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The antigenic variability of tumor cells leading to dynamic
changes in cancer epitope landscape along with escape from
immune surveillance by down-regulating tumor antigen
expression/presentation and immune tolerance are major
obstacles for the design of effective vaccines. We have
developed a novel concept for immunogen construction
based on introduction of massive mutations within the
epitopes targeting antigenically variable pathogens and
diseases. Previously, we showed that these immunogens
carrying large combinatorial libraries of mutated epitope
variants, termed as variable epitope libraries (VELs), induce
potent, broad and long lasting CD8+IFN-y+ T-cell response
as well as HIV-neutralizing antibodies. In this proof-of-concept
study, we tested immunogenic properties and anti-tumor
effects of the VELs bearing survivin-derived CTL epitope
(GWEPDDNPI) variants in an aggressive metastatic mouse 4T1
breast tumor model. The constructed VELs had complexities
of 10,500 and 8,000 individual members, generated as
combinatorial M13 phage display and synthetic peptide
libraries,  respectively,  with  structural composition
GWXPXDXPI, where X is any of 20 natural amino acids.
Statistically significant tumor growth inhibition was observed
in BALB/c mice immunized with the VELs in both prophylactic
and therapeutic settings. Vaccinated mice developed
epitope-specific spleen cell and CD8+ IFN-y+ T-cell
responses that recognize more than 50% of the panel of 87
mutated epitope variants, as demonstrated in T-cell
proliferation assays and FACS analysis. These data indicate
the feasibility of the application of this new class of
immunogens based on VEL concept as an alternative
approach for the development of molecular vaccines against
cancer.
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Introduction

The immune escape of cancer cells carrying permanently
changing epitope composition due to genetic instability as well as
our inability to brake immune tolerance or, in other words, to
induce a destructive immune attack against the body’s own ex
"normal” now cancer cells, are considered as the major obstacles
for cancer vaccines development."* Nowadays, the cancer immu-
noediting theory, indicating that a permanent interaction
between immune system and cancerous cells leads to the escape
of certain cells from immune attack and to the selection of
immune resistant or immunosuppressive cell populations, is
largely accepted.>*

Preclinical studies demonstrated that cellular immune
responses, particularly cytotoxic T lymphocytes (CTLs), are
major participants in elimination of tumor cells and in inhibition
of tumor growth.”® While data from adoptive cell transfer-based
immunotherapies indicate that T cells can mediate durable com-
plete responses, even in the setting of advanced metastatic disease,
it is clear that the successful cancer vaccine must confront: (i) cor-
rupted tumor microenvironment containing regulatory T cells
and aberrantly matured myeloid cells, (ii) a tumor-specific T cell
repertoire prone to immunologic exhaustion and senescence, and
(iii) highly mutable tumor targets capable of antigen (Ag) loss
and immune evasion.

Currently, many clinical trials are underway with the hope to
show the therapeutic efficacy of vaccine candidates, previously
tested in preclinical studies in animal models.”® Active immuno-
genic components of these vaccines are very diverse ranging from
whole cancer cell lysates, protein fractions, cDNA expression
libraries to recombinant proteins and synthetic peptides bearing
defined epitopes.”"" Similarly, the list of vaccine adjuvants and
delivery systems along with diverse vaccination schedules is
impressive: viral vectors, bacterial systems, modified/pulsed den-
dritic cells, plasmid DNA, RNA, nanoparticles, 7 vivo electropo-
ration technology, molecular and numerous conventional
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adjuvants are being tested. In general, while subunit vaccines are
safer, more stable and more suitable for mass production, they
frequently provide lower protection compared with viral vectors
or live attenuated vaccines, and typically induce humoral and not
cellular immune response.

In the field of cancer epitope vaccines, the modified, opti-
mized or variant peptides, also known as altered peptide ligands
(APLs), mimotopes, heteroclitic peptides or peptide analogs,
bearing mutated versions of natural epitopes derived from
tumor-associated antigens (TAAs) are considered to be promising
candidates for the development of vaccines.'®'* Comprehensive
screening strategies, such as testing virtually every single amino
acid substitution within an epitope by genetic screen, may lead to
identification of superagonist APLs capable of eliciting potent
anti-tumor patient-specific CTL responses when the native or
wild type (WT) tumor-associated epitope fails."” Interestingly,
central TCR-contact residues of antigenic peptides can be
replaced even by non-peptidic units without loss of binding affin-
ity to major histocompatibilicy complex (MHC) class-I mole-
cules and T-cell triggering capacity.'® The direct approach to
identify tumor epitopes is the analysis of surgically resected can-
cer tissues with respect to MHC-binding peptides and gene
expression profiles."” Recently, a novel approach that bypasses
the need for epitope mapping, consisting in generation of a mix-
ture of 34 overlapping synthetic peptides (OSPs) representing a
tumor antigen, was successfully tested in a mouse TS/A breast
carcinoma model.'® Another approach for identification of APLs
was the generation of peptide epitopes/mimotopes through suc-
cessive rounds of selection from a large (up to hundreds of billion
members) positional scanning combinatorial peptide library that
resulted in 2 APLs differing by 5 residues from the reference
human telomerase reverse transcriptase-derived T cell epitope.'”
Importantly, the selected epitopes were more effective than wild-
type epitope in inducing cross-reactive CTL in HLA A2.1-trans-
genic mice. Also, systematic amino acid substitutions, generated
using peptides simultaneously synthetized on derivatized cellu-
lose membranes (SPOT synthesis), were shown to improve the
efficiency of phage display-derived mimotope vaccination against
mouse neuroblastoma.?’ Vaccine immunogens bearing proteins
that are highly homologous to their autologous counterparts or
xenoantigens are a separate class of vaccine candidates, and were
used in animal models and clinical trials.>' However, not always
immune responses induced by xenoantigen are recognized by
native Ag , thus imposing limitations for the development of this
type of cancer vaccines.*”

