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Evolutionary pressure has selected antibodies as key
immune molecules acting against foreign pathogens.
The development of monoclonal antibody technology
has allowed their widespread use in research, real-time
diagnosis and treatment of multiple diseases, including
cancer. However, compared with hematologic malig-
nancies, solid tumors have often proven to be relatively
resistant to antibody-based therapies. In an attempt to
improve the tumor-targeting efficacy of antibodies, new
formats with modified, multivalent properties have been
generated. Initially, these formats imitated the structure
of native IgG, creating mostly monospecific, bivalent
antibodies. Recently, novel trivalent antibodies have
been developed to maximize tumor targeting capabili-
ties through enhanced biodistribution and functional
affinity. We review recent advances in the engineering
of multivalent antibodies and further discuss their
promise as agents for in vivo diagnostics and therapy.

Introduction
Antibodies are found in blood and other body fluids and are
used by the immune system to identify and neutralize
foreign pathogens, such as bacteria and viruses. The
immune system has evolved unique genetic mechanisms
that enable it to generate an almost unlimited number of
antibody specificities. Antibodies act as molecular connec-
tors, linking specific recognition of epitopes on their targets
with nonspecific effector mechanisms, including antibody-
dependent, cell-mediated cytotoxicity, complement-de-
pendent cytotoxicity and antibody-dependent, cell-
mediated phagocytosis. Intact antibody molecules are
heavy (�150 kDa), globular glycoproteins. The basic unit
of each antibody is a monomer [one immunoglobulin G
(IgG) unit] composed of two identical light chains (L) and
two identical heavy chains (H). The four chains are con-
nected to one another by a combination of noncovalent and
covalent (disulfide) bonds, which forms a Y-shaped mol-
ecule with the antigen-binding sites located at the tip of the
two ‘arms’. Each IgG is thus bivalent and able to attach to
two identical antigenic sites, which increases antibody
functional affinity and confers high retention times. The
recruitment of effector functions is mediated by the Fc
domain. Also, owing to molecular weights beyond the renal
threshold limit of 70 kDa, as well as interaction with the
neonatal Fc receptor (FcRn) – a major histocompatibility
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Glossary

Affinity: biochemical parameter that represents the strength of a single

antigen antibody interaction. Affinity is defined by the equilibrium between

the association (kon or ka) and dissociation (koff or kd) from its antigen. It is

sometimes called intrinsic affinity, to distinguish it from avidity.

Antibody fragment: the immunoglobulin molecule can be reduced in size by

removing domains involved in recruitment of associated functions, thereby

keeping the antigen recognition regions. The main fragments are Fab, scFv and

‘single domain antibodies’, which can be utilized as modular building blocks to

make multimeric antibody constructs.

Area of influence: we have coined this concept to define the probability of a

second binding event after the first interaction with an antigen occurs, and is

applicable to multivalent interactions only. It results from the formula for area

of a two-dimensional circle, A=pr2, where the radius r is the length of the linker

that connects the scFvs in multivalent antibodies.

Avidity: biochemical parameter used to describe the strength of the combina-

tion of multiple antigen antibody interactions. An increase in avidity is

obtained through oligomerization of antibodies, which in turn leads to an

interaction with increased stability as compared with monovalent antibodies.

Thus, a tighter interaction, and greater retention on target, is achieved. It is

often called ‘functional affinity’ to distinguish it from affinity.

Biodistribution: quantitative evaluation of the in vivo distribution of an

antibody in different bodily organs over time following administration. For

this, antibodies are typically conjugated with a fluorinated or radioactive tracer,

by which their presence can be determined at a given time point and indicated

as a percentage of the injected dose per gram of organ or blood (% ID/g).

Bispecific antibody: antibody that can bind to two different antigen epitopes

(specificities). Although bispecific antibodies do not occur naturally, they have

been generated through a number of strategies.

Blood clearance: rate at which an antibody is removed from the circulation,

which is dependent on molecular mass and amino acid content.

Death domain: protein domain composed of six alpha-helices that mediate

homotypic interactions. Activation of some of the proteins, such as the TNF

receptor, provokes a downstream signal cascade through the intracellular

death domains that leads to apoptosis and inflammation through activation of

caspases and NF-kB.

