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ABSTRACT
Tolerance toward tumor antigens, which are shared by normal tissues, have often limited the efficacy of
cancer vaccines. However, wild type epitopes can be tweaked to activate cross-reactive T-cell clones,
resulting in antitumor activity. The design of these analogs (i.e., heteroclitic peptides) can be difficult and
time-consuming since no automated in silico tools are available. Hereby we describe the development of
an in silico framework to improve the selection of heteroclitic peptides. The Epitope Discovery and
Improvement System (EDIS) was first validated by studying the model antigen SIINFEKL. Based on artificial
neural network (ANN) predictions, we selected two mutant analogs that are characterized by an increased
MHC-I binding affinity (SIINFAKL) or increased TCR stimulation (SIIWFEKL). Therapeutic vaccination using
optimized peptides resulted in enhanced antitumor activity and against B16.0VA melanomas in vivo. The
translational potential of the EDIS platform was further demonstrated by studying the melanoma-
associated antigen tyrosinase related protein 2 (TRP2). Following therapeutic immunization with the EDIS-
derived epitope SVYDFFAWL, a significant reduction in the growth of established B16.F10 tumors was
observed, suggesting a break in the tolerance toward the wild type epitope. Finally, we tested a multi
vaccine approach, demonstrating that combination of wild type and mutant epitopes targeting both TRP2
and OVA antigens increases the antitumor response.

In conclusion, by taking advantage of available prediction servers and molecular dynamics simulations,
we generated an innovative platform for studying the initial sequences and selecting lead candidates with
improved immunological features. Taken together, EDIS is the first automated algorithm-driven platform
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to speed up the design of heteroclitic peptides that can be publicly queried online.

Introduction

Immunotherapy is widely recognized for its potential and
several studies have demonstrated that tumor-reactive T-cells
are present among the naive repertoire. For this reason, pep-
tide vaccination using cytotoxic T-lymphocyte (CTL) epito-
pes has been evaluated in different preclinical and clinical
studies.'”

Peptide-based cancer vaccines represent a focused approach
that can take into account the inter-patient variability of the
neoplastic disease. Nevertheless, finding a candidate target
might not be sufficient for a successful therapy.* While neo-
antigens represent the optimal target for cancer immunother-
apy, their discovery is not applicable to all clinical settings due
to economic and technological limitations. Thus, different clas-
ses of tumor antigens have been investigated, such as tumor-
associated antigens (TAAs). These proteins are not exclusively
found in tumor tissues, hence they can only be targeted by spe-
cific T-cells with low-affinity T-cell receptors (TCRs) survive

the thymic selection.” These potential self-reactive clones are
kept inactivated by the peripheral tolerance.’ In addition, the
tumor cells are known to downregulate the major histocompat-
ibility complex (MHC) molecules to evade immune surveil-
lance.” The above-mentioned scenario makes TAAs a difficult
target for cancer immunotherapy, however, TAAs still repre-
sents the largest class of tumor antigens available® and they are
used into preclinical and clinical applications despite their non-
optimal nature as specific targets.9

T-cells are by nature cross-reactive and one specific clone can
recognize other highly similar sequences.'”"* In fact, if T-cells
were monospecific, an enormous number of lymphocytes would
be needed to confer protection against foreign antigens. Mathe-
matical modeling has shed light on the redundancy of this sys-
tem," suggesting that one T-cell might recognize as much as
10° minimal epitopes.'* One of the consequences of this model
is that one peptide might be recognized by multiple clones, espe-
cially if they feature low-avidity TCRs. This hypothesis is
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supported by previous studies where modified epitopes (i.e., het-
eroclitic peptides) were found to be more immunogenic than the
original ones. In fact, the presence of amino acid changes in pro-
teins of malignant cells can create epitopes that are able to drive
antitumor responses.’> Chen et al. generated mutated forms of
the NY-ESO-1 peptide, demonstrating their immunological effi-
cacy.'® Similarly, mutated MHC class-II peptides from the
gp100 antigen have been generated and their relative efficacy
was studied in humans. The results showed that even minor
changes in the sequence of the peptides led to variable
responses.’” Recently, Hoppes and colleagues replaced natural
amino acids with non-proteinogenic residues and generated
improved variants of the SVYDFFVWL peptide derived from
the tyrosinase-related protein 2 (TRP2) antigen.'®

Although the exact mechanism is not completely under-
stood, the current knowledge suggests that the analogs may
have an increased affinity for human leukocyte antigen (HLA)
molecules. However, it is not clear whether heteroclitic peptides
act by providing a more potent stimulus to a tolerized epitope-
specific T-cell, or if they are able to stimulate other clones, such
as low avidity ones, that had not been tolerized.

In this study, we describe the development and validation of
the Epitope Discovery and Improvement System (EDIS). The
advantage of this approach relies on the integration of predictions
using several ANN in combination with molecular dynamics sim-
ulations (MDSs). While developed to optimize the sequence of
tumor associated antigens, overcoming tolerance, this framework
could also be used to improve the sequence of peptides.

By studying a classic model peptide, the SIINFEKL epitope
from chicken ovalbumin (OVA), we investigated in silico, in
vitro and in vivo properties of the two analogs SIINFAKL and
SIIWEFEKL. In particular, we predicted and modeled their inter-
action with the murine allele H-2Kb to understand how the
mutations affect the binding with MHC-1. Then we evaluated
both their therapeutic efficacy upon established B16-OVA mel-
anomas and the immunological response.

