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Ana Villegas-Mendez'>*, Marina | Garin?, Estela Pineda-Molina*, Eugenia Veratti', Juan A Bueren?,

Pascal Fender*" and Jean-Luc Lenormand'

"HumProTher Laboratory, TIMC-ThereX, UMR 5525 CNRS-UJF, Université Joseph Fourier, UFR de Médecine, Domaine de la Merci, La Tronche, France;
2Hematopoiesis and Gene Therapy Division, Centro de Investigaciones Energéticas, Medioambientales y Tecnoldgicas (CIEMAT), Madrid, Spain;
3Laboratorio de Estudios Cristalogrdficos, IACT, CSIC, Granada, Spain; *Institut de Biologie Structurale, CNRS-UJF-CEA, Grenoble, France

Cancervaccines based on virus-like particles (VLPs) vectors
may offer many advantages over other antigen-delivery
systems and represent an alternative to the ex vivo cell
therapy approach. In this study, we describe the use of
penton-dodecahedron (Pt-Dd) VLPs from human adeno-
virus type 3 (Ad3) as cancer vaccine vehicle for specific
antigens, based on its unique cellular internalization
properties. WW domains from the ubiquitin ligase Nedd4
serve as an adapter to bind the antigen to Pt-Dd. By
engineering fusion partners of WW with the model anti-
gen ovalbumin (OVA), Pt-Dd can efficiently deliver WW-
OVA in vitro and the Pt-Dd/WW complex can be readily
internalized by dendritic cells (DCs). Immunization with
WW-OVA/Pt-Dd results in 90% protection against B16-
OVA melanoma implantation in syngeneic mice. This
high level of protection correlates with the development
of OVA-specific CD8* T cells. Moreover, vaccination with
WW-OVA Pt-Dd induces robust humoral responses in
mice as shown by the high levels of anti-OVA antibodies
(Abs) detected in serum. Importantly, treatment of mice
bearing B16-OVA tumors with WW-OVA/Pt-Dd results in
complete tumor regression in 100% of cases. Thus, our
data supports a dual role of Pt-Dd as antigen-delivery
vector and natural adjuvant, able to generate integrated
cellular and humoral responses of broad immunogenic
complexity to elicit specific antitumor immunity. Antigen
delivery by Pt-Dd vector is a promising novel strategy for
development of cancer vaccines with important clinical
applications.
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INTRODUCTION

Dendritic cells (DCs) are specialized antigen-presenting cells that
orchestrate innate and adaptive immune responses, making them
ideal candidates for cancer immunotherapy. Attempts to harness

their potential to induce tumor-specific cytotoxic T lymphocyte
(CTL) responses have mainly focused on ex vivo DC therapies.
However, DCs ex vivo handling can be impractical.! In recent
years, antigen delivery to DCs in vivo®™ is being proposed as alter-
native to the ex vivo cell therapy.

A prerequisite for stimulation of antigen-specific CD8* T cells
is the effective delivery of antigens to DCs for processing and cross-
presentation by major histocompatibility complex (MHC) class I
molecules. Although efforts in cancer vaccine development have
mostly focused on eliciting a CTL response, recent studies support
that an effective cancer vaccine should stimulate a robust, sus-
tained and integrated cellular and humoral immune responses.**
Thus, the production of antibody (Ab) against the tumor antigen
could offer additional protection against tumor development by
Ab-dependent cellular cytotoxicity and/or inhibition of antigen
function.’

