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Engineered antibody fragments and the 
rise of single domains
Philipp Holliger1 & Peter J Hudson2

With 18 monoclonal antibody (mAb) products currently on the market and more than 100 in clinical trials, it is clear that 
engineered antibodies have come of age as biopharmaceuticals. In fact, by 2008, engineered antibodies are predicted to account 
for >30% of all revenues in the biotechnology market. Smaller recombinant antibody fragments (for example, classic monovalent 
antibody fragments (Fab, scFv) and engineered variants (diabodies, triabodies, minibodies and single-domain antibodies) are now 
emerging as credible alternatives. Smaller recombinant antibody fragments (for example, classic monovalent antibody fragments 
(Fab, scFv)) and engineered variants  (diabodies, triabodies, minibodies and single-domain antibodies) are now emerging as 
credible alternatives. These fragments retain the targeting specificity of whole mAbs but can be produced more economically 
and possess other unique and superior properties for a range of diagnostic and therapeutic applications. Antibody fragments 
have been forged into multivalent and multispecific reagents, linked to therapeutic payloads (such as radionuclides, toxins, 
enzymes, liposomes and viruses) and engineered for enhanced therapeutic efficacy. Recently, single antibody domains have 
been engineered and selected as targeting reagents against hitherto immunosilent cavities in enzymes, receptors and infectious 
agents. Single-domain antibodies are anticipated to significantly expand the repertoire of antibody-based reagents against the 
vast range of novel biomarkers being discovered through proteomics. As this review aims to show, there is tremendous potential 
for all antibody fragments either as robust diagnostic reagents (for example in biosensors), or as nonimmunogenic in vivo 
biopharmaceuticals with superior biodistribution and blood clearance properties.

Antibodies have proven to be an excellent paradigm for the design of 
high-affinity, protein-based binding reagents. Innovative recombinant 
DNA technologies, including chimerization and humanization, have 
enhanced the clinical efficiency of murine mAbs and, in the past decade, 
have led to regulatory approvals for immunoglobulin (Ig) and clas-
sic monovalent antibody fragment (Fab) molecules as treatments of 
cancer, infectious disease and inflammatory disease (see also p. 1147). 
Recently, recombinant mAbs have been dissected into minimal bind-
ing fragments, rebuilt into multivalent high-avidity reagents and fused 
with a range of molecules limited only by the imagination, including 
enzymes for prodrug therapy, toxins for cancer treatment, viruses for 
gene therapy, cationic tails for DNA delivery, liposomes for improved 
drug delivery and biosensors for real-time detection of target mol-
ecules. New structural designs have improved in vivo pharmacokinetics, 
expanded immune repertoires and enabled selection against refractory 
targets and complex proteome arrays. At the same time, new molecu-
lar evolution strategies have enhanced affinity, stability and expres-
sion levels. Redesigned mAb and antibody-based-like fragments1–7 
are poised to provide the next wave of antibody-based reagents for 
immunotherapy and in vivo medical imaging, with many already in 

late-phase clinical trials8. Recombinant antibody fragments are also 
expected to capture a significant share of the $6 billion (US) per year 
diagnostic market, from in vitro immunoassays to in vivo tumor- and 
clot-imaging applications.

This review provides an update of this fast-moving field, evaluates 
some of the emerging new technologies and describes the creation of a 
vast range of new, engineered, antibody-based fragments that specifi-
cally target biomarkers of human health and disease. We also describe 
the latest technologies used to deliver therapeutic ‘payloads,’ such as 
radionuclides, drugs, enzymes and vaccine-inducing epitopes.

Natural and synthetic fragment design
Intact antibodies (IgG, IgM, IgA, IgE) are highly specific targeting reagents 
and provide our key defense against pathogenic organisms and toxins. 
IgG, the main serum antibody and the intact format almost exclusively 
used in therapeutic antibodies, is a Y-shaped, multidomain protein with 
antigen-binding sites located on the two Fab tips and recruitment of 
effector functions mediated by the stem Fc domain (Fig. 1).

IgG antibodies are bivalent; the ability to bind to two antigens greatly 
increases their functional affinity and confers high retention times (also 
called avidity) on many cell-surface receptors and polyvalent antigens. 
The Fc domain recruits cytotoxic effector functions through complement 
and/or through interactions with γFc receptors (Fc receptors for gamma 
globulins) and can provide long serum half-lives (>10 days) through 
interaction with the neonatal Fc receptor (FcRn), which acts as a salvage 
receptor (binding and transporting IgGs in intact form both within and 
across cells and rescuing them from a default degradative pathway)9,10.
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There is a range of applications, however, in which the Fc-mediated 
effects are not required and are even undesirable. For example, a long 
serum half-life results in poor contrast in imaging applications, and 
inappropriate activation of Fc receptor–expressing cells can lead to 
massive cytokine release and associated toxic effects. To remove the Fc 
domain (and associated effects), IgGs have been dissected into constitu-
ent domains, initially through proteolysis (with such enzymes as papain 
and pepsin) and later genetically engineered into either monovalent 
(Fab, scFv, single variable VH and VL domains) or bivalent fragments 
(Fab′2, diabodies, minibodies, etc.)(Figs. 1 and 2). Many of these prod-
ucts are now in clinical and preclinical trials, and a list of some leading 
candidates is presented in Table 1.

Fab, Fv and single V-type domains. Single-chain Fvs are a popular format 
in which the VH and VL domains are joined with a flexible polypeptide 
linker preventing dissociation (Fig. 1). Antibody Fab and scFv fragments, 
comprising both VH and VL domains, usually retain the specific, monova-
lent, antigen-binding affinity of the parent IgG, while showing improved 
pharmacokinetics for tissue penetration (see p. 1137).

In a seminal early publication7, mouse single variable (V) domains 
were shown to be functional, and it was proposed that, because of their 
smaller size, they could potentially target cryptic epitopes. Indeed, to 
escape immunosurveillance, many pathogenic viruses have evolved 
narrow cavities (canyons) in their surface antigens, which bind their 
target receptors but are poorly accessible to intact antibodies and are 
thus largely immunosilent. This ‘blind spot’ of the antibody response is 
caused by the limited diversity of complementarity-determining region 
(CDR) loop lengths, which constrains the displayed antigen-binding 
surfaces to mostly flat or concave topologies8,11 (Fig. 2). Only rarely 
are antibodies selected that provide penetrating loops into the target 
antigen, such as the anti- HIV mAbs 4E10, B12 and m14 (refs. 11,12). 
Indeed, there may only be a vestige of cavity-penetrating immunity in 
higher mammals, such as the V-like domains of ‘neonatal’ T-cell recep-
tor gamma, which comprise an unusually long CDR3 loop13.

Despite early excitement concerning the functional activity of single 
V domains7, these fragments remained laboratory curiosities because 
they rarely retained the affinity of the parent antibody and were also 

poorly soluble and often prone to aggregation. Interest was recently 
revived when it was discovered that at least two types of organisms, 
the camelids (camels and llamas) and cartilaginous fish (wobbegong 
and nurse sharks), have evolved high-affinity single V-like domains 
(called VhH in camelids and V-NAR in sharks), mounted on an Fc-
equivalent constant domain framework as an integral and crucial com-
ponent of their immune system14–18 (Fig. 1). Camelid VhH and shark 
V-NAR domains each display long surface loops, often larger than for 
conventional murine and human antibodies, and are able to penetrate 
cavities in target antigens, such as enzyme active sites (for example, 
lysozyme19) and canyons in viral and infectious disease biomarkers 
(including malaria apical membrane antigen-1 (refs. 18,20; Fig. 2)). 
Ig-NARs concentrate diversity in the elongated CDR3 regions, varying 
from 5 to 23 residues in length, although usually they are between 15 
and 17 residues long16. The loops are typically stabilized by disulfide 
bonds and can extend over 20 Å from the immunoglobulin framework 
(Fig. 2b–e) or collapse over the V-domain surface and hide disadvanta-
geous hydrophobic patches15,19,21.