While being an optimal strategy, targeting neo-antigens is not
always possible, therefore the use of TAAs is widespread into the
clinical setting. To mimic this scenario, we decided to study the
murine syngeneic tumor antigen TRP2. Interestingly, immuno-
logical responses against the TRP2 antigen have been evaluated
in different studies on melanoma patients.'® In fact, TRP2-spe-
cific CTL clones have been identified among tumor infiltrating
lymphocytes.”” In addition, Reynolds and colleagues detected
TRP2 reactive T-cells in the peripheral blood of patients.*'
Therefore, we decided to study the tumor epitope SVYDFFVWL
(TRP2449_188) from this TAA. Among the two heteroclitic pepti-
des that we evaluated, one was able to reduce the growth of
established B16F10 tumors more efficiently than the wild type
TRP2,g 133 epitope. Finally, we demonstrated that targeting
TAAs, neo-antigens combination of wild type peptides and their
mutated versions results in an increased antitumor efficacy.

In conclusion, a fine equilibrium between the mutation of
epitopes and immunological properties needs to be considered
when selecting heteroclitic peptides for cancer vaccines.
Hereby, we show that the integration of multiple in silico plat-
form can improve the accuracy of the prediction of peptide
properties allowing for a more efficient screening and selection
of CTL epitope-analogs.

Results

Developing an in-silico platform that predicts the effect
of amino acid changes on the immunogenicity of MHC-1
epitopes

Prediction servers offer the possibility to estimate several
immunological properties of putative MHC-I epitopes. These
technologies allow for the screening of sequences obtained
from mass-spectrometry analysis of proteins to search for pep-
tides suitable for cancer immunotherapy. This versatile and
scalable platform, however, has never been used for the
methodic research of heteroclitic peptides.

We started by generating an in silico library of analogs of
SIINFEKL, a frequently used model antigen in immunological
studies. To this end, each position was mutated with each natu-
ral amino acid. Then we run the library into two different pre-
diction servers. The NetMHC 4.0 Server from the Center for
Biological Sequence analysis (CBS) was used to predict the
binding affinity (IC50 values) of peptides to the murine MHC-I
allele H-2Kb.>>** In addition, the class I immunogenicity pre-
diction server available at the Immune Epitope Database and
Analysis Resource (IEDB)** was used to predict the recognition
of the peptide-MHC-1 (pMHC-I) complexes by TCRs and
immunogenicity scores (IS) were acquired for each analog.

As shown in Fig. 1A, the lateral chains of the SIINFEKL pep-
tide (blue) have a specific orientation into space. While residues
1,2, 3,5 and 8 are sunk into the MHC-I binding pocket, residues
4, 6 and 7 extrude from the pocket, hence can be recognized by
the T-cells. Therefore, we hypothesized that mutations in MHC-I
anchors would significantly change the IC50 values, while replac-
ing residues 4, 6 and 7 would not hinder the MHC-I binding
affinity. As represented in Fig. 1B, all analogs sharing a mutation
at the first (XIINFEKL; blue) or second (SXINFEKL; red) posi-
tion, have a much higher IC50 (i.e., lower affinity). The group of
analogs sharing a mutation at the eight residue (dark blue),
known to be an important binding anchor,” feature the highest
IC50 mean value, highlighting the importance of such residue in
the binding of SIINFEKL peptide to the MHC-I molecule. Con-
sistent with our hypothesis, no significant changes to the IC50
were observed for the analogs sharing a mutation at position 4
(SIIXFEKL; purple) and 7 (SIINFEXL; brown). Interestingly,
most of the substitution at position 6 (SIINFXKL; gray) would
result in a lower IC50 (i.e., higher affinity). By analyzing the effect
of each amino acid as substitute of the native one (Suppl. 1A) we
could conclude that, amino acids with big lateral chains, such as
glutamic acid (E), aspartic acid (D) or lysine (K) would cause a
reduced affinity, no matter which position was used for modifying
the native sequence. Regarding the recognition of the epitope by
the TCR, the immunogenicity score (IS) did not vary when the
first three positions (Fig. 1C; 1, 2 and 3 on x axis) were changed,
while aa variations at position 4, 5, 6 and 7 had significant effects
on the IS. In fact, most of the analogs with a substitution at posi-
tion 6 (SIINFXKL, gray) showed a lower score, compared with
the group of analogs with changes in position 7 (SIINFEXL); var-
iations in position 4 gave mixed results as proven by the wider
distribution of the data (Fig. 1C, purple group).

Taken together, these data suggested that the 4th position
was not crucial in determining the IC50, but might be very
important for the recognition of the TCR. Similarly, changes in
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Figure 1. In silico screening of the mutational library of SIINFEKL. (A) Graphical representation of SIINFEKL peptide (violet) into the binding pocket of the H-2Kb MHC-
molecule (transparent gray). The backbone of the peptide is visualized in green and the lateral groups in blue. Lateral groups facing the MHC-I binding pocket or emerg-
ing from the pocket are indicated. In silico prediction of the binding affinity (B) or the immunogenicity score (C) of the analogs of SIINFEKL. The analogs were grouped
according to the position of the mutation (left panels). Alternatively, the analogs were grouped according to the aminoacid used to mutate each position (right panels).
The red-dotted line, represents the IC50 and the immunogenicity score of the wild type sequence. (D) The affinity scores of the whole library were plotted and indicating
analogs with a higher or lower affinity than the wild type SIINFEKL. The specific peptides SIINFAKL and SIIWFEKL are highlighted and their IC50 values are indicated. (E)
The immunogenicity predictions for the H-2Kb allele are displayed for the wild type SIINFEKL and two specific analogs.

position 6 might result in an improved MCH-I affinity, but a
generally lower immunogenicity.

To elucidate what is the contribution of each parameter to
the immunological response we further evaluated two analogs
with different properties. By plotting the IC50 values of all the
analogs (Fig. 1D) we could observe a group of analogs with a
higher affinity than SIINFEKL (IC50 < 17 nM). Among these,
the SIINFAKL peptide was predicted to bind the MHC-I with
the highest affinity, with an IC50 of 3 nM whereas the SITW-
FEKL analog also resulted in a lower IC50 value (13 nM)

compared with STINFEKL. As previously discussed, the analog
bearing a change in the 6th position (SIINFAKL) showed a
lower IS (Fig. 1E) while the analog with a mutation at the 4th
position (SITWFEKL) showed an improved IS.

