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Systematic amino acid substitutions improved efficiency of
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The likelihood of identifying peptides of sufficient quality for the development of effective
cancer vaccines by screening of phage display libraries is low. Here, we introduce the
sequential application of systematic amino acid substitution by SPOT synthesis. After
the substitution of two amino acids within the sequence of a phage display-derived mimo-
tope of disialoganglioside GD, (mimotope MA), the novel mimotope C3 showed improved
GD, mimicry in vitro. Peptide vaccination with the C3 mimotope induced an 18-fold
increased anti-GD, serum response associated with reduction of primary tumour growth
and spontaneous metastasis in contrast to MA mimotope controls in a syngeneic neuro-
blastoma model. In summary, SPOT provides an ideal optimisation tool for the develop-
ment of phage display-derived cancer vaccines.
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1. Introduction

The translation of carbohydrates or glycolipids into peptide
surrogates by application of phage display libraries is an
established tool to overcome the weak antigenicity of the
nominal antigens. The generated peptides are mimotopes of
the nominal antigen and their protective efficacy as vaccines
against infective agents, including bacteria and viruses, as
well as against cancer was demonstrated.’ However, the
application of phage display libraries is restricted by the tech-
nically limited number of actually expressed and screened
peptide antigens and may therefore fail to identify the most

efficient peptide mimotope.*® We addressed the question if
optimisation of a phage display-derived mimotope can be car-
ried out by systematic alteration of the amino acid sequence
resulting in improved antibody binding and vaccine efficacy.
Here, we establish proof of concept that such an optimisation
procedure is effective for a peptide mimotope of disialogan-
glioside GD, (mimotope MA) used as a vaccine against
neuroblastoma.

Ganglioside GD, is an established target for immunother-
apy against neuroblastoma, the most common extracranial
solid tumour during early childhood. Infusions of monoclonal
anti-GD, antibodies (mAbs), namely chimeric mAb ch14.18
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and murine mAb 3F8, could improve the outcome of stage 4
patients.”*° Active vaccination with GD, encounters various
obstacles including poor antigenicity and T-cell independency
of glycolipid antigens.'>'? In order to overcome this problem,
GD,-peptide mimotopes were identified by application of
phage display libraries.>*> All these mimotopes were able
to induce immune responses against GD,-positive tumours,
such as neuroblastoma and melanoma.'**8

In order to improve GD, mimicry of mimotopes phage dis-
play may be supported by sequential application of the SPOT
technology,'® which is based on synthesis of a defined peptide
library onto a solid phase (reviewed in?>??). Therefore, our
objective was to apply SPOT synthesis on a recently reported
GD,-peptide mimotope'® by systematic replacement of each
amino acid within the peptide mimotope sequence by all
other genome-encoded amino acids.

Here, we present for the first time that amino acid substi-
tution analysis carried out by SPOT synthesis for a phage dis-
play-derived mimotope of disialoganglioside GD, enhances
the mimicry potential in vitro and improves anti-neuroblas-
toma efficacy of the optimised mimotope in a syngeneic mur-
ine model of neuroblastoma. Our results indicate that SPOT is
a useful optimisation tool for vaccines generated from phage
display-derived peptide mimotopes.

2. Materials and methods

2.1.  Amino acid substitution analyses

Systematic alteration of the amino acid sequence and subse-
quent probing for GD, antibody binding were performed by
SPOT synthesis and anti-GD, mAb ch14.18 binding assay on
the SPOT membranes as described below.

