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ABSTRACT: According to the network theory antibodies may act as anti-
gens thus generating anti-idiotypic antibodies that can function as regu-
lators of immune responses. Designed ankyrin repeat proteins (DARPins)
are a new class of binding proteins and may serve as an alternative to an-
tibodies. Selections from large DARPin libraries against the variable re-
gions of a murine monoclonal anti-human IgE antibody, termed BSW17,
yielded two highly specific anti-idiotypic DARPins both with high affin-
ity. Their binding characteristics were comparable with these of a pre-
viously selected anti-idiotypic antibody. In vitro cell assays showed that
the anti-idiotypic DARPins were able to inhibit the binding of BSW17
to cell-bound IgE and prevented BSW17 functional activity. These ex-
periments demonstrate the possibility to isolate anti-idiotypic DARPins
recognizing idiotypic determinants analogous to antibodies. In the future
these DARPins may be further analyzed for their potential as putative
vaccine candidates.
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INTRODUCTION

The immune network theory states that antibodies can be induced against
the variable regions of other antibody molecules.1 A set of these antibodies
termed anti-idiotypic antibodies, bearing the internal image of the antigen,2

may serve to regulate the immune responses associated with autoimmunity,
cancer, and allergy.3,4

In allergy there is evidence that anti-idiotypic antibodies as well as anti-
bodies against the constant regions play a regulatory role in the synthesis
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of IgE.5–8 We have previously isolated a murine monoclonal anti-IgE anti-
body, termed BSW17, that is non-anaphylactogenic and prevents the binding
of IgE to the high-affinity receptors for IgE (FcεRI) on mast cells and ba-
sophils.9 Recently, a humanized monoclonal anti-IgE antibody (Omalizumab,
Xolair�) has been developed that possesses similar characteristics as BSW17
and is currently used to treat atopic individuals.10–12 In a previous study us-
ing a human Fab phage display library, we have isolated two anti-idiotypic
antibodies that are specific to BSW17.13 When used for immunization ex-
periments, these antibodies were able to induce a BSW17-like anti-IgE re-
sponse, indicating that they were successfully mimicking the original epi-
tope. These findings suggested that anti-idiotypic antibodies can be used as
a vaccine to induce an anti-IgE response preventing the binding of IgE to
FcεRI and thereby the degranulation of effector cells implicating in allergic
disease.14

While antibodies are being widely used for therapy, they suffer from many
drawbacks including low expression yields, a tendency to aggregate, and
dependence on disulfide bonds for stability. To solve the problems of anti-
bodies, while maintaining their ideal target-binding characteristics, designed
ankyrin repeat proteins (DARPins) were developed, based on natural repeat
proteins.15,16 Repeat proteins were evolved by nature, similar to antibodies,
to mediate, protein–protein interactions.17,18 They are built from repeat units
that stack together forming a hydrophobic core and a large solvent accessi-
ble surface involved in target binding. In fact, the adaptive immune system of
jawless vertebrates is based on leucine-rich repeat proteins and not on antibod-
ies.19,20 DARPins were developed by a consensus design approach, relying on
several thousands of known ankyrin repeat proteins.21,22 The number of repeat
modules in a DARPin can be adapted, allowing the potential target interaction
surface to vary in its dimension. Libraries with different numbers of repeat
modules have been created and DARPins were isolated, which bound their tar-
get with great specificity, selectivity, and affinity.23–25 Further, the DARPins
are well expressed in the bacterial cytoplasm, are devoid of cysteines, and are
highly stable in the intra- and extracellular space.