Adenoviruses (Ads), in particular their capsid components,
have the natural ability to induce strong inflammatory and immune
responses.®® Clinical studies using recombinant Ad have shown
their capacity to trigger an intense and long-lasting cellular Th1
and humoral responses against the transgene product.'® Moreover,
the potential of Ad capsomers as vaccination adjuvants has been
reported.!! The major Ad capsomers are the trimeric hexons mak-
ing the triangular facets of the icosahedral capsid (240 per virion).
At each of the 12 vertices of the virion is located a noncovalent
complex (penton, Pt) consisting of the Pt base and the protruding
fibers (Figure 1a, upper part). Interestingly, Pt, which is involved
in the virion attachment and cell entry, keeps its internalization
properties when used as single-purified capsomer'>'"* and has thus
been used as a new vector in gene and protein delivery.'>"*¢

Among these systems, our interest has focused on the Ad type
3 (Ad3) virus-like particle (VLP) known as Pt-dodecahedron
(Pt-Dd). When the Pt base and fiber proteins are expressed in a
baculovirus system, they self-assemble into this dodecahedron
Pt-Dd particle (Figure 1a, upper part), which can be efficiently
internalized inside the cell through interaction with integrins and
heparan-sulfate proteoglycans on the cell membrane.'»'”!® We
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Figure 1 Description of Pt-Dd VLPs as protein delivery system for vaccine development. (a) Structure of human Ad3 and its Pt-Dd particle.
Schematic representation of the Ad morphology, including an icosahedral capsid with Pt structures at the vertices (upper left diagram). Pt (zoomed
diagram) comprises a noncovalent complex of trimeric fiber protein attached to a pentameric penton base. Self-association of the Pt results in the for-
mation of the DNA devoid Pt-Dd particle (upper right diagram). Electron micrographs (obtained as described in ref. 18) illustrate the size comparison
between Ad3 capsid and Dd particle (left) and the Pt-Dd detailed structure (right). (b) Schematic representation of the recombinant fusion protein
WW-OVA, which comprises (i) WW, , , domains from Nedd4; (ii) the NH,-terminal peptide of influenza virus HA2; (iii) a 129 amino acid C-terminal
fragment of OVA containing the MHC class | immunodominant peptide SIINFEKL. (¢) SDS-PAGE analysis of purified proteins. WW and WW-OVA
proteins were expressed in BL21 cells and purified by affinity column. Pt-Dd VLPs were expressed in baculovirus and purified in a sucrose density gra-
dient. Ad3, adenovirus type 3; MHC, major histocompatibility complex; OVA, ovalbumin; Pt-Dd, penton-dodecahedron; SDS-PAGE, sodium dodecyl

sulfate-polyacrylamide gel electrophoresis; VLP, virus-like particle.

have previously reported the use of Pt-Dd for protein delivery and
designed an original system for protein transduction into cells."'¢
The base protein contains two strictly conserved N-terminus PPxY
motifs, which are involved in the interaction with WW domains
from Nedd4-like E3 ubiquitin ligases."

We have investigated the transduction of antigen using Pt-Dd
to generate integrated cellular and humoral responses of broad
immunogenic complexity. To achieve this goal, we exploited the
binding of Pt-Dd to WW structural domains from Nedd4 to
deliver antigens into DCs. Our in vivo results using ovalbumin
(OVA) as tumor model antigen fused to WW demonstrate the
efficacy of a Pt-Dd vaccine in preventing tumor development
and more importantly, in suppressing the growth of established
tumors. The high protection achieved in the vaccinated mice
correlates with the development of OVA-specific CTLs and the
production of Abs against OVA, indicating that both cellular and
humoral responses are taking place. Thus, these data demonstrate
the potential of Pt-Dd VLPs as novel and efficient vaccine for
cancer immunotherapy.

