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Human FAT1 is overexpressed on the surface of most colorectal cancers (CRCs) and in
particular a 25 amino acid sequence (D8) present in one of the 34 cadherin extracellular
repeats carries the epitope recognized by mAb198.3, a monoclonal antibody which
partially protects mice from the challenge with human CRC cell lines in xenograft mouse
models. Here we present data in immune competent mice demonstrating the potential
of the D8-FAT1 epitope as CRC cancer vaccine. We first demonstrated that the mouse
homolog of D8-FAT1 (mD8-FAT1) is also expressed on the surface of CT26 and B16F10
murine cell lines. We then engineered bacterial outer membranes vesicles (OMVs)
with mD8-FAT1 and we showed that immunization of BALB/c and C57bl6 mice with
engineered OMVs elicited anti-mD8-FAT1 antibodies and partially protected mice from
the challenge against CT26 and EGFRVII-B16F10 cell lines, respectively. We also show
that when combined with OMVs decorated with the EGFRVIII B cell epitope or with OMVs
carrying five tumor-specific CD4+4 T cells neoepitopes, mD8-FAT1 OMVs conferred
robust protection against tumor challenge in C57bl6 and BALB/c mice, respectively.
Considering that FAT1 is overexpressed in both KRAS™ and KRAS™ CRCs, these data
support the development of anti-CRC cancer vaccines in which the D8-FAT1 epitope
is used in combination with other CRC-specific antigens, including mutation-derived
neoepitopes.

Keywords: FAT1 cadherin, outer membrane vesicle (OMV), cancer vaccines, personalized medicine, antibody, cell
mediated immunity

INTRODUCTION

Human FAT atypical cadherin 1 (FAT1) is a type 1 transmembrane protein carrying 34 cadherin
repeats, five EGF-like repeats, a laminin A-G domain in the extracellular region and a cytoplasmic
tail (1). The protein undergoes a proteolytic cleavage by Furin and is predicted to be further
cleaved by y secretase so that its intracellular domain (ICD) can translocate into the nucleus and
directly activate cell signaling. FAT1 ICD also interacts with Ena/VAPS and Scribble, promotes
actin-mediated cell migration and inhibits YAP1-mediated cell proliferation (2). In addition, FAT1
ICD also interacts with B-catenin and prevents its translocation to the nucleus (3).
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Alteration of FAT1 expression and function has been
associated to several human cancers. Although its role in
tumorigenesis is still controversial, in some cancers such as
acute myeloid leukemia (AML), pre-B acute lymphoblastic
leukemia (ALL), T-ALL, and hepatocarcinoma, FAT1 has been
described to act as tumor promoter (4, 5). FAT1 up-regulation
is an unfavorable prognostic factor for precursor B-cell acute
lymphoblastic leukemia patients (4) and recent studies in
melanoma and pancreatic cancer have demonstrated that FAT1
undergoes an aberrant processing and an altered localization
compared to normal cells (6).

Recently, Pileri et al. (7) discovered that FAT1 is over-
expressed in a large fraction of early and late stage colorectal
cancers (CRCs). Moreover, a murine monoclonal antibody
(mAb198.3), recognizing an epitope present within a 25 amino
acid region of the cadherin domain 8 (hereinafter D8-FAT1), was
shown to selectively bind the surface of different FAT1-positive
CRC cell lines. Moreover, all CRC-derived liver metastases so far
tested are highly positive mAb198.3 staining. Interestingly, using
extensive immunohistochemistry analysis, the same authors
demonstrated that not only mAb198.3 stained 93% of 642 CRC
samples tested but also the antibody did not recognize a large
panel of human healthy tissues. This strongly suggests that FAT1
can be exploited as a novel target for CRC immunotherapy.
Indeed, it was demonstrated that in immunocompromised mice
challenged with human colon CRC cells, mAb198.3 accumulated
at tumor sites and partially inhibited tumor growth (7).

In our laboratories we have been exploiting bacterial
Outer Membrane Vesicles (OMVs) as a vaccine platform (8).
OMVs, 20-300 nm closed spheroid particles (9), are particularly
attractive for vaccine applications for three main reasons.
First, they carry many Microbe-Associated Molecular Patterns
(MAMPs), which work synergistically and stimulate potent
Thl-skewed immune responses (10-12). Second, OMVs can
be easily decorated with foreign antigens/epitopes by properly
manipulating the OMV-producing strains (13-17). Third, OMVs
can be efficiently purified from bacterial culture supernatants
(18, 19). Indeed, OMVs have already been exploited in human
vaccination and they represent a key component of the anti-
Meningococcus B vaccine (Bexsero) currently available in Europe
and the USA.

The recent data demonstrating that vaccines constituted by
mutation-derived CD4+/CD8+ T cell neoepitopes induce anti-
tumor immune responses in both preclinical and clinical settings
(20, 21), had prompted us to test whether the unique properties
of OMVs could be exploited in cancer immunotherapy. We
already showed that immunization with OMVs engineered with
the EGFRVIII tumor-specific B cell epitope (22) and with M30,
a mutation-derived CD4+ T cell epitope expressed in B16F10
murine melanoma cells (23), fully prevented tumor growth in
C57bl6 mice challenged with B16F10 cells expressing EGRFvIII
(24). We also showed that protection was associated to the
elicitation of both anti-EGFRVIII antibodies and M30-specific T
cells.

In this work we have investigated whether OMVs could be
engineered with the D8-FAT1 domain and whether D8-FAT1-
decorated OMVs could induce anti-tumor immune responses
against FAT1-positive tumors. Here we show that several murine

cancer cell lines, including the colon cancer cell line CT26,
expose FAT1 on their surface. We also show that OMVs can be
efficiently decorated with D8-FAT1 epitope and that D8-FAT1-
OMYVs induce high levels of anti-FAT1 antibodies. Furthermore,
immunization with D8-FAT1-OMVs partially prevents tumor
growth in BALB/c mice challenged with CT26 cell line. Finally,
we show that when combined with other cancer specific-epitopes,
D8-FAT1 provides an additive effect and potentiates the overall
anti-tumor immune responses.

Taken together these data strengthen the association of FAT1
expression in CRC and other tumors and pave the way to the
use of D8-FAT1 epitope in cancer immunotherapy, particularly
in association with other tumor-specific epitopes.

RESULTS

FAT1 Is Expressed in Murine Cancer Cell

Lines
As already pointed out, FAT1 is over-expressed in most
human CRCs and the 25 amino acid hD8-FAT1 domain
recognized by mAb198.3 is exposed on cancer cells and not
on healthy human tissues. Therefore, hD8-FAT1 represents a
novel tumor specific-epitope which could be potentially exploited
in immunotherapeutic vaccines. A prerequisite to test this
hypothesis in tumor models of immunocompetent mice is that
D8-FAT1 is expressed on the surface of syngeneic murine cancer
cell lines. Murine FAT1 (mFAT1) shares 88% identity to hFAT1
and in particular 21 out of the 25 amino acids of hD8-FAT1
are conserved in murine D8-FAT1 (mD8-FAT1) (Figure 1A).
However, to the best of our knowledge, little was known about
FAT1 expression and compartmentalization in mouse cancer
cells. To investigate this, we first purified total mRNA from CT26,
B16F10, LLC, and Tramp CI cells and the presence of FAT1-
specific transcripts were analyzed by qRT-PCR. As shown in
Figure 1B, FAT1-specific mRNA was present in all cancer cells
and, interestingly, FAT1 mRNA was particularly abundant in
CT26 cell line, a colon cancer cell line derived from BALB/c mice.
We next investigated the presence of the mD8-FAT1 domain
on the surface of B16F10 and CT26 cells by flow cytometry
analysis using mAb198.3. Neither cell line was recognized by
the monoclonal antibody (Figure 1C). This negative result could
be attributed either to a difference in cellular surface expression
of FAT1 between human and mouse cancer cells or to the
inability of mAb198.3 to bind mD8-FAT1 due to the four amino
acid difference present in the D8-FAT1 sequences of the two
species. To discriminate between the two possibilities, polyclonal
antibodies against a synthetic peptide corresponding to the 25
amino acid sequence of mD8-FAT1 were generated in rabbits
and the serum was used to detect mD8-FAT1 surface expression
by flow cytometry. As shown in Figure 1C, the anti-mD8-FAT1
antibodies specifically bound both B16F10 and CT26 cells, FAT1
surface expression being higher in CT26, in line with the RNA
data.