In order to avoid tumor escape, it is desirable to target a tumor
Ag that is essential for tumor survival and expressed by tumors
at high levels. One of these Ags is survivin, an oncogenic inhibi-
tor-of-apoptosis protein, which is expressed at high levels in vir-
tually all malignancies and is commonly referred to as a universal
tumor Ag.23 Importantly, survivin-specific T-cell reactivity
strongly correlates with tumor response and patient survival, as
shown in a Phase II peptide vaccination trial in metastatic
melanoma.**

Recently, we have reported a new concept for generation of
vaccine immunogens termed as variable epitope library (VEL)
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that specifically targets genetically/antigenically variable patho-
gens.”>?® These new types of immunogens are combinatorial
libraries bearing a mixtures of heavily mutated variants of immu-
nodominant CTL epitope (30-50 % of amino acids at certain
positions within the epitope are replaced by one of the 20 natural
amino acids at each position). We have demonstrated that T cells
induced by such immunogens recognized more than 50% of
heavily mutated variants of HIV-1 gp120 V3 loop-derived cyto-
toxic T lymphocyte epitope, and that the sera from VEL-immu-
nized mice were capable of neutralizing 5 out of 10 primary viral
isolates from Tier 2 reference panel.”® These data indicate the
feasibility of the application of immunogens based on VEL con-
cept as an alternative and promising approach for the develop-
ment of molecular vaccines against antigenically variable
pathogens.

The objective of this proof-of-concept study was to test if
VEL-based vaccine immunogens bearing variant epitope libraries
of survivin-derived CTL epitope GWEPDDNPI may induce
protective immunity against breast cancer in a highly tumori-
genic, spontaneously metastasizing mouse 4T1 breast tumor
model.”” We think that the targets of VEL-based vaccines may
not be restricted to Ags showing high mutation rate, since the
activation of a larger pool of T cells by immunization with VELs,
probably carrying a number of peptide variants with improved

HLA binding affinity, would also target a WT epitope.

Results

Immunogen Construction

We generated recombinant M13 phage expressing the survi-
vin-derived H-2D%restricted ~ wild-type CTL  epitope™
GWEPDDNTPI referred as FSWT, and SWT epitope variants
bearing combinatorial VEL, designated as FSVL, using degener-
ate oligonucleotides encoding a library of epitope variants with
structural composition GWXPXDXPI, where X is any of 20 nat-
ural amino acids. The DNA fragments corresponding to SWT
and SVL, respectively, were amplified by PCR and cloned into
pGSSAET phagemid vector® that allows the expression of epito-
pes at high copy numbers as peptides fused to phage cpVIIL. The
amino acids at MHC-binding anchor positions were maintained
within the epitope while mutations were introduced at positions
responsible for interaction with TCR. Thus, each variant epitope
has random amino acid substitutions (mutations) at 3 defined
positions within the SWT and, the theoretical complexity of
such library is 8 x 10° individual members. The FSVL phage
library has a complexity of 10,500 original clones.

To check the correct cloning and to generate Ags for T-cell
assays, 26 phage clones were randomly isolated from the FSVL,
and the deduced amino acid sequences of corresponding pepti-
des/epitopes were determined after DNA sequencing. As shown
in Table 1, 12-16 different amino acids were detected at mutated
particular amino acid positions in 26 epitope variants, indicating
an acceptable epitope diversity of the generated library. In order
to generate a panel of variant epitopes, we randomly isolated 87
phage clones from FSVL epitope library, and used them in T-cell
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Table 1. Sequences of survivin-derived SWT epitope variants

Wild-type epitope SWT G W E P D D N P 1
Epitope Library G w x° P X D X P 1
Epitope Variants

1 — — F — L — A - —
2 - — L — N — Y — —
3 — — R — T — VvV — —
4 - — F — L — N — —
5 - — ! - S — F - —
6 - = Q - T — E —- —
7b — — T — K — D — —
8 — — D — L — | - —
9 - = Q@ - M — S — —
10 - — | - T - A — —
12 - — CcC - Y - 1T — —
22 — — N — s — L — —
25 - — vV - T - L - —
38 — — H - L — N — —
41 — — N — F — G — —
45 — — D — L — Q — —
50 — — A — N — N — —
53 —-— VvV - D - Y - —
58 - — Q@ — VvV — R — —
59 - — E - T —- H — —
65 - — Cc — Q - L — —
73 - — W — Q — E - —
79 — — F — L — Vv — —
80 —- = VvV - Y - Y - —
82 — — R — V — P — —
88 - — T - | — R — —
Amino acid frequencies 14/26 12/26 16/26

?X- any of 20 natural amino acids.
PThe clones marked in grey were used as Ag in T-Cell assays.

assays. Also, a control non-related phage clone FB22 was used in
immunization experiments.

Anti-tumor Effects in Mice Vaccinated with VELs

Although the major goal in cancer vaccinology is the develop-
ment of therapeutic vaccines, the analysis of immunogenic prop-
erties of VEL-based vaccines and the influence of the stimulation
of immune system before tumor challenge allows to compare
directly the molecular profiles of recognition of a panel of
mutated variant epitopes by T cells in various states of complex
interaction between growing tumor and immune system.

Therefore, we first examined whether prophylactic vaccina-
tion with VEL could be effective against syngeneic 4T1 tumor
cell challenge in BALB/c mice. Mice were immunized with
FSVL, ESWT and FB22 phages expressing VEL-bearing library,
wild-type SWT epitope and the control non-related B22 epi-
tope, respectively, by i.v. injection without any adjuvant as illus-
trated schematically in Figure 1. As a control, a group of non-
immunized mice was included. Forty days after vaccination, all
mice were inoculated with 10* 4T1 tumor cells and monitored
prospectively for development of tumors. As demonstrated in
Figure 2 A, statistically significant (P < 0.05) tumor growth
inhibition was observed in FSVL-vaccinated mice compared
with mice immunized with FSWT and FB22 as well as with
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control non-immunized mice that received only 4T1 cell
transplant.