Crystal structures of pMHC complexes deliver the most reli-
able data regarding the conformation and orientation of pepti-
des into the binding pockets. However, resolved structures are
not available for most of the pMHC complexes. Hence, we used
MDSs to compare the conformation of peptides when inside
the MHC binding pocket. As shown in Fig. 2A, SIINFAKL
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Figure 2. Molecular dynamics simulation to unravel conformational changes of epitope-MHC-I complexes. (A) Comparison of spatial conformation epitopes inside the
MHC-I binding pocket. SIINFEKL (green transparent), SIINFAKL (red solid) and SIIWFEKL (cyan solid) are compared by superimposition. Molecular dynamics simulations
were run for 300 ns, and the most representative states are shown. Left panel: SIINFEKL and SIINFAKL; central panel: SIINFEKL and SIIWFEKL; right panel SIINFAKL and
SIIWFEKL. The conformational landscape of the epitope-MHC-I complexes (SIINFEKL, B; SIINFAKL, C; SIIWFEKL, D) are shown from two angles: C-terminal of epitope (left
panels) and side views (right panels; epitopes are oriented from N-terminal on the left to C-terminal on the right). The extruding residues, responsible for contacting T-
cell receptors are highlighted by yellow captions showing the position and abbreviation for the aminoacid. The structure and orientation of the mutated residue for SIIN-
FAKL and SIIWFEKL peptides are highlighted by the yellow structure of the sidechains.



(left panel, red solid) is shifted to the bottom of the binding
pocket compared with the wild type SIINFEKL (green transpar-
ent). This explains the increased predicted binding affinity of
this peptide for the H-2Kb molecule. On the contrary, SITW-
FEKL (Fig. 2A, central panel; cyan solid) features a large side
chain due to the tryptophan in position 4 (4TRP). This allows
for a higher extrusion of the peptide from the MHC pocket
when compared with either SIINFEKL (central panel, green
transparent) or SIINFAKL (right panel, red solid).

The TCR recognizes the pMHC by binding for one third the
peptide and for two thirds the MHC-I. Hence, gathering infor-
mation about the single residues of the epitope which are extrud-
ing from the binding pocket might be poorly predictive.
Therefore, we decided to study how the whole portion of pMHC
that faces TCR (hereafter referred as the pMHC landscape)
changes conformation when using different analogs of the same
epitope. The wild type epitope SIINFEKL (Fig. 2B) features an
asparagine in position 4 (4ASN), a glutamic acid in position 6
(6GLU) and a lysine in position 7 (7LYS) which extrude from
the binding pocket. The analog SIINFAKL features a smaller ala-
nine in position 6 and this mutation affects the orientation of the
other residues as well. As shown in Fig. 2C, the whole binding
pocket seems to have a more opened conformation; in addition,
when comparing the 4ASN and 7LYS present in both the SIIN-
FEKL and SIINFAKL peptides, they seem to extrude more in the
latter one. In contrast, the insertion of the tryptophan in the
position 4 largely affects the whole pMHC landscape. Fig. 2D
shows the peptide SITWFEKL into the binding pocket. The large
side chain of the 4TRP residue is evidently extruding from the
binding pocket, with the MHC pocket being more closed, thus
limiting the TCR access to the peptide (Fig. 2D, side view).

In silico properties predicted by EDIS correlate
with experimental in vitro data

In our in silico screening both SIINFAKL and SITWFEKL ana-
logs are predicted to have an improved MHC-I binding affinity,
with the latter expected to be better recognized by the TCR. To
validate these findings, we performed an in vitro binding assay
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using RMA-S cells. These cells bear mutations in the antigen-
processing machinery, hence they are almost devoid of surface
H-2Kb molecules.”® However, the addition of exogenous epito-
pes can stabilize the o chains and the 8, macroglobulin of the
MHC-I molecule, thus the binding affinity is proportional to
the amount of H-2Kb on the membrane. We observed a signifi-
cant increase in the amount of H-2Kb on cells incubated with
SIINFAKL and SITWFEKL at both high (Fig. 3A; 1 ug/mL) and
low concentrations (Fig. 3B; 0.1 g/mL) when compared with
the wild type SIINFEKL. This experimentally confirms that the
analog peptides do have a higher affinity for MHC-I compared
with the native epitope.

Next, we sought to investigate whether or not the selected
analogs would increase the proliferation of T-cells. To this end,
CFSE labeled OT-I splenocytes, containing exclusively
SIINFEKL-specific CD8" T-cells, were incubated with the three
peptides. After 3 d of incubation, we determined the amount of
proliferating CD3*CD8" T-cells (i.e., with a diluted CSFE fluo-
rescence) by flow cytometry. As expected both the SIINFEKL
and the SITWFEKL peptides were able to stimulate the prolifer-
ation of the cells significantly more than the negative control.
Interestingly, incubation with SIINFAKL resulted in a signifi-
cantly increased proliferation of OT-I T-cells compared with
the other peptides. This finding confirms the presence of cross-
reactivity and the ability of the mutant analogs to stimulate the
population of lymphocytes recognizing the native epitope,
which is a crucial property for any heteroclitic peptide.

Analogs selected with the EDIS framework show improved
antitumor activity in vivo compared with the native
epitope

We then investigated whether the two mutant analogs would be
immunologically active in a therapeutic cancer vaccine
approach. To this end, we treated 9-d established B16-OVA
tumors with the three peptides using the previously described
cancer vaccine platform PeptiCRAd.”’

