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Over the past 75 y€ars, antibqdies have gone from being recognized as disease biomarkers to
b.ing used as very powerfirl therapeutic tools. This evolution has been accelerated by the identi-
fication of mAb and the extensive use of immunological tools both at fundamental and dinical
levels. In this review, we evaluate how antibodies can be used to assess the proteome of cells or
tissues and their relevance for dinical applications. These antibody-based proteomics approaches
also require andytical and technological pipelines as well as specific enabling tools which are
described. Our first objective was to establish how large-scale datasets (provided by high-
throughput shrdies such as proteqmics and transcriptomics) can be integrated with literature
searches and dinicd data to identify potentially relevant markers against which antibodies
should be raised. Then based on an octensive literanrrb review and our experience, we comPare
the methodologies developed to produce specific antibodies either in vivo or ín wtro. This is fol-
lowed by the description ofthe validation tools currently available and it also indudes the use of
antibody-based approaches in the establishment of molecular signatures utilized at the bench
and soon available for bedside use.
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I Introduction

For the last 75 years, antibodies have been used in everyday
life sciences research and in dinical settings as specific di-
agnostic tools and/or more recently in a battery of different
therapeutic strategies. This has been rendered possible
through a series oftechnological and methodological advan-
ces beginning at the end of the 1940's with the introduction
of Freunds adjuvant [1], a powerfirl activator of the host
immune system. Shortly thereafter, this was followed by the
development of experimental procedures depending on the
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specific protein antigen-binding nature ofantibodies such as
hemaglutination and immunoprecipitations [2, 3], immuno'
fluorescence and immunoimagtng [4], ELISA and related
immunoadsorbant methods [5, 6],'Western blotting l7l, and
protein arrays [8]. Recent years have seen the discovery and
market introduction of other protein-binding molecules
(aptamers, phage libraries, single c-hain Fv, etc.l daiming to
be specific, quicker to generate and to circumvent some of
the limitations associated with "conventiond" antibody pro-
duction. In this review we will at first describe the basis on
which "target antigens" - worth raising antibodies to (e.g.,
biomarkers) - are selected (Fig. 1.1). Then as illustrated in
Fíg.7.2, ín vívo versus ín vítro methodologies for the produc-
tion of antibodies are presented. Finally, the application of
these antibodies in the dinic is reviewed either at the level of
detection (diagnostics) or as therapeutic tools (Fig. 1.3). This
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Figure î. Schematic represqntation of experimental antibody-
based analytical pipeline. The first step of our pipeline resides in
(1) antigen identification, selection, and design, and this is fol-
f owed by the second phase of (2) antibody production in vivo or
in vîtro. Finally, once antibodies are produced and characterized
they can be used for (3) detection/diagnostics/pro$nostics and
possibly for therapeutics.

review has for objective to cover a large spectrum of applica-

tions of antibody-based proteomics approaches at both fun'

damental and dinical levels. Although we do not develop in

depth each aspect ofthe approaches described, our intention

is to provide a global ovendew of both strategies and ocperi-

mental designs involved in this process.

2 Antigen identification and selection

In the course of the last 50 years, dinical diagnostic tests
have successfully made use of over 100 blood proteins as
indicators of various pathologies. To complement this list, a
battery of additional markers have been investigated as evi-
denced in part by the doubling in the number of studies in
the last decade which aimed at identifying novel biological
markers for disease. The vast majority of those studies have
pursued various genomics approaches, using DNA- or
mRNA-based methodologies, or proteomics technologies,
identifying novel proteins by MS and/or protein arrays. DNA
arrays and other molecular biology tools have been key to the
identification of dangerous pathogens dearly laying the
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ground work for their current and continued use as routine
diagnostics (for review see ref. [9]). DNA/RNA microarrays
have also been used to identify differential mRNA expression
between a number of normal and disease conditions. Their
use, though informative, has limitations in reliability since
the analysis is restricted to changes in mRNAlevels which do
not necessarily reflect changes in protein expression. For
example, mRNA levels and protein expression of S. ccrwísiae,
cuttured in ric-h or minimal medium, weaHy correlated (cor-
relation factor of 0.45 for 678 loci) with each other, and
indeed a negative correlation was reported for the expression
ofselected genes associatedwith stress resPonse [10]. Similar
results were found in mammalian cells where mRNA levels
(up or down) correlate at most 40% with the variation in
protein expression in two hematopoietic cell lines at distinct
stages of myeloid differentiation as well as in the livers of
mice treated for different periods oftime with three different
peroxisome proliferator-activated receptor (PPAR) agonists

[11]. Moreover for diagnostics, noninvasive procedures based
on the collection of biofluids for biochemical analysis or for
various i*ag*g methods, making the link between the
expression of an mRNA, which is intracellular, and the
expression ofthe protein it codes for exEacellularly in blood,
urine, or other fluids is not so straightforward and indeed
requires substantial invesùnent in comprehensive (atd
costly) validation efforts.