To test anti-tumor effect of VELs on already established
tumors in therapeutic setting, mice were transplanted with 4T'1
cells and vaccinated with FSVL, FSWT and FB22 phages or
PSWT (synthetic peptide corresponding to SWT epitope
GWEPDDNPI), PSVL (SVL (GWXPXDXPI) peptide/epitope
library) and PG5D (a control peptide/epitope library (A[G/F]
PXXXXX[L/M]), by single i.v. and s.c. injection, respectively, on
day 5 after tumor challenge (Fig. 2B and D). We observed inhi-
bition of tumor growth in FSVL-vaccinated mice, although with-
out reaching statistical significance, while vaccination with PSVL
led to significant inhibition (P < 0.05) of tumor growth as com-
pared with mice immunized with PSWT peptide or with non-
immunized tumor-bearing mice (Fig. 2D). Also, some degree of
the reduction in tumor size was obtained in mice immunized
with control PG5D peptide library. Single vaccination of mice
with phage and synthetic peptide immunogens on days 14 and
21 after tumor inoculation was not inhibitory for tumor growth
(data not shown). Next, we investigated whether booster immu-
nizations may enhance anti-tumor effects by vaccinating animals
3 more times on days 11, 17 and 23. As shown in, Fig. 2C 3
booster immunizations with FSVL improved the vaccine potency
as compared with FSVL-priming data (Fig. 2B), resulting in sta-
tistically significant tumor growth inhibition (Fig. 2C). However,
3 booster immunizations with the same schedule of mice primed
on day 5 with synthetic peptide immunogens did not lead to the
increase in vaccine efficacy (Fig. 2E) compared with single thera-
peutic intervention (Fig. 2D). No significant anti-tumor effect
was observed in mice bearing established (>10 mm?, day 14) or
large (>40 mm?, day 21) tumors that were primed on days 14 or
21, and then received 2 or 1 booster inoculations, on days 17
and 23 or on day 20, respectively, by phage or synthetic peptides
(data not shown). The immunized mice undergoing necropsy
were also routinely assessed for evidence of autoimmunity and no
abnormal lymphocytic infiltrates into organs were observed (data
not shown). Collectively, these data indicate that vaccination
with VELs in the form of recombinant M13 phage particles and
synthetic peptides has statistically significant anti-tumor effect
when applied prophylactically and therapeutically (at early stages)
in mouse 4T1 mammary carcinoma model.

Cellular Immune Responses Induced by VEL

To test whether immunization with FSVL phage-displayed
epitope library is able to elicit immune responses to CTL epitope
variants in prophylactic setting, mice were immunized by a single
injection with FSVL and FSWT, and some of these mice were
challenged with 4T1 cells 40 days later while the rest of the mice
were not transplanted with tumor cells. 15 days after the chal-
lenge, splenocytes were prepared from both groups, stimulated 77
vitro with 87 phage clones and the breadth (number of respond-
ing epitope variants) and the magnitude of total T-cell prolifer-
ative responses were measured by flow cytometry. To more
clearly visualize differential recognition of epitope variants by
spleen cells of mice immunized with FSVL and ESWT, instead
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of showing absolute numbers of cell proliferation data, we calcu-
lated differences observed between experimental groups.

As shown in Figure 3A, the immunization with FSVL library
generated a pool of splenocytes with highly variable capacities of
recognizing individual epitope variants. Thus, the levels of prolif-
eration of the cells from mice immunized with FSVL and FSWT
were 8.50-43.60 % and 9.61-28.41%, respectively (p = 0.000),
and 29 out of 87 epitope variants (33 %) showed higher stimula-
tory capacity against cells from FSVL-immunized mice compared
with FSWT-immunized mice (3-20% increase in percentages of
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data indicate the superior
immunogenicity of FSVL
over FSWT and the induction of long-lasting immune memory,
which is in agreement with our previous study.* Interestingly, 18
epitope variants were better Ags than wild-type epitope-express-
ing FSWT phage. The FSWT phage, in turn, was more than 2-
fold stronger stimulating Ag for cells from both FSVL- and
FSWT-immunized mice than FB22 control phage and, the FB22
phage always led to only background levels of cell proliferation
(data not shown). However, a strong inhibition of these immune
responses was observed after tumor challenge and, almost all epi-
tope variants were able to stimulate cells from mice immunized
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Figure 2. Vaccination with VEL-based
immunogens delays and inhibits breast
tumor growth. (A) BALB/c mice (5-7 in
each group) were immunized i.v. with FSVL,
FSWT and non-related FB22 phage or left
untreated, as described in Methods. After
40 days, all animals were inoculated with
4T1 tumor cells and the tumor growth was
monitored by measuring tumor size till day
37. Growth rates of tumors are shown. In
therapeutic study, mice were immunized
with phage immunogens on day 5 after
tumor inoculation by single i.v. injection
and the tumors were measured till day 31
(B), or the mice were primed by s.c. immuni-
zation with PSVL, PG5D peptide libraries,
poly (I:C) adjuvant alone or PSWT peptide
on day 5 after tumor challenge (D). In sepa-
rate studies, mice primed on day 5 after
tumor challenge received 3 booster immu-
nizations either with corresponding phage
immunogen (C) or with synthetic peptide
(E) on days 11, 17 and 23 post-tumor chal-
lenge. The data represent the average of at
least 2 experiments, all error bars show =+ s.
e.m. ** indicates significance (P < 0.05),
*indicates significance (P < 0.1).
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nocytes were prepared, stimulated 77

vitro with 87 phage clones, and analyzed in lymphocyte prolifera-
tion assay. As shown in, Figure 3C the general levels of prolifera-
tion of cells from FSVL- and FSWT-immunized mice were
lower (with absolute values 6.86-28.46 % and 12.14-27.64 %,
respectively; 2 < 0.0001, not shown) than those obtained in pro-
phylactic study. Cells from FSVL-immunized mice exhibited
proliferative responses to 53 epitope variants (61 % of variants)
with values of 3—10 % above those obtained with cells from
FSWT-immunized mice (53/87 vs 2/87 P < 0.0001). The
spleen cells from tumor-bearing mice immunized with control
FB22 phage demonstrated only background levels of cell prolifer-
ation against almost all variant epitopes (data not shown)
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indicating the induction of epitope variant- and epitope-specific
immune responses by VEL-bearing FSVL. Importantly, in this
case, in the presence of established tumor, FSVL was superior as
an immunogen compared with FSWT while in prophylactic vac-
cination we did not observe this phenomenon after tumor chal-
lenge. The recall responses against individual epitope variants
were highly reproducible and, interestingly, 11 and 18 epitope
variants resulted better stimulating Ags than FSWT wild-type
epitope for cells from FSVL-and FSWT-immunized mice,
respectively (data not shown). These data indicate that in pro-
phylactic vaccination (prior to tumor challenge) and in therapeu-
tic intervention, several epitope variants are more potent Ags
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Figure 3. Measurement of proliferative
responses by CFSE dilution after immuni-

