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Abstract

Immunogenicity of non-human proteins with useful therapeutic properties has prevented their
development for use in the therapy of disease. However, this class of proteins could be very useful,
if their immunogenicity could be markedly reduced so that many treatment cycles could be
administered. One approach to reduce the immunogenicity of foreign proteins is to identify B-cell
epitopes on the protein and eliminate them by mutagenesis. In this article, theoretical aspects and
experimental evidence for the feasibility of B cell epitope removal is reviewed. A special focus is
given to our results with deimmunization of recombinant immunotoxins in which Fvs are fused to a
38 kDa portion of the bacterial protein, Pseudomonas exotoxin A (PE38). Immunotoxins targeting
CD22 and CD25 have produced complete remissions in many patients with drug resistant Hairy Cell
Leukemia and are being evaluated in other malignancies. Experimental data summarized in this
review indicates that removal of B-cell epitopes is a practical approach for making less immunogenic
protein therapeutics from non-human functional proteins. This approach requires grouping of the
epitopes to identify targets for de-immunization followed by quantitative analysis of the decrease in
affinity produced by the mutations in B cell epitopes.
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1. Introduction

Biologically useful proteins originating from non-human species are an attractive source of
biopharmaceuticals, due to their high selectivity and potency. However, because they are
recognized as foreign by the human immune system, the number of treatment cycles that can
be administered to patients is limited by the formation of antibodies [1-5]. Nevertheless a few
foreign proteins have proven to be clinically useful. Streptokinase is a bacterial protein secreted
by hemolytic streptococci that is an effective clot-dissolving medication for myocardial
infarction and pulmonary embolism [6]. Although streptokinase is highly immunogenic and
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inactivating antibodies can be present from prior streptococcal infections, the levels of
antibodies are generally of little clinical significance, when streptokinase is used in the large
doses recommended. Streptokinase has relatively less bleeding risk for patients than newer
agents and is still used for the first line treatment of acute myocardial infarction. Another
example of a foreign protein in clinical use is Botulinum toxin, a neurotoxic protein produced
by the bacterium Clostridium botulinum [7]. Botulinum toxin is a very potent toxin and minute
doses are used to treat muscle spasms. The very small protein load (usually less than 100 ng)
needed for its medical effect does not usually induce significant antibody responses; only 5—-
15% of patients injected serially with Botulinum toxin became unresponsive due to the
production of neutralizing antibodies [8]. These examples indicate that highly immunogenic
foreign proteins can be used for medical purposes. Another important factor is that non-human
proteins are unlikely to produce auto-immunity that could neutralize endogenous protein
function. This suggests that it is not necessary to aim for the complete elimination of the
immunogenicity for medical benefit [9].

We have successfully used a 38 kDa portion of Pseudomonas exotoxin A (PE38) as a cytotoxic
moiety in recombinant immunotoxins for the therapy of cancer [10-12]. In these
immunotoxins, PE38 is genetically linked to the Fv portion of a monoclonal antibody, guiding
the PE38 toxin to cancer cells that express the antigen on their cell surface. We have been
actively pursuing the reduction of immunogenicity of recombinant immunotoxins to expand
their usefulness in cancer treatment. Clinical trials revealed that over half of the patients with
life threatening drug resistant Hairy Cell Leukemia achieved a complete remission after 3 to
10 cycles of treatment with BL22, a recombinant immunotoxin containing PE38 [13,14].
However, such multiple cycles of treatment are not possible, in patients with normal immune
systems, because neutralizing antibodies usually develop within three weeks. These antibodies
almost always react with the bacterial toxin and very infrequently with the Fv, and limit the
number of cycles of therapy that can be given. Fortunately, patients with leukemias and
lymphomas make antibodies to the immunotoxin relatively infrequently, because the
chemotherapy used to treat this disease is toxic to the immune system and because leukemias
and lymphomas infiltrate and damage the immune system. The success in treating drug resistant
leukemia suggests that immunotoxin therapy can be useful in the treatment of other types of
cancer, if we can reduce immunogenicity to a level, which permits multiple cycles of treatment
to be given.

