et al.: Efficacy and safety of the fully human anti-tumour necrosis factor alpha monoclonal antibody 
adalimumab (D2E7) in DMARD refractory patients with rheumatoid arthritis: a 12 week, phase II study. Ann Rheum 
Dis 2003, 62:1168-1177.

74. Rajpal A, Beyaz N, Haber L, Cappuccilli G, Yee H, Bhatt RR, Takeuchi T, Lerner RA, Crea R: A general method for greatly 
improving the affinity of antibodies by using combinatorial libraries. Proc Natl Acad Sci U S A 2005, 102:8466-8471.

75. Santora LC, Kaymakcalan Z, Sakorafas P, Krull IS, Grant K: Characterization of noncovalent complexes of recombinant 
human monoclonal antibody and antigen using cation exchange, size exclusion chromatography, and BIAcore. Anal  
Biochem 2001, 299:119-129.

76. Kay J, Matteson EL, Dasgupta B, Nash P, Durez P, Hall S, Hsia EC, Han J, Wagner C, Xu Z, et al.: Golimumab in patients with 
active rheumatoid arthritis despite treatment with methotrexate: A randomized, double-blind, placebo-controlled, 
dose-ranging study. Arthritis Rheum 2008, 58:964-975.

14



77. Zhou H, Jang H, Fleischmann RM, Bouman-Thio E, Xu Z, Marini JC, Pendley C, Jiao Q, Shankar G, Marciniak SJ, et al.: 
Pharmacokinetics and safety of golimumab, a fully human anti-TNF-alpha monoclonal antibody, in subjects with 
rheumatoid arthritis. J Clin Pharmacol 2007, 47:383-396.

78. Pukac L, Kanakaraj P, Humphreys R, Alderson R, Bloom M, Sung C, Riccobene T, Johnson R, Fiscella M, Mahoney A, et al.: 
HGS-ETR1, a fully human TRAIL-receptor 1 monoclonal antibody, induces cell death in multiple tumour types in 
vitro and in vivo. Br J Cancer 2005, 92:1430-1441.

79. Menoret E, Gomez-Bougie P, Geffroy-Luseau A, Daniels S, Moreau P, Le Gouill S, Harousseau JL, Bataille R, Amiot M, Pellat-
Deceunynck C: Mcl-1L cleavage is involved in TRAIL-R1- and TRAIL-R2-mediated apoptosis induced by HGS-ETR1 
and HGS-ETR2 human mAbs in myeloma cells. Blood 2006, 108:1346-1352.

80. Tolcher AW, Mita M, Meropol NJ, von Mehren M, Patnaik A, Padavic K, Hill M, Mays T, McCoy T, Fox NL, et al.: Phase I 
pharmacokinetic and biologic correlative study of mapatumumab, a fully human monoclonal antibody with agonist 
activity to tumor necrosis factor-related apoptosis-inducing ligand receptor-1. J Clin Oncol 2007, 25:1390-1395.

81. Greco FA, Bonomi P, Crawford J, Kelly K, Oh Y, Halpern W, Lo L, Gallant G, Klein J: Phase 2 study of mapatumumab, a fully 
human agonistic monoclonal antibody which targets and activates the TRAIL receptor-1, in patients with advanced 
non-small cell lung cancer. Lung Cancer 2008.

82. Plummer R, Attard G, Pacey S, Li L, Razak A, Perrett R, Barrett M, Judson I, Kaye S, Fox NL, et al.: Phase 1 and 
pharmacokinetic study of lexatumumab in patients with advanced cancers. Clin Cancer Res 2007, 13:6187-6194.

83. Mori E, Thomas M, Motoki K, Kataika S: Distinct function of monoclonal antibody to TRAIL-R2 as potentiator or inhibitor 
of the ligand TRAIL-induced apoptosis. FEBS Lett 2005, 579:5379-5384.

84. Wu Y, Zhong Z, Huber J, Bassi R, Finnerty B, Corcoran E, Li H, Navarro E, Balderes P, Jimenez X, et al.: Anti-vascular 
endothelial growth factor receptor-1 antagonist antibody as a therapeutic agent for cancer. Clin Cancer Res 2006, 
12:6573-6584.

85. Lu D, Jimenez X, Zhang H, Bohlen P, Witte L, Zhu Z: Selection of high affinity human neutralizing antibodies to VEGFR2 
from a large antibody phage display library for antiangiogenesis therapy. Int J Cancer 2002, 97:393-399.

86. Lu D, Shen J, Vil MD, Zhang H, Jimenez X, Bohlen P, Witte L, Zhu Z: Tailoring in vitro selection for a picomolar affinity 
human antibody directed against vascular endothelial growth factor receptor 2 for enhanced neutralizing activity. J 
Biol Chem 2003, 278:43496-43507.

87. Martin PL, Jiao Q, Cornacoff J, Hall W, Saville B, Nemeth JA, Schantz A, Mata M, Jang H, Fasanmade AA, et al.: Absence of 
adverse effects in cynomolgus macaques treated with CNTO 95, a fully human anti-alphav integrin monoclonal 
antibody, despite widespread tissue binding. Clin Cancer Res 2005, 11:6959-6965.

15



88. Trikha M, Zhou Z, Nemeth JA, Chen Q, Sharp C, Emmell E, Giles-Komar J, Nakada MT: CNTO 95, a fully human monoclonal 
antibody that inhibits alphav integrins, has antitumor and antiangiogenic activity in vivo. Int J Cancer 2004, 110:326-
335.

16



17


	2008-20-450-9.pdf
	Fully human antibodies from transgenic mouse and �phage display platforms
	Introduction
	Phage display platforms
	Transgenic mouse platforms
	Fully human MAbs in the clinic
	Clinical experience with fully human antibodies targeting TNF&alpha;
	Clinical experience with fully human antibodies targeting IL-12/IL-23
	Clinical experience with fully human antibodies targeting EGFR
	Clinical experience with fully human antibodies targeting CD20
	Clinical experience with fully human antibodies targeting CD4
	Clinical experience with fully human antibodies targeting CTLA-4
	Clinical experience with fully human antibodies targeting TRAIL-R1/TRAIL-R2
	Clinical experience with fully human antibodies targeting EpCAM
	Clinical experience with fully human antibodies targeting RANKL
	Concluding remarks
	Conflict of interest statement
	Acknowledgement
	References and recommended reading
	Supplementary data