zation/challenge. The differences in cell
proliferation (%) were calculated by sub-
tracting values obtained in assays using
spleen cells from FSWT-immunized mice
from those obtained in assays using spleen
™ cells from FSVL-immunized animals (A, B
and Q). (A) Mice were immunized with FSVL
and FSWT, 40 day later the spleen cells were
harvested and stimulated for 72 hours with
the panel of 87 epitope variant-bearing
phage clones, as well as non-related FB22
and SWT-expressing FSWT phage. (B)
40 days after priming, mice were inoculated

with 4T1 tumor cells and, spleen cells col-

lected on day 15 were stimulated as
described above. (C) Mice were challenged
with tumor cells and immunized with FSVL
and FSWT on day 5, then on day 15 spleen

cells were processed for cell proliferation.
(D) Differences in cell proliferation (%)
between non-immunized tumor-challenged
and naive mice. The spleen cells from
untreated (tumor free) or 4T1-inoculated
mice were harvested on day 15 post-tumor
challenge and used in cell proliferation. The
vertical red lines indicate arbitrary defined 3
% threshold for differences in cell prolifera-
tion. Data from one representative experi-

ment out of 2 are shown.
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inducing broad and potent immune

than wild-type CTL epitope, acting as potential agonist Ags and,
possibly, immunogens.

Finally, we investigated antigenic properties of the generated
panel of epitope variants against spleen cells obtained from non-
immunized control mice to measure a background level of
immune recognition and to determine the changes induced in
epitope reactivity profile after tumor challenge. While general
level of proliferation of splenocytes from both groups of mice
were similar (10.49-37.79 % and 11.73-37.73 %, respectively;
p = 0.309, data not shown), the spontaneous cell-stimulating
capacities of 27 epitope variants (31 % of total number) were
diminished after tumor challenge according to decreased percen-
tages of cell proliferation (differences between groups were 3—18
%) as shown in Figure 3D. On the other hand, 17 epitopes (19
% of total number) were preferentially activating cells from
tumor-bearing mice as compared with control mice (3—-21 % of
differences) (27/87 vs 17/87 p = 0.083). Again, as in the case of
tumor challenge of immunized mice described above, both
FSWT and FB22 did not stimulate splenocytes from naive or
tumor-inoculated mice.

Together, these data demonstrated that vaccination with
VELs induces specific anti-tumor cellular immune responses and
suggested the superiority of VEL-based immunogens over immu-
nogens carrying defined wild-type epitope in their capacity of
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responses  without inducing harmful
autoimmune reactions.

Phenotypic Analysis of Activated lymphocytes

To determine the subpopulations of proliferating T cells
and to test whether the immunization with VELs induces epi-
tope-specific activation of both CD4+ IFN-y+ and CD8+
IFN-v+ cells, we performed flow cytometry and intracellular
cytokine staining (ICS) assays (Fig. 4). The pooled spleno-
cytes from each group of mice, used in prophylactic and ther-
apeutic vaccine settings, were analyzed by FACS either after
6 hours of stimulation (ex vivo cells) or upon 3 days of incu-
bation with 9 phage-displayed variant epitopes selected at
random among 29 clones showing superior antigenic proper-
ties in a cell proliferation assay described above (Fig. 3A), as
well as with FSWT wild-type epitope and non-related FB22
epitope.

In ICS assay with ex vivo cells in therapeutic vaccine setting,
while the spleen cells collected from mice immunized with FSVL
contained only small proportion of IFN-y-producing CD8+ T
cells (0.05-0.25 %), a strong, several-fold increase in percentages
of epitope variant-specific CD8-+IFN-y+ cells was observed
upon stimulation with several clones during 72 hr (48-, 14-, 7-,
6.7- and 21-fold increase for clones # 27, 45, 58, 73 and 82,
respectively) (Fig. 4 A). The incubation of spleen cells with the
rest of the variants as well as with the control FB22 resulted in
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Figure 4. Flow cytometric analysis of spleen T cells. The splenocytes were isolated from mice and stimulated with Ags as described in Figure 3. CD4+
and CD8+ T-cell responses were evaluated by using intracellular staining (ICS) for IFN-y both ex vivo and in vitro by stimulating fresh lymphocytes for
6 h or 72 hours, respectively. Spleen cells from mice of therapeutic vaccination groups challenged with tumor cells and immunized with FSVL and FSWT
on day 5, were used for ex vivo (A) as well as for 72 hours (B) ICS assays. Splenocytes from mice used in prophylactic study (as described in Figure 3 B)
were assessed for the presence of IFN-y producing T cells ex vivo (C) or upon stimulation with variant epitopes (D). Data from one representative experi-

less than 1 % of IFN-y-producing cells (Fig. 4 B). In the case of
CD4+IFN-vy+ cells, only 2 clones (27 and 45) were stimulatory
for cells from FSVL-immunized mice with 2-3 fold increase in
cell percentages.

A different pattern was observed when we analized cells from
prophylactic vaccine groups. Thus, although the presence of epi-
tope variant-specific CD8+IFN-y+ ex vivo cells in FSVL-immu-
nized mice was detected (clones 45, 53, 58 and 80 showed cell
percentages above those obtained with the cells from mice immu-
nized with FSWT, FB22 and control untreated mice) (Fig. 4 C),
72 hr incubation led only to slight increase in cell proliferation
and, unexpectedly, the cell numbers were decreased with several
epitopes (clones 53, 58, 73 and 80) (Fig. 4 D). The analysis of
CD4+IFN-y+ cells showed that despite the detection of this
type of cells after stimulation with epitope variants (Fig. 4D), we
could not conclude that these responses are truly epitope-specific
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due to the high level of background values obtained with the cells
from control FB22-immunized mice as well as when FB22 was
used as control Ag (Fig. 4 C and D).

