Use of phage display technology to
investigate allergen-antibody

interactions

Janet M. Davies, PhD, Robyn E. O’Hehir, FRACP, PhD, and Cenk Suphioglu, PhD

Prahran, Australia

Phage display is an advanced technology that can be used to
characterize the interactions of antibody with antigen at the
molecular level. It provides valuable data when applied to the
investigation of I1gE interaction with allergens. The aim of this
rostrum articleisto provide an explanation of the potential of
phage display for increasing the under standing of allergen-1gE
interaction, the discovery of diagnostic reagents, and the devel-
opment of novel therapeutics for the treatment of allergic dis-
ease. The significance of initial studiesthat have applied phage
display technology in allergy research will be highlighted.
Phage display has been used to clone human IgE to timothy
grass pollen allergen Phl p 5, to characterize the epitopes for
murine and human antibodies to a birch pollen allergen Bet v
1, and to elucidate the epitopes of a murine mAb to the house
dust mite allergen Der p 1. The technology has identified pep-
tides that functionally mimic sites of human IgE constant
domains and that were used to raise antiserum for blocking
binding of 1gE to the FceRI on basophils and subsequent
release of histamine. Phage display has also been used to char-
acterize novel peanut and fungal allergens. The method has
been used to increase our under standing of the molecular basis
of allergen-IgE interactions and to develop clinically relevant
reagents with the pharmacologic potential to block the effector
phase of allergic reactions. Many advances from these early
studies are likely as phage display technology evolves and
allergists gain expertise in itsresearch applications. (J Allergy
Clin Immunol 2000;105:1085-92.)
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Current clinical strategiesfor allergy treatment involve
allergen avoidance by patients, pharmacotherapy, or
immunotherapy. Only the third strategy has the potential
to provide a long-term solution for a subject who has
alergies. However, many allergen extracts used for
immunotherapy are poorly defined, suffer from batch to
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Abbreviations used
cDNA: Complementary DNA
CDR: Complementarity determining region
FAb: Antibody fragment (light chain and the heavy
chain variable and first constant region)
FceRI:  High-affinity IgE receptor
MRNA: Messenger RNA
scFAb:  Single-chain antibody fragment
scFv:  Variable fragments of an antibody formed as a
single chain

batch variation, and have the potential to cause anaphy-
laxis. Safer and more effective allergen preparations
would be helpful for usein clinical desensitization.

The display of foreign proteins on the surface of bac-
teriophage has recently been used to understand allergen-
antibody interaction at the molecular level. Achievement
of better understanding of interactions of allergen with
IgE may facilitate rational design of new generation ther-
apiesfor thetreatment of allergy based on desensitization
with alergens modified to give a better profile for efficacy
and safety.

FOREIGN PROTEIN DISPLAY BY
FILAMENTOUS PHAGE

Filamentous M 13 phage have been genetically modi-
fied to carry foreign DNA sequences in the bacterio-
phage genome, so that there is surface expression of the
foreign protein fused to one of the phage coat proteins.!
Each phage displays a unique foreign protein, depending
on the inserted gene.

Because the probing of a phage library displaying
myriads of different foreign peptides is conducted in
solution or in semisolid phase, up to 100 billion phage
can be screened simultaneously. During the screening
process phage clones may be selectively captured by an
immobilized ligand by the process known as biopanning,
which may be repeated several times until phage of the
desired purity and specificity have been isolated. Table |
summarizes the types of M13 phage display systems that
can be used to study alergen-antibody interaction.

IgE is produced at low levels in B cells (nanograms
per milliliter of serum) and monoclonal I1gE-producing B
cells have proved difficult to immortalize by vira trans-
formation. With the ability to amplify IgE gene reper-
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TABLE |. Summary of M13 phage display systems

Protein Type of Carrier Genetic
displayed library protein system
Antibody sckv plll Phagemid

FAb plil Phagemid
pVIll Phagemid
scFAb plil Phagemid
Antigen Gene-specific plll Phage
pVIll Phagemid
Random peptide plll Phage
pVIll Phagemid
cDNA expression plil Phagemid

scFv, Variable fragments of an antibody formed as a single chain; FAb, anti-
body fragment (light chain and the heavy chain variable and first constant
region); scFAb, antibody fragment formed as a single chain; cDNA, comple-
mentary DNA.

toires from messenger RNA (mRNA) of peripheral blood
B cells and express them on the surface of bacteriophage,
antibody specificity can be investigated for those that are
present at very low levels. Antibodies present in a phage-
displayed library with specificity for a particular alergen
can be selected, propagated, and characterized. Phage
display technology also lends itself to the characteriza-
tion of allergen epitopes.