In these settings, the therapeutic intra-tumor vaccination
with SIINFEKL resulted in a slightly reduced tumor growth
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Figure 3. Experimental validation of in silico predictions of the MHC- binding affinity. RMA-S cells were pre-incubated for 1 h at 4°C. Then, 4 x 10° cells were incubated
for 2 h with one of the indicated peptides at two different concentrations (A) 1 +g /mL or (B) 0.1 ;«g/mL in a volume of 1 mL. The presence of H-2Kb molecules on the
membrane was measured by flow cytometry and normalized against cells incubated with no peptide (negative control). (C) OT-I splenocytes were labeled with CFSE dye.
Then, 3 x 10* cells were incubated with different stimuli for 72 h in a volume of 200 uL of complete media. Then the percentage of proliferating (i.e., CFSE diluted)
CD3*CD8™" T-cells was determined by flow cytometry; data was normalized against positive control Concanavalin A (defined as 100% of proliferation). All the data are
represented as mean = SD; Significance was assessed by One-way ANOVA with Tukey's post hoc test; “p < 0.05, ** p <0.01.
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(Fig. 4A) compared with mice treated with saline solution or
the adjuvant alone. In contrast, a superior antitumor efficacy
was achieved by therapeutic vaccination with either SITWFEKL
(p < 0.05) or SIINFAKL (p < 0.01) as can be appreciated also
by the single tumor curves (Fig. S2A) and by the increased dou-
bling time of tumors treated with these peptides (Fig. S2B).
Flow cytometry analysis revealed no major differences in the
number of CD19"CD3"CD8* CTLs in secondary lymphoid
organs or tumors (Fig. 4B). However, a significant increase in the
amount of SIINFEKL-specific CTLs (i.e., antitumor T-cells) was
observed in the tumors of mice treated with the SIINFAKL pep-
tide (Fig. 4C). This suggested a beneficial cross-response and the
expansion of SIINFEKL-specific cells that infiltrated the tumors.
Following the hypothesis that clones with low-avidity TCRs
might be crucial in the antitumor responses avoiding tolerance,
we performed an inter-organ correlation analysis among all the
groups by comparing the percentage of SIINFEKL-specific
T-cells with their avidity for the pMHC-I complexes. The avidity
of T-cells for the pMHC-I complexes was measured by consider-
ing the affinity of TCRs for SIINFEKL-Pentamers, since high
avidity clones would capture more Pentamers and have stronger
fluorescence signal, i.e., a higher geometrical mean fluorescence

intensity (gMFI). Interestingly, we observed a clear negative cor-
relation (Fig. 4D): larger populations of SIINFEKL-specific CTLs
showed also the lowest fluorescence intensity of staining (Pear-
son’s correlation analysis; p = 0.0002). These data suggests that
low-avidity T-cell clones are attracted into the tumor (Fig. 4D;
black dots) in larger numbers and this mechanism could be
exploited in different settings to circumvent the tolerance when
targeting different tumor antigens such as TAAs.

Taken together these findings demonstrate that therapeutic
vaccination with heteroclitic peptides significantly improves
immune response resulting in a reduced growth of aggressive
B160VA tumors. In addition, Pentamer staining suggested
that SIINFEKL-specific T-cell clones can be cross-stimulated
by using the SIINFAKL mutant analog. Finally, the avidity of
stimulated CTL clones seems to negatively correlate with their
expansion/proliferation.

The heteroclitic analogs SIINFAKL and SIIWFEKL can cross-
stimulate a response against the native epitope SIINFEKL

To achieve antitumor activity, the clones stimulated by
immunization using heteroclitic peptides must recognize the
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Figure 4. Antitumor response and in vivo efficacy of SINFEKL mutated analogs. (A) B160VA cells were injected into both flanks of female C57BL6/J mice (2.5 x 10° cells/
flanks). Mice (eight per group) were treated with PBS (Mock), Ad5D24-CpG human adenovirus (Adjuvant), and either SIINFEKL, SIINFAKL or SIIWFEKL peptides complexed
to the virus-adjuvant. Intra-tumor injections were made on day 9, 11, 13 as represented by the asterisks on the x axis. Tumor volumes were measured every 2-3 d by a
digital caliper. Tumor volumes normalized against the values on the 9th day are presented as the mean £ SEM; significance was calculated by Two-way ANOVA with
Tukey's post hoc test. Spleens, tumors and draining lymph nodes were collected to determine to percentage of (B) total CD8™ T-cells (CD19-CD3*CD8™) or (C) SIINFEKL-
specific T-cells (double positive Pentamer™CD8" gated on CD19~CD3™). (D) A correlation analysis was performed by plotting for each mouse the % of antigen-specific T-
cells against the intensity of the signal (gMFI) of such population. Data from spleens (empty triangles), draining lymph nodes (empty squares) and tumors (black dots) are
presented. Log transformed values were used to compute the Pearson’s correlation coefficiencies; p-value for the correlation is 0.0002.



native epitope which is displayed by the tumor cells. For
this reason, an analysis of cross-reactivity of the immune
response was performed by IFNy ELISPOT assay on sam-
ples collected from animals described in the previous
experiment.

As expected, splenocytes from mice treated with SIINFEKL
reacted ex vivo to SIINFEKL (Fig. 5A; left graph), with two
mice showing a hyper-response (>500 SFU/well). A certain
degree of cross-response toward the native SIINFEKL was
observed in mice treated with SITWFEKL also (Fig. 5A, left
graph, 2/4 cases). Mice immunized with SIINFAKL also cross-
responded to SIIWFEKL peptide (Fig. 5A, right graph; 3/4
cases). Consistently to our previous observations, splenocytes
of mice treated with SIINFAKL cross-responded to SIINFEKL
peptide (Fig. 5A, left graph, 4/4 cases) and this explains its anti-
tumor efficacy.