2.2.  SPOT synthesis

Peptide syntheses on a cellulose membrane were performed
according to a standard SPOT synthesis protocol.?’ Briefly,
peptides were synthesised on a B-alanine prepared mem-
brane using the MultiPep SPOT-robot (INTAVIS Bioanalytical
Instruments AG, Koln, Germany). Array design was performed
with the aid of the in-house software LISA 1.82. Synthesis
started with the definition of spots ($3-alanine, two cycles,
double coupling, 15-min reaction each) followed by standard
SPOT synthesis of the desired peptides. Solutions of Fmoc-
amino acid-Opfp esters (Fmoc = fluoromethoxycarbonyl,
Opfp = pentafluorophenyl) in N-methylpyrrolidone were used.
After completion of peptide synthesis, cleavage of side chain-
protecting groups was achieved through treatment with a
mixture of trifluoroacetic acid (90% TFA w/v), tri-isobutylsi-
lane (3%, TIBS w/v) and H,O (2% v/v) in dichloromethane
(DCM) for 1h. Subsequent washing was done with DCM
(3x3min), dimethylacetamide (DMA 3x3min), EtOH (3x
3min) and diethyl ether (2x3 min), followed by TFA (60%
w/v), TIBS (3% w/v) and H,0 (2% v/v) in DCM for additional
2.5h. Finally the membrane was washed with DCM
(3 x3 min), DMA (3 x 3 min), EtOH (2 x 3 min), phosphate buf-
fer (pH 7.4, 0.1 m, 2 x 3 min), H,O (2 x 3 min), EtOH (2 x 3 min)
and diethyl ether (2 x 3 min) and dried.

2.3.  Anti-GD2 mAD ch14.18 binding assay on the cellulose
membrane

The membrane-bound GD, mimotope MA wild type and sub-
stitution variants were washed with ethanol and thrice
(10 min, RT) with Tris-buffered saline (TBS, pH 8) containing
0.05% v/v Tween (T-TBS). Then, the membrane was blocked
for 3h with blocking buffer (10% blocking reagent v/v (CRB,
Norwich, Great Britain) and 1% sucrose in 1: 10 TBS) and sub-
sequently incubated with the chimeric anti-GD,-mAb ch14.18
(1 pg/ml) in the same blocking buffer at 4 °C for 14 h. After
washing (3%, T-TBS), the membrane was incubated with a per-
oxidase-conjugated anti-human IgG mAb (Sigma-Aldrich,
Steinheim, Germany, 1 ug/ml). The membrane was washed
again. Antibody binding was visualised using a chemilumi-
nescence substrate (Pierce, Rockford, IL, USA) and the Lumi-
Imager™ (Roche Diagnostics, Mannheim, Germany). Analysis
and quantification of spot signal intensities were executed
with the software Genespotter (MicroDiscovery GmbH, Berlin,
Germany). Genespotter has a fully automatic grid finding rou-
tine resulting in reproducible signal intensities. The spot sig-
nal is calculated from a circular region around the spot centre
detected on the image. The background signal for each spot is
determined with a safety margin to this circular region.

2.4. Peptide synthesis

For further analyses selected peptides were synthesised by
standard solid phase peptide synthesis on TentaGel S Ram re-
sin (Rapp Polymere, Tiibingen, Germany) using a multiple
peptide synthesiser (Syro II, MultiSynTech, Witten, Germany).
Synthesis was performed according to standard Fmoc-chem-
istry and PyBOP activation for all amino acids (2-fold cou-
pling). Peptides were purified to >95% by preparative HPLC.
Analytical HPLC analysis (Waters, Milford, MA, USA) was car-
ried out using a linear gradient of solvents: A, 0.05% TFA (v/v)
in water and B, 0.05% TFA (v/v) in acetonitrile; gradient 5-60%
over 30 min. HPLC conditions: UV detector 214 nm, RP-18 col-
umn. Peptide identity was determined by ESI mass-spectrom-
etry (Q-TOFmicro™, Waters, Milford, MA, USA). For in vivo
experiments, peptides MA and C3 were synthesised and cou-
pled to keyhole limpet haemocyanin (KLH) by Jerini Peptide
Technologies (Berlin, Germany).