Display of foreign proteins on M13 phage
coat proteins plll or pVll

M13 phage consist of a DNA genome packaged as a
long filament covered in the major coat protein pVIII.
This coat protein, together with one of the minor coat
proteins at the tip of the phage particle plll, has been
used to display foreign proteins.2 Both plll and pVIII
have been used in allergy research. The basic structure of
M13 displaying antibody fragments and peptides on pll|
are depicted in Fig 1. Although there are other protein
display systems, including A phage libraries and libraries
generated on the tip of flagellin of bacteria3 or in T7
phage,4 most allergy work has used M 13 phage and we
will focus on this system in this article.

Antibody display

Antibodies are naturally formed by the union of alight
and heavy chain, and several of the antibody domains
forming these two chains can be incorporated into phage
display systems. The mgjor differencesin the display sys-
tems are the number of domains expressed by the phage
and how they are linked. Antibody fragment (FAb) sys-
tems include the two light chain domains, variable and
constant, and the variable and first constant domain of the
heavy chain.> For single-chain variable domain (scFv)
systems only the variable domains of each chain are pre-
sent, and hence less of the natural antibody is displayed.®

The light and heavy chains of a FAb are cloned sepa-
rately into the phage genome with the heavy chain phys-
icaly fused to one of the phage coat protein genes to
anchor the FAD to the phage surface. Diagrammatic rep-
resentation of the structure and formation of a phage-dis-
played FAb fragment is given in Fig 2. The two separate
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antibody chains become joined during assembly by a
disulfide bond that formsin the periplasm of the bacteria.
For the scFv the two variable domains are each cloned
into the phage genome to form one molecule linked by a
small synthetic sequence. The complete scFv is fused to
the gene of the phage coat protein, and thus it can be
expressed on the surface. Although FADb antibody frag-
ments contain more of the native antibody sequence and
may represent the natural antibodies better, recombinant
scFv should be more stable because the size of the for-
eign gene inserted into the vector is smaller than for FAb.

Although pVIII has been used to display antibody
fragments,” nearly all antibody display research is cur-
rently conducted with use of plll. A further development
in antibody display that has been applied in alergy
research involves the generation of phage-displayed sin-
gle-chain FAb (scFAb) libraries.8 There are several
aspects inherent to phage-display antibody technology
that have an impact on its application that are worthy of
consideration here.

When a phage-displayed antibody library is prepared,
the |g genes for the light and heavy chains are amplified
by PCR separately with use of cDNA generated from
mMRNA of cultured B cells, total peripheral blood lym-
phocytes of allergic subjects, or spleen cells from immu-
nized mice. In thisway alibrary of antibody specificities
that mirrors those present in vivo can be generated in
vitro and expressed by phage: thisis known as repertoire
cloning.® From such a repertoire the scFv or FAb specific
for a particular allergen can be selected by biopanning
and the Ig genes encoding allergen-specific antibody
fragments can be determined by DNA sequencing of the
insert in the bacteriophage genome.

Notably for either FAb and scFv libraries, the pairing
of light and heavy chain genes in vitro is random and
may not represent the pairing that occurs in vivo. It is
assumed that functionality for Ig genes in vivo will be
conserved in the library; subsequent biopanning with the
alergen of interest will only select recombinations of
heavy and light chains that maintain the in vivo speci-
ficity for the given alergen. This may not always be a
valid assumption, a phenomenon that must be considered
when the aim is to clone the natural repertoire of aller-
gen-specific IgE.