OMVs Can Be Decorated With mD8-FAT1

The demonstration of FAT1 expression and D8-FAT1 surface
exposition in cancer cell lines prompted us to produce OMVs
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FIGURE 1 | Analysis of FAT1 expression in murine cell lines. (A) Schematic representation of the structural organization of FAT1. Highlighted is the comparison
between the 25 amino acid sequence of the human cadherin domain 8 (hD8-FAT1) recognized by mAb198.3 (7) and the corresponding sequence in murine FAT1
(mD8-FAT1). (B) Quantitative analysis of FATT mRNA in mouse cancer cell lines—mRNA was purified from different cancer cells lines and gRT-PCR was carried out to
quantify FAT1-specific mRNA. Data are reported as fold differences with respect to FAT1T mRNA from B16F10 cell line. The bars represent the means + SD of three
independent experiments. (C) Surface exposition of mD8-FAT1 domain in B16F10 and CT26 cell lines. Cancer cells were incubated with either mAb198.3 monoclonal
antibodies or with polyclonal antibodies raised against the KLM-conjugated synthetic peptide corresponding to the mD8-FAT1 (A). Cells were subsequently incubated
with fluorescent labeled secondary antibodies and analyzed by flow cytometry.

decorated with mD8-FAT1 with the aim of using mD8-FAT1-
decorated OMVs in mouse immunogenicity studies. To load
OMVs with mD8-FAT1, a synthetic minigene encoding three
copies of the 25 amino acid mD8-FAT1 domain was fused
to the 3’ end of the genes encoding the E. coli periplasmic
Maltose Binding Protein (MBP) (25) and the Staphylococcus
aureus FhuD2 lipoprotein (26) (Figure2A). The two gene
fusions were inserted into pET plasmid under the control of
the IPTG-inducible T7 promoter and plasmids pET_MBP-mD8-
FAT1 and pET_FhuD2-mD8-FAT1 thus generated were used
to transform E. coli BL21(DE3)AompA, a strain featuring an
OMYV over-producing phenotype (16). After 2-hour induction
of protein expression, OMVs were purified from the culture
supernatants and the accumulation of the fusion proteins in the
OMVs was analyzed by SDS-PAGE. As shown in Figure 2B,

protein bands corresponding to the expected molecular masses
of MBP-mD8-FAT1 (51 kDa) and tri-acylated FhuD2-mD8-
FAT1 (approx. 45 kDa), were clearly visible on the gel. In
the case of MBP-mD8-FAT1-OMVs a second band of ~45
kDa is also visible. The protein is likely to correspond to
a degradation product, which is however still recognized by
mD8-FAT1 antibodies (data not shown). MBP is a periplasmic
protein while FhuD2 is a lipoprotein which is expected to
reach the outer membrane. Therefore, C-terminal fusions
to MBP and FhuD2 should reside in the luminal and in
the membrane compartments of OMVs, respectively. The
different compartmentalization of the two fusion proteins
in the OMVs was indirectly confirmed by solubilizing the
OMVs with 1% Triton X-114 at 4°C and by following the
partition of the fusion proteins in aqueous and detergent
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phases, which separate upon temperature shifting at 37°C.
Under these conditions membrane proteins and lipoproteins
typically partition into the Triton X-114 hydrophobic phase
while periplasmic proteins in the hydrophilic one (17). As shown
in Figure 2C, FhuD2-mD8-FAT1 compartmentalized in the
detergent phase while the MBP-mD8-FAT1 fusion in the aqueous
phase.

The localization of the two fusions was also analyzed by
flow cytometry analysis of BL21(DE3)AompA(pET_MBP-
mD8-FAT1) and BL21(DE3)AompA(pET_FhuD2-mD8-FAT1)
cells, using mD8-FAT1-specific antibodies. As shown in
Figure 2C, while the antibodies bound the cell surface of the
strain expressing the FhuD2-mD8-FAT1 fusion, no appreciable
florescent shift was observed in the strain expressing the
MBP-mD8-FAT1 fusion. These data also indicate that the
FhuD2-mD8-FAT1 fusion not only resides in the outer
membrane of E. coli but also protrudes out of the cell surface,
thus making the mD8-FAT1 epitope accessible to antibody
binding. This is an interesting observation since E. coli does
not expose most of its outer membrane lipoproteins and this
is often attributed to the absence of specific “flippases” that
allow lipoproteins to move from the inner to the outer leaflet
of the outer membrane. The fact that FhuD2 lipoprotein is
surface-exposed, supports our previous observations that in
Gram-negative bacteria many lipoproteins, in the absence of still
poorly characterized retention signals, are “by default” destined
to cross the outer membrane (17).

mD8-FAT1-OMVs Immunization Inhibits
Tumor Growth in CT26-Challenged Mice

We next asked the question whether immunization with mD8-
FAT1-decorated OMVs could elicit anti-mD8-FAT1 antibodies
in mice. To this aim, BALB/c mice were immunized three times
(Figure 3A) with either MBP-mD8-FAT1-OMVs (20 pg/dose
supplemented with Alum) or with FhuD2-mD8-FAT1-OMVs (20
pg/dose) and 1 week after the third immunization sera from
each group were pooled together and analyzed by ELISA using
plates coated with the synthetic mD8-FAT1 peptide. As shown
in Figure 3B, both immunizations induced high titers of mD8-
FAT1 specific antibodies. In line with a previously published
work (16), no appreciable difference was observed between titers
elicited by OMVs carrying D8-FAT1 on the surface or in the
lumen.

Immunized animals were subsequently challenged with CT26
cells and tumor growth was followed over a period of 25 days.
Both immunizations inhibited tumor progression in a statistically
significant manner, and after 25 days from challenge tumor
volumes were ~50% smaller than those measured in mice
immunized with “empty” OMVs (Figure 3C). We also analyzed
the immune cell population in tumors from control mice and
from mice immunized with mD8-FAT1-decorated OMVs. As
shown in Figure 3D, tumor inhibition in mice immunized with
mD8-FAT1-OMVs was accompanied by the accumulation of
infiltrating CD8+ and CD4+ T cells and by the concomitant
reduction of regulatory T cells (CD4+/Foxp3+) and myeloid-
derived suppressor cells (MDSCs).

mD8-FAT1-OMVs Immunization
Cooperates With OMVs Decorated With
Other Cancer-Specific B Cell Epitopes

Because of the heterogeneity of the cancer cell population and of
the immune-editing mechanism that allow cancer cells to escape
immune surveillance, to be effective cancer vaccines should
be formulated with more than one tumor-specific/associated
antigen. Therefore, we first tested whether mD8-FAT1 could be
utilized in combination with other B cell epitopes selectively
expressed in cancer cells.

Several human cancers express EGFRVIIL, a variant of EGFR in
which a large deletion in its extracellular domain generates a 14
amino acid sequence not found in healthy tissues (22). A vaccine
based on EGFRVIII peptide was tested in glioblastoma patients,
with promising results even though EGFRvIII-negative tumor
cells ultimately escaped vaccine-induced protection (27). We
previously demonstrated that OMVs decorated with EGFRVIII
peptide elicited specific antibodies which could inhibit the
growth of a B16F10 cell line derivative expressing EGFRVIII in
syngeneic C57bl6 mice (24). Since EGFRVIII-B16F10 cells, like
their progenitor B16F10, express mD8-FAT1 on their surface
(Figure 4A), we tested whether the combination of mD8-
FAT1-OMVs and EGFRVIII-OMVs could further enhance the
anti-tumor activity of EGFRvIII-OMVs immunization in mice
challenged with EGFRVIII-B16F10. Mice were immunized three
times with either mD8-FAT1-OMV's (20 pg/dose), or EGFRVIII-
OMVs (20 pg/dose) or with mD8-FAT1-OMVs + EGFRVIII-
OMV:s (10 g each/dose). One week after the third immunization
mice were given 10° EGFRVIII-B16F10 cells and tumor growth
was followed over a period of 25 days. In line with our
previous results (27), at day 25 after challenge, EGFRVIII-OMV's
immunization elicited a 70% reduction of tumor growth as
compared to immunization with “empty” OMVs. Immunization
with mD8-FAT1-OMVs elicited a protection of ~25% (average
tumor volume 630 mm? as opposed to 850 mm?> in control
group). Such protection was lower than what observed in the
BALB/c/CT26 model and this is likely due to the fact that
B16F10 cells express less mD8-FAT1 than CT26 (Figure 1C).
Finally, immunization with the OMVs combination almost
totally prevented tumor growth, suggesting that anti-mD8-FAT1
and anti-EGFRVIII antibodies cooperate in inhibiting tumor cell
proliferation and in promoting tumor cells killing.

mD8-FAT1-OMVs Synergize With OMVs
Decorated With Cancer T Cells Epitopes in

Protecting Mice From Tumor Challenge
Kreiter and co-workers recently reported a list of mutation-
derived, CT26-specific CD4+ and CD8+ T cell “neoepitopes”
and showed that immunization with RNA vaccines encoding
such neoepitopes elicited robust protection in BALB/c mice
challenged with CT26 tumor cells (23). We took advantage of
these data to address the question as to whether anti-D8-FAT1
immune responses could potentiate the cell-mediated protective
activity elicited by T cell neoepitopes.