Unlike mouse VH domains7, camelid VhH and shark V-NAR 
domains are in general soluble and can be produced as stable in 
vitro targeting reagents for sensitive diagnostic platforms and 
nanosensors20,22,23. Compared to monoclonal antibodies, camelid 
single VhH domains have also demonstrated improved penetration 
against cryptic (immuno-evasive) target antigens such as trypano-
some surface glycoproteins24. However, for in vivo administration, 
humanization (or deimmunization) may be crucial to reduce immu-
nogenicity, although llama VhH domains have been claimed to be 
only minimally immunogenic25. Nevertheless, for in vivo applica-
tions, human single domains would be preferable, provided prob-
lems of poor stability and solubility can be solved. Very recently, 
these seem to have been overcome, or at least greatly reduced, for 
some V domains by the identification and design of mutations 
that minimize the hydrophobic interface26–28 and by direct selec-
tion from phage libraries. As is frequently observed with display 
technologies, favorable properties (such as good expression, stabi-
lity and solubility) are co-selected with binding activity. For exam-
ple, human VH- and variable κ light chain (Vκ)-domain antibodies 
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Figure 1  Schematic representation of different antibody formats, showing intact ‘classic’ IgG molecules alongside camelid VhH-Ig and shark Ig-NAR 
immunoglobulins. Camelid VhH-Ig and shark Ig-NARs are unusual immunoglobulin -like structures comprising a homodimeric pair of two chains of V-like and 
C-like domains (neither has a light chain), in which the displayed V domains bind target independently. Shark Ig-NARs comprise a homodimer of one variable 
domain (V-NAR) and five C-like constant domains (C-NAR). A variety of antibody fragments are depicted, including Fab, scFv, single-domain VH, VhH and 
V-NAR and multimeric formats, such as minibodies, bis-scFv, diabodies, triabodies, tetrabodies and chemically conjugated Fab´ multimers (sizes given in 
kilodaltons are approximate).
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Figure 2  Structural comparison of antibody 
fragments and single domains. (a) Structural 
comparison of bivalent and bispecific diabodies 
showing the flexibility of the Fv heads. From left 
to right, a mouse antiphospholipase diabody 
(chain linkage VH-VL) (Protein Data Bank (PDB) 
identifier 1LMK), mouse anti-CEA diabody 
(chain linkage VL-VH) (PDB identifier 1MOE) 
and a bispecific anti-CEA (MFE-23)/anti-CD3 
(OKT-3) diabody120 (chain linkage VH-VL; X.Y. 
Pei, P.H. & R.L. Williams, unpublished data). To 
show the relative orientations of the ‘Fv heads’ 
in the diabody structures, the central residue 
in VH CDR3 is shown (colored magenta). Worm 
representations were generated using the program 
UCSF Chimera121. Structural comparison CDR 
orientations of functionally active single domains 
depicted as visual molecular dynamics ribbon 
diagrams. (b) Human VH domain (dAb) HEL4 
(PDB identifier 1OHQ, chain A) with three CDR 
loops H1 (yellow), H2 (red) and H3 (blue). 
(c) Superimposed shark V-NARs: type 1 (PDB 
identifier 1SQ2) and type 2 (12Y-2; PDB identifier 
1VES) in blue and red, respectively, showing CDR 
loops, cysteine residues and disulfide bonds. (d) 
Superimposed shark V-NAR (red) (12Y-2); human 
TCR Vα (blue) (PDB identifier 1A07); human VH 
(green) and VL (yellow) (PDB identifier 1IGM); and camel VHH (cyan) (PDB identifier 1MEL). (e) Superimposed V-NAR (12Y-2) A chain (red); human telokin 
(blue) (PDB identifier 1FHG); and human NCAM domain 1 (yellow) (PDB identifier 1QZ1). Unlike the relatively ‘flat’ surface of mouse Fv and human VH 
antigen-binding surfaces shown in b, both camelid VhH and shark V-NAR display CDR3 loop structures that can extend far (over 20 Å) beyond the V-domain
scaffold shown in c,d,e, suggesting a distinct selective advantage in accessing cryptic antigenic epitopes. Although this is an attractive interpretation, 
alternative conformations for the long CDR3 loops in the camelid VhH and shark V-NAR repertoires have been observed (not shown) and appear overlaid across 
the V-domain surface, thus masking disadvantageous hydrophobic patches (particularly type 1 V-NAR). Shark V-NAR domains are also lacking the CDR2 
loop of human VH and camelid VhH domains, shown in c,d, and have two disulfide bonding configurations: type 1, two conserved cysteines within framework 
regions form disulfide bridges with matching residues within the CDR3, pulling the loop out laterally; and type 2, a disulfide bridge usually links the CDR1 
and CDR3 regions, shown in c. Thus, camelids and sharks have evolved different structures that can either display extended CDR3 loops to access cleft-like 
epitope targets or provide a stable, soluble scaffold to display antibody-like nonprotruding CDR surfaces. Shark V-NARs structurally align and are presumably 
related to primordial versions of the I-set immunoglobulins, including members of the cell adhesion family NCAM, shown in e.

selected by phage display have been found to have good thermo-
dynamic stability (26–44 kJ mol–1) and solubility28. In addition, 
improved folding yield can be obtained by selecting V domains that 
resist aggregation when unfolded on phage29. Alternative scaffolds 
can be made from human V-like domains (N-CAM; telokin) that 
more closely match the shark V-NAR scaffold and thereby provide a 
similar underlying framework for displaying long penetrating loop 
structures18 (Fig. 2).

The future of all small single domains is clearly to provide new bind-
ing specificities, particularly to targets inaccessible to conventional anti-
gen-binding sites, such as G protein–coupled receptors, enzyme active 
sites and many viral surface canyons. We anticipate that the vast array 
of new targets generated by proteomic and metabolomic technologies 
will drive the development of new affinity reagents required to dissect 
both structure and function and yield new applications in diagnosis 
and therapy.

Indeed, there are competing scaffolds that access cryptic and other 
target sites, including a minimum protein fold of 23 residues described 
by P.J.H. and colleagues30 as well as other highly stable engineered pro-
tein domains (reviewed in ref. 31). These will, however, have to com-
pete with mAbs and antibody fragments, in which detailed structural 
analysis is beginning to yield increasingly sophisticated insights into 
critical parameters of antigen binding. In a striking example, a single 
designed point mutation increased hapten-binding affinity of an scFv 
fragment by 1,800-fold (ref. 32). Another example is the grafting of 
prion (PrPC) peptides into CDR loops to create a mimetic interac-

tion surface recapitulating the interaction of PrPC with the elusive 
infectious prion form (PrPSc)33. Indeed, the engineered PrPC-mAb 
bound specifically to infective fractions of PrP in mouse, human and 
hamster prion-infected tissues, but not to PrPC, other cellular compo-
nents or the HIV-1 envelope33. PrPSc-specific mAbs produced by the 
approach described may find widespread application in the detection 
of infectious prions in human and animal materials. However, even 
with the most detailed structural information, techniques for the design 
of precisely complementary surfaces via interface mutations remain 
in their infancy. The challenges in engineering antibody binding sites 
are underlined by a series of remarkable structures showing how an 
antibody binding site is capable of interacting with several unrelated 
antigens through side chain and main chain rearrangement34.

Multivalent designs. In the nonequilibrium environment of the vascu-
lature and tissues, even high-affinity monovalent interactions provide 
fast dissociation rates and only modest retention times on the target 
antigen. For many applications, it is therefore desirable to engineer the 
monovalent Fab, scFv fragments or V-domain molecules into multiva-
lent molecules, which show significant increases in functional affinity 
(termed avidity) and significantly slower dissociation rates for cell-
surface or multimeric antigens (Fig. 1).

Apart from increased avidity, multivalent engagement of cell-
surface receptors (for example, CD20, epidermal growth factor receptor 
(EGFR) or CD28) can result in a desired activation and/or apopto-
sis through transmembrane signaling pathways, which may form an 
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Table 1  Antibody fragments in clinical and preclinical development
Fragment type/
format

Brand name
(generic name)

Specificity/
target antigen Stage Indication Reference or website

Fab/chimeric ReoPro
(abciximab)

GpIIb/gpIIa FDA approved Cardiovascular disease http://www.lilly.com/

Fab/ovine CroFab Snake venom FDA approved Rattlesnake bite
(antidote)

http://www.savagelabs.com/

Fab/ovine DigiFab Digoxin FDA approved Digoxin overdose http://www.savagelabs.com/

Fab/ovine Digibind Digoxin FDA approved Digoxin overdose http://www.gsk.com/

Fab/mouse CEA-scan
(arcitumomab)

CEA FDA approved Colorectal cancer imaging http://www.immunomedics.com/

Fab/humanized Lucentis
(ranibizumab;
Rhu-Fab)

VEGF Phase 3 Macular degeneration http://www.gene.com/

Fab/humanized Thromboview D-dimer Phase 1 Deep vein thrombosis imaging http://www.agenix.com/

Fab/PEGylated
humanized

CDP791 VEGF Phase 1 Cancer
(antiangiogenesis)

http://www/nektar.com

Fab/PEGylated
humanized

CDP870 TNF-α Phase 3 Crohn disease http://www.nektar.com

Fab/bispecific
humanized

MDX-H210 Her2/Neu &
CD64 (γFcR1)

Phase 2 Breast cancer http://www.medarex.com/

Single-chain Fv
(scFv)/humanized

Pexelizumab Complement C5 Phase 2/3 Coronary artery bypass http://www.alexionpharmaceuticals.com/

(ScFv)4fused to 
streptavidin mouse

CC49 TAG-72
Pancarcinoma 
antigen

Phase 1 Pretargeting radioimmuno-
therapy for gastrointestinal 
malignancies

123

ScFv fused to β-lactamase
human

SGN-17 P97 antigen Preclinical Melanoma
(ADEPT prodrug activation)

http://www.seagen.com/

ScFv fused to PEG
human

F5 scFv-PEG
Immunoliposome

Her2 Preclinical Breast cancer as drug targeting 124

Diabody
(VH-VL)2
human

C6.5K-A Her2/Neu Preclinical Ovarian and breast cancer 54

Diabody
(VH-VL)2
human

L19
L19–γIFN

EDB domain of
fibronectin

Preclinical Antiangiogenesis and
atherosclerotic plaque imaging

125

Diabody
(VL-VH)2
human

T84.66 CEA Preclinical Colorectal cancer imaging 43

Minibody
(scFv-CH3)2
murine-human chimera 
(minibody)

T84.66 CEA Human
Imaging
Pilot Study

Colorectal cancer imaging
pretherapy

126

Minibody
murine-human chimera 
(minibody)

10H8 Her2 Preclinical Ovarian and breast cancer 121

ScFv dimer Fc
(ScFv)2-Fc
murine-human chimera 
(minibody)

T84.66 CEA Preclinical Colorectal cancer 48

Bispecific scFv
(VL-VH-VH-VL)
mouse

r28M CD28 and MAP Preclinical Melanoma
(MAP antigen)

119

Bispecific scFv
(VL-VH-VH-VL)
origin unknown

BiTE MT103 CD19 and CD3 Phase 1 B-cell tumors (non-Hodgkin 
lymphoma, acute and chronic 
lymphocytic leukemia)

http://www.micromet.de/

Bispecific scFv
(VL-VH-VH-VL)
origin unknown

BiTE Ep-CAM and CD3 Preclinical Colorectal cancers http://www.micromet.de/

Bispecific tandem diabody 
(VH-VL- VH -VL) (mouse)

Tandab CD19 & CD3 Preclinical B-cell tumors (non-Hodgkin 
lymphoma, acute and chronic  
lymphocytic leukemia)

www.affimed.de

VhH–β-lactamase fusion
camelid

Nanobody CEA Preclinical Cancer imaging 25

Dab/human Anti-TNFα dAb TNFα Preclinical Rheumatoid arthritis and
Crohn disease

http://www.domantis.com/
http://www.peptech.com/

VhH/camelid Nanobody TNFα Preclinical Rheumatoid arthritis and
Crohn disease

http://www.ablynx.com/

VhH/camelid Nanobody Von Willebrand 
factor

Preclinical Antithrombotic 127
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important aspect of the therapeutic efficiency of some antibodies35,36. 
Finally, some multivalent formats lend themselves to conversion into 
multispecific molecules (Figs. 1 and 2), which allow the direct associa-
tion of two different targets with important applications in recruit-
ment of effector functions, cytotoxic cells or gene delivery capsules 
and immunodiagnostics.