However, if the aim is to generate an antibody library
containing sequences with increased affinity or specifici-
ty for other purposes, such as the development of a FAb
for in vivo therapeutic use as a blocking agent, this phe-
nomenon can be used to advantage. Such a strategy has
already been used to develop an allergen-specific FADb to
compete for binding to the high-affinity IgE receptor
(FceR). In another phage display system the heavy and
light chain Ig gene fragments have been engineered on
separate vectors that recombine inside a bacterium
infected with multiple copies of each vector. This is
referred to as combinatorial infection.10

To increase the diversity of antibody fragment
libraries further, semisynthetic FAb genes have been pre-
pared in which the framework regions of the antibody
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FIG 1. Display of foreign proteins by filamentous phage. A, Display of antibody fragments (light chain and
the heavy chain variables and first constant region) (FAb) on a single copy of recombinant plll encoded by
a phagemid vector. B, Display of random peptides on each copy of plll encoded within the phage genome.
The phage coat proteins, antibody domains, and recombinant genes of the DNA are marked. VL, Variable
domain of the light chain; VH, variable domain of the heavy chain; CL, constant domain of the light chain;

C1H, first constant domain of the heavy chain.

chains are l€eft intact but the naturally occurring antigen
complementarity determining regions (CDRs) have been
substituted by synthetic random sequences.1! The natural
process of antibody affinity maturation has then been
mimicked in vitro by mutagenizing libraries of antibody
fragments.12

Allergen display

To address the alergen component of antibody-aller-
gen interaction, several approaches may be used includ-
ing screening of phage-displayed gene-specific libraries,
random peptide libraries, or cDNA expression libraries.
The cDNA encoding a particular allergen can be frag-
mented to generate overlapping sequences that are
expressed as peptides on the phage surface and used to
select epitopes for a given antibody. To date, this
approach of gene-specific display has not been success-
fully applied in alergy research.

Allergen characterization is an essential prerequisite for
understanding the interaction between allergen and anti-
body. The A bacteriophage libraries have been extensively
used to clone and characterize diverse types of allergens;
the area of allergen discovery has been reviewed else-
where.13 To capitalize on the advantage of solution-phase
screening afforded by M 13 phage systems, cDNA expres-
sion libraries have been shuttled into the M 13 and used for
the purpose of alergen discovery: novel fungal and peanut
allergens have been cloned in this way.14.15

The generic method of mapping epitopes for a given
antibody is to screen phage-displayed random peptide
libraries. These may be of various lengths, and libraries
of peptides with 6, 7, 8, 9, 12, and 15 amino acids are
available.16 The peptides displayed on the surface of the
phage may be constrained by the insertion of cysteine
residues on both sides of the peptide insert, causing a
cyclic peptide to be formed by disulfide bonds between
the cysteine residues.16 This may be advantageous and
yield peptides with higher affinity for an antibody than
unconstrained peptide libraries.

Phage-displayed random peptide libraries frequently
yield peptides that mimic the binding site for an antibody
but do not correspond to the linear sequence of the cog-
nate antigen. These peptides are known as mimotopes
and can represent linear and conformational peptide epi-
topes as well as nonprotein epitopes. Although interpre-
tation of the peptide sequences of mimotopes may be dif-
ficult, critical amino acids common to the selected
peptides are reveaed that help to identify key residues
contained within a conformational epitope.1”

Genetic mechanisms of phage display

The mechanisms that have been developed for foreign
gene expression by the phage may be loosely divided
into two types, phage and phagemid. In the simpler
phage system, the foreign cDNA isinserted directly into
the phage genome; every copy of plll or pVIII displays



1088 Davies, O’Hehir, and Suphioglu

J ALLERGY CLIN IMMUNOL
JUNE 2000

Dimerizaton:

CL and CH & VH
disulfide bond CH
i b

Transiation

Light chain Heawy chain-glli

E. coll cuttured with
Ampicilin and Kanamycin

Packaging -

Inner membrane

FIG 2. Generation and display of a FAb encoded by a phagemid vector. The phagemid is maintained in the
Escherichia coli by a selection marker for ampicillin resistance (AmpR) and carries the Ig light chain (green)
and heavy chain (blue) fused to the phage glll (yellow). The mRNA is transcribed and translated. The anti-
body light chain and heavy chain-plll fusion then combine with a disulfide bond and are packaged onto the
surface of the growing phage particle. Production of the phage particle is facilitated by the gene products
(gl-gX) of the helper phage that is maintained by the selection marker for kanamycin resistance (KanR). The
single-strand DNA of the phagemid is preferentially replicated from the f1 origin of replication (f1 oriR)
because the equivalent site has been mutated (f1 oriR) in the helper phage.

the foreign protein. If the inserted peptide disrupts the
plll or pVIII protein functionaly, the phage will not be
viable and the peptide will not be displayed.