To this aim, we first tested whether OMVs carrying five
of the neoepitopes described by Kreiter et al. could protect
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FIGURE 2 | Expression and localization of mD8-FAT1 fusion proteins. (A) Schematic representation of plasmids expressing mD8-FATT fusion proteins. A synthetic
minigene encoding three copies of mD8-FAT1 domain was fused to the 3’ end of either E. coli Maltose binding protein (MBP) gene or S. aureus thuD2 gene. The two
fusions were inserted into pET plasmid under the control of the T7 inducible promoter. Highlighted is the DNA sequence of the mD8-FAT1 minigene. (B)
Compartmentalization of mD8-FAT1 fusions in OMVs. OMVs were purified from the supernatants of BL21(DE3) AompA(pET_MBP-mD8-FAT1) and
BL21(DE3)AompA(pET_FhuD2-mD8-FAT1) strains and 20 g of each OMVs preparation were separated by SDS-PAGE and the gel was stained with Coomassie
Blue. As control, OMVs from BL21(DE3)AompA(pET) strain (“Empty” OMVs) were also loaded on the gel. Arrows indicate the bands corresponding to the protein
fusions. (C) Analysis of compartmentalization of mD8-FAT1 fusions in OMVs by Triton X-114 extraction. OMVs (100 g) from BL21(DE3)AompA(pET_MBP-mD8-FAT1)
and BL21(DE3)AompA(pET_FhuD2-mD8-FAT1) strains were incubated in 1% Triton X-114 solution at 4°C and subsequently aqueous and hydrophobic phases were
separated by bringing the temperature at 37°C. Proteins in the aqueous (A) and hydrophobic (D) phases were precipitated by standard chloroform/methanol
procedure, separated by SDS-PAGE together with 20 g of OMVs and stained with Coomassie blue (T). (D) Analysis of surface localization of mD8-FAT1 fusion
proteins. Bacterial cells from BL21(DE3) AompA(pET_MBP-mD8-FAT1) and BL21(DE3)AompA(pET_FhuD2-mD8-FAT1) cultures were first incubated with
anti-mD8-FAT1 polyclonal antibodies and subsequently with fluorescent-labeled anti-rabbit antibodies. Antibody binding was visualized by flow cytometry.

BALB/c mice from CT26 challenge. Synthetic peptides (20 pg
each) corresponding to neoepitopes M03, M20, M26, M27,
and M68 (23) were mixed with 20 pg of “empty” OMVs
and after challenging mice with 2 x 10° tumor cells the
mixture was used to immunize mice every 3 days for a total
of 7 injections (Figure 5A). Tumor growth was followed over
a period of 25 days. As shown in Figure 5B, immunization

with peptides-absorbed OMVs inhibited tumor growth in a
statistically significant manner, the average tumor size being
500 4+ 94 mm?, as opposed to 1.200 + 103 mm?® of control
mice. To test whether the observed protection could be at least
partially attributable to the elicitation of neoepitope-specific T
cells, a group of five naive mice were immunized twice 1 week
apart with peptides-absorbed OMVs and 5 days after the second
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FIGURE 3 | Protection conferred by mD8-FAT1 OMVs immunization against CT26 challenge. (A) Schematic representation of immunization and challenge schedule.
BALB/c mice were immunized three times (2 weeks apart) with OMVs from either BL21(DE3)AompA(pET_MBP-mD8-FAT1) or
BL21(DE3)AompA(pET_FhuD2-mD8-FAT1) strains and 1 week after the third immunization the animals were challenged with 2 x 10° CT26 cells. Tumor growth was
followed over a period of 25 days. As control, a group of mice was also immunized with “Empty” OMVs. (B) anti-mD8-FAT1 titers from mice immunized with
mD8-FAT1 OMVs. The day before challenge sera from immunized mice were pooled (triangles: mice immunized with MBP-mD8-FAT1-OMVs; squares: mice
immunized with FhuD2-mD8-FAT1-OMVs; circles: mice immunized with “Empty” OMVs) and the anti-mD8-FAT1 titers were determined by ELISA using plates coated
with synthetic mD8-FAT1 peptide. (C) Anti-tumor activity of mD8-FAT1 OMVs immunizations. After challenge tumor growth was followed by measuring tumor volume
with a caliper. Animals were sacrificed 25 days after challenge. Means + SEM are indicated. ***Indicates that the difference in tumor size between the immunized
group and control group is statistically significant with £ < 0.001, while *indicates P < 0.05. (D) Analysis of immune cell populations in tumors. At day 25 from
challenge, tumors were collected from sacrificed mice and the frequencies of CD4+ T cells, CD8+ T cells, MDSCs and CD4-+/Foxp3+ T cells in tumors were
determined by flow cytometry. The data reported in the figure represents the means + SD of cell populations from four tumors collected from mice immunized with
either “Empty OMVs” or with mD8-FAT1 OMVs (two mice from MBP-mD8-FAT1 OMVs and two mice from FhuD2-mD8-FAT1 OMVs) (*P < 0.05).

vaccine dose the frequency of epitope-specific IFN y-producing
T cells was measured in splenocytes stimulated with the peptide
mixture. As shown in Figure 5C, which shows the analysis of
IEN y-producing CD4+ and CD8+ T cells from two of the five
immunized mice, immunization elicited both epitope-specific
CD4+ and CD8+ T cells. The average frequency of CD4+ T cells
and CD8+ T cells in the five mice was 0.82 £ 0.29 and 0.48 £+
0.21, respectively.

Having demonstrated that the five neoepitopes described by
Kreiter et al. were partially protective when absorbed to OMVs,
we next set up an immunization/challenge experiment involving
three groups of mice (Figure 6A). Two groups received three
doses (2 weeks apart) of either “empty” OMVs or mD8-FAT1-
OMVs (20 pg/dose). Ten days after the last immunization the
groups were challenged with 2 x 10° CT26 cells and tumor
growth was followed over a period of 25 days. A third group
was first immunized with mD8-FAT1-OMVs (20 pg/dose),
challenged with 2 x 10° CT26 cells and subsequently repeatedly
immunized with the mixture of the five M03, M20, M26,
M27, and M68 synthetic peptides (20 g each) absorbed to

“empty” OMVs (20 pug). As shown in Figure 6B, the prophylactic
mD8-FAT1-OMVs immunization followed by the therapeutic
immunization with peptides-absorbed OMVs resulted in a 70%
tumor inhibition, the average tumor size at day 25 being 312 +
76.4 mm?>.

The protection data obtained in mice immunized with D8-
FAT1-OMYVs indicate that, although tumor growth was markedly
reduced in most of the mice, in few mice immunization was
poorly protective (Figures 6B, 3C). By contrast, the tumor size in
mice immunized with the combination of D8-FAT1-OMVs and
pentatope-absorbed-OMV's was as average not only smaller but
also more homogeneous among mice. To explain this difference,
we speculated that while in D8-FAT1-OMVs-immunized mice
protection was exclusively dependent on anti-D8-FAT1 antibody
titers (the higher the titers the better the protection), in mice
treated with the OMV combination the antibody titers should
have been less critical in protection due to the contribution
of cell-mediated immunity. To test this hypothesis, at the end
of the experiment described in Figure 6, sera were collected
from each mouse and anti-mD8-FAT1 antibody titers were
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measured in each individual mouse. As shown in Figure 6D,
most protected mice (tumor volume <750 mm?) immunized
with D8-FAT1-OMVs had antibody titers > 1:3.500. By contrast,
in mice treated with the OMV combination the same protection
was achieved even if anti-D8-FAT1 antibody titers were below
1:3.500.

DISCUSSION

FAT1 was originally reported as a tumor suppression marker
linked to E-cadherin and Wnt/B catenin pathways. Previous
evidence from clinical samples showed that, in the presence of
wild type FAT1, B-catenin is held at the cell membrane whereas in
several tumors, where FAT1 is inactivated by mutation or deleted,
an excess of B-catenin is present in the cytoplasm. This results in
the inability of the GSK3P/axin/Wtx/Apc complex to completely
degrade cytoplasmic B-catenin, allowing active f-catenin to enter
the nucleus. Here f-catenin functions as an activator of T-cell
factor (TCF) and lymphoid enhancer factor (LEF), leading to
a subset of cellular effects involving cellular adhesion, tissue
morphogenesis, and tumor development (3).

However, as already pointed out, in some tumors FAT1
is up-regulated, suggesting that its Wnt/p catenin-dependent
tumor suppressive mechanism is counterbalanced by a still
poorly characterized role as tumor-promoting factor. FAT1
was reported to be overexpressed in breast cancer (28), in
melanoma (29) in leukemia (4), and in pancreatic cancer
(6). Interestingly, in pancreatic cancer FAT1 was shown to
be overexpressed on the surface of cancer cells together with

ADAMI10 metalloprotease, which mediates FAT1 ectodomain
shedding. Although the biological significance of the shed FAT1
ectodomain is unknown, it is possible that it can promote
carcinogenesis by disrupting cell junctions and by promoting
the up-regulation of metalloproteases, similarly to what has been
proposed for the shed ectodomain of E-cadherin (30, 31).

Pileri et al. (7) reported that FAT1 is overexpressed on the
surface of most human CRCs and of CRC-derived metastatic
hepatocarcinomas. Interestingly, the same authors provided
evidence of an ADAM10-dependent FAT1 shedding in HCT15
colon carcinoma cell line, as demonstrated by the accumulation
of FAT1 on the cell surface upon siRNA-mediated silencing of
ADAMI10 mRNA.