Fab and scFv fragments have also been engineered into dimeric, 
trimeric or tetrameric conjugates using either chemical or genetic 
cross-links (Fig. 1). For example, Fab fragments have been chemically 
cross-linked into di- and trivalent multimers, which have improved 
retention and internalization properties as compared with the parent 
IgG37,38. Of the various strategies to genetically encode multimeric 
scFv, the most successful design has been the reduction of scFv linker 
length to between zero and five residues, which directs self-assembly 
into either bivalent dimers (diabodies, 55 kDa)4, trivalent trimers 
(triabodies5,6 (80 kDa)5,6, or tetravalent tetrabodies (110 kDa39,40; 
Fig. 1). Shortening the scFv linker to fewer than five residues affects 
both multimerization and stability, in a manner dependent on V-
domain orientation and interface residue sequence. In one example, 
CD22-targeting diabodies with linkers zero residues in length were 
substantially more stable than the five-residue form when incubated 
in human serum at 37 °C41. As discussed later in the section on 
pharmacokinetics and biodistribution, these stable diabodies have 
outperformed chemically conjugated Fab and scFv dimers in vivo42. 
Notably, all these multimers are smaller than intact immunoglobu-
lin molecules (150 kDa) and provide improved tumor penetration 
and faster blood clearance, resulting in enhanced cancer imaging and 
radiotherapy applications.

Bivalent diabodies can be stabilized by disulfide linkage43. Recently, 
stable Fv tetramers have been generated by noncovalent association in 
(scFv2)2 configuration44 or as bispecific bis-tetrabodies45. For these 
V-domain chains and related multimeric designs, the initial preclini-
cal results are encouraging (see later section and Table 1), although 
the additional linker residues can be exposed and thereby result in 
increased protease degradation45.

The comparative avidity or effectiveness at triggering receptor sig-
naling35,36 of multivalent formats on different targets will depend on 
numerous factors, such as the density and accessibility of adjacent 
epitopes as well as the conformational flexibility of both target anti-
gens and binding modules of the multimer (for example, between Fv 
head groups in a diabody; Fig. 2a). This has been accurately analyzed 
by single-molecule imaging using electron microscopy39, cryoelec-
tron microscopy showing diabody cross-linking (P.J.H., ref. 46) and 
crystallographic and modeling studies showing Fv angle flexibility 
diabodies47 (Fig. 2a). Indeed, diabodies39 and di-Fab designs37 have 
been shown to be extremely flexible structures, showing potential 
cross-linking engagement angles from 60° to 180° between target 
molecules. Their high functional affinity, stability and favorable 
pharmacokinetics make multivalent mAb fragments prime candidates 
for clinical evaluation.

Optimization of fragment targeting
The efficiency of mAbs and their fragments in vivo for cancer therapy 
lies in their capacity to discriminate tumor-associated antigens at low 
levels. Antibody therapy has been more successful against circulating 
cancer cells than solid tumors because of the greater accessibility of 
lymphoma and leukemia cells to intact mAbs (see p. 1137).

Pharmacokinetics and biodistribution. Radiolabeled mAbs are 
important clinical reagents for both tumor imaging and therapy and 
also provide an ideal evaluation of pharmacokinetics48,49. Therapeutic 

administration requires a balance between prolonged retention at the 
target site and slow clearance—which can lead to liver accumulation 
and high radiation exposure of other tissues. The choice of radionuclide 
dictates both the application and the required pharmacokinetics: for 
example, 124I for positron emission tomography (PET) imaging and 
90Y for radiotherapy50 (see p. 1137 and p. 1147).

For solid tumors, there are the additional problems imposed by pen-
etration through the vasculature and dispersion against an interstitial 
pressure, as first described by Jain and Baxter51. Recently, algorithms 
have been formulated that identify appropriate design criteria for cell 
targeting by inclusion of rates for diffusion, binding, internalization 
and systemic clearance52. Vascular penetration may be greatly enhanced 
by targeting fragments to surface molecules on endothelial caveolae, 
because these specialized plasmalemmal invaginations can transcytose 
across the normally restrictive endothelial cell barriers to reach underly-
ing tumor cells53. This allows much greater penetration into, and accu-
mulation throughout, solid tumors and should enable more effective 
delivery of imaging agents or therapeutic payloads.

Systematic in vivo studies have provided striking confirmation that 
size is an important parameter in pharmacokinetics and biodistribution 
of mAb molecules. Large IgG molecules (150 kDa) specific for tumor-
surface molecules have been found to penetrate solid tumors only slowly, 
are nonuniform in their final distribution and have high serum levels 
and associated toxicities. Conversely, small scFv fragments (30 kDa) are 
cleared extremely rapidly and have poor tumor retention because of 
their monovalent binding properties (Fig. 3). The ideal tumor-target-
ing reagents are intermediate-sized multivalent molecules (for example, 
bivalent diabodies, 55 kDa), which provide rapid tissue penetration, high 
target retention and rapid blood clearance (Fig. 3). The most recent bio-
distribution studies48,49 have independently confirmed that diabodies, 
because of their small size, are rapidly eliminated through the kidneys, 
thereby limiting the exposure to the bone marrow, which is most often 
the dose-limiting organ with intact radiolabeled mAbs. Diabodies pos-
sess an excellent combination of rapid tumor uptake and clearance for in 
vivo imaging when labeled with 123I or 111In and rapid xenograft visual-
ization by PET43,49,50 when labeled with positron emitters such as 64Cu 
or 124I. These studies set the stage for effective diabody radiotherapy. 
Indeed, a single intravenous dose of 90Y-labeled diabody (150 µCi; t1/2 
= 64 h) inhibited growth rates of established Her-2 tumor xenografts 
in athymic nude mice54. Diabodies have also proven useful in imaging 
angiogenesis and atherosclerotic plaques55,56.

Larger bivalent molecules, such as minibodies (scFv-CH3 dimers), 
and scFv2-Fc can accumulate to higher abundance in tumors (Fig. 3), 
and the latter can be designed with a spectrum of serum half-lives by 
modulating the interaction with the FcRn receptor. Minibodies may 
be ideal for tumor therapy because they achieve a higher total tumor 
uptake, substantially faster clearance and better tumor-to-blood ratios 
than either intact immunoglobulin (150 kDa) or Fab´2 (110 kDa; ref. 
57). Preclinical trials with Fv tetramers either as (scFv2)2 (ref. 44) or 
as bispecific bis-tetrabodies45 have also been encouraging, although 
the additional linker residues can be exposed and thereby result in 
increased protease degradation.

Even so, tumor localization and uptake depends not only on size 
but also on other parameters such as interaction affinity. Notably, 
avidity seems to be more important than affinity, with diabodies gen-
erated from lower-affinity single-chain VH- and VL-domain fragments 
(scFvs) consistently achieving higher tumor uptake58. These results 
confirm an earlier hypothesis of Weinstein59, who postulated that 
there would be an affinity threshold above which tumor penetration 
would be inhibited because of irreversible association with the first 
antigen encountered.
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The pharmacokinetics of mAb fragments can also be modified using 
other strategies, such as linkage to polyethylene glycol (PEG). PEG link-
age (PEGylation) has been very efficient for increasing half-life and scFv 
stability, conferring improved anti-tumor activity60 and apparently also 
reducing immunogenicity. For example, conjugation of small human V 
domains (11–15 kDa) with a single PEG molecule extends the half-life 
from the normally rapid t1/2 of 20 min to 39 h in mice (I.M. Tomlinson, 
Domantis, Cambridge, personal communication). Another strategy 
for increasing serum half-life of mAb fragments is through fusion or 
noncovalent interaction with long-lived serum proteins, such as albu-
min61 or serum immunoglobulin (as shown in one of our laboratories 
(P.H.)62). Finally, if desired, systemic clearance can be accelerated by 
mannose glycosylation63, which is provided by the use of yeasts, such 
as Pichia pastoris, as expression hosts.

In situ expression. Efficient methods of gene delivery with localized 
functional expression of the encoded product are still in their infancy, but 
when successful, in situ expression will provide an attractive alternative to 
systemic administration of antibody fragments (reviewed in ref. 64). In 
situ expression potentially circumvents problems of tumor penetration, 
short serum half-life and even poor specificity. In situ secretion of thera-
peutic mAbs has the advantage that, in principle, expressor cells could be 
transformed ex vivo and reinfused into patients. Indeed, in situ expression 
and secretion of cytotoxic scFv fragments65 or a bispecific diabody (P.H. 
and colleagues, ref. 66) in vivo from just a few expressor cells promoted 
significant growth inhibition of established tumor xenografts.