Proteomics-based approaches using MS or protein arrays
on the other hand allow for the direct analysis of biological
fluids not only for the presence of various proteins but also
for specific protein modifications and metabolites. And as for
transcriptomics, proteomics approaches have technical
issues oftheir own. While protein arîays (described in more
detail below) measure the differential expression of known
proteins, protein modifications or metabolites, MS, which
can identify novel protein targets is limited in its ability to
quantify protein expression changes. lb address the latter,
several methods have been adopted to measure differential
expression such as isotopecoded affinity tags (ICAT) [12]
which rely on the selective conjugation of cysteine thiol
groups in proteins, followed by enzymatic digestion and
quantitative analysis of peptide conjugates by MS, ín voctto
isotope-coded allcylation technique (IVICAT) [13], a methyla'
tion reaction adding a permanent positive charge at the
N-terminus of peptides, MS peak height [14] or even t]re
more controversial peptide counting methods [15].

Known biomarkers such as cytokines, growth factors,
and intracellular proteins, thought to arise in blood plasma
by tissue leakage, abnormal cell secretion, alternative deav'
age, or unusual modifications, are tfpically present in min'
ute ng/ml quantities in blood, essentially at the very limit of
deteetion of mass spectrometers. Thus in highlv complex
samples sucfr as plasma, high abundance proteins which
take over the sequencing capacity of the mass spectrometer
are best removed prior to injection to obtain any meaningful
data. Indeed in efforts to "dig deeper" and improve detection
of low abundance markers, various affinity columns have
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been developed, and are available commercially, to deplete
blood plasma of lgs, albumin and other high abundant pro-
teins of low interest; fractionation procedures have been
implemented to proteomics pipelines to decomplexify cel-
lular/tissue samples toward the identification of proteins for
use in diagnostics analyses andlor immunotherapeutics
purposes. Multiple studies have demonstrated the feasibility
ofthese techniques for the identification, both of serum bio-
markers identification in early detection of breast, ovarian
and prostate cancer [16-18], and molecular markers oftumor
invasion identified from invasive bladder cancer tissue biop-
sies [19].

3 Antibody production

When producing antibodies various factors warrant mindfirl
consideration with regards to the system of choice, being
either ínvivo or in wtro. The latter will be discussed in a later
section (see Section 3.21. In vivo approaches necessitate
selection ofthe best adjuvant, the animal host, the antigen of
interest, the monoclonal or polydonal nature ofthe antibody
desired as well as for clinical purposes, a definition of opti-
mal strategies to produce large volumes of reproducible,
specific antibody.

3.1 Antibody produstion in vivo

3.1.1 Animal hosts

Since Freund. s pioneer work more than 100 adiuvant prep-
arations have been described [20]. Adjuvants effectively
increase the host immune response through one or more of
the following modes of action: "depot effect", antigen pre-
sentation and targeting, humoral system activation, and
cytotoxic lymphocyte induction. Rabbits, rats, or mice are the
most frequently used hosts in the generation of antibodies
for experimental and dinical research. Although horses have
been used for rabies antiserum production as an essential
method for treating people exposed to rabies l2l,z2l,larger
mammals (i.e., goat, sheep, and donkey) have also been used,
most frequently for the generation of secondarylcom-
plementary antibodies requiring significantly higher pro-
duction volumes owing to their widespread use as routine
experimental tools for bioresearch. More exotic systems are
available : àrrd recently increasingly in higher demand - to
work with antigens harboring characteristics that prevent or
limit the production of antibodies in conventional mamma-
lian hosts.

We make use of chicken hosts to generate high quahty
antibodies. One of the many advantages of using hens is the
phylogenetic distance with mammals that allows for the pro
duction of antibodies against highly consened sequences
among mammals (i.c., extracellular domains of G protein-
coupled receptors, transporters, etc.l. This approach allows
the production of antibodies with enhanced recognition-,
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binding-, and affinity-related properties above that observed
in antibodies raised in conventional mammalian hosts.
Immunization of hens represents a sensible alternative to
generate polydonal antibodies, because chicken housing is
inorpensive, egg collection is nonstressful to hens, isolation
and affimty pwification of antitjrodies (IgY) is fast
(-2 months), consisting of a simple two-step process involv-
ing delipidation followed by immunoaffinity isolation. This is
in contrast to production in mammdian hosts in which anti-
serum must be harvested either by bleeding the animals or
for larger volumes by cardiac punchrre urider termind anes-
thesia; both ofwhich must be carried out by trained staffand
typically cause significant anxiety to the animals. While
representing a practical source ofantibodies, chicken eggs are
a dean, noninvasive means by which large volumes of anti-
body can be repeatedly harvested. Notably, this method is in
agreement with the European Union Directive 86/609/EEC
for the protection of animals used for experimental use
requesting methods reducing the suffering of animals.