A

SIINFEKL response

SIINFAKL response
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Next, we analyzed the size of the spots as an indirect mea-
sure of the amount of IFNy produced by the single activated
T-cells in response to the different MHC-I epitopes. Spleno-
cytes of mice immunized with SIINFAKL produced large spots
when re-pulsed with all the peptides, demonstrating a broad
response (Fig. 5B). Nevertheless, as shown in Fig. 5C, when
using SIINFEKL to re-stimulate the splenocytes (independently
from the initial immunization) we observed the largest spots,
suggesting that the efficacy of SIINFAKL is not achieved by
hyper-stimulation of the TCR.

An heteroclitic peptide designed with EDIS was able
to break the tolerance toward B16F10 melanomas

One of the main challenge that cancer vaccines strategies face is
the paucity of antigens which are exclusively present on tumor
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Figure 5. Cross-reactivity of the immunological responses elicited by the mutated analogs of SIINFEKL. Splenocytes from mice treated with SINFEKL, SIINFAKL or
SIWFEKL (presented in Fig. 4, here indicated on the x axis), were assayed for cross-responses to the peptides. 3 x 10° cells were incubated with 100 ng of each indicated
peptide for 72 h and the IFNy response was determined by ELISPOT assay. (A) The number of Spot-Forming Units (SFU) is normalized to 1 x 10° cells. The red-dotted
line represents the background of the assay (splenocytes incubated with PBS). (B) The cumulative size of the spots from mice of the same group (same column) in
response to different stimuli (bars of different colors) is shown. Data is shown as mean & SEM. C) The average spot size across all the groups in response to each peptide
is represented. Data is shown as the mean £ SEM; One-way ANOVA with Tukey’s post hoc test was used to calculate the statistical significance.
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cells. Melanoma-associated antigen TRP2 features epitopes that
can bind with high affinity to the MHC-I; however, either
peripheral tolerance or absence of T-cell clones with TRP2-
high avidity TCRs prevents rejection of tumors upon therapeu-
tic vaccination with the SVYDFFVWL epitope.

First, we studied the properties of the wild type epitope
in silico. As described for SIINFEKL, we changed each position
with one of the other natural amino acids, and grouped the
analogs based on the mutated position (for example group 1:
XVYDFFVWL;  group 2: SXYDFFVWL; group 3:
SVXDFFVWL; etc.). This provided useful insights in the con-
tribution of each position to the stability of this specific
pMHC-I complex and its immunogenicity. As shown in
Fig. 6A, most of the analogs with a mutation in one of the first
three positions display an inferior affinity toward H-2Kb (i.e.,
higher IC50) compared with the WT peptide (represented by a
dashed line). According to the predictions, mutations at either
the 7th or 8th residue result in increase of binding affinity,
while changes at the 9th position results in decreased binding
in 100% of the cases, as shown by a higher IC50 of all these
peptides (SVYDFFVWX group; 9th on x axis). Interestingly,
position 4 seems to not affect the overall binding. The central
residues are essential for TCR recognition, and this is proved
by the overall lower predicted immunogenicity for most of the
analogs sharing a mutation in these positions when compared
with the natural epitope (Fig. 6B). Only few analogs display a
higher immunogenicity score than TRP2 WT (dashed line). As
shown also in Fig. S1D (red dots), only 12 analogs from a total
of 162 were predicted to have a better immunogenicity. This
observation suggested us that the sequence may be already opti-
mized for TCR recognition and that poor TCR stimulation
might be caused by the tolerance toward this peptide. There-
fore, we focused on contacting other low-affinity TCR that sur-
vived the thymic selection. For this reason, we choose two
analogs with an increased predicted affinity for H-2Kb but
avoiding mutations in the central region: SAYDFFVWL (TRP2
2A) and SVYDFFAWL (TRP2 7A). These analogs displayed a
lower IC50 (Fig. 6C, left) and were predicted to be recognized
as efficiently as the TRP2 WT epitope (Fig. 6C, right). Consis-
tent with the in silico analysis, both analogs stabilized the
MHC-I molecules on the surface of RMA-S cells at both low
and high concentrations (Fig. 6D, left and right respectively).

Molecular dynamics simulation of these analogs revealed
that the mutations would change the conformation of the pep-
tides (Fig. 6E). The central residues extruding from the MHC-I
molecule have a different orientation when comparing TRP2
WT, TRP2 7A and TRP2 2A peptides (Fig. 6E, left). In addi-
tion, the portion of the peptide which is in deep contact with
the MHC-I pocket (Fig. 6E, right) has a different conformation,
especially when considering the TRP2 2A peptide. These spatial
changes result into differences of the pMHC structure which is
supposed to be in contact with the TCR (Fig. 6F). For instance,
the presence of the small alanine in position 7 of the TRP2 7A
analog, affects the spatial orientation of phenylalanine and
tryptophan at positions 6 and 8, respectively (Fig. 6F, central).
No major spatial changes were observed for the pMHC com-
plex when we simulated the presence of the TRP2 2A peptide
into the binding pocket of the H-2Kb molecule when compared
with the TRP2 WT peptide (Fig. 6F, right).

Next, we used the aggressive melanoma model B16F10 to
test whether the selected variants would elicit an antitumor
response. As expected, immunization with TRP2 WT did not
affect the tumor growth (Fig. 7A). Similarly, treatment with
TRP2 2A did not result in any significant change in tumor pro-
gression. Interestingly, mice immunized with TRP2 7A peptide
showed a significant slower tumor growth when compared
with mock-treated mice (p = 0.0015), or mice treated with
either TRP2 WT (p < 0.0001) or TRP2 2A (p < 0.0001).