Perhaps the most important application will be to achieve functional 
expression of intracellular mAb fragments (termed intrabodies), which 
can be used to ablate or modify crucial transcriptional and translational 
regulators and controls, thereby enabling mAbs to be used in intracel-
lular antiviral or antitumor therapies hitherto impossible. Intrabodies 
potentially provide a powerful way to ablate viral-encoded genes and 
products or influence cellular function in malignancies, for example by 
inhibiting the transcription of oncogenes, inducing apoptosis or restor-
ing transcription of tumor-suppressor proteins, such as p53(ref. 67).

Great strides have recently been made both in framework designs68 
that achieve functional folding of the mAb scaffolds in the reducing 
intracellular environment and also in the isolation of functional intra-
bodies directly from repertoires. Together, these new molecular designs 
and selection technologies should facilitate and accelerate generation of 
potent intrabodies. For example, selection processes have been devel-
oped to evolve stable intrabody scaffolds without disulfide bonds and 
have further showed their effectiveness in vivo for reducing aggrega-
tion of the Huntington disease Htt protein69. Like their extracellular 
counterparts, intrabodies may be engineered into multivalent and 
multispecific forms to enhance their efficacy. For example, a bispecific 
intrabody (intradiabody) has recently been described that allows the 
simultaneous knockdown of two cell-surface receptors70.

In the future, it may become possible to obviate the need for gene 
delivery and target intracellular antigens directly by fusion of the intra-
body to a membrane translocator sequence71, a naturally internalizing 
mAb72 or by direct selection for internalization.
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Figure 3  Antibody formats used in imaging. 
(a) A cartoon representation of different 
antibody formats used for in vivo imaging, 
together with their respective molecular 
weights (kDa) and serum half-life (β phase). 
The scFv-Fc has been engineered for altered 
FcRn engagement48,122. (b) Biodistribution of 
different mAb formats in two xenograft models. 
Left graph: tumor (solid lines) and blood 
levels (dashed lines) plotted versus time after 
infusion (h) for anti-Her2 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 ~106 copies of Her2 
per cell; G. Adams, personal communication). 
Right graph: tumor-to-blood ratios of anti-CEA 
T84.66 immunoglobulin, minibody, diabody 
and scFv in athymic mice with LS174 colon 
carcinoma xenografts plotted versus time after 
infusion (h)43,48. These biodistribution data, 
in two different murine (see Table 1) xenograft 
studies, show the superior tumor targeting 
of diabodies (tumor uptake and rapid blood 
clearance) as compared with immunoglobulin 
(higher blood pool) and scFv (poor tumor 
uptake). (c) MicroPET scan of athymic mice 
with LS174T colon carcinoma (left arrow) 
and C6 glioma (right arrow) tumors 18 h post 
infusion of 124I-labeled anti-CEA T84.66 
diabody, minibody or scFv-Fc43,48,50 (see p. 
1137; and A.M. Wu, personal communication), 
showing excellent tumor localization of all three 
fragment formats, but with substantially better 
contrast for diabodies because of rapid blood 
clearance as compared with the larger minibody 
and scFv-Fc fragments48.
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Engineering multiple specificity
Bispecific antibodies (bisAbs) comprise two different binding specifici-
ties fused into a single molecule. They can be designed to bind either two 
adjacent epitopes on a single antigen, thereby increasing both avidity 
and specificity, or to bind two different antigens for numerous applica-
tions, but particularly for recruitment of cytotoxic T- and natural killer 
(NK) cells or retargeting of toxins, radionuclides or cytotoxic drugs for 
cancer treatment). bisAbs can be produced by fusion of two hybridomas 
into a single ‘quadroma’ by chemical cross-linking or genetic fusion of 
two different Fab or scFv modules. Other promising formats (Fig. 1) 
are bispecific diabodies, formed by heterodimeric association of two 
domain-swapped scFvs of different specificity, and bis-scFvs, where two 
different scFvs are joined in tandem (Figs. 1 and 2).

Unwanted pairing of the heavy and light chains has been a major 
problem in some formats and has greatly hampered clinical-scale 
production and therapeutic application. Mispairing of noncognate 
heavy and light chains results in formation of inactive antigen-binding 
sites, which has been a major problem in some bisAb formats and has 
greatly hampered clinical-scale production and therapeutic application. 
However, elegant engineering of the interaction interface in antibody V 
and CH3 domains can provide an efficient way to drive heterotypic pair-
ing in whole antibodies73 as well as minibodies74 and diabodies75.

A majority of both bispecific diabodies and bis-scFv are designed 
to bind to the CD3 T-cell coreceptor and thereby recruit cyto-
toxic T-cells (CTLs) to the tumor site. Preclinical testing of such 
diabodies and bis-scFv (which have been termed BiTEs for bispecific 
T-cell engagers)76,77 in animal models of human tumors, such as lym-
phoma xenografts, demonstrated their effectiveness in vivo (reviewed in 
ref. 78). Others have successfully retargeted NK cells (via CD16; ref. 79) 
or T cells (via CD28) for tumor ablation. Recently, T-cell cytotoxicity 
has been directed to virally infected tumor cells using bis-scFv dimers 
targeted to the viral cell-surface protein and CD3 (ref. 80).

Diabody-Fc fusions can target two cell-surface receptors (for example, 
EGFR and insulin-like growth factor receptor, IGFR) simultaneously, 
eliciting rapid IGFR internalization and degradation and recruiting 
effective antibody-dependent cellular cytotoxicity (ADCC), leading to 
strong growth inhibition of two different human tumor xenografts in 
vivo81. A bispecific diabody has also been shown to allow the simul-
taneous engagement of vascular endothelial growth factor receptor 2 
(VEGFR2) and receptor 3 (VEGFR3) on endothelial cells, leading to 
neutralization of both VEGF- and VEGF C–stimulated activation of 
VEGFR2 and VEGFR3 and p44/p42 mitogen-activated protein kinase82. 
Furthermore, the diabody was able to inhibit both VEGF- and VEGF 
C–induced cell migration, which suggests that a simultaneous block-
ade of both VEGFR2 and VEGFR3 may represent a potent approach 
to cancer therapy.

Other approaches that exploit multiple specificity binding include 
recruitment of gene delivery vehicles (such as adenoviruses) to new cell 
targets83, epithelial cell adhesion molecules for specific brain-tumor 
targeting84 and, in an innovative tetravalent design, the use of Fc-type 
scaffolds to display multispecific arms, such as two Her-2–targeting 
scFv modules and two CD86 domains for T-cell activation85.

The ability to design multivalent specificity into mAb fragments 
is also enabling the re-emergence of pretargeting as a powerful and 
selective strategy for cancer therapy. In pretargeting, a mAb fragment 
bispecific for a tumor marker (for example, carcinoembryonic antigen, 
CEA) and a hapten (such as a peptide) is first infused to specifically 
localize the bisAb fragment at the tumor site; subsequently, a drug-
hapten conjugate or radiolabeled hapten is introduced, which then 
binds to the bisAb. Results from preclinical studies have been encour-
aging. In one, bispecific diabodies targeting a 67Ga-modified hapten 

were compared with chemically conjugated Fab2 fragments, resulting 
in excellent diabody localization in the pretargeting stage42; in another, 
a bispecific diabody targeting a 99mTc-peptide showed five times greater 
uptake in tumors than a directly radiolabeled anti-CEA Fab86. For ther-
apy, pretargeting can deliver to tumors nearly twice as high a radiation 
dose as can a directly radiolabeled IgG86. Other promising formats for 
pretargeting use, for example, a tetravalent streptavidin-scFv fusion 
protein87. Pretargeting represents a highly promising method for reduc-
ing toxicity of radionuclides in a clinical setting.

Engineering bifunctional fragments
Antibody fragments have been linked or fused genetically to a vast range 
of molecules that ascribe important ancillary functions following target 
binding. These include radionuclides (discussed above) and also cyto-
toxic drugs, toxins, peptides, proteins, enzymes, liposomes for improved 
drug delivery and even viruses for targeted gene therapy88,89.

For cancer therapy, bifunctional antibodies are engineered to effec-
tively target tumor-associated antigens at low levels and then deliver a 
cytotoxic payload to tumor cells. The latest mAb-toxin conjugates (so-
called immunotoxins) have been stabilized in vivo using Pseudomonas 
aeruginosa exotoxin and diphtheria toxin, respectively90,91, but may 
still be limited by immunogenicity. The search for an effective, human 
cytotoxin has lead to the use of the human ribonuclease, angiogenin 
in mAb-toxin fusion proteins92. Potent receptor-mediated killing of 
target cells, expected lack of extracellular toxicity, low immunogenic 
potential and ease of production bode well for the application of this 
new immunoenzyme (scFv-angiogenin fusion) in immunotherapy.

Single-chain Fv–cytokine fusion proteins were expected to be highly 
effective cancer therapeutics. However, poor protein production, adverse 
immune reactions and vascular leak syndrome (see later section) have 
severely limited their preclinical evaluation. Indeed, chemokine fusions 
may be more promising than cytokines. Indeed, chemokine fusions 
may be more promising than cytokines in avoiding unwanted inflam-
matory side-effects. However, some scFv-cytokines have begun to show 
promise, such as scFv–interleukin 12 (IL-12) fusion proteins that were 
found to be superior to IL-12 alone in a lung-metastasis model93.

Vascular leak syndrome (VLS), a dose-limiting side effect of systemic 
administration of both immunotoxins and cytokines, has recently been 
determined to be caused by a tripeptide motif mediating interaction 
and damage to endothelial cells. Elimination of the motif was shown to 
prevent VLS and increase efficacy of an immunotoxin94 and might do 
so likewise for fusion proteins of cytokines such as IL-2, which share the 
tripeptide motif. Conversely, mild VLS might be desirable, as it might 
enhance penetration and localization in solid tumors.