One approach to de-immunize a protein is to identify B-cell epitopes on the protein and
eliminate them by mutagenesis [15,16]. PE38 is a highly immunogenic protein and de-
immunizing appeared to present a formidable task. Our success over the last 5 years in
substantially reducing the immunogenicity of PE38 containing immunotoxins [17,18] suggests
that B cell epitope removal can also be accomplished for other foreign proteins. In this review,
both theoretical aspects and experimental evidence on the reduction of immunogenicity by B
cell epitope removal will be discussed.

2. Theoretical basis of B cell epitope removal for reducing immunogenicity

There are several essential prerequisites for deimmunization by B cell epitope removal. They
are: (1) the presence of antigenic hot spots on a protein surface that more frequently serve as
epitopes to the antibodies than other surface regions of the protein; (2) the antigenic structural
signatures of the hot spots can be altered so that they are less immunogenic by point mutations
in amino acids located at these sites; and (3) these point mutations can be combined into a
functional protein that induces a diminished antibody response vivo. There are no immunologic
theories to support these prerequisites due to the heterogeneity of the mechanisms of the
antibody generation. The next section analyzes the properties of B cell epitopes as targets for
reducing immunogenicity.
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2.1. High affinity is required for antibody binding in patients

It is well known that the affinities of antibodies generated against an antigen vary over 10,000-
fold [19] . Repeated immunizations does not always increase affinity, possibly depending on
the epitope [20]. As expected, higher affinity antibodies have a greater impact on antigen
function and elimination through antigen-antibody complex formation [21,22]. For foreign
proteins used at a relatively low dose, low affinity antibodies may not inhibit activity, because
the immune complexes are short lived at the concentration levels of the protein and the
antibodies in patients’ body fluids [23]. Binding assays and neutralization assays currently
used in the evaluation of antibody induction to biopharmaceuticals are biased toward the
detection of higher affinity antibodies [24,25]. This correlation of the affinity with the severity
of the immunogenicity problem should be taken into consideration in a deimmunization plan,
because it emphasizes the importance of ranking of epitopes in terms of the affinity of the
induced antibody.

B cells that produce high affinity antibodies have undergone affinity maturation in germinal
centers in secondary lymphoid organs such as lymph nodes [26]. Helper T cell support is
absolutely necessary to enable a B cell to produce a high affinity antibody [27,28]. In addition,
the helper T-cell must be antigen-specific and must physically contact the B cell specific to a
B cell epitope of the same antigen [29]. When a B-cell encounters an antigen, the antigen is
trapped by the surface immunoglobulin specific to a B cell epitope on the antigen. The B cell
then internalizes the antigen by receptor-mediated endocytosis and digests it into peptides,
some of which bind to major histocompatibility complex (MHC) class Il molecules (e.g. T cell
epitope), providing the binding site on the B cell surface for the specific T cell receptor
expressed on the helper T cell [30]. The combined B and T cells then collaborate to promote
affinity maturation and production of high affinity antibody by mutual stimulation. After the
initial binding of the B cell to the T cell, subsequent binding of the co-receptor ligand (e.g.
CD40L) on the T cell to a co-receptor on the B cell (e.g. CD40) initiates the supplemental
intracellular signal for differentiation of the B-cell to become a high affinity antibody-
producing cell. The CD40-CD40L interaction is critical for production of high affinity antibody
as demonstrated by the impairment of T cell-dependent antibody responses in mice deficient
in either CD40 or CD40L [31,32]. The B cell also signals the T cell to proliferate through
binding between the co-receptor molecules on the T cell (such as CD28) and the ligands on
the B cell (such as B7).