Although IgYs are not recognized by protein A or G, their
applicability is comparable to that of mammalian lgs - an
increasing supply of "secondary" tools (untagged or tag-
labeled antichicken antibodies) are commercially available.
In our experience generating custom chicken antibodies to
purified proteins, recombinant proteins or to peptides,
the signal is very strong and specific for concentrations
<0.1-2 pglmL of total IgY, or even for 1:2000 dilutions of
straight yolk. Furthennore, the IgY has a number ofintrinsic
biochemical advantages: the fact that IgYs do not acÈivate
mammalian complement and show no interaction with
mammalian Fc receptors, which could mediate inflamma-
tory responses in the gastrointestinal (GI) tract, makes IgY
antibodies very attractive immunotherapeutics for peroral
(oral) administration of specific antibodies against GI patho-
gens in both humans and animals as well as for antibody-
based diagnostics. Other clinical IgY applications, such as
inhibition ofxenograft rejection, are also being developed for
pig-to-human organ transplants [23]. Considering the bene-
fits of IgYmethodologies in polydond antibody production -

induding the massive quantities (100 mg total IgY per egg;
2-10 rng of specific IgY per egg) that can be produced - and
the universal application of these antibodies in research and
medicine, it is expected that in the near future IgY technolo-
gies will play an increasingly greater role in research diag-
nostics and immunotherapy.

g.1.2 Source of antigen for immunization

The easiest method to produce polypeptide antigens for
immunization involves the doning and qxpression of the
chimericd polypeptide of interest with GST maltose-binding
protein (MBP), or another purification system. Following
expression of the protein antigen, protease-specific deavage
site(s) are used in the final purification step to generate the
highly purified desired antigen. Bacterial expression, being
the most *ildly used expression system, however is limited
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in that no PTMs are added to synthesized proteins, and
transmembrane proteins can only be otpressed without their
hydrophobic membrane-spanning domains. Proper folding
of proteins can also be affected (by the latter bacterial system
shortcomings) effectively limiting the possibility to generate
antibodies recognizing the protein in its native conforma-
tion. Mammalian or insect cell expression systems can be
used as alternatives to resolve some of the issues associated
with bacterial systems.

In cases where antibodies against peptides or modified
peptides are required, coupling to a carrier is necessary to
induce a humoral (antibody) response. That being said, the
use of peptides as antigens should nevertheless be used cau-
tiously since they have lower probabilities of being antigenic
and antigen determinant prediction softwares have limited
capabilities in the identification of antigenic peptides; 5F
60/o correct predictions when hydrophobicity and accessi'
bilrty are used and up to 7O0,6 when prediction for turns in
protein structure are taken into consideration [24]. Alter'
natively, and more successfully, animals can be immunized
using the whole protein and domain-specific antibodies can
be purified though affinity purification using the pollpeptide
sequence of interest. Using similar approaches, specific
antibodies can be screened using peptides of interest during
the generation/selection of a mAb.

Antibodies can also be generated by DNA immunization.
This approach has the advantage of bypassing antigen (pro'
tein or peptide) expression and purification and thus allows
for fast-tracking antibody production. Recently, limitations in
the dinical use ofthis approadr has been put fonvard due to
poor antibody production and more importantly its inability
to work well in primates and humans (for review see ref.

l2sl).
A polydonal humoral response is comprised of anti'

bodies derived from various clond populations having vary-
ing specificities (for different epitopes on the same mole'
cule), affinities, and dasses. Polydonal antiserum can be
obtained in a relatively short time frame Qa months) in
contrast to standard mAb production procedures that can be
quite labor intensive and require 4-8 months. Polydonal
antibodies (pAb) show different affinities for different epi'
topes and thus may demonstrate oveEall excellent binding
achieved by adherence to a number of different sites on a
complex immunogen or antigen. MAb on the other hand will
recognize a specific antigen with constant biochemical
properties. Moreover through simple doning and molecular
engineering modificatíons ofthe Ig sequence, antibodies can
be custom designed for specific uses (c.g., humanization to
prevent/limit immunoreactivity in the course of immuno'
therapy). Chickens are commonly misbelieved to be limited
to producing only polydonal antibodies, however, hybrido-
mas expressing monodonal IgYs against human prion pro-
teins previously have been generated by fusion with a mye'
loid cell line [26]. The instability of hybridomas and the low
levels of secretion require doning of the IgYmRNA and the
use of other orpression systems for efficient production.
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Production systems of mAb by in vitro crJtnne of hybri'

domas can consist of either one of two established culture

systems: the first is made up of a single comparEnent, and

consequently allows only low-density cell culture; the second

system is made up oftrvo comparbnents that allow high-cell

density growth. For production of mAb on a small scale

(<0.1 g), simple low-density cell systems such as tissue cul-

ture flasks and gas permeable bags can be easily employed.

For production of larger quantities, in the 0.1-0.5 g range,

high-density cell culture systems are often required. All pro'

duction systems mentioned above are dependent on intrinsic

characteristics of hybridomas (medium, growth conditions,

etc.l andrequire highly controlled environments 127 ' 281.