An alternative strategy for promoting local immune activation is 
fusion to T-cell superantigens (for example, Staphylococcus aureus 
enterotoxin A, SEA) or B-cell superantigens (Peptostreptococcus magnus 
protein L, PpL). A Fab-SEA fusion is undergoing clinical evaluation95 
and a fusion of an scFv to an affinity-matured domain of PpL has 
shown efficient recruitment of IgG κ light chain (IgGκ)- and IgMκ-
encoded effector functions, such as complement, mononuclear phago-
cyte respiratory burst and phagocytosis96.

Antibody fragments fused to lipids can effectively retarget either 
cytotoxic drug-loaded liposomes for tumor ablation84,97 or vaccine-
loaded liposomes for dendritic cell targeting98. As immunoliposomes, 
mAb fragments can potentially deliver drugs to the brain, as they are 
able to cross the blood-brain barrier84. Antibody-like V domains (CTL-
associated antigen 4, CTLA4) can effectively deliver fused antigens to 
dendritic cells for immunovaccine stimulation99.

Another concept that has been galvanized by progress in mAb-
fragment engineering is antibody-directed enzyme prodrug therapy 
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(ADEPT). In this strategy, mAb fragments (for example, a humanized 
scFv100 or camelid VhH25) are fused to enzymes (such as β-lactamase 
and carboxypeptidase), which catalyze prodrug activation. In vivo 
studies have demonstrated that the conjugates have excellent biodistri-
bution profiles and induced regressions and cures of established tumor 
xenografts. Humanized or deimmunized forms of the enzymes may be 
crucial to circumvent expected immunogenicity problems and may lead 
to higher clinical efficacy101.

Overall, bifunctional mAbs have begun to realize their potential as 
promising agents for cancer diagnosis and therapy, with exciting future 
prospects for immune modulation and viral retargeting. Fusion pro-
teins linking Fv-like single-chain T-cell receptors (scTCRs) to IgG1 
heavy chains behave like mAbs but are able to recognize antigens 
derived from intracellular targets102. These fusion proteins represent a 
new group of immunotherapeutics that have the potential to expand 
the range of tumor targets beyond those currently addressed by con-
ventional antibody designs.

New applications of fragments
Antibody fragments have a variety of uses, ranging from simple research 
tools as diagnostic reagents to highly refined biopharmaceutical drugs. 
Their exquisite selectivity and increasing ease of manipulation has facil-
itated more exotic applications, such as their uses in targeting quantum 
dots103 and as delivery vehicles for genes and their unique crystalliza-
tion properties, which can permit structural analysis of refractory and 
highly valuable target antigens104. Some of these and other applications 
are explored below.

Selection and screening for new properties. Library display has super-
seded hybridoma technology through the creation of large natural 
and synthetic in vitro repertoires of antibody fragments (see p. 1105). 
Library selection strategies generate high-affinity and high-specificity 
scFv and Fab fragments, and they have most recently been applied to the 
selection of diabodies and single-domain antibodies (dAbs; VhH and 
V-NAR), thus spawning many new biotechnology companies (including 
Ghent, Belgium–based Ablynx; Cambridge–based companies Domantis 
and Cambridge Antibody Technology; Melbourne, Australia–based 
EvoGenix; and Martinsreid, Germany–based Morphosys). Most 
recently, innovative methods have been devised to isolate mAb frag-
ments with desirable properties directly from display repertoires. These 
methods have exploited three factors: the ability of phage to sustain 
thermal stress to isolate dAbs that unfold reversibly on the phage tip29; 
the avidity of bivalent diabodies or cell-surface display to isolate bind-
ers not found in monovalent scFv libraries105; and the incorporation 
of fluorescent probes into the antigen-binding site to generate immu-
nodiagnostic sensors106.

New selection and display technologies are becoming available and 
may further improve the speed with which binders can be generated and 
their properties improved. For example, an innovative strategy uses com-
partmentalization of in vitro transcription and translation in an emulsion 
to link peptides and the encoding DNA sequences on microbeads, which 
can then be selected for binding107. ‘Bead display’ may prove to be a rapid 
and versatile strategy for the selection of mAb fragments and also single 
domains. In another strategy from one of our laboratories (P.H.)108, 
antibody-antigen interaction complexes are directly assembled on the 
phage tip, allowing the selection of matching antibody-antigen pairs.

Several selection strategies can improve the yield and stability of recom-
binant mAbs, most recently applied to single V domains. These include 
human V domains selected for high stability and resistance to aggrega-
tion29, antigen-driven selection for highly stable camelid VhH mAb frag-
ments (which bind antigen after a heat shock of 90 °C or after repeated 

exposure to denaturing detergents109,110), shark V-NARs that possess 
remarkable stability to urea and other denaturants111, and new V-domain 
intrabody designs to circumvent the disulfide bonds usually required for 
scaffold stability69,112. Further refinements to improve protease resistance 
of phage-displayed proteins have also recently been described113.

Recent structural studies have shown that specific targeted mutations 
in the VH region (for example, Gly35) can also have dramatic effects 
on the stability of the scaffold and may therefore be preferred sites for 
engineering either more stable Fv modules or single V domains28. Other 
point mutations, such as Arg44 in camelid VhH, have been selected that 
provide high stability to harsh denaturants110. It should be noted, how-
ever, that these point mutations that improve stability and expression 
yields may not be generic solutions and can be applied to only some, 
not all, VH-like domains.

New immunoassay formats. Conventional diagnostic immunoassays 
are limited to the analysis of a few hundred assays per day, whereas with 
antibody microarrays using individually addressable electrodes, many 
thousands of assays can be run in parallel114. Antibody fragments are 
providing valuable alternatives to full-length mAbs for new biosens-
ing devices because they provide small, stable, highly specific reagents 
against the target antigen. Indeed, formats for antibody microarrays are 
already diversifying from immobilization of intact mAbs onto glass-
surface microarrays115 to other new, more protein-friendly surfaces. 
For example, in the past year, several such platforms have come on the 
market: San Diego–based Biosite’s rapid enzyme immunoassay (Triage) 
system; Zyomyx’s (Hayward, California) Protein Profiling Biochip for 
human and murine cytokines; PerkinElmer’s (Boston) Hydrogel micro-
array substrate for optimizing protein activity and accessibility; and 
most recently, Pointilliste’s (Mountain View, California) Molecular 
Canvas arrays, which comprise high-density spots of full-length mAbs 
for use in capturing small molecules, peptides or proteins.

We anticipate widespread use of recombinant mAb fragments to 
generate complex arrays for the expression and function analysis of 
candidate genes identified by genome projects. Such arrays will have 
an important impact in identifying genes involved in human diseases, 
including cancer. These platforms will become increasingly available 
over the next few years, driven by the demand for new reagents to diag-
nose the vast array of biomarkers stemming from proteomics discovery 
programs. New nonproteinaceous targets may also emerge from aber-
rant glycosylation patterns on tumor cells116 or from innovative in vivo 
chemical labeling strategies of tumor-specific surface glycans117.

Expression systems
Production of stable, high-affinity mAb fragments in high yield for 
preclinical and clinical trials can be a serious bottleneck in the product 
pipeline. Numerous expression systems, including bacteria, yeasts, plants, 
insect and mammalian cell lines and even cloned transgenic animals, have 
been evaluated and compared118,119. Bacteria are favored for expression of 
small, nonglycosylated Fab and scFv fragments, diabodies and V domains. 
Most studies have reported a preference for scFv over Fab due to their 
superior expression levels in bacteria (to over 1 g l–1 using fermentors), 
although yields vary for each mAb fragment. Human single-domain 
antibodies (VH and VL) also can be expressed at high yields (>50 mg l–1 
in Escherichia coli and >0.5 g l–1 in P. pastoris shaker flask cultures)18,109 
(I.M. Tomlinson, Domantis, personal communication).

Nevertheless, several strategies have been developed to improve 
recombinant expression. Terminal polypeptides, such as c-Myc, histi-
dine and the ‘Flag’ epitope (DYKDDDK in one-letter amino acid code), 
have been added for affinity purification after expression into the peri-
plasm of E. coli. Whether these must be removed because of perceived 
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immunogenicity and related concerns at drug regulatory agencies is 
still under investigation. Heat-inducible systems allowed simple and 
inexpensive large-scale recombinant expression. Staphylococcal protein 
A affinity columns greatly assist purification for Fc-fusion constructs, as 
do protein L affinity columns for Vκ-domain expressions. In summary, 
mammalian or plant cells are favored hosts for high-yield expression 
of larger intact antibodies and minibodies, whereas bacterial and yeast 
systems are most useful for mAb fragments and V domains.

Conclusions
After a decade of intensive engineering followed by preclinical and 
finally clinical testing, antibody fragments seem set to join mAbs as 
powerful therapeutic and diagnostic agents, particularly for targeting 
cancer, inflammatory, autoimmune and viral diseases. On the basis of 
recent advances in scaffold design, repertoire construction and selection 
methodologies, there is now a rapid process for generation of specific, 
high-affinity mAb fragments against virtually any target.

Of particular note, V-like domains (for example, mammalian VH and 
VL, camelid VhH and shark V-NAR repertoires) now provide alterna-
tive, efficient scaffolds for the presentation of constrained polypeptides 
displayed as long surface-loop structures. Importantly, these V domains 
can penetrate antigen clefts (enzyme active sites, viral capsids and cell-
surface receptors) and may therefore be able to target both refractory 
antigens and immunosilent ‘canyon’ epitopes.

Increasingly, mAb-fragment repertoires will be applied to proteomic 
discovery of new cancer biomarkers and their exploitation in the devel-
opment of sensitive microarrays, point-of-care diagnostics and robust 
nanosensors. A great deal has been learned about the critical para-
meters for improving in vivo efficacy, and bacterial fermentation pro-
vides a cost-effective route to scale up production of many formats of 
engineered mAb fragments. Furthermore, the latest antibody designs 
for scFv multimers, such as diabodies and minibodies, have achieved 
impressive tumor-to-blood ratios and are now perfectly positioned to 
take full advantage of the new-generation positron-labeling chemis-
tries and quantum-dot conjugations to open new opportunities in PET 
tomography and high-sensitivity (nonradioactive, noninvasive) laser 
technologies for medical imaging.