RESULTS

Production of Pt-Dd VLPs and recombinant

protein antigens

We use recombinant Pt-Dd VLPs from Ad3 (Figure la, upper
part) as a vehicle to deliver protein antigens to DCs for effec-
tive immunotherapy. Pt-Dd VLPs are particles devoid of DNA of
smaller size than the Ad3 capsomere (Figure la, electron micro-
graph, left, obtained as described in ref. 18) formed by the self-
assembly of 12 Pt (Figure la, electron micrograph, right). The
Pt-Dd antigen-carrier particle was constructed by engineering
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fusion partners to WW domains from Nedd4. OVA is a well-
characterized antigen>****! and generates the immunodominant
MHC class I epitope OVA,_  , SIINFEKL.* Thus, it represents
an ideal antigen model to study the immunization potential of
novel candidate vaccines. The C-terminal region of OVA (residues
248-376, comprising the SIINFEKL peptide) was cloned in frame
with WW domains and expressed as recombinant fusion protein
(Figure 1b). WW was also expressed individually as control pro-
tein. Both WW and WW-OVA were purified from the soluble
fraction of cell lysates by affinity column, resulting in predomi-
nantly single species of the correct molecular size, as observed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis analy-
sis (Figure 1c). The Pt base and fiber proteins were expressed in
a baculovirus system, where they self-assemble to form the Pt-Dd
particle [Figure 1a (ref. 12)]. Pt-Dd was purified from a density
sucrose gradient and the integrity and purity of both base and
fiber proteins confirmed by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (Figure 1c).

Pt-Dd serves as vehicle to deliver protein

antigens into cells

Previous studies demonstrate the ability of Pt-Dd to internalize
macromolecules into cells, including WW-fusion proteins.'® To
investigate whether Pt-Dd is also able to deliver protein anti-
gens, purified WW-OVA fusion protein was incubated with
Pt-Dd and HelLa cells were treated with these protein complexes.
Immunofluorescence analysis of the transduced cells revealed that
Pt-Dd is internalized as observed by the red punctuated signal
(Figure 2a, middle right panel) and is able to deliver WW-OVA
protein into cells (Figure 2a, top right panel). Control experiments
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Figure 2 Cellular uptake of proteins mediated by Pt-Dd. (a) Hela
cells were either untreated (left panel) or incubated for 1 hour with
WW-OVA/Pt-Dd protein complexes (right panel). Protein internalization
was detected by immunocytochemistry on fixed cells, colocalization of
Pt-Dd, and WW-OVA is shown in the merge panel, with nuclei counter
stained with Hoechst dye. (b) Mouse bone marrow-derived DCs were
incubated for 3 hours with either Alexa 647-labeled WW protein only
(gray histogram) or in complex with Pt-Dd (black histogram). Cells were
trypsinized to remove surface bound proteins and protein internaliza-
tion analyzed by flow cytometry. DC, dendritic cell; OVA, ovalbumin;
Pt-Dd, penton-dodecahedron.

using nontreated cells demonstrate that the internalization
observed is not due to nonspecific signal (Figure 2a, left panels).
A high degree of both Pt-Dd and WW-OVA uptake is appreciated
in all cells, which colocalizes into endocytic vesicles as denoted by
the yellow punctuated signal in the merge panel (Figure 2a, bot-
tom right panel). To exclude possible artifacts arising from perme-
abilization and fixation of cells, live imaging confocal microscopy
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Figure 3 Vaccination with WW-OVA/Pt-Dd generates OVA-specific
CD8" T-cell responses. C57BL/6 naive mice (N = 3) were immu-
nized twice with WW-OVA/Pt-Dd protein complexes or PBS. CD8*
T-cell responses were measured 14 days postinjection on splenocytes.
(@) H-2KP-OVA (SIINFEKL) tetramer staining on CD8* cells from mice
injected with PBS (left panel) or Pt-Dd/WW-OVA (right panel). (b) Specific
killing of B16-OVA target cells by FACS-based cytotoxicity assay. A quan-
titative analysis of viable target cells was performed using FITC-labeled
calibration beads and the percentage of specific lysis was calculated
with the formula [1 - (R, /R, )] x 100, as described in Supplementary
Materials and Methods. FACS, fluorescence-activated cell sorting;
FITC, fluorescein isothiocyanate; OVA, ovalbumin; PBS, phosphate-
buffered saline; Pt-Dd, penton-dodecahedron.

experiments on HeLa cells demonstrate that Pt-Dd labeled with
Cy5 is correctly internalized and colocalized with endosomes
marker Rab5a-RFP (see Supplementary Figure S1).