As indicated from this mechanism, the repertory of high affinity antibodies produced in a
patient is restricted by the epitopes displayed on the surface of the biopharmaceutical molecule.
In addition, the location of B cell epitopes is unconnected to that of the T cell epitopes [33,
34]. For effective deimmunization, B cell epitopes for high affinity antibodies should be given
a high priority in the removal process.

2.2. Foreignness as a secondary factor for determining epitope locations of proteins:
antibody response in different animals

To date the most success in making non-immunogenic proteins has been achieved with the
humanization of mouse antibodies [35]. This was initially carried out by replacing the mouse
Fc with human constant regions to make chimeric antibodies [36,37], and later by genetically
grafting complementarity-determining regions (CDRs) (antigen binding sites of the rodent
antibody) into human immunoglobulin frameworks to further minimize the mouse component
[38]. Foreignness, by which we mean the evolutionary distance between humans and the
organism producing the protein to be used as a therapeutic agent, is considered as the primary
factor determining the immunogenicity of protein biopharmaceuticals [39-41]. The importance
of foreignness is supported by the fact that immune systems have been educated not to react
with the self proteins [42]. This immunological tolerance is acquired through epitope-specific
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mechanisms such as clonal deletion, receptor editing and clonal anergy [43,44], even though
the initial antibody repertory before the education has a very wide potential for diversity
through gene recombination and mutation events. Although the education by a different panel
of self antigens indicates that different species have a unique deficiency in the antibody
repertoire so as not to react with self antigens, the acquired immune systems in vertebrates
have developed so that they can efficiently react with previously unseen foreign proteins such
as those produced by bacteria that can injure the host. Since there is no biochemical reason to
indicate that there is a unique antibody repertoire in each species, we think it is reasonable to
expect that the B-cell epitopes in different animals for foreign antigens are similar and based
on properties of the foreign protein [45-49].

In fact, characterizations of repertoires of B cell epitopes indicate that epitope profiles of
foreign proteins are overlap each other in different animals [45]. For example, characterization
of linear B cell epitopes of Botulinum toxin show good agreement in different animals,
including mice with different MHCs utilizing different T-cell epitopes [50,51]. Another
example is a significant overlap of mouse and human B-cell epitopes on HIV gp160 recorded
in the HIV molecular immunology database [52]. In an analysis of B-cell epitopes of PE38, 7
epitopes on PE38 that were identified by a panel of mouse monoclonal antibodies were also
recognized by human antibodies in the sera of patients treated with immunotoxins containing
PE38 [17].

Therefore, for deimmunization purposes, the B cell epitope positions and the structural factors
that determine B cell epitope locations (virtually free from host-dependent factors) can be
analyzed by the use of antibodies produced in different species. Moreover, this suggests that
the immunogenicity of a foreign protein (the property inducing antibody response in vivo) can
be predicted by its antigenicity (reactivity with existing antibody) [53,54]. The original and
modified proteins after the epitope removal can be assessed for immunogenicity by measuring
their binding to existing antibodies.

2.3. Heterogeneity of binding mode and strength between antigen and antibody

There are two contrasting views on the nature of the B cell epitopes on proteins [55]: one is

that certain parts of proteins are inherently antigenic and this property is intrinsic to the nature
of the protein [56]. The other is that virtually any accessible part of a protein is potentially an
antigenic site [55,57]. This dispute remains unsolved. In contrast to T cell epitopes that require
appropriate lengths and anchor residues for binding to the MHC, B cell epitopes do not need
the support of other molecules to bind to antibody. Moreover, epitope is a functional term, only
defined by its binding activity to the antibody and cannot be simply deduced from the antigen
structure itself [58]. Using crystal structures, the analysis of antigen-antibody complexes have
not yet led to the identification of a specific mode of interaction or identified specific amino

acids that are uniformly important in the interaction, although the presence of hydrophilic and
large amino acid residues are often observed in antigen-antibodies interfaces [59-64]. Their

presence could be the result of the higher area exposure on the surface of the antigen combined
with hydrophilicity leading to an increased potential to provide interactions with the antibody.
Turn regions of the secondary structure are also relatively frequently found in interfaces [65].