Together, these results demonstrate that vaccination with the
VEL induces both CD4" and CD8™ effector cytokine-producing
T cells and that several variant epitopes are better cell stimulators

than FSWT epitope.

Immunohistochemical Analysis

Next, we decided to test whether VEL-immunized mice had
more tumor-infiltrating lymphocytes (TILs) compared to control
mice. Tumor tissue sections obtained from both prophylactic
and therapeutic vaccination studies were stained using anti-CD3
antibody. More CD3+ cells were observed in the tumors from
mice vaccinated by a single inoculation with FSVL 40 days
before tumor challenge compared with mice immunized with
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Therapeutic
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Prophylactic
vaccination

possible involvement of these TILs in
observed anti-tumor effects induced by
vaccination with VELs.

Discussion

In this proof-of-principle study, we
tested the prophylactic and therapeutic
efficacy of vaccine immunogens bearing
VELs of survivin-derived CTL epitope in
an aggressive mouse 411 breast tumor
model. The original hypothesis and the
rationale for the generation of this new
class of vaccines was that the immuniza-
tion with VELs carrying a large number
of epitope variants will lead to simulta-
neous presentation of altered/mutated
epitopes to immune system and, conse-

Control

FSLV

quently, to the activation of a broad pool
of T cells capable of exerting anti-tumor
effects. This aggressive cancer model was
used, as we believe that the true measure
of any candidate cancer vaccine’s potency
in preclinical studies should be their test-
ing in this type of models and not in less
aggressive and immunogenic tumor mod-
els, such as Ag-transfected cancer cells or
genetically modified/engineered animals,
that are nevertheless providing important
information about general aspects of
tumor biology, tumor microenvironment
or particular genes involved in cancer
development.

The anti-tumor effect observed in this
study after a single inoculation with VELs
is important taking into account that vac-
cine delivery context used was not the
most potent one among currently existing

approaches. Thus, we believe that the

FSWT

FB22

and treatment-naive control mice. Scale bar: 200 pm.

Figure 5. Tumor infiltrating T cells are increased in VEL-immunized mice. Extensive infiltration
of CD3+ T cells was observed in tumors from FSVL-immunized mice in both prophylactic (left panel)
and therapeutic (right panel) studies compared with tumors from mice immunized with FSWT, FB22

application of other modern vaccine
delivery systems to VEL-based immuno-
gens, such as in vivo DNA electropora-
tion, Ag loaded dendritic cells, new viral
vectors or molecular adjuvants, may pro-

FSWT, FB22 or with mice transplanted with 4T1 cells without
any treatment (Fig. 5, left panel). A similar pattern of lympho-
cytic infiltration was observed in mice vaccinated by prime/boost
regimen using the same immunogens in therapeutic study
(Fig. 5, right panel). Also, the presence of TILs was observed in
mice vaccinated with corresponding synthetic peptide immuno-
gens, although the general number of CD3+ T cells was lower
compared with phage-vaccinated mice (data not shown). These
data correlated well with tumor challenge studies, indicating
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duce more robust and protective anti-
tumor immune responses.

Interestingly, we observed that booster vaccinations enhanced
anti-tumor effect in the case of phage but not synthetic peptide
immunogen (Fig. 2 C and E). We speculate that this may be a
result of a relatively faster activation of T cells by peptide vaccines
compared to phage immunogens. This supposition could also
explain the better performance of PSVL synthetic peptide library
compared to FSVL phage library in therapeutic studies after sin-
gle vaccination of mice on day 5 post-tumor inoculation (Fig. 2B

and D). Although PG5D peptide library was used as a control
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immunogen, the observed slight anti-tumor effect was not totally
unexpected due to the high complexity of the library and the
presence of H-2d haplotype-specific anchor amino acids within
the epitope, probably leading to immune interference upon
immunization. The failure of our phage and peptide immuno-
gens to inhibit established tumors by priming on days 14 or 21
after challenge may be attributed to the larger size of these
tumors. The recognition of a larger number of mutated epitope
variants by spleen cells from FSVL-immunized mice compared
with wild-tipe FSWT epitope-immunized mice (29 vs 14; Fig. 3
A), is a clear indication of the superior immunogenicity of FSVL
library over FSWT epitope. Worth to mention that 18 epitope
variants were better Ag stimulators than FSWT epitope itself for
the cells from FSVL-immunized mice, suggesting that these epi-
tope mutants are agonist Ags and, possibly, more potent immu-
nogens. These data, along with our previous report with the VEL
based on HIV-1 gp-120-derived CTL epitope 25 are reflecting,
probably, a general feature for VEL-based immunogens. How-
ever, the observed pattern of epitope recognition was changed
after tumor challenge leading to general inhibition of cell prolif-
eration and to preferential recognition by variant epitopes of
spleen cells from FSWT-immunized mice compared with FSVL-
immunized animals (Fig. 3 B). We hypothesize that the observed
inhibition of epitope variant-specific cell proliferation by tumor
may be an indication of the presence of truly protective, but
unfavorable for tumor, T-cell responses in PSVL-immunized
mice prior to challenge. However, such inhibition did not sub-
stantially interfere with anti-tumor effect induced by immuniza-
tion with the VEL bearing phage.

On the other hand, the cell proliferation assays carried out in
therapeutic vaccination studies revealed another picture. The 61
% of epitope variants preferentially stimulated spleen cells from
FSVL-immunized mice (Fig.3 C). In addition, 11 and 18 variant
epitopes were better Ags for splenocytes from FSVL- and FSWT-
immunized mice, respectively, compared to ESWT wild-type
epitope (Fig. 3 C). These differences between prophylactic and
therapeutic vaccine study groups may be the result of the pres-
ence of high number of cross-reactivity between tumor-specific
and epitope variant-specific T cells in already tumor-bearing vs
tumor naive vaccinated mice. Importantly, despite the observed
inhibition of T cell responses upon tumor challenge in prophy-
lactic vaccination group, the induced cellular responses were pro-
tective in both experimental settings. Detailed vaccine studies
using separate groups of T cell-stimulating epitope variants iden-
tified in this study, may allow the generation of novel potent vac-
cine immunogens, and experiments are underway.