Subsequently, we studied the immunological responses in
treated mice. As shown in Fig. 7B (left panel), treatment with
native peptide (i.e., TRP2 WT) weakly increased the immune
response toward the antigen compared with mock-treated
mice, confirming a degree of tolerance toward this sequence.
Immunization with the TRP2 2A peptide did not result in any
major response. Interestingly, mice immunized with TRP 7A
showed a significantly higher cross-response against the TRP2
WT epitope.

Taken together these data demonstrated that TRP2 7A was
able to break the tolerance toward the WT peptide. In addition,
we also observed a high direct-response against TRP2 7A in
mice treated with TRP2 7A (Fig. 7B, central panel). This sug-
gested the absence of tolerance toward this peptide.

Finally, we investigated the efficacy of a multi-peptide vac-
cine, composed of wild type and modified epitopes targeting
TAAs and neo-antigens. In particular, we asked whether or not
targeting both classes of antigens would be beneficial, when
using heteroclitic peptides and wild type epitopes. Therefore,
we chose a challenging model by treating 10-d established B16.
OVA tumors with either TRP2 WT + 7A analog peptides,
SIINFEKL + SIINFAKL peptides or a combination of all four
peptides (multi-vaccine). The study groups that received the
therapeutic vaccines showed varying degrees of response
(Fig. S3A). As shown by the individual tumor growth curves in
Fig. 7C, the percentage of slowly progressing tumors was higher
in the group that received the multi vaccine therapy. In fact,
57% of mice in the multi-peptide vaccine group had tumor vol-
umes that were below 400% of the starting volume. The analy-
sis of the growth of the tumors (by using the area under the
curve) revealed that all the study groups performed signifi-
cantly better than mock (Fig. S3B). This observation suggests
that a multi-targeted approach that takes into account clone
variability and downregulation of specific antigens may be
more effective when compared with narrow treatments target-
ing single antigens.

Discussion

Tumor antigens can be generally divided into tumor-specific
antigens (TSAs) or TAAs. TSAs comprise antigens that are
exclusively expressed by tumors cells, while TAAs are expressed
also in healthy tissue. Identification of unique TSAs is difficult
to achieve, hence targeting TAAs represents a more feasible
approach. Most of TAAs, such as MAGE-A1%® or TRP-2,% are
self-antigens present in healthy tissues, thus tolerance mecha-
nisms prevent immune responses against them. Mutated forms
of wild-type epitopes (i.e., heteroclitic peptides), have proved to
be a valuable tool to break the tolerance or hyperstimulate tol-
erant T-cells.>'®*° Careful theoretical design together with in
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try and normalized against cells incubated with no peptide (negative control). Data is represented as the mean + SEM; Unpaired student’s t-test, *p < 0.05, **p < 0.01. E)
Comparison of spatial conformation epitopes inside the MHC-I binding pocket: TRP2 WT (orange), TRP2 7A (green) and TRP2 2A (purple). Molecular dynamics simulations
were run for 300 ns, and the most representative states are shown. 3, view (left panel) and side view (right panel). The mutated residues are colored in red. (F) The con-
formational landscapes of the epitope-MHC-I complexes are shown from peptide C-terminal perspective. The extruding residues, responsible for contacting T-cell recep-
tors are highlighted by yellow captions showing the position and abbreviation for the aminoacid. The « chain of the MHC is represented in transparent white.
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chosen to distinguish between fast (solid line) and slow (dotted line) progressing tumors. Percentages of slow progressing tumors are indicated near the graph of each group.



silico and in vitro screening is necessary to evaluate the mutated
analogs, making the process time-consuming and cumbersome.
Previous studies have reported contradictory findings where
the correlation between the in vitro and the in vivo observations
resulted to be poor.” Therefore, new approaches to optimize
the screening process are needed. In this study we established
an in silico framework by using CBS and IEDB prediction serv-
ers, which are usually used to find MHC epitopes inside protein
sequences.’> Hereby, we propose an innovative use of this tools
to screen mutational libraries of defined MHC-I epitopes. In
addition, we implemented molecular dynamic simulations in
our pipeline, to further validate the initial data.

By grouping the analogs based on the mutated amino acid
we evaluated the contribution of each position to the overall
stability the pMHC-I-TCR interactions. This visualization of
data allows for an easy and fast comparison of the native
sequence (SIINFEKL or SVYDFFVWL) with all the analogs.
Using this approach, we demonstrated that very few amino
acids in very specific positions led to an increased MHC-I affin-
ity (ie., lower IC50; red dots in Fig. SIA and C), while the
insertion of amino acids with large lateral chains (E, F, I or W)
resulted into analogs with improved immunogenicity scores
(Fig. S1B and C; red dots). Our data highlights that modifica-
tions of the TCR-facing residues, such as positions 4 or 6, led to
heteroclitic peptides with improved MHC-I affinity. These
observations widen the classical model where non-anchor resi-
dues would poorly affect the overall IC50.>**** In fact, both
SIINFAKL and SITWFEKL analogs showed an improved affin-
ity for MHC in silico and in vitro. It is worth noticing that
pPMHC-I complexes can change their structure after binding
the TCR. Downstream signals seem to amplify small discrepan-
cies between similar peptides, according to the kinetic proof-
reading model of T-cell activation.'® This leads to a cross-reac-
tivity model where one TCR can recognize different peptides
and one peptide can be recognized by many TCRs.