We then wanted to confirm that this efficient internalization
observed also occurs in primary nonfixed cells, more specifically
in DCs. To address this point, we incubated bone marrow-derived
DCs with Alexa 647 WW protein in complex with Pt-Dd and ana-
lyze internalization by flow cytometry. As shown in Figure 2b,
100% of the DCs incubated with WW/Pt-Dd protein complexes
show a clear shift of fluorescence (black histogram), indicating an
efficient internalization of the labeled WW protein. By contrast,
comparison to DCs treated with the labeled WW protein only
(gray histogram) indicates that WW protein is by itself poorly
internalized and evidences that protein transduction is mediated
by Pt-Dd particles (Figure 2b).

Vaccination with WW-OVA/Pt-Dd induces
OVA-specific CTL responses

We investigated the ability of WW-OVA/Pt-Dd to stimulate naive
CTL precursors in vivo. To this end, we immunized naive mice
subcutaneously (s.c.) with WW-OVA/Pt-Dd protein complexes
and harvested splenocytes at day 14. First, we used the MHC class
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Figure 4 Humoral response elicited by vaccination with WW-OVA/
Pt-Dd. (@) C57BL/6 naive mice (N = 6) were immunized twice (triangles)
or thrice (circles) with Pt-Dd/WW-OVA protein complexes, with 1-week
intervals between each boost. A control group included nonvaccinated
(NV, squares) naive mice (N = 4). Serum antibodies specific for OVA
were determined by ELISA at week 11 after the first immunization, using
OVA as antigen. Each point represents the mean of duplicate OD values
from each mouse serum at dilution 1/50. (b) Geometric mean and SEM
of serum-specific IgG isotypes and IgA from WW-OVA/Pt-Dd vaccinated
mice (black bars, N = 5) were determined by ELISA and compared to
nonvaccinated mice (white bars, N = 3).The unpaired t-test with Welch'’s
correction was used to compare Ab levels between vaccination groups
and a value of P < 0.05 was considered statistically significant. Ab, anti-
body; ELISA, enzyme-linked immunosorbent assay; IgG, immunoglobin
G; NV, nonvaccinated; OVA, ovalbumin; Pt-Dd, penton-dodecahedron.

I H-2K*-OVA ,,, ,,, (SIINFEKL) tetramer to identify the OVA-
specific CD8 T cells responding to WW-OVA/Pt-Dd vaccination.
Staining with anti-CD8" Ab and SIINFEKL tetramer demon-
strated that the frequency of OVA-specific CD8* cells increased
from 0.85% in control mice receiving phosphate-buffered saline
(PBS) to 5.23% in WW-OVA/Pt-Dd vaccinated mice (Figure 3a).
We then evaluated the functionality of OVA-specific CD8% cells
from WW-OVA/Pt-Dd vaccinated mice by cytotoxicity assay.
Vaccination with WW-OVA/Pt-Dd induced effective priming of
OVA-specific CTL responses with robust cytotoxic activity toward
the melanoma B16-OVA target cell line (Figure 3b, black squares).
The cytotoxicity observed is effector to target ratio dependent,
with target cell lysis of 37.2 and 60% at effector to target ratios of
50:1 and 100:1, respectively. Mice that received PBS only did not
elicit CTL-specific responses (Figure 3b, black circles) with only
a response slightly above background <14% at the highest effector
to target ratio (100:1).