Fab (fragment antigen-binding): region of the antibody that interacts with the

cognate antigen. It comprises the VH and CH1 domains of the immunoglobulin

heavy chain and the VL and CL domains of the light chain.

Molecular trapping: therapeutic strategy used to capture and block the action

of active, soluble agents.

Peptide linker: a sequence of aminoacids used to connect two protein

domains, this sequence could be variable in length, composition, and

flexibility. In the case of antibody engineering, one of the most commonly

used linkers is the (G4S)3 sequence.

Single domain antibodies: antibody fragment consisting of a single monomeric

variable domain. Single domain antibodies are engineered from variable heavy

chains (VHH) derived from camelids, from variable novel antigen receptors (VNAR)

derived from cartilaginous fishes, and also from typical human and mice IgGs.

scFv (single chain variable fragment): fusion of the two variable domains of

immunoglobulin VH and VL that comprise the antigen-binding site. Both domains

are typically joined together using a flexible peptide linker of 10 25 residues.

Specificity: ability of an antibody to recognize a single antigen epitope and

discriminate it from the rest. Monoclonal antibodies are monospecific because

they bind with each of their two antigen-binding arms to only one epitope.

Tumor penetration: depth of infiltration of an antibody into tumor deposits. It

is influenced by the affinity and avidity of the antibody, antigen metabolic

turnover, antibody diffusion and vascularization of tumor.

Tumor retention: pharmacokinetic parameter that defines the residence time of

an antibody within tumor deposits. It depends on the affinity, avidity and

stability of the antibody, and antigen turnover.

Valency: the number of antigen-binding sites present per molecule of antibody

construct.Corresponding author: Álvarez-Vallina, L. (lalvarezv.hpth@salud.madrid.org).
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complex class I-related molecule known to protect IgG and
albumin from intracellular catabolic degradation following
pinocytic capture [1], IgG molecules show slow clearance
from the circulation, thus explaining the long half-life of
this antibody class in serum [2].

The advent of monoclonal antibody (mAb) technology
has made it possible to raise antibodies against specific
antigens, including tumor-associated antigens. MAbs are
unique, versatile molecules that have found applications in
research, diagnosis and in the treatment of multiple dis-
eases, including cancer [3]. Currently, there are 26 mAbs
approved by the US Food and Drug Administration (FDA)
for therapeutic and diagnostic use. However, solid tumors
have often proven to be relatively resistant to IgG or intact
antibody-based therapies. Additionally, it has been shown
that only a small amount of intravenously administered
mAbs accumulates in the tumor tissue [4].

In an attempt to improve tumor penetration (see
Glossary), recombinant antibodies with modified proper-
ties have been generated. Novel antibody formats, such
as the single-chain Fv (scFv; 25–30 kDa), exhibit better
pharmacokinetics than intact IgGs for tissue penetra-
tion, and enable binding specificity to be encoded by a
single gene [2]. However, scFv antibody fragments exhi-
bit rapid blood clearance as well as fast off-rates and poor
retention times on the target due to their small size and
their monovalent binding properties [2]. A wide range of
strategies has therefore been developed to improve the
pharmacokinetic properties of antibody fragments [5].
The covalent conjugation of small recombinant antibody
molecules with poly(ethylene glycol) (PEG) – also known
as ‘PEGylation’ – is a well-established procedure to
improve serum half-life by increasing the molecular mass
and the hydrodynamic radius [6]. Another approach is
the genetic fusion of antibody fragments to albumin or
albumin-binding proteins. This strategy is based on the
observation that albumin has a half-life similar to that of
IgG and also utilizes FcRn-mediated recycling processes
[5]. Alternatively, the use of bispecific antibodies to
recruit serum IgG provides the Fc-associated effector
functions and prolongs residence time in serum. Multi-
merization is a particularly appealing approach to opti-
mize antibody size for the desired pharmacokinetics, and
to maximize tumor uptake by enhancing the functional
affinity (avidity) of antibody fragments. Here, we review
recent progress in the design of multimeric antibodies,
and suggest that trivalent antibodies display the best
combination of size and avidity for cancer diagnostics
and therapy.