While for many tumors the opposite role of FAT1 as tumor
suppressor and tumor promoter is at present difficult to
reconcile, in the case of CRC there might be a mechanistic
explanation. In virtually all colon carcinomas p-catenin
degradation is hampered by defects in the Apc subunit of
the GSK3P/axin/Wtx/Apc complex (32). Therefore, even if
FAT1 overexpression should reduce the concentration of free
cytoplasmic B-catenin, the inability to degrade it should allow
enough PB-catenin to reach the nucleus and activate genes
involved in tumorigenesis. At the same time, the abundancy
of surface FAT1 and its shed extracellular ectodomain should
promote carcinogenesis.

In this work we wanted to investigate whether FATI-
based cancer vaccines could be potentially exploited in CRC
immunotherapy. The rationale behind this work stems from
a number of experimental observations. First, a monoclonal
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FIGURE 5 | Protective activity of OMVs “absorbed” with synthetic CD4+ T cell epitopes. (A) Schematic representation of tumor protection experiment. BALB/c mice
were challenged with 2 x 10° CT26 cells and the day after were immunized with 20 g of OMVs mixed with five synthetic peptides (20 g each) corresponding to
CT26-specific CD4+ T cell epitopes (“pentatope”). Immunizations were repeated at a frequency of 3 days and tumor growth was followed over a period of 25 days.
(B) Protection of BALB/c mice immunized with “pentatope” OMVs. The figure reports the tumor volumes measured with a caliper at day 25 after the first immunization
(**P < 0.001). Means + SEM are indicated. (C) Analysis of pentatope-specific CD4+ and CD8+ T cells in mice immunized with “pentatope”-absorbed OMVs.
BALB/c mice were immunized twice1 week apart with 20 ng of OMVs mixed with five synthetic peptides (20 ng each) corresponding to CT26-specific CD4+ T cell
epitopes (“pentatope”). Five days after the second immunization splenocytes were collected and stimulated with either five irrelevant peptides (control) or with the
“pentatope” peptide mixture. Induction of IFN-y expression in CD4+ and CD8+ T cells was analyzed by flow cytometry.

antibody (mAb198.3) specific for a conserved amino acid
sequence in D8 and D12 FAT1 domains could bind the surface
of over 90% of CRCs with affinities in the low nM range.
Second, cancer cell recognition by mAb198.3 appeared rather
specific. IHC analysis of 33 normal human tissues showed a
limited recognition of any of the tissues by mAb198.3 and,
when present, the staining was confined to the intracellular
compartment. Third, when used in xenograft mouse models with
HCT15 and HT29 cell lines, mAb198.3 passive immunization
could reduce tumor growth in a statistically significant manner.
However, for a FAT1-based vaccine to be effective and safe a
fundamental requisite is the absence of FAT1, and in particular
of D8-FAT1 epitope, surface expression in healthy tissues.
Only under these circumstances the central clonal deletion of

FAT1-spcific naive B cells is avoided together with the risk
of inducing immune responses which could be detrimental
to immunized patients. While the effectiveness and safety of
FAT1 vaccine can ultimately be demonstrated only in humans,
to move to the clinics robust preclinical and safety data are
required.

Starting from the assumption that mice and humans share
a similar FAT1 expression profile, we decided to test FAT1-
based vaccines in an immune competent mouse model. First
we analyzed whether the mouse homolog of human FAT1 was
expressed in some of the cell lines most frequently utilized in
mice. Indeed, as judged by quantitative RT PCR analysis of FAT1
mRNA, we found that FAT1 is overexpressed in a number of
cancer cell lines, including BI6F10 and, particularly, CT26. This
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the last immunization the groups were challenged with 2 x 10° CT26 cells and tumor growth was followed over a period of 25 days. A third group was first
immunized with mD8-FAT1-OMVs (20 .g/dose), challenged with 2 x 10° CT26 cells, and finally repeatedly immunized with 20 g of empty OMVs “absorbed” to the
mixture of the five MO3, M20, M26, M27, and M68 synthetic peptides (20 g each). (B) Protection of BALB/c mice immunized with mD8-FAT1-OMVs and with the
combination of mD8-FAT1-OMVs with “pentatope” OMVs. Mice were immunized with mD8-FAT1-OMVs (MBP-mD8-FAT1 OMVs: open circles;
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“pentatope” OMVs (closed triangles) as described in A. The figure reports the tumor volumes measured with a caliper at day 25 after the first immunization (P < 0.05;
***P < 0.001). Means + SEM are indicated. (C) Analysis of anti-mD8-FAT1 antibody titers in immunized mice. At the end of the immunization experiments described in
A and B, sera were collected and anti-mD8-FAT1 antibody titers were measured by ELISA. Titers (x axis) are plotted with tumor volumes (y axis). Open and closed
circles correspond to sera of mice immunized with MBP-mD8-FAT1-OMVs and FhuD2-mD8-FAT1-OMVs, respectively. Open and closed triangles correspond to sera
of mice immunized with MBP-mD8-FAT1-OMVs + “pentatope” OMVs and FhuD2-mD8-FAT1-OMVs + “pentatope” OMVs, respectively.

was encouraging, considering that CT26 cell line derives from a
spontaneous colon cancer of BALB/c mice.

We next aligned the sequences of hFAT1 and mFAT1 and we
selected the mFAT1 25 amino acids (mD8-FAT1) corresponding
to the human epitope (hD8-FAT1) recognized by mAb198.3.
Interestingly, mD8-FAT1 differs in 4 out of 25 amino acids from
hD8-FAT1 and this difference is sufficient to abrogate the binding
of mAb198.3 to mD8-FAT1.

We then asked the question whether mD8-FAT1 epitope
could induce FAT1-specific antibody responses in mice. This was
a critical question since, as said above, if mFAT1 were sufficiently
expressed on the surface of normal tissues, the administration of
mDB8-FAT1 containing vaccines should be poorly immunogenic
and/or potentially harmful. Interestingly, the mD8-FAT1
immunization elicited high titers of specific antibodies and
although we did not carry out a pathological/histopathological
analysis of immunized mice, the animals showed no severe
sign of malaise and/or alteration of physiological functions
throughout the experiment. This result is in line with the
immunohistochemistry data, which indicate the absence of

surface expression of hD8-FAT1 domain on normal human
tissues (7) and suggests that in mice FAT1 has a topological
organization and an expression profile similar to what observed
in humans.

Next, we investigated whether the immune response induced
by mD8-FAT1 vaccination was potent enough to inhibit tumor
growth in BALB/c and C57bl6 mice challenged after vaccination
with CT26 and BI16F10 cells, respectively. Our data indicate
that mD8-FAT1 immunization did reduce the kinetics of tumor
development in both animal models, even though it was not
capable of fully abrogating tumor formation. Protection was
more pronounced in the BALB/c-CT26 model and this is likely
due to the fact that FAT1 expression is fourfold higher in CT26
than in B16F10 (Figure 1). Interestingly, when we analyzed the
cell population in tumors from immunized BALB/c mice we
found an increase in infiltrating CD4+ and CD8+ T cells and a
concomitant decrease in Treg and MDSCs with respect to tumors
from mock immunized mice (Figure 3). This is in line with one
of the expected mechanisms of action of anti-tumor antibodies
according to which ADCC-mediated killing of cancer cells
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creates an inflammatory environment and favors the infiltration
of effector T cells specific for cancer epitopes released by dead
cells.

While ADCC is likely to play an important role in the
observed anti-tumor activity, other possible mechanisms can
be involved including a direct cell killing or growth inhibition
mediated by antibody binding to target cells. To investigate
the involvement of this latter mechanism we carried out in
vitro experiments in which CT26 cells were incubated for 72 h
with different concentrations of affinity-purified anti-mD8-FAT1
polyclonal antibodies and we followed cell proliferation using the
MTT assay (Promega). As shown in Supplementary Figure 1,
the addition of affinity-purified anti-mD8-FAT1 polyclonal
antibodies partially inhibited cell growth (~20%) in a dose-
dependent manner. No growth inhibition was observed when
the cells were incubated with pre-immune serum, and with
similar concentrations of purified polyclonal antibodies against
an unrelated peptide.

Finally, we investigated whether the tumor inhibiting activity
elicited by mD8-FAT1 immunization could be potentiated by the
combination with other tumor-specific antigens. Targeting single
antigens would hardly be effective in cancer immunotherapy and
therefore the capacity of antigens to synergize with others would
be an important prerequisite in the final selection of the proper
vaccine combinations. Our data indicate that when mD8-FAT1
is combined with other B and T cells protective epitopes the
anti-tumor immune response is potentiated. In particular, the
immunization with mD8-FAT1 combined with EGFRVIII, a B
cell epitope expressed in a variety of tumors in which the EGF
receptor undergoes the deletion of its ectodomain (22), almost
fully abrogated tumor development in C57bl6 mice challenged
with B16F10-EGFRVIII, a cell line expressing both mD8-FAT1
and EGFRVIIL. Our data not only point to the effectiveness of
antibody-mediated immunotherapies targeting more than one
tumor-specific B cell antigen/epitope but also suggest that the
combination of D8-FAT1 and EGFRVIII might find practical
applications in CRC patients since EGFRVIII expression has been
described in at least a subset of human colorectal cancers (33).