3.2 Antibody produstion in vìtro

ln wtro, antibody production methods can be used to iden'

tify binding partners as alternatives to antibodies for low

antigenicity peptides. The first recombinant antibody frag-

ment reported to be expressed in the yeast P. paslorís was a

rabbit single chain variable fragment (scFv) selected from a

bacterial phage display library [29]. ScFvs contain heavy and

light cJrain variable regions connected by a small, flexible

peptide; these fragments can be modified - disulfide'stabi-

lized scFr's and bivalent scFvs - to enhance their stability or

avidity, or to add further specificities or effector functions

t301. Furthernore, owing to their reduced size (2700O-

30000 Mr) scFvs can penetrate tissues and are deared from

the blood more rapidly than whole antibodies rendering

then well suited for many ínvivo diagnostic and therapeutic

applications.
Recombinant antibody libraries have been constrrcted by

doning antibody heavy- or light'chain variable genes directly

from animal or human lymphocpes and then expressing

them as an scFv or as an antigen'binding fragment (Fab)

using various display tedrnologies [31-33]. Recombinant

antibody technology, an alternative to traditional immuniza-

tion of animals, facilitates the isolation oftarget'specific high

affinity mAb, requiring no immunization, simply by virtue

of high-throughput screening techniques. Phage display,
ribosome display, and microbial cell display platform tech'

nologies have been extensively used to construct large scFv or

Fab libraries [3a-36].
In phage display libraries, an antibody fragment is

expressed on the surface of a phage partide, its encoding
gene is fused in-frame to one of the phage coat proteins and

cloned in a vector that can be packaged as a phage partide

(for review see ref. t37l). Different display systems can lead to

monovalent or to multivalent display, which is convenient for

selecting antibodies of higher affinity, achieved by using

direct fusion or a disulfide-bridged link to a minor coat pro-

tein, plII, and by using phagemids into which antibody

libraries are easier to clone than phage vectors [38].
In ribosome display, the link between antibody and

encoding mRNA is made by the ribosome; at the end of
translation the mRNA is made to stop without releasing the
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polypeptide and the ternary complex as a whole is used for
the selection [39]. In mRNA display, there is a covalent bond
betrreen antibody and mRNA established wa puromycin as
an adaptor molecule [40]. These display methods are carried
out entirely ín vitro, thereby eliminating the need for cell
transformation. The other advantage is that it is very amen-
able to mutagenesis to provide additional diversity between
generations, without the need to transform the doned library
into E coli.

Finally, in yeast cell display libraries, antibodies are dis-
played on the yeast S. ceraisiae cell surface via fusioh to the
cr-agglutinin yeast adhesion receptor, which is located on the
yeast cell wall [3a]. Although the display level on the cell is
irregular, with on average about 3 x 104 fusions per cell per
scFv molecule, cell sorting "sortso through this variability. By
staining the cells with both fluorescently labeled antigen
and/or antiepitope tag reagents, the yeast cells can be sorted
according to the level of antigen binding and antibody
oqression on the cell surface. This approach has been used
to build a noninuilune human scFv library with over 10e
dones, which is efficiently selected by magnetic bead capture
and then sorted by flow cytometry to yield single nanomolar-
affinity antibodies [34].

Despite the recent availability and market introduction of
these protein-binding molecules shown to be specific and
quic\er to generate, these also on occasion have been
demonstrated to be difficult to work with and to be of rela-
tiuely low affinity (L0-6-19-a M compared to 10-e-10-11M
for conventional antibodies) requiring additional efforts of
genetically fusing binding molecules to multimerization
domains (4.g., fusing Iun to produce dimeric Fv fragments)

[41]: Random or targeted'mutation approaches by error-
proned or window PCR, DNA shuffIing, for example, have
also been used successfully to increase the effective avidity of
binders 142451. Indeed a benefit (results)-to-cost analysis
should be evaluated before selecting conventional antibodies
or protein-binditg technologies.

Nudeic acid aptamers have also been developed as an
alternative to conventional antibodies. These DNA- or RNA-
based molecules have the recognition properties of anti-
bodies and can be ín vrtro selected through rounds of bind-
ing/amplification cydes called systematic evolution of
ligands by exponential enrichment or SELEX. Aptamers have
the advantage of being chemically synthesized so they can
easily be modified to improve their properties, and are fairly
smdl compared to peptide-derived binders (for review see
ref. [a6]).

Clinical applications of recombinant antibodies often
require large quantities of highly purified molecules, some'
times for multiple treatrnents. The development of very effi-
cient expression systems is thus essentid for the full orploi'
tation of recombinant antibody technologies. Indeed, Pro-
duction of recombinant protein in the milk of transgenic
dairy aniÍnals has been pursued for which several success'
fully elgressed antibodies have been hawested from the milk
ofmice, rat, and goat transgenics [a7].
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Previous work suggests that plants will be a simple and
economic bioreactor for the large-scale production of indus'
trial and pharmaceutical recombinant protein [48, 49].
Genetically modified transgenic plants have several advan'
tages as sources of protein over human or animal tissues,
transfirted animal cell lines, transgenic animals, or recom-
binant microbes, induding: (i) the production of material on
an agriculturat scale at low cost; (ii) correct assembly of
multimeric antibodies (unlike bacteria which lack the crpac-
ity to generate disulfide bonds); and (iii) increased safety,
since plants do not seffe as hosts for human pathogens such
as HIV, prions, hepatitis viruses, eE.I50l.