Immunization with WW-OVA/Pt-Dd induces

a robust humoral response specific to OVA

To evaluate the humoral immune response elicited by WW-OVA/
Pt-Dd vaccination, serum OVA-specific Abs were measured
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Figure 5 Vaccination with WW-OVA/Pt-Dd prevents tumor engraft-
ment. C57BL/6 naive mice (N = 5-10) were immunized on days -14 and
-7 and challenged s.c. in the opposite flank (day 0) with 1 x 10° B16 or
B16-OVA melanoma cells. Tumor sizes were monitored every 2 days for
150 days or until tumors reached 10 mm in diameter. Data show tumor
growth curves for individual mice, with number of tumor-free mice indi-
cated in parenthesis. OVA, ovalbumin; PBS, phosphate-buffered saline;
Pt-Dd, penton-dodecahedron; s.c., subcutaneous.

by enzyme-linked immunosorbent assay using OVA as capture
antigen. As shown in Figure 4a, mice that received two vaccina-
tions of Pt-Dd/WW-OVA (black triangles) elicited serum anti-OVA
immunoglobin G (IgG) responses as compared to nonvaccinated
naive mice (black squares). Moreover, the IgG production can be
boosted with a third vaccination (black circles), resulting in two-
fold overall increase. To further characterize the humoral response
upon WW-OVA/Pt-Dd vaccination, we determined the titers of
serum IgG isotypes IgG1, IgG2a, IgG2b and IgG3, and IgA in vac-
cinated mice. All mice that received WW-OVA/Pt-Dd showed sig-
nificantly increased titers of all IgG isotypes and IgA (Figure 4b,
black bars) compared to nonvaccinated naive mice (Figure 4b,
white bars). Although there was no dominant serum IgG isotype
subclass in the vaccinated group, the high levels of IgG2a and IgG1
indicates that a roughly balanced Th1 and Th2 immune response is
induced with the WW-OVA/Pt-Dd vaccine.

Vaccination with WW-OVA/Pt-Dd protects

against B16-OVA tumor challenge

To evaluate whether the OVA-specific CTL responses and humoral
immunity observed upon vaccination with WW-OVA/Pt-Dd
could lead to protection against tumor growth, we performed an
in vivo tumor assay. Mice received a two-vaccination boost sched-
ule followed by s.c. challenge with B16-OVA or B16 melanoma
cells and were monitored for tumor growth and survival (Figures
5 and 6, respectively and Table 1). Vaccination with WW-OVA/
Pt-Dd induced a robust and long-lasting protective effect, result-
ing in suppression of B16-OVA tumor development (Figures 5
and 6, black circles). There was a complete tumor rejection in 9 out
of 10 vaccinated mice (90%) over 5 months post-tumor challenge
and a delay in tumor growth in one mouse (10%), whereas the
B16-OVA tumor kinetics in nonvaccinated mice is highly aggres-
sive (Figures 5 and 6, black squares), with a median of tumor
appearance and survival time of 11 and 19 days, respectively
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Table 1 Vaccination with WW-OVA/Pt-Dd protein complexes efficiently protects against B16-OVA melanoma

Group Tumor Vaccine? Tumor-free mice® Latency (days)© Survival (days)?
A B16 PBS 0/8 (0%) 11.0 (9.5-12.5) 17 (19-14)

B B16-OVA PBS 0/9 (0%) 11.0 (9.5-12.0) 19 (20-17)

C B16 WW-OVA+ Pt-Dd 0/9 (0%) 13.0 (10.5-16.5) 25(27-18)

D B16-OVA WW-OVA+ Pt-Dd 9/10 (90%) N/A >150

E B16-OVA WW + Pt-Dd 0/9 (0%) 11.0 (9.0-11.0) 18 (19-17)

F B16-OVA OVA 0/5 (0%) 13.0 (11.0-19.5) 30 (32-27)

Abbreviations: OVA, ovalbumin; PBS, phosphate-buffered saline; Pt-Dd, penton-dodecahedron; s.c., subcutaneous.