In this work we also show the additive protective activity of
mD8-FAT1 when combined with cancer-specific T cell epitopes.
In the last few years CD4+/CD8+ T cell neoepitopes originated
from cancer mutations are emerging as key targets for cancer
immunotherapy (34). This has been proved in the clinical settings
for both adoptive cell transfer therapy (ACT) (35) and cancer
vaccines (36). In the case of cancer vaccines, the combination of
more than one cancer-specific T cell neoepitope was critical for
the effectiveness of the vaccines (20, 21). As already pointed out
in a recently published work from our laboratories (27), the fact
that the potency of multi-T cell epitopes vaccines can be further
potentiated by the addition of protective B cell epitopes expand
the potential of future cancer vaccines.

It has to be pointed out that our data on B and T cell epitope
combinations should be taken as a “proof-of-concept” study that
needs further optimization. According to the protocol utilized
in this work, before the challenge with CT26 cells, the animals
are immunized first with mD8-FAT1 to elicit sufficiently high
FAT1-specific antibody titers. The challenge is then followed by

repeated immunizations with T cell epitopes absorbed to OMVss.
The reason why we followed this protocol in our “proof-of-
concept” experiments is because previously described work with
Rindopepimut, an anti-glioblastoma EGFRVIII peptide vaccine,
highlighted the importance of implanting mice with high doses
of cancer cells only in the presence of sufficiently high antibody
titers (37, 38). It would be interesting to follow protection
when B and T cell epitopes are combined and given to mice
simultaneously after tumor challenge. Preliminary data seem to
indicate that such schedule is not as effective as the one here
described but before drawing any conclusion further experiments
involving different antigen dosages, formulations, and timing
should be carried out.

A last but important comment deserves the
adjuvant/formulation =~ used in  this  study.  Several
adjuvants/delivery systems have been proposed for cancer
vaccines, including DNA and RNA encoding cancer
antigens/epitopes, synthetic peptides combined with hiltonol,
and viral vectors expressing cancer antigens (36). We tend to
believe that OMVs are a valid and promising alternative. As
already pointed out, OMVs have a few interesting properties.
They carry many Microbe-Associated Molecular Patterns
(MAMPs), which can work synergistically, thus providing a
strong built-in adjuvanticity to OMVs (11, 12). Furthermore,
OMVs can be easily decorated with foreign antigens/epitopes
by manipulating the OMV-producing strains (13-17). Finally,
OMVs can be rapidly and easily purified from bacterial culture
supernatant using either detergent treatment of bacterial cells
(18), or hyper-vesiculating strains (19). We had previously shown
that OMVs engineered with EGFRVIII peptide and a CD4+
T cell epitope fully protected C57bl6 mice from the challenge
of BI6F10-EGFRVIII cell line and that protection strongly
correlated with the elicitation of both humoral and cell-mediated
immunity. The data described in this work further support our
motivation to exploit OMVs in cancer immunotherapy.

MATERIALS AND METHODS

Bacterial Strains, Cell Line, and Mice

E. coli HK100 strain was used for cloning experiments with the
PIPE method. E. coli BL21(DE3) AompA strain used for OMVs
production was previously described (16). CT26 and B16F10
were obtained from ATCC (Manassas, VA, USA) and cultured
under recommended conditions. B16F10 melanoma cell line
that stably expresses human EGFRVIII variant was generously
provided by Prof. Sampson (Department of Neurosurgery of
the Duke University, Duhram, NC). Cells were tested for
mycoplasma before animal injection.

BALB/c and C57bl6 female 4 weeks old mice were purchased
from Charles River Laboratories and kept and treated in
accordance with the Italian policies on animal research at the
Toscana Life Sciences animal facility (Siena, IT).

Construction of Plasmids

Three copies of mD8-FAT1 were fused to the C-terminus of
the S. aureus FhuD2 lipoprotein. D8-mFAT1 minigene was
constructed, taking into consideration BL21 E. coli codon
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usage, by assembling six complementary oligonucleotides, the
sequence of which is reported in Table 1, and the assembled
DNA fragment was amplified with primers fatlms-FhUD2
F/ fatlms-FhUD2 R primer (Table1). These primers were
designed to generate extremities complementary to the pET-
FhuD2 plasmid. This vector, which carries the fhuD2 gene
fused to the Ipp leader sequence (39) was linearized by PCR
amplification using the divergent primers nohis flag F/ FhuD2-
V-R, according to the PIPE method (40). Finally, the PCR
products were mixed together and used to transform HK-100
competent cells, obtaining plasmids pET_FhuD2-mD8-FAT1-3x
plasmid.

Similarly, to express mD8-FAT1 peptide in the lumen of
OMVs, the Maltose binding protein (MBP) was used as a carrier
and the FAT1 minigene was cloned as an in frame fusion
to the 3" end of the MBP gene. For this purpose, pET-MBP
plasmid (41) was used as template for a PCR reaction carried
out using primers pET21-MBPF and pET21-MBPR (see Table 1)
to generate a linear fragment. Then, the linear fragment was
ligated to mD8-FAT1 3x gene, which was assembled as previously
described and subsequently amplified with primers MBPmPFa-
F and MBPmFa-R. The DNA mixture was used to transform
HK-100 competent cells and clones carrying pET_MBP-mD8-
FAT1 plasmid were selected on LB agar plates supplemented
with 100 pug/ml of Ampicillin. The correctness of the mD8-FAT1
fusions from one of the Ampicillin resistant clones was verified
by DNA sequencing.

The construction of pET-Nm-fHbp-vIII plasmid expressing
the Neisseria meningitidis FHbp fused to three repeated copies
of EGFRVIII peptide was previously described (24).

TABLE 1 | Oligonucleotide primers used for mFAT1 minigene preparation.

NAME SEQUENCE

mFa-F1 ATCCAAGTGGAGGCGACCGATAAAGACCTGGGTCCGT
CGGGGCATGTG

mFa-R1 AACCTGAATTTCGGTGTCGGTCAGGATGGCATACGTCA
CATGCCCCGACGG

mFa-F2 ACCGAAATTCAGGTTGAAGCCACCGACAAAGACTTAG
GCCCGAGTGGTCAC

mFa-R2 CTGAATTTCAGTATCGGTGAGAATCGCGTAGGTCACGT
GACCACTCGGGCC

mFa-F3 GATACTGAAATTCAGGTTGAAGCTACCGATAAAGATTT
GGGCCCGAGTGGT

mFa-R3 TTCAGTATCCGTGAGGATCGCATAGGTTACATGA
CCACTCGGGCCCAA

PET_FhuD2-D8-mFAT1-3x, pET_MBP-D8-mFAT1-3x
CATCACCATCACCATCACGATTACA
TAATTAAAGCTGCAAAAATCCAAGTGGAGGCGACCGA
GATGGTGATGGTGATGTCATTCAGTATCCGTGAGGATCG

nohis flag
fat1ms- FNUD2 F
fatims- FhUD2 R

FhuD2-V-R TTTTGCAGCTTTAATTAATTTTTC

MBPmFa-F CGCGCAGACTCGTATCACCAAGATCCAAGTGGAGGCG
MBPmFa-R TCGTGATGGTGATGGTGATGTTATTCAGTATCCGTGAG
pET21-MBPF CATCACCATCACCATCACGATTAC

pET21-MBPR CTTGGTGATACGAGTCTGCGCGTC

Synthetic Peptides and Antibodies

The mD8-FAT1 peptide IQVEATDKDLGPSGHVTYAILTDTE
unconjugated and conjugated to KLH protein was purchased
from Proteogenix in lyophilic form and solubilized in
PBS at the final concentration of 1 mg/ml. Polyclonal
antibodies against mD8-FAT1 peptide were obtained from
Proteogenix by immunizing rabbits with KLH-conjugated
IQVEATDKDLGPSGHVTYAILTDTE peptide.

The synthetic peptides M03 (DKPLRRNNSYTSYIMAIC
GMPLDSFRA), M20 (PLLPFYPPDEALEIGLELNSSALPPTE),
M26 (VILPQAPSGPSYATYLQPAQAQMLTPP), M27 (EHI
HRAGGLFVADAIQVGFGRIGKHFW) and M68 (VTSIPSVSN
ALNWKEFSFIQSTLGYVA) were purchased from GeneScript
in lyophilic form and solubilized in milliQ water at final
concentration of 5 mg/ml.