2.5. Surface plasmon resonance measurement

The affinities of the mutated peptide mimotopes to the
ch14.18 mAb were determined by surface plasmon resonance
measurement in a BiacoreX-system (Biacore, Uppsala, Swe-
den) in HBS buffer (10 mmol/L HEPES [pH 7.4], 150 mmol/L
NaCl, 3 mmol/L EDTA, 0.005% (v/v) Surfactant P20). Analyses
were carried out in two rounds. In the first round of measure-
ments the ch14.18 mAb was immobilised on a CM5 sensor
chip (measurement cell) via the amine coupling method as
described by the producer. An irrelevant antibody (anti-GST-
IgG) was used in the reference cell. Affinity of the peptide
mimotopes was determined using a dilution series of cyclic
and linear decapeptides from 2 mM to 4 uM. In the second
round the peptide mimotope with the highest affinity to the
ch14.18 mAb of round one (i.e. ‘C3’) and both of the original
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peptide mimotopes MA and MD were immobilised on CM5
sensor chips (measurement cell). An irrelevant peptide (SAT-
PWDLKTSL) was used in the reference cell. The affinity of
the ch14.18 mAb was determined using a dilution series of
antibodies from 75puM to 4.5nM. All binding experiments
were executed at 25 °C with a flow rate of 5 pl/min. Data were
analysed using the equilibrium method of the programme
BIAevaluation 3.0.

2.6.  Mimicry analysis

For mimicry analysis of the peptide mimotope KLH conju-
gates, 10 pg of the KLH-conjugated mimotopes MA and C3
were immobilised on a nitrocellulose membrane by vacuum
blotting using the Delrin dot blotting apparatus (Schleicher
and Schuell, Dassel, Germany) as described previously.'®
About 10 pg of unconjugated KLH and 100 ng of GD, (Sigma-
Aldrich, Steinheim, Germany) served as negative and positive
controls.

2.7. Cell lines and mice

NXS2 neuroblastoma cells were cultured in DMEM (PAA, Pas-
ching, Austria) supplemented with 10% foetal calf serum
(FCS) and 1% Penicillin/Streptomycin. Female A/] mice were
purchased from Harlan-Winkelmann (Borchen, Germany) at
12 weeks of age and housed according to the German
guide for the care and use of laboratory animals (i.e.
‘Tierschutzgesetz’).

2.8. Immunisation procedure, tumour growth and
metastasis

Immunisation was carried out in a prophylactic setting as
three subcutaneous injections of either 10 pg KLH, MA-KLH
or C3-KLH adsorbed to aluminium hydroxide (Alu-Gel-S, Ser-
va, Heidelberg, Germany) at two-week intervals. Attenuated
Salmonella typhimurium (SL7207) transfected with the empty
CpG-rich expression vector pSecTag2A (Invitrogen, Karlsruhe,
Germany) were orally administered with every subcutaneous
injection as an immunological adjuvant. Blood was collected
at several time points through the experiment for determina-
tion of anti-GD, serum response. After completion of the pro-
phylactic immunisation, each mouse was challenged by
subcutaneous injection of 2 x 10° syngeneic NXS2 neuroblas-
toma cells. Primary tumour growth was measured with a dig-
ital calliper and tumour volume was calculated as follows:
width x length x (length/2). Primary tumours were surgically
removed 12 d after injection (Fig. 3A). Once metastatic disease
was detected, mice were sacrificed and liver weights were
measured as an indicator for liver metastasis.

2.9. Determination of anti-GD2 serum response

Anti-GD2 serum response was determined by standard gan-
glioside ELISA as described previously.'® Total IgG and IgG
subclasses were determined using HRP-labelled anti-mouse-
IgG (Sigma, Steinheim, Germany), IgG1 and IgG2a (BD Pharm-
ingen, Heidelberg, Germany). Fold increase was calculated as

follows: absorbance of immune serum/absorbance of pre-im-
mune serum.

2.10. Statistics

Differences in tumour growth and metastasis were analysed
by Mann-Whitney U-tests, and ELISA data were analysed by
two-tailed t-tests. Differences were considered to be statisti-
cally significant at p < 0.05 and indicated as *’ in the figures.