Strategies to multimerize antibodies: improving upon
Mother Nature’s design
Conversion of monovalent recombinant antibodies (i.e.
scFvs, Fabs or single-domains) into multivalent formats
increases functional affinity, decreases dissociation rates
when bound to cell-surface antigens, and enhances biodis-
tribution. The most prevalent formats of engineered anti-
bodies that have appeared in recent years are depicted in
Figure 1. Multimeric antibodies have been grouped accord-
ing to structure into two categories: IgG-like (orthodox) and
non-IgG-like (heterodox) formats.
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rthodox formatting strategies

ngineered antibodies that imitate the original structure
f IgG, creating mostly monospecific bivalent antibodies,
ave been termed ‘orthodox’ formats in this review. The
ost common strategy to create orthodox formats has been
e engineering of fusion proteins in which the antibody
agment makes a complex with homodimerization
roteins. Based on the data available in the literature,
e following orthodox, engineered antibodies are high-
ghted: the Fab2 antibody and its single-chain counter-
art, sc(Fab0)2 (Fab2/sc(Fab)2) [7]; the ZIP miniantibody;
e scFv-Fc antibody; and the minibody (Figure 1). The 64-
Da miniantibody is generated by the association of two
cFv fragments through dimerization domains. Leucine
ippers (Fos or Jun) are employed to mediate dimerization
f scFv in a miniantibody molecule. Fos–Fos and Jun–Jun
omodimer formation allow efficient production of stable,
ecreted, monospecific miniantibodies, and Fos–Jun het-
rodimer formation allows production of bispecific minia-
tibodies [8]. The scFv-Fc antibody [9] is a small IgG-like
combinant antibody (100–105 kDa) generated by fusion
f a scFv with human IgG1 hinge and Fc regions (CH2 and

H3 domains). The 80-kDa minibody results from the
sion of a scFv to the human IgG1 CH3 domain [10]. Other
inibody-like molecules have been generated using the
mall immunoprotein technique [11], or by fusion to bac-
rial alkaline phosphatase [12]. Furthermore, the mini-
ody has recently been modified to a 115-kDa trimeric
ispecific format, the TriBi-minibody [13]. Another tri-
eric bispecific format is the tribody (Figure 1), which
mbines the heterodimerization of L (VL-CL) and Fd

H-CH1) chains of a Fab fragment with the C-terminal
sion of two scFv domains to generate a trivalentmolecule
f intermediate size (115 kDa) [14,15].

eterodox formatting strategies

he heterodox format in this review includes all engin-
ered antibodies that do not imitate the original IgG
tructure. Here, different strategies to multimerize anti-
ody fragments are utilized. For example, shortening the
eptide linker between the V domains forces the scFv to
elf-associate into a dimer (diabody; 55 kDa) [16]. However,
tailored engineering protocol is frequently needed

ecause the functionality and stability of diabodies depend
n both their flexibility and orientation (VH-VL or VL-VH)
7]. Bispecific diabodies are formed by the noncovalent
ssociation of two VHA-VLB and VHB-VLA fragments
xpressed in the same cell. This leads to the formation
f heterodimers with two different binding sites [18].
ingle-chain diabodies (sc-diabodies) are bispecific mol-
cules where the VHA-VLB and VHB-VLA fragments are
nked together by an additional third linker. Tandem-
iabodies (Tandabs) are tetravalent bispecific antibodies
enerated by two scDiabodies [19].
An orthodox format raised from a heterodox format is
e di-diabody [20] (Figure 1). This 130-kDa molecule is
rmed by the fusion of a diabody to the N-terminus of the

H3 domain of an IgG, resulting in an IgG-like structure.
urther diabody derivatives are the triabody and the tetra-
ody (Figure 1), which fold into trimeric and tetrameric
agments by shortening the linker to <5 or 0–2 residues,



respectively [21,22]. A different design for a (scFv)2 is the
‘bispecific T cell engager’ (BITE). BITEs are bispecific

forms a homotrimeric structure that retains both TNFa

activity and the ability to bind antigen recognized by the

Figure 1. Recombinant multimeric antibodies classified as either ‘orthodox’ (IgG-like) or ‘heterodox’ (non-IgG-like) formats according to their similarity to the native IgG.