An innovative aspect of our work consists in the integration
of data from different in silico techniques. However, in our
experience data from immunogenicity prediction is much more
difficult to interpretate. In fact, we did not observe a strong cor-
relation between the predicted immunogenicity and the degree
of proliferation of antigen specific lymphocytes in vitro. This
finding suggests that the prediction of the immunogenicity is
much more challenging since in silico prediction algorithms do
not take into account the poly-clonality of T-cell responses. In
fact, in vivo validations demonstrated that both analogs were
able to reduce the growth of B16.OVA tumors. Consistent with
our in vitro results, the best MHC-I binder (i.e., SIINFAKL)
proved to be the most effective in vivo (Fig. S2C). We speculate
that peptides with increased MHC-I affinity were able to inter-
act with a wider variety of T-cell clones. This hypothesis is sup-
ported by the fact that immunization with SIINFAKL peptide
resulted in an increased cross-reactivity. Interestingly, despite
not observing any hyper-stimulation of TCRs, we report an
increased proliferation of OT-1 cells. We believe that this effect
is mediated by the higher affinity of the peptide for the MHC-I,
hence a prolonged availability on the surface of APCs. We sug-
gest that the beneficial responses achieved by treatment with
heteroclitic peptides may derive from their ability to evoke a
poly-clonal response rather than hyper-stimulation of the
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specific T-cell clone against the native epitope. Messaoudi and
colleagues have previously investigated some analog epitopes in
their work, such as SIINFAKL, showing that the different
PMHC-I conformation has important effects on the recogni-
tion of the complex by specific TCR-like antibodies.>® However,
they did not investigate the immunological consequences. In
lack of crystal structures of analogs into the MHC binding
pocket, we performed MDSs. We could appreciate differences
into the orientation of the peptides into the binding pocket,
and most importantly different conformational changes of the
PMHC complexes. Consistently, the SITWFEKL peptide, which
did not show any priming of OT-I T-cells, was the analog
showing markedly different pMHC conformation when com-
pared with SIINFEKL. This finding, supports the use of molec-
ular dynamics simulation as a tool to understand
immunological properties of heteroclitic peptides.

In this manuscript, we highlight the importance of consider-
ing both the MHC-I affinity and TCR recognition during the in
silico design of heteroclitic peptides. This is also supported by
the work of Romero and colleagues who studied two epitopes
from the MART-1/Melan-A antigen. In particular, by placing a
strong anchor at position 2 of the natural epitopes, they were
able to increase the affinity for HLA-A02. However, while one
peptide was also better recognized by specific CTL clones, the
other peptide lost the ability to engage TCRs of the same
clones.”

Subsequently, we applied this in silico analysis to the antigen
TRP2. This self-protein is a melanocyte lineage marker; there-
fore, a degree of tolerance limits its use as cancer vaccine target.
Other groups have previously described mutated forms of the
main H-2KbH-2Kb restricted epitope TRP2,g¢_133 (TRP2 WT).
While immunological responses were achieved, as proved by
the expansion of TRP2 WT-specific T-cells, tumor growth was
not affected; this suggests a strong tolerance against this self-
peptide.”’ By using the EDIS framework we selected two ana-
logs predicted to have an improved MHC-I affinity and a simi-
lar immunogenicity score compared with the WT epitope. The
7A and 2A analogs were studied by MDSs and the 7A-MHC
complex resulted to be similar to the WT-MHC. In fact, thera-
peutic vaccination with TRP2 7A led to a reduced tumor
growth and an increased cross-response. Targeting TAAs is
challenging as most of the TAAs-specific T-cells recognize sub-
dominant epitopes, while very few T-cell clones recognize the
dominant epitopes. In addition, these clones are characterized
by a lower affinity for the pMHC complex and they might be
kept in a tolerogenic state.* Our findings demonstrate that het-
eroclitic peptides target low-affinity T-cell clones through
cross-stimulation of their TCRs.

Finally, we investigated whether combining wild type and
mutated forms of the same epitope could increase the efficacy
of therapeutic vaccination. To this end we directly compared
TRP2 WT + 7A therapy with SIINFEKL + SIINFAKL therapy;
in addition, we also tested a combination of all four peptides.
Responses could be observed in all the treatment groups, how-
ever, by targeting both TRP2 and SIINFEKL antigens with
combination therapy (Multi-vaccine group) we achieved a
response in a higher percentage of treated animals. This sug-
gests that targeting both TAAs and neo-antigens within the
same therapeutic window, may increase the efficacy of cancer
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vaccines. This represents a convenient approach to limit
immune evasion due to antigen loss and maximize the efficacy
of the treatment.

In conclusion, we demonstrated that combination of the
available prediction servers and MDSs provides useful insights
into different aspects of the MHC-I-epitope-TCRs interactions.
Considering the reciprocal influence between MHC-I affinity
and TCR recognition of any given epitope is becoming increas-
ingly important. In particular, our study provides an open
innovative framework that can be used by other researchers as
starting point for an improved design of mutant epitopes with
higher clinical efficacy. The in silico platform in its version 1.0
can be freely used by following the link https://github.com/ani
ketsh/EDIS_platform.git.

Materials and methods
In silico analysis of heteroclitic peptides

The wild type sequence of the epitope was substituted in each
position with all other natural amino acids. The virtual library
of analogs was then run into ANN based prediction servers to
estimate the MHC-I binding affinity (NetMHC 4.0 Server from
the Center for Biological Sequence analysis*>**) and the class I
immunogenicity (Immune Epitope Database and Analysis
Resource®!). The results were ranked according to MHC-I
binding affinity and binders with an IC50 lower than the one
displayed by the wild type epitope were considered for further
studies. Data on class I immunogenicity was taken into account
when considering peptides with similar MHC-I affinity. Lead-
candidates were then studied by molecular dynamics simula-
tion by simulating their interaction with the MHC-I binding
pocket (in the «-chain) for 300 ns. The most represented struc-
ture was considered the most stable and chosen as the most
predictive conformation of the peptide-MHC-I complex.

Cell lines and peptide reagents

The mouse melanoma cell line B16-F10 was purchased from
the American Type Culture Collection (ATCC; Manassas, VA,
USA). The cell line B16.0OVA,*” a mouse melanoma cell line
expressing chicken OV A, was kindly provided by Prof. Richard
Vile (Mayo Clinic, Rochester, MN, USA). RMA-S cell line®
was a kind gift of Prof. Toos Daemen (University of Groningen,
Groningen, Netherlands). All cell lines were cultured under
appropriate conditions.