Preparation of Bacterial Total Lysates and
OMVs

Plasmids containing the genes of interest were used to transform
E. coli BL21(DE3)AompA strain. Recombinant clones were
grown in 200ml LB medium (starting ODggp = 0.05) and,
when the cultures reached an ODggy value of 0.5, protein
expression was induced by addition of 1 mM IPTG. After 2h,
OMVs were collected from culture supernatants by filtration
through a 0.22 pm pore size filter (Millipore) followed by high-
speed centrifugation (200,000 x g for 2h). Pellets containing
OMVs were finally re-suspended in PBS. Total bacterial lysates
were prepared by suspending bacterial cells from 1 ml cultures
(centrifuged at 13,000 x g for 5 min) in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) Laemmli buffer
and heated at 100°C for 5 min. Proteins were separated by 4-12%
or 10% SDS-PAGE (Invitrogen), run in MES buffer (Invitrogen)
and finally stained with Coomassie Blue.

Flow Cytometry Analysis

Twenty milliliter of LB medium supplemented with 100 jug/ml
Ampicillin were inoculated at ODgpp = 0.05 with an overnight
culture of BL21AompA(pET_Empty), BL21AompA(pET-
pET_MBP-mD8-FAT1), and BL21AompA(pET-pET_FhuD2
mD8-FAT1) strains. The cultures were then grown and IPTG-
induced as described above. BL21AompA(pET_Empty) strain
was used as negative control. Bacterial cells from 1ml were
harvested by centrifugation at 10,000 x g for 5min at 4°C
and re-suspended with 1% BSA in PBS to obtain a cell density
of 2 x 107 CFUs/ml. 50 pl were then dispensed in a round
bottom 96 well plate. Anti-mD8-FAT1 peptide rabbit antibodies
were added at a concentration of 5pg/ml and incubated 1h
on ice. After three washes with 1% BSA in PBS, 20 ul of FITC
labeled anti-rabbit secondary antibodies (1:200 dilution) (Life
Technologies) were added and incubated 30 min on ice. Each
well was then washed twice with 200 |l 1% BSA in PBS and
plates were centrifuged at 4,000 x g for 5 min. Samples were then
re-suspended in 2% formaldehyde solution, incubated 15 min at
RT and centrifuged again at 4,000 x g for 5 min. Finally, samples
were re-suspended in 200 pl of PBS and data were acquired by
using BD FACS Canto II cell analyzer (BD) and analyzed by
Flow]o software.
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Triton X-114 Protein Separation From

OMVs

One hundred micrograms of OMVs (10-15 pl) were diluted
in 450 1l of PBS, then ice cold 10% TritonX-114 was added
to 1% final concentration and the OMV-containing solution
was incubated at 4°C for 1h under shaking. The solution was
then heated at 37°C for 10 min and the aqueous phase was
separated from the detergent by centrifugation at 13,000 x g
for 10 min. Proteins in both phases were then precipitated by
standard chloroform/methanol procedure, separated by SDS-
PAGE electrophoresis and stained with Coomassie blue.

Vaccine Immunogenicity and Tumor
Challenge

OMV Immunizations

BALB/c mice were vaccinated on day 0, 14, and 28 with 20
png of either “empty” OMVs [derived from BL21AompA
(pET21_Empty)] or MBP-mD8-FAT1-OMVs strain
supplemented with Alum, or FhuD2-mD8-FATI1 strain. At
day 35, 2 x 10° CT26 cells were subcutaneously (s.c.) injected
in each animal and tumor growth was measured with a caliper
every 3 days over a period of 30 days. For ethical reasons, mice
were euthanized when tumors reached a size of 1,500 mm?.
Immunization With MBP-mD8-FAT1-OMVs Combined
With Nm-fHbp-vlll OMVs

C57bl6 mice (8 mice/group) were vaccinated on day 0, 14, and 28
with 20 pg “empty” OMVs, 20 pg MBP-mD8-FAT1-OMVss, 20
png Nm-fHbp-vIII-OMVs and 10 pg of MBP-mD8-FAT1-OMV's
+ 10 pg Nm-fHbp-vIII-OMV's supplemented with Alum. At day
35, 10° B16F10-EGFRVIII cells were s.c. injected in each animal
and tumor growth was followed as described above.

Immunization With mD8-FAT1-OMVs Combined With
CT26 Neo-Epitopes

BALB/c mice (six mice/group) were i.p. vaccinated on day 0,
14, and 28 with 20 pg of either “empty” OMVs (Groupl)
or mD8-FAT1-OMVs (group 2 and 3). At day 35, 2 x 10°
CT26 cells were subcutaneously (s.c.) injected in each animal as
previously described. The following day mice of group 3 were i.p.
immunized with 20 pug of “empty” OMV's supplemented with 20
ng each of the five CT26 peptides (“pentatope”). Immunizations
were repeated every 3 days for seven times and tumor growth was
followed as described above.

Analysis of Anti-mD8-FAT1 Antibodies in Immunized
Animals

Anti-mD8-FAT1 antibodies were measured by ELISA. Amino
plates (Thermo Fisher) were coated with synthetic mD8-FAT1
peptide (0.5 pg/well) and incubated overnight at 4°C. The day
after, plates were saturated with a solution of 1% BSA in PBS
(200 pl per well) for 1 hr at 37°C. Mice sera were threefold
serially diluted in PBS supplemented with 0.05% tween (PBST)
and 0.1 % BSA. After 3 washes with PBST, 100 nl of each
serum dilution were dispensed in plate wells. As positive control,
Anti-mD8-FAT1 rabbit serum from animals immunized with
KLH-conjugated IQVEATDKDLGPSGHVTYAILTDTE peptide
was used. After 2 hr incubation at 37°C, wells were washed three

times with PBST and then incubated 30 min at 37°C with mouse
anti-rabbit alkaline phosphatase-conjugate antibodies at a final
dilution of 1: 2,000. After 3 washes with PBST, 100 1l of Alkaline
Phosphatase substrate (Sigma Aldrich) were added to each well
and plates were maintained at room temperature in the dark for
30 min. Finally, absorbance was read at 405nm using the M2
Spectramax Reader plate instrument.

T Cell Analysis

At the end of the tumor challenge studies described above
(30 days from tumor cell administration) mice were sacrificed
and spleens collected in 5ml DMEM high glucose (GIBCO).
Spleens were then homogenized and splenocytes filtered using a
Cell Strainer 70 pm. After centrifugation at 400 x g for 7 min,
splenocytes were suspended in PBS and aliquoted in a 96 well
plate at a concentration of 1 x 10° cells per well. Cells were
stimulated with 10 mg/ml of an unrelated peptide (negative
control), or 10 mg/ml each of a mix of the five peptides that
make up the “pentatope” (MO03, M20; M26, M27, and M68
peptides). As positive control, cells were stimulated with phorbol
12-myristate 13-acetate (PMA, 0.5 mg/ml) and Ionomycin (1
mg/ml). After 2 h of stimulation at room temperature, Brefeldin
A [Beckton Dickenson (BD)] was added to each well and cells
incubated for 4 h at 37°C. After 2 washes with PBS, NearI[RDead
cell staining reaction mixture (Thermo Fisher) was incubated
with the splenocytes for 20 min at room temperature in the
dark. After two washes with PBS and permeabilization and
fixing with Cytofix/Cytoperm (BD) using the manufacturer’s
protocol, splenocytes were stained with a mix of the following
fluorescent-labeled antibodies: Anti CD3-APC (BioLegend),
Anti-CD4-BV510 (BioLegend), anti-CD8-PECF594 (BD) and
IFN-y-BV785 (BioLegend). Samples were analyzed on a BD
LSRII FACS using FlowJo software. Graphs were processed
with Prism 5.0 software (Graphpad). Statistical analysis and
differences in means between two groups were compared by
unpaired, two-tailed Student’s t-test (n.s.: P > 0.05, *P < 0.05,
P < 0.01, ¥*P < 0.001).

Analysis of Tumor Infiltrating Lymphocytes

Tumor infiltrating lymphocytes were isolated from subcutaneous
CT26 tumors taken from sacrificed mice. At least two tumors
per group were collected and minced into pieces of 1-2mm
of diameter using a sterile scalpel. Tumor samples were then
transferred into a 15ml tubes containing 5ml of collagenase
solution (Collagenase Type 3 200 U\ml, Collagenase Type 4
200 U\ml) diluted in HBSS with 3mM CaCl, and incubated
under agitation for 2h at 37°C. The resulting cell suspensions
were filtered through a Cell Strainer 70 um, washed twice with
PBS and 1 x 10° cells were dispensed in a 96 well plate. Then
cells were incubated with NearIRDead cell staining Kit (Thermo
Fisher) 20 min on ice in the dark. After two washes with PBS,
samples were stained with the following mixture of fluorescent-
labeled antibodies (BD): anti GR1 (BV605), anti-CD11b-BV480,
anti-CD45-BV786, anti-CD4-PE, and anti-CD8-PECF594. The
samples were then incubated 1 h at RT. After 2 washes with PBS,
Cytofix/Cytoperm (BD) was added to each well and incubated
20min on ice in the dark. After 2 washes with PBS, cells
were stained with anti-Foxp3-A488 (BD) antibodies diluted in

Frontiers in Oncology | www.frontiersin.org

12

October 2018 | Volume 8 | Article 481


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Grandi et al.

Enginereed OMVs as Cancer Vaccines

Permwash 1X buffer 20 min at RT in the dark. Finally, samples
were washed 2 times with 1% BSA in PBS and analyzed on a BD
LSR IT FACS as described above.