4 Antibody-based high-throughput
analyses and their clinical applications

Several current and prospective applications of antibody-
derived array-based or nonaray'based methodologies in the
context of dinically relevant studies have been defined. In
the past few years, it has become evident that an increasing
number of dinical studies will see their needs to augment
significantty for (i) biomarker discovery as well as for
(ii) motecular signahre identification [51-53]. TecJrnological
progress brought about by the improvement in DNA micro-
erray technologies combined with improved detection meth-
ods and statistical analyses have ledto the development of so-
called antibody arays to allow the characterization of protein
expression levels or their PTMs. In addition, depending of
the approacfr selected, the possibility of establishing specific
profiles relevant to given diseases has also been proposed

[s1-s4].
In the present section, the parameters which can be an'

alyzedusing antibody arrays including not only the evalua-
tion of protein expression levels but also the analysis oftheir
PTMs as well as the ctraracterization of specific protein
complexes will be defined, then the technologies and the
approaches available, induding their limitations (fot
instance red arrays vsrsus bead-based assays), will be dis-
cussed. Finally, the impact these approadres can have on
dinical research in the specific context of biomarker dis-
covery versus molecular signature establishment will be il'
lustrated.

Thus far at least threq different parameters can be di-
rectly evaluated using antibody àrray- or nonarray-based
approaches. First, and probably the most obvious/logical pa'
rameter to be detected using antibody arrays is the exPres-
sion level of either a given protein in a series of samples or
the expression level of a large number of proteins in a single
biological sample (see Figs. 2-4). Independently of the pro'
teomic plaúorm used, antibody-based protein profiling
remains one of the principal methodologies for the applica'
tion'oriented translation of proteomics in the context of
dinical studies. The major advantages of antibody'based
approaches are (i) the possibility of multiplexing, (ii) good to
very good reproducibility; (iii) sensitivity, often being able to
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Figure 2. Array-based analyses: targeted approaches. Schematic
representations of the possible targeted approaches using array-
based methodologies: (A) Sandwich assay and indirect antibody
labeling, (B) antibody capture and direct labeling by Cy3/CyS (left
panel) or by biotin/digorygenin followed by secondary immu-
nogenic reaction using antibiotin and antidigoxygenin anti-
bodies coupled to Cy3/CyS respectively (right panel).

Figurc 3. Array-based analyses: untargeted approaches. Sche-
matic representations for two potential configurations of array-
based untargeted approaches: (A) specific antigens are spotted
on the array to identify and characterize antibody specificity.
(B)When the antibody is characterized, it can be used as a tool to
scàn a large number of complex samples (1.e., serum) for the
presence of the antigen. The visualization is carried out through
the use of a secondary antibody coupled to a fluorophore/en-
zyme.
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Figure 4. AlphaScreen principles and potential applications.
(A) Principles of AlphaScreen (D, donor beads; A, acceptor
beads). (B) Examples of various experimental settings allowing
forthe Uetection of one antigen in a complex sample following its
biotinylation: (i) Sandwich detection of a given antigen by two
different antibodies raised againstthe samo protein; (ii) Sandwich
detection of a PTM on a given antigen (here phosphorylation); (iii)
finally, detection of multiple antigens present in a complex sam-
ple following its biotinylation. This type of approach requires the
existence of acceptor beads emitting at various wavelengths.

detect proteins at lower concentrations [55, 56] than other
proteomic methodologies (e.g.,2-D PAGE followed by MS);
and (iv) specificity, effectively lowering the effect of the dy-
namic range of protein concentrations in complex samples

[55, 56]. To increase the throughput of these antibody-based
analyses, several approaches have been developed either
using array or nonarray methodologies.

4.1 Array-based technologies

Protein anays comprised of immobilized proteins are an
emerging biochip format. The first steps of this technology
development were carried out at the end ofthe 1990s and the
beginning of the 2000s. Indeed, the first reports described
the use of high-density filters or aray-like sùrrctures to
screen for antibodies [57, 5S]. Similarly array-based technol-
ogies were used to either evaluate antibody-antigen interac-
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Table 1. Detection methodologies for sandwich antibody-based
arrays

Method Description Reference

RCA
TC-RCA
RLS
ECL
TSA
SA

Roll ing circle DNA ampli f icat ion I82,831
Two-color RCA [84,85]
Resonance l ight scattering [86,87]
ECL [88,89]
Tyramide signal ampli f icat ion [90,911
Streptavidin [92,931

928 S. Dahan ef a/.

tions with a high-throughput or characterize specific func-
tional properties [59, 60]. Thus far protein biochips have
been used for a spectrum of applications as broad as protein-
antibody and autoantibody profiling, for the study of pro-
tein-ligand interactions, where the ligand can be either pro-
teins, peptides, DNA or RNA, and for the determination of
enzymatic activity, and substrate specificity of dasses of
enzymes [61]. In the context of antibody-based approaches,
two major methodologies have been developed as "targeted
or "untargeted" [62-64]. The theoretical opposition between
both themes is conditioned by the type of material deposited
on the eryay (either antibodies or studied samples) and the
type ofthe sample analyzed.