To meet this problem, phagemid systems were devel-
oped. Theforeign cDNA iscarried on a separate plasmid,
known as a phagemid, that has only the phage gene, glll
or gVIlII, into which the foreign sequence isto be inserted.
To produce phage particles from this type of vector, a
bacterium must also carry a helper phage with all the
genes necessary for phage production, including a wild-
type copy of the same gene used for display of the for-
eign protein in the phagemid (Fig 2). Therefore both
recombinant and wild-type protein will be produced and
be incorporated into the phage particle. For plll approxi-
mately one of the five copies, and for pVIII from 1% to
30% of the 2700 copies, will display the foreign pro-
tein.18 The phage particle preferentially caries the
phagemid DNA because the helper phage DNA is mutated
so that it replicates more slowly.

The type of genetic system used, phage or phagemid,
will affect the copy number of display and in turn the
avidity or affinity of interaction between the selecting
ligand and the phage-displayed molecule. The type of
system will also govern the size of the protein that may
be displayed and the effects of the foreign protein on
phage biology: infection, replication, and packaging.
When a library of random peptides or foreign genes is
created, not al sequences of the library will be tolerated
by the phage or bacterium equally well.

USE OF PHAGE DISPLAY SYSTEMS IN
ALLERGY RESEARCH (TABLE II)

Phage display technology is the most satisfactory
approach for cloning specific variants of human mono-
clonal IgE. When the interaction between serum IgE and
an alergen has been characterized, it will be possible to
develop novel therapeutic agents on the basis of the dis-
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TABLE Il. Summary of phage display technology applied in allergy research

Protein displayed Type of M13 library Selecting agent Result Reference
Antibody display
Murine IgE scFAb plil Trichosanthin Trichosanthin-specific FAbs, model of FAb- 8,19
allergen interaction
Human-based semisynthetic plll Rye grass allergen FAb that competed with serum IgE for 20
19gG FAb recLol p2 reactivity with Lol p 2, blocking of histamine
releasein vivo
Murine monoclonal 1gG plil Not appropriate, 1g gene sequences, epitope mapped, structural 21
FAb mADb specific for studies
Betv 1
Human IgE FAb plll Timothy grass FAbs to Phl p 5 that cross-react with group 22
alergenrec Phl p5 5 allergens from other grasses
Allergen display
Random peptides Cyclic and noncyclic  Affinity-purified Mimotopes that inhibit binding with native 23
nonapeptides on human antibodies allergen
pVill to mugwort, birch,
celery tuber extracts
Fce gene-specific, random  pVIII, cyclic nona Murine mAb BSW17  No specific phage from Fce library, mimotopes 24

peptides peptides and to human IgE from random peptide library that inhibit reactivity
octapeptides on of BSW17 with IgE and that induce antisera to
pVIlI IgE

Random peptides Cyclic and noncyclic ~ Murine mAbs, BIP1 Mimotopes that inhibit reactivity to mAb with 25
nonapeptides on and BIP4, to birch Bet v 1 and induce IgG to Bet v 1
pVill alergen Bet v 1

Random peptides Pentadecapeptideson  Murine mAb to dust Mimotopes similar in sequence to surface-exposed 26
pVIlI and cyclic nona= mite alergen Der p loop of Der p 1, Der p 1 blocks 2C7 capture of
peptides on pX of 12C7 mimotopes
T7 phage

cDNAs of fungus plll Human serareactive 9 Allergens, some used in skin prick tests, 2 novel 14, 27

Aspergillus fumigatus with fungal alergens  allergens with diagnostic utility
cDNAs of peanut plll Human serareactive 4 Novel alergens, reactivity profileswith allergic 15

Arachis hypogeae

with peanut allergens

subjects

covery of high-affinity competing antibodies. FADb frag-
ments from such reagents, which lack the Fc portion,
could be administered as blocking agents to mop up
alergen in vivo and prevent FceRI-mediated triggering
of histamine release from basophils or mast cells.