RNA Extraction and gRT-PCR Analysis

RNA extraction from cell lines was performed using the RNeasy
mini kit (QIAGEN) and 500 ng of it were reverse transcribed
using Superscript III Reverse Transcriptase (Life Technologies)
with oligo dT. Triplicate cDNA samples from each cell line (equal
to 50 ng RNA/sample) were subjected to qRT-PCR to assess
the relative FAT1 (Quantitect® Primer Assay for mouse FATI,
QIAGEN) transcript levels using the Quantitect® SYBR Green
PCR kit (QIAGEN). MAPK, actin (Quantitect® Primer Assay
for Human actin or MAPK, QIAGEN), were used as an internal
normalization controls, respectively. Data were analyzed with the
One-Step Plus qRT-PCR equipment (Applied Biosystems).

Cytotoxicity Assay

5 x 10* CT26 cells were plated in triplicate in a 96 wells
plate in RPMI medium + 10% FBS (GIBCO). Cells were
incubated for 72h at 37°C with three different concentrations
(10 pg/ml, 5g/ml and 1 pg/ml) of affinity-purified rabbit anti-
mDB8-FAT1 polyclonal antibodies. As controls CT26 cells were
incubated with PBS, pre-immune serum from the same rabbit
used for D8-FAT1 immunization (1:1000 final dilution), or with
three concentrations of rabbit polyclonal antibodies against an
unrelated peptide. Cell proliferation was followed using the
CellTiter 96 Non-Radioactive Cell Proliferation Assay (Promega)
according to the manufacturers protocol. Finally, absorbance
was read at 750nm using the M2 Spectramax Reader plate
instrument.

ETHICS STATEMENT

Mice were monitored twice per day to evaluate early signs of pain
and distress, such as respiration rate, posture, and loss of weight

REFERENCES

1. Dunne ], Hanby AM, Poulsom R, Jones TA, Sheer D, Chin WG, et al.
Molecular cloning and tissue expression of FAT, the human homologue
of the Drosophila fat gene that is located on chromosome 4q34-q35
and encodes a putative adhesion molecule. Genomics (1995) 30:207-23.
doi: 10.1006/geno.1995.9884

2. Moeller MJ, Soofi A, Braun GS, Li X, Watzl C, Kriz W, et al. Protocadherin
FAT1 binds Ena/VASP proteins and is necessary for actin dynamics and cell
polarization. EMBO J. (2004) 23:3769-94. doi: 10.1038/sj.embo0j.7600380

3. Morris LG, Kaufman AM, Gong Y, Ramaswami D, Walsh LA, Turcan S, et al.

Recurrent somatic mutation of FAT1 in multiple human cancers leads to
aberrant Wnt activation. Nat Genet. (2013) 45:253-61. doi: 10.1038/ng.2538

. de Bock CE, Ardjmand A, Molloy TJ, Bone SM, Johnstone D, Campbell

DM, et al. The Fatl cadherin is overexpressed and an independent
prognostic factor for survival in paired diagnosis-relapse samples of
precursor B-cell acute lymphoblastic leukemia. Leukemia (2012) 26:918-26.
doi: 10.1038/leu.2011.319

5. Valletta D, Czech B, Spruss T, Ikenberg K, Wild P, Hartmann A, et al.
Regulation and function of the atypical cadherin FAT1 in hepatocellular
carcinoma. Carcinogenesis (2014) 35:1407-15. doi: 10.1093/carcin/bgu054

(more than 20%) according to humane end points. Animals
showing such conditions were anesthetized and subsequently
sacrificed in accordance with experimental protocols, which were
reviewed and approved by the Animal Ethical Committee of
Toscana Life Sciences Foundation and by the Italian Ministry of
Health.

AUTHOR CONTRIBUTIONS

AlG and MP cloning, expression, purification OMVs, challenge
studies, flow cytometry, and manuscript revision. SV mouse
models. ST and CS, flow cytometry. LaF, CI, RC, EC, and SS
cloning and OMV preparation, antigen compartmentalization
in OMVs. MT and IZ flow cytometry, T cell analysis and
tumor challenge. LuE, LG, EK, SI, and AsG WB, protein analysis
and ELISA. GG experimental design, project coordination, and
manuscript preparation.

FUNDING

This work has been supported by the Advanced ERC grant
OMVac 340915 and by the PoC ERC grant OMCRC 780417
assigned to GG.

ACKNOWLEDGMENTS

We are deeply indebted to Prof. J. H. Sampson (Duke
University Medical Center, Durham, NC) for providing the
B16F10EGFRVIII cell line and to Dr. Stefano Prete and Dr. Erika
Bellini for their expert support in animal studies.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2018.00481/full#supplementary-material

6. Wojtalewicz N, Sadeqzadeh E, Weif3 JV, Tehrani MM, Klein-Scory S, Hahn
S, et al. A soluble form of the giant cadherin Fatl is released from pancreatic
cancer cells by ADAM10 mediated ectodomain shedding. PLoS ONE (2014)
9:¢90461. doi: 10.1371/journal.pone.0090461

7. Pileri P, Campagnoli S, Grandi A, Parri M, De Camilli E, Song C, et al. FAT1: A
potential target for monoclonal antibody therapy in colon cancer. Br ] Cancer
(2016) 115:40-51. doi: 10.1038/bjc.2016.145

8. Grandi A, Tomasi M, Grandi G. Vaccinology: the art of putting
together the right ingredients. Hum Vaccin Immunother. (2016) 12:1311-7.
doi: 10.1080/21645515.2015.1123829

9. Kulp A, Kuehn M]J. Biological functions and biogenesis of secreted

bacterial outer membrane vesicles. Annu Rev Microbiol. (2010) 64:163-84.
doi: 10.1146/annurev.micro.091208.073413

. Ellis TN, Kuehen M]J. Virulence and immunomodulatory roles of bacterial

outer membrane vesicles. Microbiol Mol Biol Rev. (2010) 74:81-94.
doi: 10.1128/ MMBR.00031-09

. Ellis TN, Leiman SA, Kuehn M]J. Naturally produced outer membrane

vesicles from Pseudomonas aeruginosa elicit a potent innate immune
response via combined sensing of both lipopolysaccharide and protein
components. Infect Immun. (2010) 78:3822-31. doi: 10.1128/IAL
00433-10

Frontiers in Oncology | www.frontiersin.org

13

October 2018 | Volume 8 | Article 481


https://www.frontiersin.org/articles/10.3389/fonc.2018.00481/full#supplementary-material
https://doi.org/10.1006/geno.1995.9884
https://doi.org/10.1038/sj.emboj.7600380
https://doi.org/10.1038/ng.2538
https://doi.org/10.1038/leu.2011.319
https://doi.org/10.1093/carcin/bgu054
https://doi.org/10.1371/journal.pone.0090461
https://doi.org/10.1038/bjc.2016.145
https://doi.org/10.1080/21645515.2015.1123829
https://doi.org/10.1146/annurev.micro.091208.073413
https://doi.org/10.1128/MMBR.00031-09
https://doi.org/10.1128/IAI.00433-10
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Grandi et al.

Enginereed OMVs as Cancer Vaccines

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Kaparakis M, Turnbull L, Carneiro L, Firth S, Coleman HA, Parkington HC,
et al. Bacterial membrane vesicles deliver peptidoglycan to NOD1 in epithelial
cells. Cell Microbiol. (2010) 12:372-85. doi: 10.1111/j.1462-5822.2009.01404.x
Chen DJ, Osterrieder N, Metzger SM, Buckles E, Doody AM, DeLisa MP, et al.
Delivery of foreign antigens by engineered outer membrane vesicle vaccines.
Proc Natl Acad Sci USA. (2010) 107:3099-104. doi: 10.1073/pnas.0805532107
Kesty NC, Kuehn M]J. Incorporation of heterologous outer membrane and
periplasmic proteins into Escherichia coli outer membrane vesicles. | Biol
Chem. (2004) 279:2069-76. doi: 10.1074/jbc.M307628200

Schroeder J, Aebischer T. Recombinant outer membrane vesicles to
augment antigen-specific live vaccine responses. Vaccine (2009) 27:6748-54.
doi: 10.1016/j.vaccine.2009.08.106

Fantappié L, de Santis M, Chiarot E, Carboni E Bensi G, Jousson O, et al.
Antibody-mediated immunity induced by engineered Escherichia coli OMV's
carrying heterologous antigens in their lumen. J Extracell Vesicles (2014)
3:24015. doi: 10.3402/jev.v3.24015

Fantappi¢ L, Irene C, De Santis M, Armini A, Gagliardi A, Tomasi
M, et al. Some Gram-negative lipoproteins keep their surface topology
when transplanted from one species to another and deliver foreign
polypeptides to the bacterial surface. Mol Cell Proteomics (2017) 16:1348-64.
doi: 10.1074/mcp.M116.065094

Granoff D. Review of meningococcal group B vaccines. Clin Infect Dis. (2010)
50:554-65. doi: 10.1086/648966