Many methods of predicting the location of B cell epitopes have been developed based on the
amino acid usage in antigen-antibody interfaces, but the success rate is not very high [66,67].
Most widely used prediction methods use amino acid sequence information and calculate the
probability of exposure [68—71]. Bioinformatics has also been used to predict B cell epitopes
[72-75]. However the usefulness of these approaches has not been fully experimentally
confirmed.
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The unique mode of binding for each antigen-antibody pair makes it difficult to predict the
effect of a mutation on the binding strength. The modification of epitopes in deimmunized
mutants must be evaluated quantitatively and related to the biologic function of the protein.
For example, neutralizing antibodies in the blood of patients treated with PE38-based
immunotoxins are usually converted to positive in the neutralization assay at about a 10 nM
concentration of PE38-specific antibody (unpublished data), but a low affinity antibody (> 20
nM of Kp) showed very little binding at this concentration. Practically, the degree of reduction
of immunogenicity that is needed is dependent on the nature of the protein and how it is used.

2.4. Dominance of discontinuous epitopes (conformational epitopes) over continuous
epitopes (linear epitopes)

Epitopes on the surface of proteins are almost always discontinuous and conformation
dependent [58,76,77]. It is very unusual for an area on the surface of a protein to be made up
of a continuous string of amino acids and to serve as an epitope in the native form of the protein.
The common use of synthetic peptide fragments for the production of antibody reagents has
focused attention on linear epitopes. Such antibody reagents, although useful in research for
western blotting, etc., often do not react with the protein in immunoprecipitation, indicating
the epitope is not located on the accessible surface of the native form of the antigen. We
analyzed the reactivity of anti-sera from patients, who have made antibodies to immunotoxins
containing PE38, and found that the antibody titers to conformational epitopes usually relate
to the neutralizing activity, indicating the importance of the discontinuous epitopes in the
neutralization of immunotoxins in patients. Therefore, effective deimmunization strategies for
biopharmaceuticals need to address discontinuous epitopes on the surface of the native
proteins.

Although crystallography of an antigen-antibody complex is the ultimate method to locate an
epitope, this technique is too laborious to be used to analyze numerous antigen-antibody
complexes. One widely used approach to identify B-cell epitopes is the use of small fragments
or peptides derived from the protein [78-80], but this approach cannot be applied to
discontinuous B-cell epitopes. An important technical difficulty in discontinuous epitope
analysis is the fragileness of the native conformational structure of proteins in widely used
solid phase assays measuring antigen-antibody binding [81]. For example, passive adsorption
of proteins onto the plastic surfaces of ELISA plates often alters the protein conformation,
causes denaturation of conformational epitopes and reveals cryptic epitopes [82,83]. To
determine the location of an epitope on the surface of a protein, it is necessary to employ an
assay that monitors antigen-antibody complex formation in solution (under native conditions)
[17,84].

2.5. Boundaries, overlap and grouping of B cell epitopes

For deimmunization purposes, the number of epitope groups must be established and there
must be a limited number of epitopes on a protein so they all can be modified and eliminated
by a small number of mutations. As we have discussed above, peptide-scanning techniques are
not useful, because they usually fail to detect conformational epitopes. Polyclonal antibodies
cannot be used for epitope analysis, because there is a limitation of the number of antibody
molecules that can bind to the antigen at one time and epitopes can be silent in the presence of
alarge amount of antibodies to other epitopes until the main epitopes are eliminated by mutation
[85,86]. The best solution is the production of a panel of monoclonal antibodies so that the
binding of each can be analyzed and studied [87]. Then competition assays using pairs of
monoclonal antibodies enable one to group the epitopes appropriate for deimmunization [88—
90], because two antibodies showing competitive binding should share at least one amino acid
residue in their epitopes and this then could be modified by a single point mutation. In previous
reports, analyses using 103 different monoclonal antibodies against horse cytochrome C
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(14kD) revealed three major non-overlapping epitope groups, although 22 distinct reactive
patterns were detected to various mutants and fragments of the antigen [91]. Another example
is that 49 anti-lysozyme monoclonal antibodies identified three major non-overlapping epitope
groups [92]. As such, a moderately large panel of monoclonal antibodies should be
comprehensive enough to map all epitope groups on the protein surface.