4.1.1 Antibody arrays: Targeted approaches

The two main types of formats are "sandwich" and "label-
based assays (Fíg. 2; t61l). These approaches are com-
plementary and have respective pros and cons. In the sand-
wich assay in which immobilized antibodies capture unla-
beled proteins, the captured proteins are detected by another
antibody (Fig. 2A). The signals for detection may be gener-
ated by a variety of methods (see Thble 1). Sandwich assays
can have hignler specificity than label-based assays since two
antibodies tàrget each analpe instead of just one. Detection
sensitivity also can be higher due to reduced backgiound

[61].'The assays are noncompetitive since only one sample
may be incubated on each eÍrey, thus a "standard curre" of
known concentrations of analytes is required to achieve
accurate calibration of concentrations. In the label-based
assay, the targeted proteins are labeled with a tag allowing
detection after capture by an immobilized antibody. Two
options for detection are available: (i) "direct labelingl where
proteins are labeled with a fluorophore such as Cy3 or Cy5
a4d (ii) "indirect detection" where proteins are labeled with a
tag such as biotin or digoxygenin and subsequently detected
by a labeled antibody [61]. In addition, label-based assays
allow the coincubation on the arrays of turo different sam-
ples, each labeled with a different tag, thus for instance
allowing the coincubation of a reference sample with a test
sample to normalize for variation between spots in capture
antibody concentration. In addition, this assay is competitive
as the analytes in the test and reference solutions compete
for binding to the antibodies [65]. Nevertheless, label-based
methods also have drawbacks relative to sandwich assays.
The use ofjust one antibody pertargetmeans that specificity
can be lower and, as all proteins are labeled, backgrounds
and detection limits can be higher. The approach is probably
best used as a practical method to screen binding to many
antibodies targeting a wide variety of proteins. Sandwich
assays are more difficult to develop in a multiplexed setting
relative to label-based assays. Indeed, matched pairs of anti-
bodies and purified antigens may not be available for each
target, and the possibility of crossreactivity between detection
antibodies increases with additional analpes. Consequently,
multiplexed sandwich assays are considered to have a prac-
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tical size limitation of 3G-50 different targets [61]. Arrays
using label-based detectipn, on the other hand, are only lim-
ited by the availability of antibodies and the available space
on a substrate.

4.1.2 Antibody arrays: Untargeted approaches

In contrast to the targeted strategies, this approach uses the
characteristics of solid supports/arrays to deposit a large
number of antigens either purified or in a complex rnixture
such as serum (see Fig. 3). Interesting developments have
been proposed at an early stage to find application in the
medical domain [66] but also more recently to be of interest
in the bridging of genomics and proteomics [67, 68]. Under
those conditions, each array will not be probed with a large
number of antibodies but rather it will allow the multi-
parallel analysis of a large nulnber of analytes. In particular,
two maior configurations can be developed with at first the
spotting of specific antigens on the array (and again several
supports are available ranging from NC to specific poly-
mers). These antigens can be as varied as recombinant pro-
teins, synthetic peptides, DNA, or RNA. T?K: most appropri-
ate objective of this type of assay may be either the identifi-
cation ofthe antigen for a given uncharacterized antibody or
the identification of an autoantibody patter4 present in a
given serum (Fig. 3A). In addition, these.properties may
allow us to consider the first option as an enabling technol-
ogy to better characterize immunologic tools (either ftom in
vívo or in wtro sources; Fig. 1). Under those circumstances,
the number of antibodies tested is only dependent of the
number of replicas made from the initial array.llhe other
configuration which can be applied to this experimental
strategy is the direct spotting on the array of a large number
of biological samples (serum, cell, or tissue extracts). In this
context, quantification would again require, as for the tar-
geted sandwich approaches described in Fig. 2A, a standard
curve of known concentrations of the antigen against which
the antibody is raised, to achieve accurate calibration of con-
centrations.

In summary the untargeted approaches allow for the
analyses of a large nqmber of different samples and the
principal limitation comes from the capacity to replicate the
array. In addition, a sensitivity issue may be raised since, in
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contrast to sandwicfr alrays, the antigen will not be enriched
by antibody capture on the array.

4.2 Nonarray-based aPproaches

Nonarray-based technologies represent a significant alter'

native to array-based methods as they make use of homoge'

nous solutions in contrast to array'based methodologies thus

expanding their versatility, their sensitivity as well as their
potential throughput. Examples of three nonarray-based

technologies (TR-FRET (LANCE*, HTRF@1, Luminex, and

AlphaScreen*; will be briefly described with more emphasis
placed on the AlphaScreen technology.

4.2.1 TR-FRET-based technologies

Time-resolved fluorometry is commercialized at least by two

companies under the copyrighted denominations IANCE

(Perkin-Elmer) and HJRF (Cisbio). This technology exploits

the unique fluorescence proPerties of lanthanide chelates
which display (i) long fl-uorescence decay after excitation (up

to a millisecond) and (ii) high signal'to'background ratio.

Homogeneous assays (which do not require washing steps)
particularly benefit from time-resolved fluorometry because

the sample constituents present during detection cause very
high backgound fluorescence when conventional fluor'

oc-hromes are used. TR-FRET is based on the proximity of a

donor label (europium chelate/cryptate) and an acceptoi
label (Allophycocyanin, APC, XL665) whicJr are brought to

dose proximtty by a specific'binding reaction- The excited

energy of the Eu-chelate/cryptate is transferred by a non'

radiative resonance energy transfer mec-hanism to an acceP'

tor within a short distance. Fluorescent lanthanide chelates

with long excited state lifetimes are used to avoid inter-

ference caused by shortJived emission from acceptor mole'

cules excited directly rather than by energy transfer. TR'

FRET has been widely used, for example, in kinase, nudear

receptor, and protein-binding assays [69-75] However, very

few assays have in fact been applied to dinical settings [76].