Berlanda Scorza F, Colucci AM, Maggiore L, Sanzone S, Rossi O, Ferlenghi
L, et al. High yield production process for Shigella outer membrane particles.
PL0S ONE (2012) 7:¢35616. doi: 10.1371/journal.pone.0035616

Sahin U, Derhovanessian E, Miller M, Kloke BP, Simon P, Lower M, et al.
Personalized RNA mutanome vaccines mobilize poly-specific therapeutic
immunity against cancer. Nature (2017) 547:222-6. doi: 10.1038/nature23003
Ott PA, Hu Z, Keskin DB, Shukla SA, Sun ], Bozym DJ, et al. An immunogenic
personal neoantigen vaccine for patients with melanoma. Nature (2017)
547:217-21. doi: 10.1038/nature22991

Del Vecchio CA, Li G, Wong AJ. Targeting EGF receptor variant III: tumor-
specific peptide vaccination for malignant gliomas. Expert Rev Vaccines (2012)
11:133-44. doi: 10.1586/erv.11.177

Kreiter S, Vormehr M, van de Roemer N, Diken M, Lower M, Diekmann J,
et al. Mutant MHC class II epitopes drive therapeutic immune responses to
cancer. Nature (2015) 520:692-6. doi: 10.1038/nature14426

Grandi A, Tomasi M, Zanella I, Ganfini L, Caproni E, Fantappie L,
et al. Synergistic protective activity of tumor-specific epitopes engineered
in bacterial outer membrane vesicles. Front Oncol. (2017) 7:253.
doi: 10.3389/fonc.2017.00253

Kellermann OK, Ferenci T. Maltose-binding protein from Escherichia coli.
Methods Enzymol. (1982) 90:459-63. doi: 10.1016/S0076-6879(82)90171-9
Sebulsky MT, Heinrichs DE. Identification
of fhuDl and fhuD2, two genes involved
uptake in Staphylococcus aureus. ] Bacteriol.
doi: 10.1128/JB.183.17.4994-5000.2001

Elsamadicy AA, Chongsathidkiet P, Desai R, Woroniecka K, Farber SH, Fecci
PE, et al. Prospect of rindopepimut in the treatment of glioblastoma. Expert
Opin Biol Ther. (2017) 17:507-13. doi: 10.1080/14712598.2017.1299705
Kwaepila N, Burns G, Leong AS. Immunohistological localisation of
human FAT1 (hFAT) protein in 326 breast cancers. Does this adhesion
molecule have a role in pathogenesis? Pathology (2006) 38:125-31.
doi: 10.1080/00313020600559975

characterization
in iron-hydroxamate
(2001) 183:4994-5000.

and

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Sadeqzadeh E, de Bock CE, Zhang XD, Shipman KL, Scott NM, Song
C, et al. Dual processing of FAT1 cadherin protein by human melanoma
cells generates distinct protein products. J Biol Chem. (2011) 286:28181-91.
doi: 10.1074/jbc.M111.234419

Symowicz ], Adley BP, Gleason K], Johnson JJ, Ghosh S, Fishman
DA, et al. Engagement of collagen-binding integrins promotes
matrix metalloproteinase-9-dependent E-cadherin ectodomain

shedding in ovarian carcinoma cells. Cancer Res. (2007) 67:2030-9.
doi: 10.1158/0008-5472.CAN-06-2808

Nawrocki-Raby B, Gilles C, Polette M, Bruyneel E, Laronze JY, Bonnet N, et al.
Upregulation of MMPs by soluble E-cadherin in human lung tumor cells. Int
J Cancer (2003) 105:790-5. doi: 10.1002/ijc.11168

Weinberg RA. The Biology of Cancer. New York, NY: Garland Science; Taylor
& Francis group, LLC (2013). p. 209

Gan HK, Cvrljevic AN, Johns TG. The epidermal growtsh factor receptor
variant III (EGFRVIII): where wild things are altered. FEBS J. (2013) 280:5350-
70. doi: 10.1111/febs.12393

Tran E, Robbins PE, Rosenberg SA. ‘Final common pathway’ of human cancer
immunotherapy: targeting random somatic mutations. Nat Immunol. (2017)
8:255-62. doi: 10.1038/ni.3682

Sadelain M, Riviere I, Riddell S. Therapeutic T cell engineering. Nature (2017)
545:423-31. doi: 10.1038/nature22395

Sahin U, Tureci O. Personalized vaccines for cancer immunotherapy. Science
(2018) 359:1355-60. doi: 10.1126/science.aar7112

Humphrey PA, Wong AJ, Vogelstein B, Zalutsky MR, Fuller GN, Archer
GE, et al. Anti-synthetic peptide antibody reacting at the fusion junction of
deletion-mutant epidermal growth factor receptors in human glioblastoma.
Proc Natl Acad Sci USA. (1990) 87:4207-11. doi: 10.1073/pnas.87.11.4207
Heimberger AB, Crotty LE, Archer GE, Hess KR, Wikstrand CJ, Friedman
AH, et al. Epidermal growth factor receptor VIII peptide vaccination is
efficacious against established intracerebral tumors. Clin Cancer Res. (2003)
9:4247-52.

Grandi G, Fantappié L, Irene C. Immunogenic Compositions Containing
Bacterial Outer Membrane Vesicles. EP 3312192 (A1) Universita Degli Studi
Di Trento, Trento (2018).

Klock HE, Lesley SA. The Polymerase Incomplete Primer Extension (PIPE)
method applied to high-throughput cloning and site-directed mutagenesis.
Methods Mol Biol. (2009) 498:91-103. doi: 10.1007/978-1-59745-196-3_6
Grandi G, Cafardi V, Fantappi¢ L, Grifantini R, Grandi A. Immunogenic
Compositions Containing Outer Membrane Vesicles and Therapeutic Uses
Thereof. EP 3298031 (A1) Universita Degli Studi Di Trento, Trento (2016).

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Grandi, Fantappie, Irene, Valensin, Tomasi, Stupia, Corbellari,
Caproni, Zanella, Isaac, Ganfini, Frattini, Konig, Gagliardi, Tavarini, Sammicheli,
Parri and Grandi. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

14

October 2018 | Volume 8 | Article 481


https://doi.org/10.1111/j.1462-5822.2009.01404.x
https://doi.org/10.1073/pnas.0805532107
https://doi.org/10.1074/jbc.M307628200
https://doi.org/10.1016/j.vaccine.2009.08.106
https://doi.org/10.3402/jev.v3.24015
https://doi.org/10.1074/mcp.M116.065094
https://doi.org/10.1086/648966
https://doi.org/10.1371/journal.pone.0035616
https://doi.org/10.1038/nature23003
https://doi.org/10.1038/nature22991
https://doi.org/10.1586/erv.11.177
https://doi.org/10.1038/nature14426
https://doi.org/10.3389/fonc.2017.00253
https://doi.org/10.1016/S0076-6879(82)90171-9
https://doi.org/10.1128/JB.183.17.4994-5000.2001
https://doi.org/10.1080/14712598.2017.1299705
https://doi.org/10.1080/00313020600559975
https://doi.org/10.1074/jbc.M111.234419
https://doi.org/10.1158/0008-5472.CAN-06-2808
https://doi.org/10.1002/ijc.11168
https://doi.org/10.1111/febs.12393
https://doi.org/10.1038/ni.3682
https://doi.org/10.1038/nature22395
https://doi.org/10.1126/science.aar7112
https://doi.org/10.1073/pnas.87.11.4207
https://doi.org/10.1007/978-1-59745-196-3_6
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Vaccination With a FAT1-Derived B Cell Epitope Combined With Tumor-Specific B and T Cell Epitopes Elicits Additive Protection in Cancer Mouse Models
	Introduction
	Results
	FAT1 Is Expressed in Murine Cancer Cell Lines
	OMVs Can Be Decorated With mD8-FAT1
	mD8-FAT1-OMVs Immunization Inhibits Tumor Growth in CT26-Challenged Mice
	mD8-FAT1-OMVs Immunization Cooperates With OMVs Decorated With Other Cancer-Specific B Cell Epitopes
	mD8-FAT1-OMVs Synergize With OMVs Decorated With Cancer T Cells Epitopes in Protecting Mice From Tumor Challenge

	Discussion
	Materials and Methods
	Bacterial Strains, Cell Line, and Mice
	Construction of Plasmids
	Synthetic Peptides and Antibodies
	Preparation of Bacterial Total Lysates and OMVs
	Flow Cytometry Analysis
	Triton X-114 Protein Separation From OMVs
	Vaccine Immunogenicity and Tumor Challenge
	OMV Immunizations
	Immunization With MBP-mD8-FAT1-OMVs Combined With Nm-fHbp-vIII OMVs
	Immunization With mD8-FAT1-OMVs Combined With CT26 Neo-Epitopes
	Analysis of Anti-mD8-FAT1 Antibodies in Immunized Animals
	T Cell Analysis
	Analysis of Tumor Infiltrating Lymphocytes

	RNA Extraction and qRT-PCR Analysis
	Cytotoxicity Assay

	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