2.6. Strategy of mutagenesis to remove B cell epitopes

The location of an epitope requires knowledge of the structure of a protein and the availability
of a panel of monoclonal antibodies to it. Epitope locations are defined by specific mutations
that destroy the binding of several antibodies that also compete with each other for binding to
the protein [85,93]. Alanine is usually chosen as the replacement residue, because alanine
removes all side chain atoms after the B-carbon that can react with antibodies and alanine
usually maintains the conformation of antigen [94,95]. Alanine is commonly distributed in
buried and exposed positions and in all manner of secondary structures and also does not impose
new hydrogen bonding. For these reasons, a series of mutants with alanine substitution of a
single amino acid (alanine scanning) has been successfully used to analyze many protein-
protein interactions including antigen-antibody interactions [85,96].

Because of the large number of exposed residues, it is necessary to develop criteria that will
identify residues likely for antibody binding that can be mutated to alanine. The most likely
candidates are amino acids with bulky side chains that are highly exposed with a high ASA
accessible surface area [97]. Using alanine several point mutations can be combined in a single
mutant molecule with minimum risk of the creation of new epitopes and loss of protein
function. Our previous results on PE38 deimmunization indicate that alanine is generally
applicable for substitution of most residues. However, we occasionally found that glycine or
serine was a better replacement, probably because of the need for flexibility or hydrophilicity
[17,18].

2.7. Removal of B cell epitopes reduces antibody production: presence of hot spots of B cell

epitopes

There are a few reports of successful B cell epitope removal for reducing immunogenicity of
foreign proteins used for biopharmaceuticals. A significant reduction in the antigenicity of
streptokinase was achieved by site directed mutagenesis of antibody epitopes [15,98].
Neutralizing antibodies were observed following a single treatment in 81% of patients
administered wild-type streptokinase, but in only 47% of those treated with the best variant.
Another example is a less immunogenic mutated form of MFECP (a bacterial carboxypeptidase
G2 [CP]-based reagent for antibody-directed enzyme pro-drug therapy [ADEPT]) [16].
Although the B cell epitope removal did not eliminate the antibody response completely, a
mutant with the modification of an epitope for an antibody (CM79) that showed a delayed
polyclonal antibody response in both mice and patients. We recently carried out comprehensive
studies using many monoclonal antibodies and mutants on the impact of B cell epitope removal
upon immunogenicity [17,18]. The analysis showed a statistically significant bias toward hot
spots in the distribution B cell epitopes on the surface of PE38. We further showed that 8 point
mutations that are located in each of the major epitopes can be combined in a new molecule
that shows reduced antibody responses in mice with different MHC haplotypes. This result
demonstrated that it is feasible to identify epitope hot spots using existing antibodies and to
alter the hot spots to be less immunogenic for inducing fewer antibodies in vivo.
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3. Practice of B cell epitope removal: a lesson from the deimmunization of a
Pseudomonas exotoxin-based immunotoxin

We have treated more than 300 patients with immunotoxins containing several different Fvs
but the same 38 kDa fragment of Pseudomonas exotoxin A .We observed that when antibodies
were produced they were directed at PE38 and rarely against the Fv. Such anti-PE38 antibodies
neutralize the immunotoxins and reduce their efficacy [10-12]. The clinical success of the
immunotoxins encouraged us in trying practical level of the reduction of the immunogenicity
of PE38. In this section, our recent accomplishment of the deimmunization of a PE38-based
immunotoxin will be described [17,18]. This example illustrates critical points that can be
generalized for the deimmunization of foreign proteins by B cell epitope removal.