Also, the phenotypic ICS analysis of T cells carried out using 9
variant epitope, selected at random, revealed that at least 5 of
these variants were stimulating CD8+ IFN-y+ cells and only 2
clones were stimulating CD4+ IFN-y+ cells from therapeuti-
cally FSVL-immunized mice (Fig. 4 B). By contrast, when using
cells of mice from prophylactic vaccination assays, 4 epitopes
detected variant-specific CD8+ IFN-y+ cells ex vivo, but in vitro
proliferation led to only slight increase in cell proliferation and 4
other clones even induced inhibition of cell proliferation (Fig. 4
C and D). Although we have no explanation for these
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phenomena at present, these data reflect somehow the observed
differences in variant epitope recognition patterns obtained in
cell proliferation assays using spleen cells from 2 modes of vacci-
nation (Fig. 3 A and B). Finally, we expect that the anti-tumor
effects induced by VELs are mediated by SWT epitope- and epi-
tope variant-specific T cells, including IFN-y-producing lym-
phocytes, which might be among TILs detected in tumors from
mice vaccinated with VEL immunogens (Fig. 5). We also believe,
that the novel approach for epitope variant screening in a T-cell
proliferation assay described in the present study, is opening sev-
eral intriguing opportunities for further practical applications.
For example, along with animal studies, it is attractive to test
whether similarly generated panels of CTL epitope variants may
permit the generation of molecular profiles (patterns) of epitope
recognition using cancer patient-derived T cells. Undoubtedly,
such studies may lead to the generation of novel Ags, involved in
complex interplay between growing tumor and immune system,
with diagnostic, prognostic and/or therapeutic value.

Despite the clear evidence that all tumors have mutator phe-
notype due to genomic/genetic instability, this issue was not
addressed adequately and in sufficient detail in cancer vaccine
research.”®*” Hence, considering that both the TCR repertoire
and cancer-derived epitopes are of random origin, the VELs car-
rying random mutations are perfectly suited as immunogens
capable of dealing with antigenic variability. The presence of
thousands of random mutations within individual cell indicates
that there are billions of mutations within any tumor and, even
though the most highly malignant tumors may fail to exhibit a
high mutation rate in the late stages of cancer, the imprints of the
mutator phenotype should still be imbedded in the DNA of these
tumors and should be evidenced by their elevated mutation fre-
quency.”® On the other hand, there are data indicating that accel-
erated mutagenesis prevails late into tumor progression, and it is
suggested that elevation of random mutation frequency in
tumors might serve as a prognostic indicator.”®> Moreover, a
cDNA expression screening using cancer patient-derived lym-
phocyte-tumor cell cultures revealed that T cells against mutated
epitopes clearly predominate, documenting a high degree of indi-
viduality for the cellular anti-tumor response.” Individual can-
cers contain many mutant genes coding for unique Ags not
present in normal tissues. Interestingly, epitope landscapes in
breast and colorectal cancer were identified suggesting that with
appropriate manipulation of the immune system, tumor cell
destruction 77 situ may provide a polyvalent tumor vaccine, carry-
ing a mixture of all mutated epitopes, without a requirement for
knowledge of the targeted Ags.”' Currently, the use of deep
sequencing technology to systematically analyze immunogenicity
mutations at genome scale, as in the case of the mutanome of
mouse melanoma cells, may lead to individualized immunother-
apy for cancer patients.”>

Since all thymically selected T cells are inherently auto- and
cross-reactive, T lymphocytes recognizing self Ags expressed by
cancer cells are prevalent in the immune repertoire. However, the
activation of these cells is limited by weak signals that are incapa-
ble of fully priming naive T cells.”> To overcome an immune tol-
erance, specific point mutations to create APLs were introduced
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into the gene encoding a non-immunogenic tissue self Ag
expressed by melanoma, tyrosinase-related protein-1 (Tyrpl).
Immunization of mice with mutated Tyrpl DNA carrying 10
epitopes elicited cross-reactive T  cell responses against multiple
non-mutated epitopes leading to rejection of poorly immuno-
genic melanoma and prolonged survival in prophylactic and ther-
apeutic studies.” Also, the same authors introduced widespread
random mutations into coding sequences of Tyrpl and dopa-
chrome tautomerase (Dct) cDNA and demonstrated that the
immunization of melanoma bearing mice with these DNA librar-
ies by gene gun induces autoimmune hypopigmentation and
tumor immunity through cross-recognition of non-mutated gene
products.®® These results confirm that the presentation of a vast
repertoire of Ag variants to the immune system can enhance
immune responses to self-epitope. We are convinced that despite
the complex nature of the interplay between autoimmunity and
protective anti-tumor immune responses described in these stud-
ies, they are reflecting a general rule: to be protective, anti-tumor
immune responses should activate a large repertoire of T cells
that should overlap with naturally activated T cell’s repertoire.
Indeed, recent reports from other groups confirmed that autoim-
mune-mediated activation of T cells may lead to efficient prophy-
laxis in mouse models of breast cancer and to growth control of
established ovarian tumors, respectively.’>**The intriguing issue
is the observed frequent targeting of ribosomal proteins by both
autoimmune and anti-tumor T-cell responses by yet unclear
mechanism.*’

There is also a huge number of potential epitopes expressed in
tumors and model systems that are encoded by non-primary
open reading frame (ORF) sequences (frame-shift mutations) or
derived from other non-traditional sources, such as transcrip-
tional/translational mechanisms or splicing events, collectively
referred as epitopes derived from defective ribosomal products
(DRiPs).”® Thus, the pool of epitopes and corresponding TCRs
in cancer is huge and of random origin, although many of these
phenomena were not studied systematically and are not addressed
sufficiently in current vaccine efforts. For this reason, the VELs
carrying random mutations are perfectly suited as immunogens
capable of dealing with antigenic variability. In other words, the
new strategy proposed here attacks the diseases using their own
weapons: rapid and random mutation rates.