This study investigated the potential of DARPin libraries to be used as
a source for anti-idiotypic binders having the same characteristics as anti-
idiotypic antibodies. To address this question we used DARPin libraries to
isolate binders against the variable region of the murine monoclonal anti-
human IgE antibody, BSW17. The specificity of two of the selected binders
was determined by enzyme-linked immunosorbent assay (ELISA) experi-
ments using different monoclonal antibodies and in vitro using functional
cell assays. The high specificity of the selected DARPins and their capac-
ity to prevent functional activity of BSW17 are encouraging results. Fur-
ther investigations will show their potential use as vaccine candidates to
induce a BSW17-like antibody response in vivo that might prevent allergic
reactions.
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MATERIALS AND METHODS

Selection of Anti-Idiotypic DARPins

The selection of DARPins against the mouse monoclonal anti-human IgE,
BSW17 was performed using two DARPin libraries containing two or three
randomized internal ankyrin repeats (AR) between an N- and a C-terminal
capping AR, thus named N2C and N3C, respectively.22 The libraries were
subjected to four selection rounds against the target molecule BSW17 using
ribosome display as described.25–27 To prevent elution of binders against the
constant part of the mouse IgG1, preselection rounds were performed on a
mouse monoclonal anti-human IgE antibody with another IgE epitope speci-
ficity, termed Le27.

After the fourth round of panning, DNA of the selected pools was cloned into
pQE30 and transformed into E. coli XL1-Blue cells. For the ELISA screen-
ing the crude extract of 1 mL overnight cultures in LB containing 50 �g/mL
carbenicillin was used and prepared as described previously.25 For the inhibi-
tion ELISA and cell assay selected anti-idiotypic DARPins were produced in
larger expression culture volumes and then purified over a metal affinity col-
umn according to the manufacturer’s instructions (Clontech, TALONTM Metal
Affinity Resins User Manual; Mountain View, CA).

Inhibition ELISA

For the inhibition assay Maxisorp plate wells (Nunc, Roskilde, Denmark)
were coated overnight at 4◦C with 5 �g/mL IgE (Sus11) and blocked with
200 �L phosphate-buffered saline (PBS) containing 0.5% BSA for 1 h at
RT and 1 h at 4◦C. BSW17 at a concentration of 0.2 �g/mL was prein-
cubated with different concentrations of anti-idiotypic DARPins (D35 and
D40) and as control of anti-maltose-binding protein (MBP) DARPin (off7)
for 30 min at RT and then added to the wells for 1 h at 4◦C. After wash-
ing with PBS and PBS/Tween 0.01% binding of BSW17 was detected with
horseradish peroxidase-conjugated anti-mouse IgG antibody diluted in 1:1000
in PBS/0.5% BSA. ELISA was developed with 3,3′,5,5′-tetramethylbenzidine
as substrate for 5 min and then stopped with 1M sulfuric acid. The absorbance
was measured after 10 min at 450 nm with a standard ELISA reader (BIO-TEK,
EL808; Winooski, VT).

Sulfidoleukotriene (sLT) Release from Rat Basophilic Leukemia Cells

The sLT release from RBL-2H3-hu� cells28 (rat basophilic leukemia cell line
stably transfected with the �-chain of FcεRI) was measured using the Cellular



12 ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

Antigen Stimulation Test (CAST�-2000 ELISA) from Bühlmann Laborato-
ries (Allschwil, Switzerland) following a slightly modified assay protocol.29

Briefly, cells were seeded in 24-well tissue culture plate (5 × 104 cells in 0.5 mL
of antibiotic-free RPMI 1640, 10% FCS) and incubated with either 50 ng of hu-
man IgE (Sus 11) alone or in combination with 5 nM BSW17 or Omalizumab
(Xolair�; Novartis, Basel, Switzerland) and anti-idiotypic DARPins (D35 and
D40) at different concentrations overnight in a 5% CO2 incubator. The cells
were then washed and triggered with the mouse monoclonal anti-IgE anti-
body, Le27 (500 ng/well) for 60 min at 37◦C. Secreted sLT was quantified by
competition ELISA using a constant amount of alkaline phosphatase-labeled
sLT (sLT-AP) to compete with cellular sLT. Samples were briefly centrifuged
(1000 g) and 200 �L supernatant aliquots mixed with 200 �L of a 1:1 mixture
of sLT-AP solution and ELISA buffer. Anti-mouse IgG precoated microtiter
plates were incubated with 50 �L of the mouse anti-sLT mAb (kit compo-
nent) at 25◦C for 2 h. The wells were washed twice with PBS and 195 �L of
the sLT competition mixture was added and allowed to incubate for 90 min
at 25◦C. The wells were washed twice with 300 �L PBS and substrate was
added for 40 min at 25◦C. The OD at 405 nm was measured and the amount
of secreted sLT was determined according to the CAST-ELISA evaluation
protocol.