Together with the increasing ability to tailor both pharmacokinet-
ics and functionality (for example, tumor-targeted toxicities) of engi-
neered mAb fragments, these advances should provide for a fruitful 
dialog between clinicians and antibody engineers, leading to a burgeon-
ing range of regulatory approvals for recombinant mAb fragments in 
diagnosis and therapy.

ACKNOWLEDGMENTS
We thank V. Streltsov, S. Nuttall and J. Atwell for their help in assembling Figures 1 
and 2 and A. Wu and G. Adams for allowing us to include their unpublished data in 
Figure 3. We also thank our colleagues L. Jespers and I. Tomlinson from Domantis 
Ltd. for sharing unpublished results and L. James (Medical Research Council) for 
helpful discussion.

1. Better, M., Chang, C.P., Robinson, R.R. & Horwitz, A.H. Escherichia coli secretion 
of an active chimeric antibody fragment. Science 240, 1041–1043 (1988).

2. Huston, J.S. et al. Protein engineering of antibody binding sites: recovery of specific 
activity in an anti-digoxin single-chain Fv analogue produced in Escherichia coli. 
Proc. Natl. Acad. Sci. USA 85, 5879–5883 (1988).

3. Bird, R.E. et al. Single-chain antigen-binding proteins. Science 242, 423–426 
(1988).

4. Holliger, P., Prospero, T. & Winter, G. “Diabodies”: small bivalent and bispecific 
antibody fragments. Proc. Natl. Acad. Sci. USA 90, 6444–6448 (1993).

5. Pei, X.Y., Holliger, P., Murzin, A.G. & Williams, R.L. The 2.0-A resolution crystal 
structure of a trimeric antibody fragment with noncognate VH-VL domain pairs 
shows a rearrangement of VH CDR3. Proc. Natl. Acad. Sci. USA 94, 9637–9642 
(1997).

6. Iliades, P., Kortt, A.A. & Hudson, P.J. Triabodies: single chain Fv fragments without 
a linker form trivalent trimers. FEBS Lett. 409, 437–441 (1997).

7. Ward, E.S., Gussow, D., Griffiths, A.D., Jones, P.T. & Winter, G. Binding activities of 
a repertoire of single immunoglobulin variable domains secreted from Escherichia 
coli. Nature 341, 544–546 (1989).

8. Hudson, P.J. & Souriau, C. Engineered antibodies. Nat. Med. 9, 129–134 
(2003).

9. Woof, J.M. & Burton, D.R. Human antibody-Fc receptor interactions illuminated by 
crystal structures. Nat. Rev. Immunol. 4, 89–99 (2004).

10. Ward, E.S. et al. From sorting endosomes to exocytosis: association of Rab4 and 
Rab11 GTPases with the Fc receptor, FcRn, during recycling. Mol. Biol. Cell 16, 
2028–2038 (2005).

11. Cardoso, R.M. et al. Broadly neutralizing anti-HIV antibody 4E10 recognizes a helical 
conformation of a highly conserved fusion-associated motif in gp41. Immunity 22, 
163–173 (2005).

12. Zhang, M.Y. et al. Identification and characterization of a new cross-reactive human 
immunodeficiency virus type 1-neutralizing human monoclonal antibody. J. Virol. 
78, 9233–9242 (2004).

13. Adams, E.J., Chien, Y.H. & Garcia, K.C. Structure of a gammadelta T cell receptor 
in complex with the nonclassical MHC T22. Science 308, 227–231 (2005).

14. De Genst, E. et al. Strong in vivo maturation compensates for structurally restricted 
H3 loops in antibody repertoires. J. Biol. Chem. 280, 14114–14121 (2005).

15. De Genst, E. et al. Chemical basis for the affinity maturation of a camel single 
domain antibody. J. Biol. Chem. 279, 53593–53601 (2004).

16. Dooley, H. & Flajnik, M.F. Shark immunity bites back: affinity maturation and 
memory response in the nurse shark, Ginglymostoma cirratum. Eur. J. Immunol. 
35, 936–945 (2005).

17. Streltsov, V. & Nuttall, S. Do sharks have a new antibody lineage? Immunol. Lett. 
97, 159–160 (2005).

18. Streltsov, V.A. et al. Structural evidence for evolution of shark Ig new antigen receptor 
variable domain antibodies from a cell-surface receptor. Proc. Natl. Acad. Sci. USA 
101, 12444–12449 (2004).

19. Stanfield, R.L., Dooley, H., Flajnik, M.F. & Wilson, I.A. Crystal structure of a shark 
single-domain antibody V region in complex with lysozyme. Science 305, 1770–
1773 (2004).

20. Nuttall, S.D. et al. Selection and affinity maturation of IgNAR variable domains 
targeting Plasmodium falciparum AMA1. Proteins 55, 187–197 (2004).

21. Conrath, K. et al. Antigen binding and solubility effects upon the veneering of a 
camel VHH in framework-2 to mimic a VH. J. Mol. Biol. 350, 112–125 (2005).

22. Saerens, D. et al. Single domain antibodies derived from dromedary lymph node and 
peripheral blood lymphocytes sensing conformational variants of prostate-specific 
antigen. J. Biol. Chem. 279, 51965–51972 (2004).

23. Pleschberger, M. et al. An S-layer heavy chain camel antibody fusion protein for gen-
eration of a nanopatterned sensing layer to detect the prostate-specific antigen by 
surface plasmon resonance technology. Bioconjug. Chem. 15, 664–671 (2004).

24. Stijlemans, B. et al. Efficient targeting of conserved cryptic epitopes of infectious 
agents by single domain antibodies. African trypanosomes as paradigm. J. Biol. 
Chem. 279, 1256–1261 (2004).

25. Cortez-Retamozo, V. et al. Efficient cancer therapy with a nanobody-based conjugate. 
Cancer Res. 64, 2853–2857 (2004).

26. Dottorini, T., Vaughan, C.K., Walsh, M.A., LoSurdo, P. & Sollazzo, M. Crystal 
structure of a human VH: requirements for maintaining a monomeric fragment. 
Biochemistry 43, 622–628 (2004).

27. Colby, D.W. et al. Development of a human light chain variable domain (V(L)) intra-
cellular antibody specific for the amino terminus of huntingtin via yeast surface 
display. J. Mol. Biol. 342, 901–912 (2004).

28. Jespers, L., Schon, O., James, L.C., Veprintsev, D. & Winter, G. Crystal structure of 
HEL4, a soluble, refoldable human V(H) single domain with a germ-line scaffold. 
J. Mol. Biol. 337, 893–903 (2004).

29. Jespers, L., Schon, O., Famm, K. & Winter, G. Aggregation-resistant domain anti-
bodies selected on phage by heat denaturation. Nat. Biotechnol. 22, 1161–1165 
(2004).

30. Souriau, C., Chiche, L., Irving, R. & Hudson, P. New binding specificities derived 
from Min-23, a small cystine-stabilized peptidic scaffold. Biochemistry 44, 7143–
7155 (2005).

31. Binz, H.K. & Pluckthun, A. Engineered proteins as specific binding reagents. Curr. 
Opin. Biotechnol. 16, 459– 469 (2005).

32. Midelfort, K.S. et al. Substantial energetic improvement with minimal structural per-
turbation in a high affinity mutant antibody. J. Mol. Biol. 343, 685–701 (2004).

33. Moroncini, G. et al. Motif-grafted antibodies containing the replicative interface of 
cellular PrP are specific for PrPSc. Proc. Natl. Acad. Sci. USA 101, 10404–10409 
(2004).

34. James, L.C., Roversi, P. & Tawfik, D.S. Antibody multispecificity mediated by con-
formational diversity. Science 299, 1362–1367 (2003).

35. Linsley, P.S. New look at an old costimulator. Nat. Immunol. 6, 231–232 (2005).
36. Teeling, J.L. et al. Characterization of new human CD20 monoclonal antibodies with 

potent cytolytic activity against non-Hodgkin lymphomas. Blood 104, 1793–1800 
(2004).

37. Casey, J.L. et al. Tumour targeting of humanised cross-linked divalent-Fab’ antibody 
fragments: a clinical phase I/II study. Br. J. Cancer 86, 1401–1410 (2002).

38. Weir, A.N. et al. Formatting antibody fragments to mediate specific therapeutic 
functions. Biochem. Soc. Trans. 30, 512–516 (2002).

39. Dolezal, O. et al. Single-chain Fv multimers of the anti-neuraminidase antibody 
NC10: the residue at position 15 in the V(L) domain of the scFv-0 (V(L)-V(H)) 
molecule is primarily responsible for formation of a tetramer-trimer equilibrium. 
Protein Eng. 16, 47–56 (2003).

REV IEW
©

20
05

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

eb
io

te
ch

no
lo

gy



NATURE BIOTECHNOLOGY   VOLUME 23   NUMBER 9   SEPTEMBER 2005 1135

40. Power, B.E., Kortt, A.A. & Hudson, P.J. Generation of recombinant multimeric 
antibody fragments for tumor diagnosis and therapy. Methods Mol. Biol. 207, 
335–350 (2003).

41. Arndt, M.A., Krauss, J. & Rybak, S.M. Antigen binding and stability properties 
of non-covalently linked anti-CD22 single-chain Fv dimers. FEBS Lett. 578, 
257–261 (2004).

42. Griffiths, G.L. et al. Reagents and methods for PET using bispecific antibody 
pretargeting and 68Ga-radiolabeled bivalent hapten-peptide-chelate conjugates. 
J. Nucl. Med. 45, 30–39 (2004).