Our vaccine concept closely resembles the natural course of
tumor development in respect to interactions between immune
system and rapidly evolving epitopes. The reason of failure of
cancer vaccines is not the general lack of immune responses,but
the progressive deficits in T-cell repertoires caused by evolving
antigenic diversity, leading to activation of T cells that recognize
non-protective epitopes and/or are unable to recognize new epi-
tope variants. Our hypothesis is that simultaneous presentation
of thousands of epitope variants to immune system will induce
the activation of a broad range of T cells, both CTL and Th,
including moderately auto-reactive T cells, representing natural
repertoire of TCRs that overlaps with tumor-specific immune
responses, thus offering an alternative way for breaking immune
tolerance. Furthermore, due to the down regulation of MHC
molecules in tumor cells, the immunization with VELs may lead
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to the selection of more "fit" TCRs as a result of competition
between peptides for binding to MHC in tumors and the pres-
ence of unusually diverse and large pool of newly activated T
cells.The VELs, particularly representing immunodominant epit-
opes, may serve as powerful vaccine components, since having
the capacity to alter and activate diverse TCR pools, they will
maintain T cell immunodominance hierarchies which is funda-
mental for the development of vaccines based on cellular
responses. Indeed, the primary determinants of immunodomi-
nance are independent of TCR repertoire composition and diver-
sity, as was recently shown in a mouse influenza infection
model® and, the number of effector T cells in the mammalian
host adapts to immunological experience. Thus, the vaccines that
abundantly introduce new memory CD8 T cells, like VEL-based
vaccines, should not necessarily ablate pre-existing immunity to
other infections or diseases.*’

In conclusion, we have shown the feasibility of the generation
of immunogens, based on incorporation of a large number of epi-
tope variants in a single composition, capable of inducing a broad
range of epitope variant-specific T-cell responses leading to statis-
tically significant protection and therapeutic effect in an aggres-
sive and non-immunogenic mouse 4T1 breast tumor model. To
the best of our knowledge, the reported anti-tumor effects are the
best observed to date, since there are no reports describing the
application of epitope/peptide vaccines in this cancer model with
comparable results. Importantly, the VELs can be easily con-
structed based on epitopes and/or on epitope-rich regions from
any cancer-related antigen. Finally, we believe that the clear dem-
onstration of the superiority of VEL-based vaccines over wild-
type epitope counterparts in this study along with the relative
simplicity of the VEL's design and generation are pointing to the
possibility of immediate practical use of this novel vaccine con-
cept. The application of VEL epitope/peptide libraries in cancer
vaccine trials, if not instead of, but at least in parallel with candi-
date native peptide vaccines, is worth to be considered.

Materials and Methods

Immunogens

To generate the immunogens, molecular biology procedures
were carried out using standard protocols. Restriction enzymes,
Taq DNA polymerase, DNA isolation/purification kits, T4
DNA ligase and M13KO?7 helper phage were obtained from,
Promega (Madison, W1, USA), Invitrogen (Carlsbad, CA, USA),
IDT (San Diego, CA, USA), Sigma-Aldrich (St. Louis, MO,
USA) or Qiagen (Valencia, CA, USA).

In order to express the survivin-derived wild-type CTL pep-
tide epitope GWEPDDNPI (aa 66-74, SWT) and SWT epitope
variants (GWXPXDXPI) bearing VEL (SVL), on M13 phage
surface as fusions with major phage coat protein (cpVIII), the
corresponding DNA fragments have been generated by PCR and
cloned in pGS8SAET phagemid vector as previously described.”
Briefly, 2 oligonucleotides (oligos):

5'-gtatattactgtgegggttgggaaccagatgataatccaatatggggccagggaacc-
3’ and degenerate 5'-gtatattactgtgegggttgg NNKccaNNKgatNNK
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ccaatatggggccagggaacc-3’, (N is g, a, t or c and, K is g or ¢ nucleo-
tide) were used in 2 separate PCRs with pair of primers carrying
Neo 1 and Bam HI restriction sites (underlined in oligos),
5DAMP: and
3DAMP: 5'-atgattgacaaagcttggatcectaggttccctggeccca-3' to gener-
ate corresponding DNA fragments for their cloning in phagemid

5 - tgatattcgtactcgagccatggtgtatattactgtgcg—3'

vector using electroporation procedure.

We verified the correct PCR and cloning by DNA sequencing
performed on a Genetic Analyzer ABI PRISM 3100 (Applied
Biosystems, Foster City, CA, USA) using miniprep-purified
(Qiagen Inc.., Santa Clarita, CA, USA) double-stranded DNA
and the primers 5SDAMP and 3DAMP.

The resulting recombinant phage clone FSWT expressing
SWT epitope and phage library carrying SWT-based VEL,
referred as FSVL, were rescued/amplified using M13KO7 helper
phage by infection of Escherichia coli TG1 cells and purified by
double precipitation with polyethylene glycol (20 % PEG/2.5 M
NaCl) as described.”” Similarly, 87 phage clones randomly
selected from FSVL library and expressing different epitope vari-
ant, were rescued/amplified from 0.8 mL of bacterial cultures
using 96 well 1 mL round bottom blocks (Corning, Inc., Corn-
ing, NY, USA). The typical phage yields were 10'° to 10'" col-
ony forming units (CFU) per milliliter of culture medium. As a
control phage immunogen, a non-related phage FB22 expressing
HIV-1 Gag-derived epitope/peptide ALQRLFETC was used.”
The DNA inserts of 27 phage clones from FSVL library were
sequenced and the amino acid sequences of the peptides were
deduced (Table 1).

The synthetic peptides corresponding to SWT epitope
(GWEPDDNPI) and SVL (GWXPXDXPI) peptide/epitope
library, bearing the complexity of 8 x 10° individual members,
designated as PSWT and PSVL, respectively, as well as a control
peptide/epitope library PG5D (A[G/FIPXXXXX[L/M]) with
theoretical complexity of 3.2 x 10° individual members wer pre-
pared at GenScript Corporation (Piscataway, NJ, USA).