The competing FAb would not need to be IgE in origin;
it would only need to have amuch higher affinity than IgE
for the IgE-binding epitope of the alergen. This approach
is dependent on the specificity of the monoclonal FAb and
would be allergen specific. This strategy would be most
likely to succeed if the immunodominant epitopes are tar-
geted, implying that the same epitopes would need to be
recognized by IgE from many individuals for such a FAb
to become an effective therapeutic agent.

A more generic approach would be to block the inter-
action of the IgE with the FceRI receptor on the basophil.
The FAb in this case would need to block IgE binding in
vivo and aso prevent signal transduction from the recep-
tor so that it failed to release histamine. Each of these
approaches has been attempted (Fig 3).

The delineation of immunodominant epitopes of aller-
gens for serum IgE provides complementary knowledge
to the approach described above. Phage display technol-
ogy achieves this in two ways. First, it provides the
means of cloning the in vivo repertoire of allergen-spe-
cific IgE, from which the specificity can be fine-mapped.

Second, it allows mapping of epitopes of allergens, or
derivation of mimics of alergens (ie, mimotopes), by
selection from phage-displayed random peptides or
gene-specific libraries. Such mimotopes might have ther-
apeutic potential to block alergen cross-linking of IgE
bound to FceRI receptor and subsequent release of
inflammatory mediators from effector cells.

Timothy grass pollen is an important cause of seasona
alergy in Europe and North America. An IgE FAb library
has been generated from a subject with timothy grass
pollen alergy who also displayed serum IgE cross-reac-
tivity with allergens from a number of other grasses.?2
Four FADb clones that were specific for the major alergen
Phl p 5 were selected. Interestingly, each of these uses
the same € heavy chain. The CDR3 region in the light
chains showed the most sequence variation and was rich
in aromatic residues. In other studies, CDR regions that
were rich in aromatic amino acids were found to sustain
the allergen cross-reactivity of specific IgE.28 Cross-
reactivity of these clones was demonstrated with rye
grass and also with an allergen of timothy grass that
migrated at the molecular weight corresponding to group
6 allergens. The corresponding FAbs partly reduced the
reactivity of human serum IgE with Phl p 5. As might be
expected, culture of PBMCsin the presence of IL-13 and
IL-4 increased the total level of IgE from B cells, but
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FIG 3. Strategies for intervention in allergic reactions with reagents discovered by phage display technol-
ogy. Primary allergen exposure leads to processing of allergenic epitopes by antigen-presenting cells
(APC). APCs prime T helper cells, which provide activating cytokine signals to allergen-specific B cells that
develop into IgE-producing plasma cells. IgE is captured by the FceRI on the surface of effector cells, such
as basophils, and are thus primed for a secondary allergen exposure and subsequent release of inflam-
matory mediators. (1), Allergen-specific FAb can compete with IgE for allergen, reduce FceRI-IgE cross-link-
ing on effector cells and thus block mediator release. (2), IgE mimotopes can induce antibodies that react
with IgE and block interaction of IgE with FceRI. (3), Allergen-specific mimotopes can compete with aller-
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gen and block binding with IgE.

allergen-specific IgE was not increased.?® The authors
concluded that the best source of B cells for the cloning
of allergen-specific IgE as FAbs was fresh PBMCs. It
would be interesting to establish the usage of 1g € genes
from other individuals alergic to timothy grass to deter-
mine whether the preferential usage of asingle IgE chain
is observed in other subjects.