RESULTS

Selection of Specific High-Affinity Binders against BSW17

Two different DARPin libraries with either two or three randomized inter-
nal repeats, termed N2C and N3C, were applied to select binders against the
murine monoclonal anti-human IgE antibody, BSW17. Four panning rounds
were performed to enrich for specific anti-BSW17 DARPins, which bind to
the antibody’s variable region. Two DARPins, one from each library, were iso-
lated showing BSW17 specificity. They were produced at a high level in E.
coli for further characterization. BIAcore measurement showed affinities in
the nanomolar range for both DARPins (D35 and D40 with KD of 18 nM and
12 nM, respectively). To test the epitope specificity of the two binders, they
were applied as inhibitors for the binding of BSW17 to IgE in an ELISA. Both
anti-idiotypic DARPins (D35 and D40, FIG. 1) prevent the binding of BSW17
to IgE in a concentration-dependent manner, indicating that they recognized
the variable antigen binding site of BSW17. No inhibition was observed when
a control DARPin (off7) with specificity to MBP was tested, indicating that
the inhibitory activity was due to a nin-specific DARPin effect.
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FIGURE 1. Inhibition of BSW17 binding to IgE by selected DARPins. Human IgE
(antigen) was coated at a concentration of 5 �g/mL. BSW17, at a concentration of 0.2
�g/mL, was preincubated with different concentrations of anti-idiotypic DARPins (D35
and D40) and as control of an MBP-specific DARPin (off7) for 30 min at RT and then added
to the wells. The amount of bound BSW17 was detected with a horseradish peroxidase-
conjugated anti-mouse IgG.

Selected DARPins Restore Mediator Release from Human
Fc�RI�-Transfected Rat RBL-2H3 Cells

It has been demonstrated that BSW17 interferes with the binding of IgE
to the �-chain of cell surface FcεRI (FcεRI�) and prevents mediator release
from basophils.9 To test whether the anti-idiotypic DARPins could modulate
the functional activity of BSW17, a rat basophilic cell line expressing hu-
man FcεRI� (RBL-2H3-hu�) was incubated with IgE and with BSW17 and
Omalizumab, either alone or in combination with different concentrations of
anti-idiotypic DARPins overnight at 37◦C. The cells were tested for mediator
release after triggering them with an optimal amount of an anaphylactogenic
mouse monoclonal anti-human IgE antibody, Le27. To measure the capacity of
cells to degranulate they were incubated with both IgE and Le27. Under these
conditions the maximum release of (sLT) was determined to be up to 180 pg/5
× 104 cells. Addition of either BSW17 or Omalizumab produced a marked
inhibition (over 90%) of release compared to the maximal release obtained
with IgE and Le27 alone (FIG. 2). Incubation of anti-idiotypic DARPins with
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FIGURE 2. Anti-idiotypic DARPins inhibiting BSW17 activity on RBL 2H3� cells.
Cells (5 × 104/well) were incubated with either 50 ng human IgE alone or in combination
with either 5 nM BSW17 or Omalizumab and DARPins (D35 and D40) at different concen-
trations (10, 20, 40, and 80 nM) overnight at 37◦C. Subsequently, the cells were triggered
with mouse mAb Le27 (500 ng/well). Secreted sulfidoleukotriene was measured by CAST-
ELISA as described in “Materials and Methods” section. Pg sLT represents the mean of
duplicate assays of sLT release from 150 �L cell supernatant aliquots. Non-cell activation
was detected after incubating the cells with IgE plus BSW17 and Le27. As negative controls
cells were incubated with either IgE or Le27 alone.