43. Olafsen, T. et al. Covalent disulfide-linked anti-CEA diabody allows site-specific 
conjugation and radiolabeling for tumor targeting applications. Protein Eng. Des. 
Sel. 17, 21–27 (2004).

44. Wittel, U.A. et al. The in vivo characteristics of genetically engineered divalent 
and tetravalent single-chain antibody constructs. Nucl. Med. Biol. 32, 157–164 
(2005).

45. Le Gall, F., Reusch, U., Little, M. & Kipriyanov, S.M. Effect of linker sequences 
between the antibody variable domains on the formation, stability and biological 
activity of a bispecific tandem diabody. Protein Eng. Des. Sel. 17, 357–366 
(2004).

46. Rosenthal, P.B., Waddington, L.J. & Hudson, P.J. Structure of an influenza neur-
aminidase-diabody complex by electron cryomicroscopy and image analysis.
J. Mol. Biol. 334, 721–731 (2003).

47. Carmichael, J.A. et al. The crystal structure of an anti-CEA scFv diabody assembled 
from T84.66 scFvs in V(L)-to-V(H) orientation: implications for diabody flexibility. 
J. Mol. Biol. 326, 341–351 (2003).

48. Kenanova, V. et al. Tailoring the pharmacokinetics and positron emission tomog-
raphy imaging properties of anti-carcinoembryonic antigen single-chain Fv-Fc 
antibody fragments. Cancer Res. 65, 622–631 (2005).

49. Robinson, M.K. et al. Quantitative immuno-positron emission tomography imaging 
of HER2-positive tumor xenografts with an iodine-124 labeled anti-HER2 diabody. 
Cancer Res. 65, 1471–1478 (2005).

50. Sundaresan, G. et al. 124I-labeled engineered anti-CEA minibodies and diabodies 
allow high-contrast, antigen-specific small-animal PET imaging of xenografts in 
athymic mice. J. Nucl. Med. 44, 1962–1969 (2003).

51. Jain, R.K. & Baxter, L.T. Mechanisms of heterogeneous distribution of monoclonal 
antibodies and other macromolecules in tumors: significance of elevated intersti-
tial pressure. Cancer Res. 48, 7022–7032 (1988).

52. Rao, B.M., Lauffenburger, D.A. & Wittrup, K.D. Integrating cell-level kinetic mod-
eling into the design of engineered protein therapeutics. Nat. Biotechnol. 23, 
191–194 (2005).

53. Oh, P. et al. Subtractive proteomic mapping of the endothelial surface in lung and 
solid tumours for tissue-specific therapy. Nature 429, 629–635 (2004).

54. Adams, G.P. et al. A single treatment of yttrium-90-labeled CHX-A”-C6.5 diabody 
inhibits the growth of established human tumor xenografts in immunodeficient 
mice. Cancer Res. 64, 6200–6206 (2004).

55. Matter, C.M. et al. Molecular imaging of atherosclerotic plaques using a human 
antibody against the extra-domain B of fibronectin. Circ. Res. 95, 1225–1233 
(2004).

56. Brack, S.S., Dinkelborg, L.M. & Neri, D. Molecular targeting of angiogenesis for 
imaging and therapy. Eur. J. Nucl. Med. Mol. Imaging 31, 1327–1341 (2004).

57. Olafsen, T. et al. Characterization of engineered anti-p185HER-2 (scFv-CH3)2 
antibody fragments (minibodies) for tumor targeting. Protein Eng. Des. Sel. 17, 
315–323 (2004).

58. Nielsen, U.B., Adams, G.P., Weiner, L.M. & Marks, J.D. Targeting of bivalent anti-
ErbB2 diabody antibody fragments to tumor cells is independent of the intrinsic 
antibody affinity. Cancer Res. 60, 6434–6440 (2000).

59. Fujimori, K., Fisher, D.R. & Weinstein, J.N. Integrated microscopic-macroscopic 
pharmacology of monoclonal antibody radioconjugates: the radiation dose distribu-
tion. Cancer Res. 51, 4821–4827 (1991).

60. Knight, D.M. et al. Pharmacodynamic enhancement of the anti-platelet antibody 
fab abciximab by site-specific pegylation. Platelets 15, 409–418 (2004).

61. Huhalov, A. & Chester, K.A. Engineered single chain antibody fragments for radio-
immunotherapy. Q. J. Nucl. Med. Mol. Imaging 48, 279–288 (2004).

62. Holliger, P., Wing, M., Pound, J.D., Bohlen, H. & Winter, G. Retargeting serum 
immunoglobulin with bispecific diabodies. Nat. Biotechnol. 15, 632–636 
(1997).

63. Medzihradszky, K.F. et al. Glycoforms obtained by expression in Pichia pastoris 
improve cancer targeting potential of a recombinant antibody-enzyme fusion pro-
tein. Glycobiology 14, 27–37 (2004).

64. Sanz, L., Blanco, B. & Alvarez-Vallina, L. Antibodies and gene therapy: teaching 
old ‘magic bullets’ new tricks. Trends Immunol. 25, 85–91 (2004).

65. Afanasieva, T.A. et al. Single-chain antibody and its derivatives directed against 
vascular endothelial growth factor: application for antiangiogenic gene therapy. 
Gene Ther. 10, 1850–1859 (2003).

66. Blanco, B., Holliger, P., Vile, R.G. & Alvarez-Vallina, L. Induction of human T 
lymphocyte cytotoxicity and inhibition of tumor growth by tumor-specific diabody-
based molecules secreted from gene-modified bystander cells. J. Immunol. 171, 
1070–1077 (2003).

67. Lobato, M.N. & Rabbitts, T.H. Intracellular antibodies as specific reagents for 
functional ablation: future therapeutic molecules. Curr. Mol. Med. 4, 519–528 
(2004).

68. Tanaka, T., Chung, G.T., Forster, A., Lobato, M.N. & Rabbitts, T.H. De novo pro-
duction of diverse intracellular antibody libraries. Nucleic Acids Res. 31, e23 
(2003).

69. Colby, D.W. et al. Potent inhibition of huntingtin aggregation and cytotoxicity by 
a disulfide bond-free single-domain intracellular antibody. Proc. Natl. Acad. Sci. 
USA 101, 17616–17621 (2004).

70. Jendreyko, N. et al. Intradiabodies, bispecific, tetravalent antibodies for the 
simultaneous functional knockout of two cell surface receptors. J. Biol. Chem. 
278, 47812–47819 (2003).

71. Zhao, Y., Brown, T.L., Kohler, H. & Muller, S. MTS-conjugated-antiactive caspase 3 
antibodies inhibit actinomycin D-induced apoptosis. Apoptosis 8, 631–637 (2003).

72. Weisbart, R.H. et al. Nuclear delivery of p53 C-terminal peptides into cancer 
cells using scFv fragments of a monoclonal antibody that penetrates living cells. 
Cancer Lett. 195, 211–219 (2003).

73. Carter, P. Bispecific human IgG by design. J. Immunol. Methods 248, 7–15 
(2001).

74. Xie, Z., Guo, N., Yu, M., Hu, M. & Shen, B. A new format of bispecific antibody: 
highly efficient heterodimerization, expression and tumor cell lysis. J. Immunol. 
Methods 296, 95–101 (2005).

75. Zhu, Z., Presta, L.G., Zapata, G. & Carter, P. Remodeling domain interfaces to 
enhance heterodimer formation. Protein Sci. 6, 781–788 (1997).

76. Schlereth, B. et al. Eradication of tumors from a human colon cancer cell line and 
from ovarian cancer metastases in immunodeficient mice by a single-chain Ep-
CAM-/CD3-bispecific antibody construct. Cancer Res. 65, 2882–2889 (2005).

77. Hoffmann, P. et al. Serial killing of tumor cells by cytotoxic T cells redirected 
with a CD19-/CD3-bispecific single-chain antibody construct. Int. J. Cancer 115, 
98–104 (2005).

78. Kipriyanov, S.M. & Le Gall, F. Recent advances in the generation of bispecific antibod-
ies for tumor immunotherapy. Curr. Opin. Drug Discov. Devel. 7, 233–242 (2004).

79. Schlenzka, J. et al. Combined effect of recombinant CD19 x CD16 diabody and 
thalidomide in a preclinical model of human B cell lymphoma. Anticancer Drugs 
15, 915–919 (2004).

80. Haas, C., Lulei, M., Fournier, P., Arnold, A. & Schirrmacher, V. T-cell triggering 
by CD3- and CD28-binding molecules linked to a human virus-modified tumor 
cell vaccine. Vaccine 23, 2439–2453 (2005).

81. Lu, D. et al. A fully human recombinant IgG-like bispecific antibody to both the 
epidermal growth factor receptor and the insulin-like growth factor receptor for 
enhanced antitumor activity. J. Biol. Chem. 280, 19665– 19672 (2005).

82. Jimenez, X. et al. A recombinant, fully human, bispecific antibody neutralizes the 
biological activities mediated by both vascular endothelial growth factor receptors 
2 and 3. Mol. Cancer Ther. 4, 427–434 (2005).

83. Korn, T., Nettelbeck, D.M., Volkel, T., Muller, R. & Kontermann, R.E. Recombinant 
bispecific antibodies for the targeting of adenoviruses to CEA-expressing tumour 
cells: a comparative analysis of bacterially expressed single-chain diabody and 
tandem scFv. J. Gene Med. 6, 642–651 (2004).

84. Schnyder, A. & Huwyler, J. Drug transport to brain with targeted liposomes. 
NeuroRx 2, 99–107 (2005).

85. Biburger, M., Weth, R. & Wels, W.S. A novel bispecific tetravalent antibody 
fusion protein to target costimulatory activity for T-cell activation to tumor cells 
overexpressing ErbB2/HER2. J. Mol. Biol. 346, 1299–1311 (2005).