With the aim of producing blocking antibodiesto therye
grass pollen alergen Lol p 2, De Ldla et a0 screened a
scFAD library of semisynthetic human 1gG antibodies. 1!
scFAbs with high affinity for Lol p 2 (K, = 2.63 nmol/L)
that compete with serum IgE for reactivity with Lol p 2 by
ELISA were derived. Thislevel of &ffinity is approximate-
ly 10 times that expected of natural antibodies, which isa
desirable characteristic of a therapeutic reagent. Four
scFAbs were isolated that used identical A light chains and
heavy chainsthat differed by only afew amino acids. These
1gG scFAbs are specific for the Lol p 2 dlergen of ryegrass
because no cross-reactivity with other grass allergens was
observed. Synthetic peptides spanning the entire length of
the dlergen were used to map the epitope for serum IgE
and the scFAD to residues 39-51. Serum IgE also recog-
nized another peptide spanning residues 64-88, which
would account for the remaining reactivity with the whole
allergen that could not be blocked by the scFAb. Most
important, the scFAb blocks serum IgE induction of hista-
mine rel ease from basophils, exemplifying its potential asa
blocking agent for use in vivo. However, Lol p 2 is one of
the minor alergens of rye grass.

Rye grass pollen is the predominant grass alergen in
Australia and a major alergen in some other countries
with temperate climates. It would be interesting to gen-
erate IgE FAb from rye grass-dlergic individuals that
reflects the in vivo responses to these grass pollen aler-
gens. Selection of IgE FADbs to the mgjor rye grass aller-
gens, Lol p 1 and p 5, would be particularly informative
and useful, because more than 90% of rye grass
pollen—allergic individuals recognize these allergens.13
Although 1gG scFAbs?0 are of high affinity, IgE FAbs
may be more likely to recognize the immunodominant
epitopes targeted in vivo, confer cross-reactivity with
related allergens, and therefore increase potential clinical
efficacy as novel therapeutics.

By screening a random dodecapeptide library dis-
played on plll with a specific mAb, we have identified a
mimotope of grass pollen (Suphioglu, unpublished
observation). Moreover, a synthetic peptide correspond-
ing to the amino acid sequence of this mimotope signifi-
cantly inhibited the interaction between the allergen and
the specific mAb as well as human IgE.

Trichosanthin is an important allergen in China
because it is derived from a medicina plant and is used
for inducing abortion.30 It is now receiving attention
because of its activation of chemokines and enhancement
of signaling from chemokine receptors, suggesting a use
for treatment of HIV infection.3! It can elicit anaphylax-
ismediated by IgE that limitsits therapeutic potential. Li
and Yeh8 have expressed murine IgE scFAb phage-dis-
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played from four murine IgE clones with specificity to
trichosanthin.30 Once again, aromatic amino acids were
contained in the CDR3 region of the scFAb and were pre-
dicted by molecular modeling to interact with the anti-
gen.1® The scFAb-trichosanthin complex is an excellent
candidate for structural studies because the scFADbs are
monoclonal and can be purified to homogeneity at high
concentrations and trichosanthin is a small molecule
whose structure has already been resolved.

Birch pollen is another important aeroallergen responsi-
ble for seasond rhinitis in Europe. Phage-display technol-
ogy has been used to express a murine mAb 4A6 to the
major birch allergen profilin (Bet v 1).21 The Ig gene
sequences were derived and the epitope for the FAb was
mapped to continuous hexapeptide Bet v 14,_47 (PQFKPQ)
of which the P,, and F,, are buried in the structure of the
native antigen, whereas the remaining amino acids contact
the FAb. Timothy grass profilin, with which 4A6 does not
react, only differs from birch profilin in this sequence by
the presence of a glutamate residue in place of Q7.

Phage-displayed random peptide libraries were
screened similarly with two other mAbs to Bet v1: BIP1
and BIP4.25 Mimotopes that inhibited the reactivity of
the mAbs with the native allergen were selected that are
capable of inducing an 1gG antibody response to the cog-
nate alergen. In a study using antibodies from human
serum affinity-purified on mugwort, birch, and celery
tuber extracts, mimotopes from phage-displayed random
peptide libraries were selected.23 The phage-displayed
peptides mimicked conformational epitopes that did not
resembl e the amino acid sequences of known plant aller-
gens but were capable of inducing an antibody response
to the natural allergen on immunization.