Schematic diagram of the main recombinant antibody fragments (see Glossary) engineered to date distributed according to their molecular weight and valence. Only those

antibody formats for which multivalency (structural and/or functional) or tumor targeting properties have been documented are included. Inset: schematic diagram of the

monovalent ‘building blocks’ (scFv, VHH, and scFab) arranged by molecular weight. IgG constant domains appear in yellow, and IgG variable domains in blue. Non-IgG

derived oligomerization domains appear in brown. Antibody formats that belong to the ‘orthodox’ category are shown in red font; formats that belong to the ‘heterodox’

category are shown in blue font; names of ‘building blocks’ and native IgG are shown in black font.
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single-chain antibodies consisting of two scFv antibody
fragments, joined via a flexible linker, that are directed
against a surface antigen on target cells and CD3 on T cells
[23]. A similar strategy has been used to generate 120-kDa
monospecific tetravalent antibodies by the fusion of two
scFv with a linker, creating a dimeric [sc(Fv)2] that spon-
taneously associates as noncovalent [sc(Fv)2]2 dimers
[4,24,25].

Oligomerization domains from other non-Ig proteins
have been used to make other heterodox formats (i.e.
molecular constructs based on the bacterial barnase–bar-
star module). The ribonuclease barnase (12 kDa) and its
inhibitor barstar (10 kDa) form a very tight complex in
which the N- and C-termini are accessible for fusion. This
module, which has a dissociation constant of�10 14 M, has
been exploited to generate stable, trimeric scFv (�130 kDa)
[26] (Figure 1). Similar formats have been generated by
fusion of a scFv to a cytokine that naturally exists in
trimeric form, the tumor necrosis factor (TNF). TNFa

genetically fused to the C-terminus of a scFv antibody
scFv [27,28]. Also, fusion proteins of scFv fragments with
the C-terminal multimerization domain of the tumor-sup-
pressor protein p53, or with a streptavidin subdomain,
results in tetrameric antibodies (scFv-SA)4 [29] (Figure 1).

Another successful approach for the generation of multi-
meric antibodies has been the use of extracellular matrix-
derived oligomerization domains. Fusion of the trimeriza-
tion region of the C-terminal noncollagenous domain (NC1)
of collagen XVIII to the C-terminus of a scFv confers a
natural trimeric state to the fused antibody (trimerbody;
110 kDa) [30]. Another trimeric antibody, collabody (125
kDa), is based on the use of triplex-forming collagen-like
peptides [(GPP)10] [31].

Fab single domains have also been multimerized. The
first attempts were based on covalent disulfide bonds,
generating divalent (Fab2) and trivalent (Fab3) formats
[21,32]. The dock-and-lock (DNL) method is an additional
approach to develop Fab3-like molecules (Figure 1). The
DNL strategy uses the interaction between the regulatory
subunits of the cAMP-dependent protein kinase, which
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Box 1. The ‘tumor target zone’

Molecular targeting is of great interest for diagnosis and therapy. It

is founded on the principle governing ligand binding to a specific

macromolecule within a tissue-of-interest. Small monovalent anti-

bodies show great tumor penetration, but possess fast off-rates (kd)

and blood clearance, resulting in insufficient tumor uptake and poor

contrast images. By contrast, large, multivalent antibodies have

high tumor retention and serum half-lives, but inefficiently pene-

trate the tumor. As a result, both heavy and light antibodies produce

similar outcomes. In line with these concepts, we have termed the

‘tumor target zone’ as the area where recombinant antibodies that

fulfill several features for optimal tumor-targeting are located. These

properties include intermediate size, multivalency, stability and lack

of undesired functional effects. Recent biodistribution studies

[34,75] indicate that bivalent antibodies, such as diabodies

(55 kDa) and minibodies (80 kDa) [10], and trivalent antibodies, such

as trimerbodies (110 kDa) [30], might be best-suited for tumor

targeting owing to a higher total tumor uptake and better tumor-to-

blood ratios than native IgG molecules.

Review Trends in Biotechnology Vol.28 No.7
form a dimer, and one anchoring domain of a kinase anchor
protein. By fusing Fab fragments, bispecific, trivalent-
binding complexes are produced with molecular masses
of �160 kDa. Additional stability of the complex is
achieved by introducing cysteine residues in the interact-
ing modules to prevent dissociation [33].