3.1. Use of a conformation-dependent assay to assess antigen-antibody binding

In clinical trials of immunotoxins, we have used a biological neutralization assay to make
decisions to continue or stop the therapy due to the immune response, and found that the
neutralization activity is a good index in predicting blood levels and the benefit of the therapy
for patients. We have also measured antibody levels by ELISA, which is frequently used as a
standard for the assessment of antibodies to biopharmaceuticals in patients. We have observed
that antibody titers in ELISA largely depend on the assay format and a special ELISA format
is required to accurately estimate neutralizing antibody levels in patients [17,18]. In an ELISA
called immune complex capture ELISA (ICC-ELISA), the antigen-antibody interaction takes
place insolution, where the protein is in its native form, and the immune complexes are captured
by ligands for the immunotoxin (cancer antigens for the Fv part) coated on the plate (Fig. 1).
When compared to a general ELISA in which immunotoxins are directly coated on the plate
for later challenge by antibody from patients (DC-ELISA), ICC-ELISA generally gives much
higher titers in sera from patients who developed neutralizing antibodies to the immunotoxin.
To investigate the difference between the two ELISAS, we performed an adsorption experiment
of antibody from patients by native immunotoxin in solution. As expected, the antibody
detected in DC-ELISA was not inhibited by native PE38 for its binding to PE38 coated on a
plate. In contrast, antibody binding detected in ICC-ELISA was largely competed with native
PE38. Based on these findings, we use ICC-ELISA that measures antigen-antibody interactions
in solution for the deimmunization procedure.

3.2. Concept of a B cell epitope group and its identification

We have used a mutual competition assay employing 60 monoclonal antibodies in a pairwise
manner to elucidate the topological epitope map on PE38. The results indicate the presence of
7 major epitope groups and 13 subgroups (Fig. 2A) [90]. This method is extremely useful for
deimmunization because: (1) the mutual competition experiments can be carried out with native
antigen in solution without fragmentation or adsorption of the antigen on solid phases that often
destroy conformational structure important for antibody binding; (2) antibodies that compete
with each other must share at least one amino acid residue providing an interaction for the
binding and serving as the mutation candidate; and (3) the use of a pair of selected antibodies
organizes the data by focusing on the relationship of the selected two epitope locations and
minimizes the possibility of artifacts caused by a collision of multiple antibody molecules. For
this approach to succeed, objective criteria must be established for grouping of the epitopes.
We employed several contrivances in our topographical mapping method that enabled us to
accurately map epitopes. These include the development of a label-free competition assay that
does not require the purification or labeling of the antibodies [90] and the use of objective
statistical cluster analysis to derive the epitope grouping from the competition data matrix (Fig.
2A) [90]. The method has since been validated for its usefulness for other proteins [99,100].
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This improved competition assay made it possible to evaluate the distribution of epitope groups
on the whole surface of PE38 without modifying the antigen or the antibodies.

3.3. Presence of hot spots of B cell epitopes on a foreign protein

We found that the B cell epitopes are located in discrete clusters that could not be reproduced
in a computer simulation that created artificial epitopes in random residues on the PE38 surface
[17]. This confirmed that the B-cell epitopes are preferentially distributed on hot spots on the
surface of PE38 that more frequently serve as epitopes than other surface areas of the protein.
Using sera from immunotoxin treated patients, the formation of human antibodies to each of
the identified hot spots was also demonstrated by a competition assay (Fig. 3). We believe that
this study is the first comprehensive analysis that provides objective evidence for the presence
of antigenic hot spots on a foreign protein. This important finding strongly supports the idea
that deimmunization by B cell epitope removal is possible, if we can alter the hot spot structures
to less immunogenic ones by mutations that remove the feature causing the high
immunogenicity. We suggest that similar computer-based analyses can be performed to
examine the competitive pattern of antibodies to other antigens. Such an examination is
important to judge if the identified epitope groups indicate the location of true hot spots, which
can be modified to make the antigen less immunogenic.