These studies exemplify that mimotopes can be used
to vaccinate against allergens and may be safer than the
current use of natural allergens, which evoke IgE
responses. Depending on their ability to induce protec-
tive antibody synthesis or ater the cytokine milieu dlicited
against an alergen, mimotopes could form the basis for
novel immunogens for use in desensitization.32

An alternative approach is to devel op reagents that tar-
get the IgE itself and can be used to block the effector
phase of alergen-IgE interaction with the FceRI on
basophils.24 A mAb BSW17 that recognizes human IgE
was initially used to screen an IgE gene-specific phage-
displayed library. No selection of clones was observed
that would indicate that the epitope for BSW17 is con-
formational and that the library of overlapping linear
peptides of IgE did not contain the complete epitope for
the mAb. Libraries of phage-displayed random cyclic
peptides were then screened and mimotopes that inhibited
the reactivity of BSW17 with IgE were derived. These
mimotopes were used to immunize rabbits and an anti-
IgE response directed against the C3 or C4 was €licited.
When monkeys were vaccinated with these peptide
mimotopes, this suppressed systemic cutaneous reactions
induced by the hapten allergen 4-hydroxy-3-nitro-4-
hydroxy-iodophenyl acetic acid conjugated to BSA,33
illustrating their therapeutic potential.
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House dust mite allergens are extremely important
perennial allergens associated with clinical alergy. The
selection of mimotopes from phage-displayed random
peptide libraries with use of a murine mAb to the major
house dust mite allergen Der p 1 has recently been
reported.26 The mAb 2C7 inhibits up to 70% of the reac-
tivity of human IgE with Der p 1, and the Ig genes were
similar to members of human Ig gene families. It was
argued that the epitope for 2C7 could also represent a
major epitope for serum IgE of allergic individuals.

Because the majority of Der p 1 epitopes are confor-
mational and phage-display studies can yield mimotopes
that represent nonlinear epitopes, it was reasoned that
screening of phage-displayed libraries would be highly
informative. Phage were selected from libraries of cyclic
nonapeptides displayed on the major capsid protein pX
of T7 phage and of libraries of noncyclic pentadecapep-
tides displayed on the surface of plll of M13 phage.
Many of the phage-displayed peptides that were selected
by 2C7 contain the motif DxxxR within a surface-
exposed loop, Val 149-Tyree, Of the cognate Der p 1 aler-
gen. Because there is the possibility that the murine mAb
inhibits reactivity of human serum IgE reactivity with
Der p 1 by steric hindrance rather than by specific com-
petition with serum IgE for the same epitope, confirma-
tion is necessary to map epitopes recognized by human
IgE FAbs specific for Der p 1 from dust mite-allergic
individuals.

Other studies using the pJuFo system have defined
novel allergens of the fungus A fumigatus!4 and peanut.15
The newly cloned fungal alergens have alowed devel-
opment of a panel of allergens that uses serum IgE reac-
tivity to distinguish between subjects who are asthmatic
with coincidental fungal reactivity and those who are pri-
marily responding to the fungal antigens.27.34 Employ-
ment of such strategies would be useful for the develop-
ment of novel diagnostic tools and in the future for the
generation new therapeutics.

CONCLUSION

The most remarkable aspect of the 15-year history of
phage-display technology has been the length of time it
has taken to use this very powerful tool in combination
with human molecular genetics and drug discovery to
study conditions such as atopy. Because phage display is
an enabling technology that can facilitate study of aler-
gen-IgE interaction at the molecular level for any aler-
gen in any individual, it has already provided leads for
the development of new-generation therapeutics.

To date there has been a bias toward use of phage dis-
play only for delineation of antibody-allergen interaction,
and even this has only been pursued for seasona plants,
in particular grass or birch pollen alergens. The first
study of the perennial alergen Der p 1 has been reported,
but there remains the need to develop strategies for other
alergens, particularly those where subjects have chronic
exposure. Further investigation is also required for aller-
gens of high anaphylactic potential, such as peanut, for
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which the only currently available treatment is allergen
avoidance. Because exposure to allergens such as bee
venom is usualy infrequent and the current desensitiza-
tion regimens are highly effective, detailed investigation
of these allergen-antibody interactions is of lower priori-

ty.

However, when treatment regimens have less than

ideal efficacy or safety, it would be remiss not to improve
our basic understanding of the scientific basis of the prob-
lem and the ways in which existing treatments could be
modified on the basis of scientific evidence rather than ad
hoc attempts to provide one-off solutions.
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