3. Results

3.1.  GD, mimotope optimisation by amino acid
substitution analyses using SPOT technology

Our recently characterised GD, mimotope MA (C-GRLKMVP-
DLE-C) was subjected to systematic replacement of each ami-
no acid within the mimotope sequence using the SPOT
synthesis. All peptides had additional cysteine residues at N-
and C-terminal ends for the formation of disulphide bridges
important to keep a stabilised three-dimensional peptide
structure on the membranes. Therefore, cysteine residues
were omitted from systematic amino acid substitution. The
first spot membrane revealed a peptide spot with a 23.5-fold
higher signal intensity (2365 BLU) than the parental mimotope
MA (112 BLU) when probed with the anti-GD, mAb ch14.18.
This was attributed to a change from methionine to leucine
at position (P) 5 in the amino acid sequence (C-GRLKLVPDLE-
C) (Fig. 1A, upper panel). This novel mimotope was subjected
to a second round of amino acid substitutions, leading to a fur-
ther increase in binding affinity to ch14.18 (4184 BLU) (Fig. 1A,
lower panel). This improvement was related to an exchange of
lysine with histidine at P4. The new GD,-peptide mimotope (C-
GRLHLVPDLE-C) was named C3. This GD, mimotope was fur-
ther characterised by determination of dissociation constants
(Kp) in Biacore experiments. C3 revealed a 5.6-fold lower Kp
compared to MA, indicating an increased binding affinity to
anti-GD, mAbs (Fig. 2A). These findings clearly demonstrate
that systematic amino acid substitution was effective in
improving the binding characteristics of the phage display-de-
rived GD, mimotope MA.

3.2 Mimicry analysis of mimotope-KLH conjugates

C3 was conjugated to KLH and its mimicry potential was com-
pared to that of MA-KLH in dot blot experiments using the
anti-GD, mAb 14G2a. The adjusted optical density (aOD) rep-
resents the intensity of binding between antigen and anti-
body. The dot blot showed 3.1-fold increased aOD of C3-KLH
in contrast to MA-KLH demonstrating an improved GD, mim-
icry of the novel C3 vaccine over the MA vaccine (Fig. 2B).
Moreover, conjugation of C3 to KLH did not adversely affect
its mimicry potential. Unspecific anti-GD, antibody binding
resulting from the carrier molecule KLH was not detected.

3.3.  Anti-neuroblastoma effect of peptide mimotope C3
in vivo

The C3 mimotope vaccine was tested to suppress primary tu-
mour growth and spontaneous metastasis in a syngeneic
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Fig. 1 - Intensity (Boehringer Light Units — BLU) of anti-GD2
binding to SPOT membranes after the first (A, top) and
second (A, bottom) rounds of systematic amino acid sub-
stitution in the MA sequence (wt). Superior binding SPOTs
are magnified (B).

model for neuroblastoma and the results were compared to
those obtained from the parental mimotope MA (Fig. 3A).
C3-KLH-vaccinated mice showed a significantly reduced
growth of primary tumours of 77.1% compared to MA-KLH-
vaccinated mice (Fig. 3B). Consequently, primary tumour
weights after surgical removal were 61.6% lower after C3-
KLH vaccination compared to MA-KLH vaccination (Fig. 3C).
Furthermore, spontaneous liver metastasis was reduced in
C3-vaccinated mice compared to MA-vaccinated mice as indi-
cated by decreased liver weights to 41.6% only in C3-immun-
ised mice (Fig. 3D). These findings indicate that optimisation
of our peptide mimotope MA by amino acid substitution im-
proved the anti-neuroblastoma response when administered
as a prophylactic peptide conjugate vaccine.

3.4.  Determination of anti-GD2 serum response

In order to test the efficacy of the C3 peptide mimotope vacci-
nation the induction of an anti-GD, serum response was ana-

lysed by GD, ELISA in serum samples collected before and
after the immunisation period. We observed an 18.4-fold in-
crease of anti-GD, IgG 7 days after the third immunisation
in mice vaccinated with C3-KLH with further increase over
time (Fig. 4A). This finding was in contrast to that in MA-
KLH-vaccinated controls. Determination of IgG subclasses re-
vealed that C3-KLH primarily induced a GD,-specific serum
response of IgG class 1 which favours humoral anti-tumour
immune responses (Fig. 4B). In summary, the C3-KLH vaccine
induced an anti-neuroblastoma response characterised by
production and systemic circulation of anti-GD, IgGs of IgG
subclass I.

4, Discussion

The dismal outcome of stage 4 neuroblastoma demands the
development of novel adjuvant therapeutics supporting the
currently available treatment protocols. Here, we addressed
the concept of anti-tumour vaccination and optimised our re-
cently generated phage display-derived GD, mimotope MA by
systematic amino acid substitution analyses.