4.2.2 The Luminex technologY

The Luminex technology is built on a combination of flow

cytometry, microspheres, lasers, signal processing, and tra-

ditional chemistry. This technology can be configured to

perform a wide variety of bioassays quickly, cost'effectively,
and accurately. First, Luminex color-codes tiny beads, called

microspheres, into 100 distinct sets. Each bead set can be

coated with a reagent specific to a particular bioassay, allow-

ing the capttrre and detection of specific analpes from a

sample. Iasers excite the internal dyes that identify each

microsphere partide, and also any reporter dye captured

during the assay. Many readings are made on each bead set,

further validating the results. This technology allows there-

fore multiplocing of up to 100 unique assays within a single
sample, both rapidly and precisely. A significant number of
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products are already available commercially and a significant

number of dinically oriented research proiects have been

carried out using this technology 177-801.

1.2.3 AlphaScreen

AlphaScreen relies on the use of 'donor" and "acceptor"

beads that are coated with a layer of hydrogel providing

functional goups for bioconiugation. When a biological

interaction between molecules brings the beads into prox'

imity, a cascade ofc-hemical reactions is initiatedto produce a

greatly amplified signal [73, S1l. Upon laser excitation, a

photosensitizer in the donor bead converts ambient oxygen

to a more excited singlet state. The singlet state oxygen

molecules diffirse and react with a chemiluminescer in the

acceptor bead that further activates fluorophores contained

within the same bead. The fluorophores subsequently emit

light with a wavelength ranging from 520 to 620 nm.

Basically, as described in Fig. 4A, illumination at long

wavelengths ensures that few biological or assay substances

will interfere. A high concentration of photosensitizer in

each donor bead generates up to 60000 singlet oxygen

molecules per second. This results in a very high signal

amplification that contributes to detection sensitivity to the

attomole (10-tt) level. Singlet oxygen has a short lifetime in

an aqueous solution (-4 ps) that allows diffusion of no more

than 200 nm, consequently, only beads within that dose

proximity will emit light. This distance is approximately ten

times longer than what energy transfers allow in TR'FRET

or.perimental setuPs, thus providing a selection advantage

for the study of larger complexes (induding protein com-

plexes) and find application in sandwich-based approaches

usually carried out using ELISA (AlphaLISA" methodology,

see Fig. 48) tS2-S41. The acceptor beads contain a thioxene

derivative that reacts with the singlet oxygen molecule to

generate a chemiluminescence at 370 nm. This energy is

immediately transferred to fluorophores within the same

bead, shifting the emission wavelength to 52W20 nm. A

short halflife decay reaction allows detection in a time'

resolved mode. Several applications of AlphaScreen at the

bench have led to significant enhancement of biochemical

assays such as measures of enzymatic activities like GTPase

or protein ubiquitination [83, 85-87]. Thus far, AlphaScreen'

based assays have mostly been used in industrial settings for

high-throughput screening.
A significant advantage of this technology resides in its

enhanced fledbility (as illustrated in Fig. 4B), its very low

background and findly its high'throughput capacity. Experi-

mental configUrations similar to the targeted or untargeted

array-based methodologies can be designed without much

variation in the assay, thus allowing a direct comparison be-

tween both approaches. In addition, as the spectrum of

fluorophores contained in the donor beads will expand, the

possibility of testing multiple analytes in a single well will

considerably enhance the throughput of the technology to

reach potentially ultrahigh-throughput capacity.
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4.3 Applications of array- and nonarray-based
methodologies: From bench to bedside

Thus far immunophenotyping has notably been used in the
diagnosis ofleukemia. It involves the labeling ofwhite blood
cells with antibodies directed against surface proteins on
their membrane. By choosing appropriate antibodies, the

. origin of leukemic cells can be accurately determined. The
labeled cells are processed in a flow cytometer. The whole
procedure can be performed on cells from the blood, bone
marrow or spinal fluid in a matter of a few hours. This con-
cept can certainly be extended using the technologies men-
tioned above to characterize at specific antigen expression
levels/modification in a disease state and consequently not
only represent a good characterization tool at the bench but
may also potentially constitute diagnostic/prognostic detec-
tion methods at the bedside in the near future.

1.3.1 Measuring protein expression levels

One of the best illustrations of the application of the above-
mentioned methodologies is the measure of protein expres-
sion levels. In this context, the use of label-based arrays was
made to identify potential biomarkers for prostate cancer and
cystic fibrosis. Serum proteins were labeled with Cy3 and
Cy5 and profiled on antibody arrays [88]. Similarly, this
itrategy has also been used to look at protein expression in
human tissue samples following laser capture microdissec-
tion [89]. In another interesting study using resected tumor
tissue [90], proteins isolated from 30 different hepatocellular
carcinoma tumors were compared to those from 15 normd
liver specimens using Cy3 and Cy5 labeling on microarrays
containing approximately 80 different antibodies. In total, 32
of the proteins exhibited differential expression between the
tumor and normal groups. Moreover, a pancreatic cancer
analysis was carried out by profiling the binding of samples
from L42 patients to approximately 90 antibodies. This
revealed multiple proteins associated with both malignant
and benign pancreatic disease, some of which were pre-
viously unknown to be associated with pancreatic cancer [91].
Finally, antibody array approaches were also specifically
designed to identify serum markers of bladder cancer [92]or
lung cancer [93]. Thus far, nonarray-based methods have not
yet been used in similar experimental setups, However,
Luminex platforms offer a multiplex analysis of several of
proteins which may be already in predinical development.
More recently, the coupling of array-based antibody technol-
ogies with microfluidics has led to the development of a
point-ofcare diagnostic and demonstrated its applicability to
rapid, reliable measurement of proteinaceous disease bio-
markers in biological fluids [9a].