Optimization strategies for tumor-targeting antibodies
In recent years, experimental evidence has accumulated,
revealing that there is a pharmacological window suitable
for tumor targeting, which we have called the ‘tumor target
zone’ (Box 1; Figure 2). Considering the defined structural
requirements of intermediate size and multivalency that
the antibodies need to accommodate [34], ideal tumor
targeting antibodies largely comprise bivalent and triva-
lent constructs (Figure 1), thus excluding monovalent and
‘high-end’ multivalent antibodies. Although there are a few
tetravalent constructs that would fit within the ‘tumor
target zone’, they present molecular stability issues that
might diminish their in vivo functionality, and are there-
fore not included in this selection. Additional experiments
are needed for better characterization of these molecules.

In a detailed evaluation of well-characterized dimeric
and trimeric (Table 1) antibodies, it becomes clear that not
only size and valence, but also additional attributes – low
immunogenicity, lack of associated functional effects, and
serum stability, as well as a simple molecular design to
facilitate large-scale manufacturing – are important in a
tumor-targeting context. According to the criteria
described above and the information accessible in the
literature [10,18,30,35], it appears that the minibody
and the trimerbody are among the best currently available
antibody formats for tumor targeting.

Bivalent antibodies: minibody, the best-in-class for
tumor targeting
The first minibodies were generated from the scFv T84.66/
212 raised against carcinoembryonic antigen (CEA) [10].
The scFv was fused to the human IgG1 CH3 domain, either
by a two-amino acid linker that resulted in a noncovalent,
hingeless minibody (LD minibody), or by the IgG1 hinge
and a 10-amino acid linker peptide to produce a covalent,
Figure 2. Definition of the concept ‘tumor target zone’ based on pharmacokinetic and an

diagram displaying blood clearance (orange), tumor retention (blue) and tumor penetratio

antibodies show great tumor penetration, but fast off-rates and blood clearance, result

multivalent antibodies show high tumor retention times, but long serum half-lives and p
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inged minibody (Flex minibody). Both constructs demon-
trated high affinity for CEA, each with a KD of 3–5�10 8

. The minibody concept has been extended by the gener-
tion of analogous molecules with different specificities
6], and has been applied in preclinical and clinical stu-
ies [18]. Inmice bearing human colon cancer xenografts, a
diolabeled anti-CEA minibody exhibited rapid tumor
ptake (21.4–32.9% ID/g) [9,37,38] and a prolonged serum
alf-life compared with a scFv monovalent counterpart
.9–22.5% ID g 1) [39]. Furthermore, high-resolution
icroPET images of tumor xenografts were obtained with
is fragment when labeled with positron emitters [40,41].
he encouraging results obtained with minibodies in diag-
ostic applications suggest that they could serve as thera-
eutic agents.

rivalent antibodies
rimerbody, three for the ‘size’ of two. . . and something

lse?

he trimerbody is a multivalent antibody comprising a
cFv connected to the collagen XVIII NC1 trimerization
ubdomain through a 21-amino acid linker [35]. Recently,
e trimerization subdomain of human collagen XVIII NC1
as crystallized, and the structure indicated its high
tigen-binding properties of monovalent and multivalent antibodies. Schematic

n (green) estimates of monovalent and multivalent antibodies. Small monovalent

ing in insufficient tumor uptakes and poor-contrast images. By contrast, large

oor tumor penetration, with a similar outcome.



potential for trimerization at picomolar concentrations gen-binding sites is another important aspect in the design

Table 1. Dimeric and trimeric antibodies: important parameters determining in vivo tumor-targeting efficiencya

Antibody Molecular

weight (kDa)

Molecular

complexityb
Associated

functional effectc
Immunogenicityd Serum

stabilitye
Tumor

targetingf
Refs.