3.4. Assessment of affinity of antigen-antibody binding

We determined the location of the epitopes on the structure of PE38 by making 41 point
mutations in which alanine replaced amino acids with large ASAs and then assessing loss of
binding to our panel of monoclonal antibodies (Fig. 2B). Our assay is based on the competition
of the antibody binding by a series of concentrations of native protein or mutant protein, and
measuring the difference of the affinities of the antibody to different mutants in solution (native
condition). Such quantitative assessment of the binding is essential for B cell epitope removal,
because the large variation of the affinity of antibodies does not allow the use of a uniform
cutoff value to choose the best mutant.

3.5. Epitope core: a point mutation affects the binding of a group of antibodies

In the deimmunization of PE38, the location of the epitopes on the PE38 structure obtained by
mutagenesis of specific residues show close agreement with the topographical epitope mapping
data (Fig. 2C). Each antibody bound to most of the mutants as well as to wild type PE38, but
failed to bind a few mutants (95 out of 1542). When mutants bound to most of the antibodies,
but lost reactivity to a few antibodies they were assigned to the same epitope group. These
results indicate that the structural alterations of these mutants are restricted within a limited
area recognized by the antibodies assigned for the same epitope without changing the structure
of other areas.

The data also showed that there are a small number of key residues that primarily contribute
to epitope hot spot formation (epitope cores), based on their elimination by the alanine
mutagenesis strategy. This is important for deimmunization, because a single mutation can
abolish binding of many antibodies associated with the epitope group and the immunogenicity
of the whole molecule can be reduced by the introduction of a handful of mutations. Sites to
be mutated were mainly selected because they were hydrophilic and had high ASAs [97],
properties important for antibody binding. Our mutant panel consists of only 41 mutant residues
out of 369 residues (12%) yet has so far successfully identified 10 of the 13 sub-epitopes on
PE38. Such a high success rate suggests that our strategy of amino acid selection for mutation
is practical, even though we cannot predict the exact binding mode between antigen and
antibody.
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3.6. Successful combination of each point mutation into one mutant molecule

We then incrementally combined the point mutations at the epitope cores of PE38 into one
molecule [18]. The elimination of the epitopes was confirmed by the loss of reactivity to the
corresponding antibodies. The final molecule contained eight mutations (designated as 8X)
with a mutation targeting each of the major epitope groups. Most of the mutants, including 8X,
showed full cytotoxic activity. We were concerned that the replacement of all eight surface
residues with alanine might alter protein folding or cause instability and we ultimately used
alanine for four mutations, serine for three others, and glycine for one. The final immunotoxin,
HA22-8X with 8X mutated PE38, targets CD22 on leukemia cells and shows similar anti-tumor
activity as the non-mutated HA22 in a xenograft model of CD22-positive cancers in mice.

3.7. A less antigenic molecule is less immunogenic: no generation of new epitopes

When tested in mice by a series of intravenous injections, we found that the HA22-8X mutant
protein induced much lower and slower antibody responses compared to the HA22 containing
the original PE38 (Fig. 4). We also examined the mutant anti-sera for the presence of new
epitopes and could not detect any new epitopes. This result indicates that the hot spots identified
by the strategy we developed are critical for immunogenicity of a whole protein and their
elimination by alanine mutagenesis does not create new epitopes.

3.8. T cell epitope-independent deimmunization

To examine the possible role of T cell help we immunized three different strains of mice with
different MHC haplotypes (H-2%, H-2P, and H-29). Although different MHC molecules are
supposed to load different regions of peptide fragments for presentation as T cell epitopes, we
observed a significant decrease in antibody production for 8X compared to un-mutated PE38
in all three strains of mice (Fig. 4). Thus, the reduced immunogenicity we observed is due to
alterations in B cell epitopes, as expected by the non-linkage between the locations of B cell
epitopes and T cell epitopes [33,34]. We suggest that removal of B cell epitopes reduces the
immunogenicity likely independent of T cell epitopes and could be a robust deimmunization
method that tolerates the high polymorphism of MHC.