1.3.2 Measuring PTMs

Only recently has the identification of PTMs been recognized
as potential biomarkers. Indeed, the biological roles of pro-

@ 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Proteomics Cli n. Appl. 2007, 1, 922-933

teins are determined not just by their abundance, bìt also by
modifications occurring post-translationally suc-h as phos-
phorylation, glycosylation, proteolysis, acetylation, methyla-
tion, nitrosylation, oxidoreduction, or lipidation. A novel
application of antibody anays has been to detect certain
PTMs on multiple proteins which could be of interest at the
clinical/diagnostic level [95]. One strategy employs a mod-
ified sandwich assay in which the detection antibody targets
a particular modification instead of the core protein. Sche-
matic representations of "heterogeneous" sandwich assays
are shown in Fig. 2 for the measurement of phosphorylation
and glycosylation states. In this erperiméntal -setting, pro-
teins are captured by immobilized antibodies and are probed
with antibodies targeting either the proteins themselves or
phosphofiosine I99. By looking at the ratio of phosphò-
tyrosine to total protein, the level of activation ofthe proteins
can be measured. A related approach to measure the protein
modifications using antibody arrays consists in immuno-
precipitating whole-cell extracts using antibodies against
phosphotyrosine, ubiquitin, or acetyl lysine, and the pre-
cipitates are fluorescently labeled and applied to antibody
microarrays [97]. The level of binding to each antibody
reflects the level of modification of each target protein.

For glycosylation profiles, the use of lectins, which are
plant and animal proteins with natural carbohydrate affinity,
can be of major interest. Each lectin type has specificity for a
particular glycan structure, so the glycan structure measured
on the captured proteins can be specified by the lectin used
for detection. To measure both protein levels and glycan
levels in the same experiment, the proteins can be tagged to
allow detection with a different color fluorophore than that
used to detect the glycan. This method is currently being
used to profile the variation in glycan levels on senrm pro-
teins in cancer patients [9S]. Such studies might reveal novel
cancer markers or could identify glycan alterations involved
in cancer progression.

4.4 Future perspectives '

A major limitation for most antigen arr:ay analyses is that the
antigens used,are limited to proteins and other biomolecules
that are known to represent candidate targets, and for which
synthetic or purified preparations are available. Conse-
quently, any initiative aiming to improve our understanding/
knowledge of binder pairs will dramatically facilitate the
conception of new arrays to evaluate protein orpression pro-
files, PTMs, etc.

Thus far, at least two maior initiatives have been
launched to facilitate the characterization of antibodies and
enhance their characterization rates. l]lre first, named Pro-
teomeBinders, is a new European consortium proposing to
establish a comprehensive infrasbrrqture resource of binding
molecules for detection of the human'proteome, together
with tools for their use and applications in studying pro-
teome function and organization (www.proteome-
binders.org) t991. The second, named The Human Protein

wwur.clinical.proteomics-journal.com



Proteomics Cli n. Appl. 2007, 1, 922-933

Atlas, displays expression and localization of proteins in a
large variety of normal human tissues and cancer cells. The

data are publidy available and presented as high'resolution

immunohistochemical images of stained tissues and cell

lines. Available proteins can be found through searches for

specific genes or by browsing individual chromosomes
(http://www.proteinatlas.org) t1001.

In addition, provided the enhanced discovery rate of bin-

ders and the known ín vivo efficiency of intrabodies for alter-

ing protein trafficking and/or processing or signaling path'

ways [101-103] or transbodies [104], we can also anticipate
that these engineered proteins will find in the near future a

tremendous field of applications both at the bench [105, 106]

and at the bedside [107, 108].
In condusion, in'the course of this review we have

described several strategies to maximize antigen selection
and design, we also have listed the methods to produce anti'

bodies in wvo using more traditional methodologies or in

vitro, :using approaches based on recombinant DNA. In the

last section, we have described how these antibodies can be

used at the bench or at the bedside to improve diagnostics or
prognostics for patients suffering from various complex dis-

eases. It has becorne obvious that the development of such

immunologic tools can also lead to successfi.rl therapeutic

strategies [109-111]. This is particularly well illustrated with

the highly publicized example of herceptin (http://www.her'
ceptin.com), which is an antibody specifically targeting the

EGF receptor and commonly used to treat HER2 positive

breast cancer patients [65, 109-114], thus demonstrating the

increasing interest of the use of antibodies as accepted and

successfi,rl therapeutics.
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