Dimeric

Diabody 55 + � � +/� + [16,59]

Single-chain (sc)-diabody 55 + � � + + [19,55]

(scFv)2 55 + � � + + [57,60,61]

Miniantibody 64 + � � +/� NP [8,62,63]

Minibody 80 + � � + + [10,13,57,64]

Barnase-barstar 85 ++ + +++ + + [26,29]

scFv-Fc 100–105 + + � + + [9,65]

sc(Fab)2 110 + � � +/� + [7,59,66]

Trimeric

Triabody 80 + � � � + [21,22,67,68]

Trimerbody 110 + � � + + [30,35]

Tribody 115 ++ � � NP + [14,15]

Collabody 125 ++ � NP + NP [31]

Barnase-barstar 130 ++ + +++ + + [26,69]

(scFv-TNFa)3 150 + +++ � + + [27,28,70–72]

F(ab)3/DNL 160 +++ � � + + [33,73,74]

Abbreviation: NP, not published.
aKey: high (+++); intermediate (++); low (+); negative (�); inconclusive (+/�).
bNumber of genes or subunits required for production.
cFunctionality derived from the structural components.
dAbility to provoke an immune reaction predicted from the protein elements.
eProtein integrity following incubation in serum.
fDemonstrated and published ability to localize to tumor deposits.
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[42]. The scFv L36, which recognizes an angiogenesis-
associated laminin epitope [43] and inhibits tumor angio-
genesis and growth [35,44], has been assembled in the
trimerbody format. Secretion of the L36 trimerbody by
genetically modified tumor cells was more effective in
preventing tumor growth in vivo than the monomeric
counterpart [35]. Based on the same design concept, tri-
merbodies with specificity for both CEA and the hapten 4-
hydroxy-3-iodo-5-nitrophenylacetic acid (NIP) were con-
structed. The anti-NIP trimerbody demonstrated at least
a 100-fold increase in apparent functional affinity
(KD=1.5�10 9 M) [30] for NIP-BSA conjugates compared
with its source scFv. Multivalency was demonstrated by
the generation of functional, bispecific trimerbodies [30].

The potential of trimerbodies for in vivo targeting was
assessed in nude mice bearing human tumor xenografts.
The anti-CEA trimerbody MFE23 labeled with the far-red
cyanine fluorochromeCy5 localized rapidly and specifically
to CEA-positive tumor xenografts. The tumor uptake
reached a maximum at 3 h post-injection and slowly
cleared over time. Fluorescence was still detectable in
the tumor at 48 h after trimerbody injection [30]. A Cy5-
labeled anti-laminin L36 trimerbody localized in all the
tumors studied, regardless of tumor type. The L36-Cy5
monovalent scFv also showed specific tumor accumulation,
but at a much lower level than that of the L36-Cy5 trimer-
body [30], most likely due to rapid clearance from the blood
pool and its monovalent nature (see Figure S1 in the
supplementary material online).

For full avidity of multivalent antibodies, all antigen-
bonding sites need to be occupied. When targeting surface-
boundmolecules, orientation of scFvs in the same direction
could facilitate simultaneous binding of all surface
domains. Analysis of the trimerbody model suggests a
tripod-shaped structure with the scFv domains located
at the tips of the arms (Figure 3). Flexibility among anti-
of multivalent antibodies required to crosslink surface
receptors on either the same or adjacent cells [18,30]. A
21-amino acid linker with a fully extended length of 79.8 Å
[30], for example, is very flexible linker that permits
numerous binding geometries. When a first interaction
takes place, the possibility of establishing a second effec-
tive antigen–antibody interaction depends on the valence,
spatial orientation and flexibility of the antibody binding
domain. According to our calculations, the remaining
unbound scFvs in the trimerbody have an area of influence
higher than that of the minibody [30], thus enhancing the
probability of a second effective interaction (Figure 3).
Multiple binding events reduce the off-rates of the inter-
action, thereby increasing the retention time of the anti-
body bound to its target.

Another advantage of the trimerbody format is stability.
The trimerization subdomain of collagen XVIII NC1 is
stable in the protease-rich tumor environment and also
when incubated with human and mouse sera [30,35].
Notably, after incubation with a wide range of proteases
from the cysteine protease, thematrixmetalloprotease and
the serine protease families, trimerbodies exhibited high
stability, and only the lysosomal protease cathepsin L
completely degraded the molecule [35]. However, similar
studies necessary for comparison have not been conducted
in the case of minibodies.