SIINFEKL (OVA357_264), SIINFAKL, SIIWFEKL,
SVYDFFVWL (TRP-2180-188), SVYDFFAWL, SAYDFFVWL
and all their poly-K extended versions were purchased from
Zhejiang Ontores Biotechnologies Co. (Zhejiang, China) at a
purity of >90%.

Molecular histocompatbility complex (MHC) class-1
stabilization assay

The antigen processing-defective mutant cell line RMA-S
express a very limited amount of MHC-I molecules on their
surface, and they are devoid of peptides. The addition of exoge-
nous epitopes can stabilize the processing machinery and

increase the amount of H-2Kb on the membrane. 2 x 10°
RMA-S cells were incubated with indicated peptides at a con-
centration of 0.1 of 1 ug/uL in 2 mL of total volume. After
1.5 h of incubation at +37°C, cells were washed with PBS and
fixed in 4% formalin for 15 min at +4°C. Cells were then
washed again with PBS and centrifuged at 1,200 rpm for 5 min.
The pellet was stained with a PE-labeled anti-H-2Kb antibody
(Biolegend, San Diego, CA, USA). Cells were washed two times
and suspended in 400 nL of PBS. The amount of H-2Kb on the
membrane was quantified by a Gallios flow cytometer (Beck-
man Coulter). gMFI was normalized to the negative control
(RMA-S cells incubated without peptide).

Carboxyfluorescein succinimidyl ester (CFSE) proliferation
assay with OT-I splenocytes

The CD8* T-cells of C57BL/6-Tg(TcraTcrb)1100Mjb/Crl (OT-
I) mice (Charles River) have a T-cell receptor specific for the
OVA-derived class I epitope SIINFEKL.> Spleens were col-
lected from OT-I mice and were gently disrupted through
70 uM cell strainers and single cell suspensions were frozen in
10% DMSO at —80°C. On the day of the assay, splenocytes
were thawed, washed and resuspended in PBS. Then, spleno-
cytes were added with CFSE (Sigma-Aldrich) diluted 1:100 in a
volume of 1.1 mL of PBS for 10 min at +37°C. Labeled cells
were washed two times in 10 mL of PBS and then resuspended
in complete media. CFSE-labeled OT-I splenocytes were incu-
bated for 72 h with indicated stimuli (13 ©M for peptides and
0.1 pug /uL for Concanavalin A) in 230 uL in 96 multiwell
plates (V-bottom shaped). Samples were washed and incubated
with Fc Block (Biolegend) and then stained with APC-labeled
anti-CD8" and PE-labeled anti-CD3 antibodies. Cells were
washed two times, resuspended in 400 pL and analyzed by
flow cytometry.

Animal experiments and immunizations

C57BL/6] (H-2Kb and H-2Db) mice have been obtained from
Scanbur (Denmark) at 4-6 weeks of age. Mice have been kept
in air-isolated cages with unlimited access to food. All proce-
dures have been carried in a level 2 biosafety cabinet under ster-
ile conditions. Mice have been anesthetized using isofluorane
vaporizers. Subcutaneous tumor models have been made by
injecting 2.5 x 10° B16.OVA or 1.5 x 10° B16-F10 tumor cells
(when 80% confluent in T175 flasks) on the flanks of each
mouse in 100 pL of non-supplemented RPMI-1640 media.
When the tumors reached an average diameter of 3-5 mm
(usually 9-10 d) treatments were initiated after blind randomi-
zation of mice. Details about each treatment schedule are fully
given in the figure legends. All animal experiments were
reviewed and approved by the Experimental Animal Commit-
tee of the University of Helsinki and the Provincial Govern-
ment of Southern Finland.

For therapeutic immunization, we used immunogenic onco-
Iytic human adenoviruses serotype 5 (unable to replicate in
murine tumors) as adjuvants for enhanced toll-like receptor
stimulation.””***! Briefly, MHC-I epitope sequences were elon-
gated at the N-terminus with additional lysines to increase their
net charge. This modification does not hinder the cross-
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presentation of the epitopes.”’” Then 20 g of peptide was
mixed with 1 x 10” viral particles of negatively charged adeno-
viruses to allow the formation of virus-peptide complexes.
Then the peptide-virus complex was administered intra-tumor-
ally in 50 uL of natrium chloride solution.

Enzyme linked immunospot (ELISPOT) IFNy assay

Spleens have been collected from mice, disrupted and passed
through a 70 um cell strainer. They were stored in —80°C in
10% DMSO. On the day of the assay, splenocytes were quickly
thawed at +37°C. Samples were transferred into falcon tubes
and 8 mL of complete media was slowly added. Cells were cen-
trifuged to eliminate residual DMSO and resuspended in serum
free CTL media supplemented with 1% L-glutamine and benzo-
nase (50 U/mL). Samples were counted and viability was
assayed by Trypan-Blue staining. Samples viability ranged from
80% up to 95%. Splenocytes were plated at a concentration of
2.5 x 10° or 3 x 10° cells/well (refer to figure legends). Cells
have been stimulated with 50 or 200 ng of peptides of interest
in 200 xL of final volume. PBS + 1% DMSO and Concanavalin
A have been used as negative and positive controls respectively.

Stimulation was performed for 72 h in incubators (37°C, 5%
CO,). Afterwards, the plates have been processed according to
manufacturer’s instructions (CTL Immunospot, Bonn, Ger-
many). The analysis of the plates (digital images production
and spot evaluation) has been outsourced to CTL Immunospot.

Statistical analysis

Statistical significance was determined using GraphPad Prism 6
(GraphPad Software, Inc., La Jolla, CA, USA). A detailed
description of the statistical methods used to analyze the data
from each experiment can be found in each figure legend.
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