Peptide mimotopes generated by phage display might not
be the optimal antigens for cancer vaccine development. This
is due to practical limitations since commonly used biopan-
ning methods usually screen between 10’ and 10® unique
phage clones.?? In contrast, the theoretic variety of 20 x 10™°
peptide sequences for phages expressing decapeptides ex-
ceeds this figure by 3-4 logs. Additionally, not all phage clones
which bound during biopanning are able to subsequently
transfect Escherichia coli strains and are therefore not available
for amplification and sequencing.? These limitations consid-
erably reduce the efficiency of phage display experiments
for the identification of peptide mimotopes for the develop-
ment of effective GD,-based neuroblastoma vaccines.

We faced these limitations by the application of SPOT tech-
nology to our phage display-derived GD, mimotope MA. After
only two rounds of systematic amino acid alterations the
resulting peptide C3 showed clearly improved GD, mimicry
as indicated by increased binding affinity to anti-GD, antibod-
ies. Interestingly, exchange of the first 3 amino acids and last
amino acid (position (P) 1 to P3 and P10) of the wild type (wt) se-
quence of each optimisation round did not change the binding
characteristics suggesting that these specific amino acids are
not essential for paratope binding at these positions. On the
other hand, substitution of lysine with histidine at P4 and
methionine with leucine at P5 strongly enhanced ch14.18
mAD binding of the resulting mimotope. These changes seem
to be independent of polarity or side chain charges. Changes in
the amino acids at remaining positions (P6 to P9) abrogated
antibody binding indicating that these amino acids are essen-
tial for antibody binding and therefore sufficiently mimic one
part of the nominal GD, glycolipid epitope.

Up to date the combination of phage display and subse-
quent optimisation by SPOT was only applied to generate
more effective anti-microbial drugs, such as inhibitors of B-
lactamase?® or chitinase, important for proliferation of fungi,
insects and crustaceans.?* Here, we introduced this combina-
torial approach into the field of cancer vaccine development
and optimised our phage display-derived mimotope MA into
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the C3 peptide. This optimisation translated into an improved
anti-neuroblastoma immune response in vivo since a KLH-
coupled peptide vaccine with this novel GD, mimotope was
able to further decrease primary tumour growth and sponta-
neous metastasis compared to the parental peptide mimo-
tope MA. C3-KLH vaccination was also associated with an
anti-GD, serum response in favour of IgG subclass 1. In-
creased levels of IgG1 are typically observed as a humoral im-
mune response against protein antigens, in contrast to IgG2a
associated with a response against T-cell-independent anti-
gens, e.g. glycolipids.?>?® The IgG1-biased anti-GD2 serum re-
sponse observed in the present study indicates the induction
of glycolipid-reactive antibodies by GD2-peptide mimotope
vaccines. In summary, these findings clearly demonstrate
that mimotope optimisation performed by systematic amino
acid alterations and SPOT synthesis could improve the effi-
cacy of a peptide mimotope vaccine against neuroblastoma.
However, the efficacy of peptide vaccination also depends
on the co-administration of adjuvants, since the absence of a
second immunostimulatory signal may result in the induc-
tion of tolerance rather than immunity. Oral application of
attenuated S. typhimurium SL7207 carrying plasmid DNA pro-
vides a ‘danger signal’ induced by lipopolysaccharides and
CpG motifs.?” Therefore, we used this adjuvant in combina-
tion with peptide vaccination as reported previously.'®
Another interesting advantage of our approach is the
possibility of including non-natural amino acids into the
screening process further increasing the diversity of pepti-
domimetics. Since we plan to use DNA vaccination as immu-

nisation tool we only screened peptides composed of natural
amino acids.

In summary, we describe the optimisation of a phage dis-
play-derived GD, mimotope performed by systematic amino
acid alteration and demonstrate the improved efficacy of
the novel GD, mimotope to induce a humoral immune re-
sponse against neuroblastoma. SPOT synthesis provides an
ideal tool for optimisation of phage display-derived mimo-
topes to develop immunogenic and effective mimotope vac-
cines targeting tumour-associated glycolipid antigens.
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