Achieving a clinical hat-trick

The increased avidity gained from the addition of a third
arm coupled with the unique binding geometries derived
from the different trimerization strategies (Figure 1;
Table 1) and their tunable size are features inherent in
trivalent antibodies. For these reasons, trivalent anti-
bodies might be superior to bivalent ones in clinical appli-
cations, including tumor targeting, molecular trapping and
as receptor agonists.
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For tumor-targeting diagnostic or therapeutic appli-
cations, trivalent antibodies are most effective when their

is OX40, whose engagement potently stimulates T cells
and potentially inhibits Treg cells [54–56]. The therapeutic
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Figure 3. Structural models of the minibody and the trimerbody: minibody (a) lateral and (b) superior views; trimerbody (d) lateral and (e) superior views. The minibody

model was constructed with the CH3 domain of the human IgG1-Fc protein (PDB 3DO3) (Branden BC et al., unpublished data) and the anti-sars scFv antibody, 80R (PDB

2GHW.B) [76]. The trimerbody model was constructed from the crystal structure of the NC1 trimerization domain of human collagen XVIII (PDB 3HSH) [42] and the anti-sars

scFv antibody, 80R (PDB 2GHW.B) [76]. The minibody and trimerbody monomers were superimposed using Stamp to generate the multimeric model [77]. In the computer

simulations, each monomer was colored differently (green and blue, or green, blue and purple). The complementarity-determining regions (CDRs) are colored in red.

Schematic representations are also provided, illustrating differences in packing interactions within the minibody (c) and the trimerbody (f). The spheres represent the

domains (scFv, CH3 and NC1) with centers located at the centroids of the domains. The solid bars represent the linkers connecting the domains.
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molecular parameters are within the limits of the tumor
target zone (Figure 2; Box 1). In molecular trapping
approaches, it is important to increase the antibody size
above the renal threshold to retard clearance rates. Tri-
valent antibodies, or trivalent, soluble, truncated versions
of membrane receptors (triple trap), would have an
increased binding stoichiometry to soluble cytokines and
growth factors. Coupled with slowed clearance rates, the
greater avidity of trivalent antibodies might translate into
a greater ability than their monovalent or bivalent
counterparts to bind and sequester soluble molecules. This
can also be applied to other pathogenic particles against
which antibody antidotes have been generated. These
include toxins, such as botulinum neurotoxin A [45] or
anthrax toxin [46,47], and viruses, such as hepatitis
[48,49] or varicella-zoster [50], in which multimerization
has been demonstrated to be needed for effective neutral-
ization.

As receptor agonists, trivalent antibodies could be well-
suited for receptors that trimerize upon ligand binding,
such as the TNF family of receptors. Members of the TNF
family that lack death domains modulate T cell responses
by providing co-stimulatory immune signals. Receptor
crosslinking is essential for intracellular signaling
[51,52], and in vitro activation of these receptors requires
oligomerization of their ligands [53]. One of such receptors

360
otential of OX40 immunostimulatory properties and its
afety have been demonstrated in preclinical studies in
rimates, providing the grounds to pursue clinical trials
7,58]. Trivalent antibodies can have superior efficiency
s agonists of such receptors because they display confor-
ations that allow simultaneous binding and engagement
f three receptors, thereby eliciting activation and sig-
aling of a larger subset of receptors. By adjusting anti-
ody size for decreased serum half-lives, short-lasting
ignaling can be ensured, thus reducing the risks of
ystemic activation. Consequently, trivalent antibodies
ight open a new avenue towards achieving superagonist
erapeutics.

oncluding remarks
hefieldof tumor-targetedtherapeuticsanddiagnosticshas
enefited immensely from the design of recombinant anti-
ody constructs, which have overcome the initial shortfalls
f intact IgG. Certain implementedmodifications have been
ble to improve antibody pharmacokinetics; blood clear-
nce, tumor penetration and tumor retention have been
rolonged or shortened by modifying antibody size or
alence, or through removal of Fc regions. Whereas most
ntibody constructs improve only certain properties, only a
w multivalent, recombinant antibodies possess all of
e necessary attributes to lie within the pharmacological
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window we have termed the ‘tumor target zone’; these are
bivalent and trivalent antibodiesof intermediate size,which
have risen from the diversification of formats with IgG-
derived constant domains and non-IgG-derived oligomeri-
zation domains. Trivalent antibodies improve upon the
properties of bivalent antibodies in terms of tumor retention
andblood clearance,with the trimerbody – the only trivalent
antibody that fits into the ‘tumor target zone’ – serving as a
very promising scaffold for both diagnostic and therapeutic
applications in oncology.
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