86. Sharkey, R.M. & Goldenberg, D.M. Perspectives on cancer therapy with radiola-
beled monoclonal antibodies. J. Nucl. Med. 46 (Suppl. 1), 115S–127S (2005).

87. Zhang, M. et al. Pretargeting radioimmunotherapy of a murine model of adult 
T-cell leukemia with the alpha-emitting radionuclide, bismuth 213. Blood 100, 
208–216 (2002).

88. Nakamura, T. et al. Antibody-targeted cell fusion. Nat. Biotechnol. 22, 331–336 
(2004).

89. Nakamura, T. et al. Rescue and propagation of fully retargeted oncolytic measles 
viruses. Nat. Biotechnol. 23, 209–214 (2005).

90. Bang, S., Nagata, S., Onda, M., Kreitman, R.J. & Pastan, I. HA22 (R490A) is a 
recombinant immunotoxin with increased antitumor activity without an increase 
in animal toxicity. Clin. Cancer Res. 11, 1545–1550 (2005).

91. Vallera, D.A. et al. Molecular modification of a recombinant, bivalent anti-human 
CD3 immunotoxin (Bic3) results in reduced in vivo toxicity in mice. Leuk. Res. 
29, 331–341 (2005).

92. Krauss, J., Arndt, M.A., Vu, B.K., Newton, D.L. & Rybak, S.M. Targeting malignant 
B-cell lymphoma with a humanized anti-CD22 scFv-angiogenin immunoenzym-
edouble dagger. Br. J. Haematol. 128, 602–609 (2005).

93. Halin, C. et al. Enhancement of the antitumor activity of interleukin-12 by tar-
geted delivery to neovasculature. Nat. Biotechnol. 20, 264–269 (2002).

94. Smallshaw, J.E. et al. Genetic engineering of an immunotoxin to eliminate pul-
monary vascular leak in mice. Nat. Biotechnol. 21, 387–391 (2003).

95. Forsberg, G. et al. Therapy of human non-small-cell lung carcinoma using anti-
body targeting of a modified superantigen. Br. J. Cancer 85, 129–136 (2001).

96. Enever, C., Tomlinson, I.M., Lund, J., Levens, M. & Holliger, P. Engineering high 
affinity superantigens by phage display. J. Mol. Biol. 347, 107–120 (2005).

97. Brignole, C. et al. Immune cell-mediated antitumor activities of GD2-targeted 
liposomal c-myb antisense oligonucleotides containing CpG motifs. J. Natl. 
Cancer Inst. 96, 1171–1180 (2004).

98. van Broekhoven, C.L., Parish, C.R., Demangel, C., Britton, W.J. & Altin, J.G. 
Targeting dendritic cells with antigen-containing liposomes: a highly effective 
procedure for induction of antitumor immunity and for tumor immunotherapy. 
Cancer Res. 64, 4357–4365 (2004).

99. Lu, M., Isogawa, M., Xu, Y. & Hilken, G. Immunization with the gene expressing 
woodchuck hepatitis virus nucleocapsid protein fused to cytotoxic-T-lymphocyte-
associated antigen 4 leads to enhanced specific immune responses in mice and 
woodchucks. J. Virol. 79, 6368–6376 (2005).

REV IEW
©

20
05

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

eb
io

te
ch

no
lo

gy



1136 VOLUME 23   NUMBER 9   SEPTEMBER 2005   NATURE BIOTECHNOLOGY

100. Sharma, S.K. et al. Sustained tumor regression of human colorectal cancer xenografts 
using a multifunctional mannosylated fusion protein in antibody-directed enzyme 
prodrug therapy. Clin. Cancer Res. 11, 814–825 (2005).

101. Mayer, A. et al. Modifying an immunogenic epitope on a therapeutic protein: a step 
towards an improved system for antibody-directed enzyme prodrug therapy (ADEPT). 
Br. J. Cancer 90, 2402–2410 (2004).

102. Mosquera, L.A. et al. In vitro and in vivo characterization of a novel antibody-like sin-
gle-chain TCR human IgG1 fusion protein. J. Immunol. 174, 4381–4388 (2005).

103. Michalet, X. et al. Quantum dots for live cells, in vivo imaging, and diagnostics. 
Science 307, 538–544 (2005).

104. Evans, E.J. et al. Crystal structure of a soluble CD28-Fab complex. Nat. Immunol. 6, 
271–279 (2005).

105. Ravn, P. et al. Multivalent scFv display of phagemid repertoires for the selection of 
carbohydrate-specific antibodies and its application to the Thomsen-Friedenreich 
antigen. J. Mol. Biol. 343, 985–996 (2004).

106. Jespers, L., Bonnert, T.P. & Winter, G. Selection of optical biosensors from chemisyn-
thetic antibody libraries. Protein Eng. Des. Sel. 17, 709–713 (2004).

107. Sepp, A., Tawfik, D.S. & Griffiths, A.D. Microbead display by in vitro compartmen-
talisation: selection for binding using flow cytometry. FEBS Lett. 532, 455–458 
(2002).

108. de Wildt, R.M., Tomlinson, I.M., Ong, J.L. & Holliger, P. Isolation of receptor-ligand 
pairs by capture of long-lived multivalent interaction complexes. Proc. Natl. Acad. 
Sci. USA 99, 8530–8535 (2002).

109. Dolk, E. et al. Induced refolding of a temperature denatured llama heavy-chain anti-
body fragment by its antigen. Proteins 59, 555–564 (2005).

110. Dolk, E. et al. Isolation of llama antibody fragments for prevention of dandruff by 
phage display in shampoo. Appl. Environ. Microbiol. 71, 442–450 (2005).

111. Nuttall, S.D. et al. Isolation and characterization of an IgNAR variable domain specific 
for the human mitochondrial translocase receptor Tom70. Eur. J. Biochem. 270, 
3543–3554 (2003).

112. Tanaka, T., Lobato, M.N. & Rabbitts, T.H. Single domain intracellular antibodies: 
a minimal fragment for direct in vivo selection of antigen-specific intrabodies.
J. Mol. Biol. 331, 1109–1120 (2003).

113. Wunderlich, M., Martin, A. & Schmid, F.X. Stabilization of the cold shock protein CspB 
from Bacillus subtilis by evolutionary optimization of Coulombic interactions. J. Mol. 
Biol. 347, 1063–1076 (2005).

114. Dill, K. et al. Immunoassays based on electrochemical detection using microelectrode 
arrays. Biosens. Bioelectron. 20, 736–742 (2004).

115. Hamelinck, D. et al. Optimized normalization for antibody microarrays and application 
to serum-protein profiling. Mol. Cell Proteomics 4, 773–784 (2005).

116. Orntoft, T.F. & Vestergaard, E.M. Clinical aspects of altered glycosylation of glycopro-
teins in cancer. Electrophoresis 20, 362–371 (1999).

117. Prescher, J.A., Dube, D.H. & Bertozzi, C.R. Chemical remodelling of cell surfaces in 
living animals. Nature 430, 873–877 (2004).

118. Chambers, R.S. High-throughput antibody production. Curr. Opin. Chem. Biol. 9, 
46–50 (2005).

119. Grosse-Hovest, L. et al. Supraagonistic, bispecific single-chain antibody purified from 
the serum of cloned, transgenic cows induces T-cell-mediated killing of glioblastoma 
cells in vitro and in vivo. Int. J. Cancer; published online 7 July 2005. http://www3.
interscience.wiley.com/cgi-bin/abstract/110559371/ABSTRACT

120. Holliger, P. et al. Carcinoembryonic antigen (CEA)-specific T-cell activation in colon 
carcinoma induced by anti-CD3xanti-CEA bispecific diabodies and B7xantiCEA bspe-
cific fusion proteins. Cancer Res. 59, 2909–2916 (1999).

121. Pattersen, E.F. et al. UCFS Chimera–a visualization system for exploratory research 
and analysis. J. Comput. Chem. 25, 1605–1612 (2004)

122. Olafsen, T. et al. Optimizing radiolabeled engineered anti-p185HER2 antibody frag-
ments for in vivo imaging. Cancer Res. 65, 5907–5916 (2005).

123. Shen, S. et al. Patient-specific dosimetry of pretargeted radioimmunotherapy using 
CC49 fusion protein in patients with gastrointestinal malignancies. J. Nucl. Med. 46, 
642–651 (2005).

124. Nellis, D.F. et al. Preclinical manufacture of anti-HER2 liposome-inserting, scFv-PEG-
lipid conjugate. 2. Conjugate micelle identity, purity, stability, and potency analysis. 
Biotechnol. Prog. 21, 221–232 (2005).

125. Ebbinghaus, C. et al. Engineered vascular-targeting antibody-interferon-gamma fusion 
protein for cancer therapy. Int. J. Cancer 116, 304–313 (2005).

126. Wong, J.Y. et al. Pilot trial evaluating an 123I-labeled 80-kilodalton engineered anti-
carcinoembryonic antigen antibody fragment (cT84.66 minibody) in patients with 
colorectal cancer. Clin. Cancer Res. 10, 5014–5021 (2004).

127. Hulstein, J.J. et al. A novel nanobody that detects the gain-of-function phenotype of 
Von Willebrand factor in adamts13 deficiency and Von Willebrand disease type 2B. 
Blood; published online 12 July 2005. http://www.bloodjournal.org/cgi/reprint/2005-
03-1153v1

REV IEW
©

20
05

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

eb
io

te
ch

no
lo

gy



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts false
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e00500047002000570045004200200050004400460020004a006f00620020004f007000740069006f006e0073002e0020003100350030006400700069002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003400200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 782.362]
>> setpagedevice