BSW17 restored release in a concentration-dependent manner. DARPin D40,
applied in an 80-fold molar excess over BSW17, showed an inhibition of release
to 60%. In contrast, incubation of Omalizumab with increasing concentrations
of DARPins D35 or D40 did not prevent the inhibitory effect of Omalizumab
indicating that the selected DARPins do not compete for the IgE-binding site of
Omalizumab. These results indicated that anti-idiotypic DARPins only mimic
functional epitope regions on IgE recognized by BSW17.
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DISCUSSION

DARPin libraries have previously been successfully used to isolate binding
molecules with high specificity and affinity to a variety of different targets in-
cluding kinases, proteases, tumor markers, and membrane proteins.23–25,30–32

In this study we reported for the first time the successful isolation of anti-
idiotypic DARPins against a murine monoclonal anti-human IgE antibody,
termed BSW17. The selected DARPins bind to BSW17 with high affinity but
not to another monoclonal mouse antibody of the same isotype with other epi-
tope specificity. Furthermore, the selected DARPins were able to compete with
the cognate antigen of BSW17 for binding, suggesting that similar epitopes
are present on the DARPin and on the antigen.

The variable regions of antibodies carry immunogenic determinants, known
as idiotopes to which specific anti-idiotypic antibodies can be generated. Pre-
viously, we have demonstrated the isolation of two anti-idiotypic antibodies
specific for BSW17 from a human Fab phage display library.13 These antibod-
ies mimic an IgE epitope involved in the IgE-binding site of FcεRI� and prevent
the binding of BSW17 to IgE primed cells. In this study we have isolated two
anti-idiotypic DARPins that showed the same activities as these antibodies, that
is, they prevent the functional activity of BSW17. Preincubation of BSW17
with DARPins prevents the binding of BSW17 to IgE and thus restores the
mediator release capacity of the cells upon challenge with an anaphylacto-
genic anti-IgE antibody. It has been shown that private idiotypes are unique
and specific for each antibody and monoclonal antibodies have been raised
that recognize specifically one particular private idiotype.33 Interestingly, the
same specific recognition was shown for the selected DARPins, as they do not
react with other monoclonal anti-IgE antibodies carrying a different idiotype.
These results indicate that the DARPins display an interaction interface that
should be comparable to the one found in anti-idiotypic antibody–antibody
complexes.

The selection of the anti-idiotypic DARPins was carried out with ribosome
display, a method that works entirely in vitro by linking genotype (mRNA)
and phenotype (nascent protein) on the ribosome.26 Interestingly, the affinity
of the selected DARPins were in the nanomolar range, which compares well
with affinities obtained for the previously isolated anti-idiotypic antibodies.13

Affinity maturation protocols, such as off rate selection, might be applied to
further improve the binding characteristics.34,35

While antibodies suffer from limited and expensive production capacities,
this is not the case for DARPins. DARPins are well expressed in large amounts
in E. coli,22,25 making the selected anti-idiotypic DARPins interesting can-
didates for therapeutic applications, for example, as anti-idiotypic vaccines.
A number of studies have shown that selected anti-idiotypic antibodies that
bind to the antigen-binding sites of antibodies can effectively mimic the anti-
gen structure and thus can be used as surrogate antigens for inducing specific
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and protective immunity to bacterial, viral, and parasitic infections as well
as tumors.3,36,37 Our previous results with the anti-idiotypic antibodies have
demonstrated that these molecules can act as internal image of the epitope
and are able to elicit anti-idiotypic antibodies, which again react with IgE and
show inhibitory effects.13 The selected DARPins might be ideal tools for this
approach. From structural investigations of DARPin target protein complexes
it is known that the binding interface is comparable to the one of antibody–
antigen interaction.25,30,38 Naturally, a functional epitope mimicry by the se-
lected DARPins, which is able to induce a “BSW17-like anti-IgE” response in
vivo has not yet been shown and still needs further investigations.
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