Ethics Statement

Experiments were conducted following approved protocols
from Animal Care and Use Committee of the Instituto de Inves-
tigaciones Biomedicas, Universidad Nacional Autonoma de Mex-
ico and in accordance with the recommendations in the Guide
for the Care and Use of laboratory Animals of the NIH. Mice
were euthanized with CO,. All efforts were made to minimize
suffering during experiments.

Animal Studies

4T1 mouse mammary carcinoma cells (American Type Cul-
ture Collection) were maintained for a limited time 2 vitro by
passage in RPMI-1640 medium (Gibco®, Grand Island, NY,
USA) supplemented with 10% FBS (Gemini Bio-Products,
Woodland, CA, USA) containing penicillin (100 U/ml), strepto-
mycin (100 pg/ml) and fungizone (0.75 pg/ml). Groups of 5-7
female 4 to 6 weeks old BALB/c mice were used. To generate
breast tumors, mice were injected subcutaneously (s.c.) with 104
viable 4T1 cells in 50 pL of PBS into the right mammary fat
pad. Primary tumors were detected by palpation within 1-2
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weeks, the mice were observed every 3 day to monitor tumor
growth, tumor area was calculated as length x breadth using Ver-
nier calipers and mice were euthanized with CO, 31 days after
4T1 inoculation. For the prevention study, mice were immu-
nized with 5 x 10'? FSWT, FB22 and FSVL recombinant M13
phage particles (5 x 10'* CFU) in 200 pL of PBS by i.v. injec-
tion into tail vain, and then mice were inoculated with 4T1 cells
on day 40 post-vaccination. The tumor growth was monitored as
described above. For the established disease study, mice were
immunized once with above mentioned phage particles by i.v.
injection or with 150 g of synthetic peptides PSWT, PSVL and
PG5D plus 150 pg of polynosine-polycytidylic acid (Poly (I:C),
Sigma-Aldrich) in 100 pl of phosphate-buffered saline (PBS) by
s.c injection on days 5, 14 and 21 of tumor challenge. In separate
studies, the mice primed as described above received 3 (on days
11, 17 and 23 post-tumor cell injection), 2 (on days 17 and 23)
or one (on day 26) booster vaccinations with phage or peptide
immunogens (5 x 10'" CFU and 100 g of synthetic peptides,
respectively).

Cell Proliferation Assays

Splenocytes were pooled from 3 animals from each treatment
group on day 15 after immunization or tumor challenge and
tested using standard flow cytometry protocols. Cells were resus-
pended in RPMI-1640 medium supplemented as described
above plus 1% sodium pyruvate, 1% nonessential amino acids
and 1% 2-mercaptoethanol, washed twice with PBS and re-sus-
pended at 5 X 107 cells ml™" in 5 pM CFSE (Sigma-Aldrich)
for 10 min at room temperature. After washing again 2 times
with 10 mL of PBS+5 % FBS at 4°C, the cells were stimulated
by culturing in a 96-well flat-bottom plate (2.5 x 10 cells/well)
with 1 x 10'" phage particles/well corresponding to particular
epitope variant for 72 h at 37°C in CO, incubator. The gating
strategy involved exclusion of doublets and dead cells and ,
10,000 lymphocytes (R1) were gated for a CD4+ versus CD8+
dot-plot graph to measure CD4+ IFN-y +, CD8+ IFN-y +
and proliferation percentages of CD4+CD8- and CD4-CD8+
cells.

Total cell proliferation and CD4+ and CD8+ T-cell
responses were evaluated by using intracellular staining (ICS) for
IFN-vy both ex vivo and in vitro by stimulating fresh lymphocytes
for 6 h or 72 h, respectively. During the last 4 h, 1 pl/well Mon-
ensin (2 pM) (Sigma-Aldrich) was added to the culture. The
cells were stained with fluorescence-labeled monoclonal antibod-
ies against CD4 and CD8 (BioLegend, San Diego, CA, USA )
for 30 min at room temperature, fixed with fixation buffer and,
after washing, the cells were permeabilized with permeabilization
wash buffer (BioLegend), then labeled for 30 min with anti-
IFN-vy antibody (BioLegend) in the dark. The cells were analyzed
on FACS Calibur Cytometer using CellQuest software (BD Bio-
sciences, San Jose, CA, USA); at least 10,000 events were
collected.

Immunohistochemical (THC) Studies
The tumors were removed at day 31 post-tumor injection.
The excised tumors were fixed in 4 % buffered formalin for 12
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hr at 4 C. Twenty micrometer-thick free-floating sections were
processed using standard protocols. Hydrogen peroxide-
quenched and blocked sections were incubated overnight at 4°C
with anti-CD3 primary antibody (Clone 17A2, dilution 1:500,
BioLegend). Sections were washed and incubated with HRP
Goat anti-rat IgG antibody (dilution 1:800, Invitrogen) for 1 h
at room temperature. After multiple washes, color development
was performed using liquid DAB + substrate chromogen System
(Dako, Carpinteria, CA, USA). Samples were placed onto glass
slides (Corning), stained with hematoxylin (Biocare, Concord,
CA. USA), dehydrated with xylene, and covered with Entellan
mounting medium (Merk, Darmastad, Germany). Samples were
viewed on Olympus BX51 microscope equipped with Olympus
DP71 digital camera.

Statistical Analysis

All results are expressed as the means= s.e.m. Mouse sample
group sizes were at least 7 = 5. All experiments were repeated at
least once with comparable results. Tumor size data were ana-
lyzed using repeated measurements analysis with Duncan'’s
"post-hoc” test for multiple comparisons. Differences were

considered significant at 2 < 0.05. Cell proliferation (%) data
were analyzed with 2 tailed t-test. SAS 9.0 software was used for
statistical analysis. Proportions of epitope variants were compared
using 'z’ 2 tailed test; STATISTICA 8.0 was used in this analysis.
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