4. Concluding remarks

Theoretical considerations and experimental data show that B cell epitope removal is a feasible
and effective method to reduce the immunogenicity of a foreign protein. Each step of
deimmunization should be carefully designed to take into account the nature of a B cell epitope
and its interactions with antibody. B cell epitope-based deimmunization has the advantages
that it also removes binding to pre-existing antibodies and is independent of T cell epitopes.
Based on these mouse experiments and the theory behind our approach, the method we have
developed may be useful for de-immunizing other foreign proteins. We plan to analyze and
identify antibody responses in humans with a similar approach.
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Fig. 1.

Principle of the ICC-ELISA. Immunotoxins, comprising the 38 kDa portion (domain Il and
I11) of Pseudomonas exotoxin A fused to an Fv specific for target antigens on cancer cells, are
incubated with candidate mAbs. Because the reaction takes place in solution, all epitopes on
native PE38 are theoretically available. Complexes are captured to the plate with immobilized
target ligands such as CD22-Fc or similar molecules. The primary antibody is then detected
with an HRP-labeled secondary antibody. Reproduced with permission from The Journal of
Immunology [published 2006, Vol. 177, 8822-8834] Permission pending.
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Fig. 2.

Summary of steps to identify and remove B cell epitopes in PE38. A. Mutual competitive
binding assay of 60 mouse monoclonal antibodies against PE38 produced for B cell epitope
analysis for the de-immunization of PE38 The binding of the indicator antibodies (in rows) in
the presence of competitor antibodies (in columns) was measured by ICC-ELISA. Color code
(red to blue) shows the degree of competition from 100 to 0%. B. Binding of each antibody
(in rows) to each point mutant of PE38 (in columns). Mutations were made in highly exposed
amino acids in a crystal structure. The binding assay measured the affinity difference between
the mutant and the wild type PE38; mutations that reduced the affinity to the antibody under
10% compared to wild type are shown in red. C. The locations of mutated amino acids that
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decrease binding of PE38 to antibodies in an epitope-specific manner (from the data shown in
Fig. 2B) are displayed in different colors on a structural model of PE38. The clustered residues
shown in different colors indicate the location of each epitope. The two different approaches
(topographical epitope mapping and the location of the epitopes on the crystal structure
determined by mutagenesis) are in close agreement. This concordance verifies the epitope
locations without analyzing crystal structures of the antigen-antibody complexes. Adapted with
permission from The Journal of Immunology [published 2006, Vol. 177, 8822—-8834]
Permission pending.
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Fig. 3.

Generation of antibodies in patients against epitope hot spots identified by the mouse
monoclonal antibodies. Human serum samples of patients before (open bars) and after (closed
bars) treatment with anti-mesothelin immunotoxin SS1P were analyzed in the competition
assay used for mapping topographical epitopes (Fig. 2A). Averages and standard deviations
of 4 different patient samples are shown. Adapted with permission from The Journal of
Immunology Vol. 177, 8822-8834, 2006; copyright 2006 The American Association of
Immunologists, Inc.
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Fig. 4.

Reduced Immunogenicity of an Immunotoxin with 8 mutations in PE38 in 3 strains of mice.
Immunotoxins containing native PE38 or mutant PE38 (8X mutant) were injected
intravenously every 14 days into 3 different strains of mice. Specific antibody responses were
measured by an ELISA, which only detects antibodies to conformational epitopes on the
surface of the protein. Open circles show reactivity with native PE38 and closed circles with
the mutant with 8X mutant. In all strains of mice the mutant was less immunogenic and less
antigenic. Adapted from The Proceedings of the National Academy of Sciences of the United
States of America [published 2008, Vol. 105, 11311-11316].
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