2Naive female C57BL/6 mice were vaccinated twice on days —-14 and -7 with WW(-OVA)/Pt-Dd protein complexes, native OVA or PBS. Vaccinated mice were
challenged s.c. with 1 x 10° B16 or B16-OVA cells on day 0. Presence of tumors and their sizes were assessed every 2 days in a blinded fashion until tumor reached
10mm in diameter. "Numbers represent tumor-free animals/total number of animals at day 150 after tumor challenge. Their corresponding percentage of protection
is reported in parenthesis. “Numbers indicate the median (and their 25 and 75 percentiles) of the time of tumor appearance. “Numbers indicate the median (and their
25 and 75 percentiles) of the mice survival time of mice challenged with B16 (or B16-OVA) as measured by the Kaplan—Meier survival analysis. There is a statistically
significant difference between survival curves (P < 0.001) as measured by the log-rank statistic test. The pairwise multiple comparisons using the Holm-Sidak method
revealed that only group D was significantly different from all the other vaccination groups (A versus D, B versus D, C versus D, and D versus E, P< 5 x 1075; D versus

F, P<2x107).

(Table 1, group B). To prove the specificity of the vaccine toward
the OVA antigen, WW-OVA/Pt-Dd vaccinated mice were chal-
lenged with B16 cells (Figures 5 and 6, open circles). Although
the tumor growth in this group is more heterogeneous, no over-
all significant effects were observed compared to mice challenged
with B16 that received PBS (Figures 5 and 6, black crosses), with
only a modest delay in tumor appearance and increased survival
(Table 1, groups A and C). Animals vaccinated with native OVA
(Figure 6 and Supplementary Figure S2, black triangles) devel-
oped B16-OVA tumors similarly to mice receiving either PBS
(Figure 5, black squares) or Pt-Dd/WW without OVA (Figure 6
and Supplementary Figure S2, open inverted triangles), although
with slightly slower tumor growth, resulting in a very modest
delay in tumor appearance and increased median survival from
19 to 30 days (Table 1, groups B, E, and F).

Treatment of tumor-bearing animals with
WW-OVA/Pt-Dd

Prophylactic vaccination in mice is a well-established and power-
ful tool to validate a vaccine candidate and assesses its efficacy
to induce robust tumor immunity. However, this approach has
a limited clinical relevance in humans and therefore it has to be
tested in therapeutic assays using tumor-bearing mice. Based on
the highly aggressive growth of B16 tumors, therapeutic assays
usually start after 24 hours s.c. implantation.” Therapeutic vacci-
nation with WW-OVA/Pt-Dd on tumor-bearing mice resulted in
permanent tumor rejection in 100% of the mice (Figure 7b, black
circles), whereas all mice in the control group developed tumors
(Figure 7a,b, white squares).

DISCUSSION

In this study, we have explored the Pt-Dd VLP from human Ad3
as carrier macromolecule for novel vaccine development. The ver-
satility of the Pt-Dd VLPs allows a protein of choice, in this case
the model antigen OVA, to be delivered into cells when fused to
WW binding domains (Figure 2). Vaccination with other VLPs
results in trafficking into lymph nodes® and free drainage to these
organs is possible for particles with the size of Pt-Dd,** allowing
the targeting of resident cells to elicit antigen-specific cellular
responses. Importantly, in vivo delivery of OVA by WW-OVA/
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Figure 6 A Pt-Dd-based vaccine is a potent immunogen in a prophy-
lactic tumor model and elicit tumor immunity. C57BL/6 naive mice
(N = 5-10) were immunized on days —14 and -7 and challenged s.c.
in the opposite flank (day 0) with 1 x 10° B16 or B16-OVA melanoma
cells. Data are representative of two independent experiments. Results
of the statistical analysis are shown in the legend to Table 1. OVA, oval-
bumin; PBS, phosphate-buffered saline; Pt-Dd, penton-dodecahedron;
s.c., subcutaneous.

Pt-Dd immunization elicits robust and sustained immune
responses capable of rejecting the highly aggressive and poorly
immunogenic B16-OVA melanoma (Figures 5 and 6).

Most efforts in vaccine development focus in the generation
of CD8* T-cell responses by improving antigen delivery and pre-
sentation on DC cell surface for initial T-cell encounter.**' Various
strategies have been used to actively direct the endocytosed anti-
gens to the MHC class I cross-presentation pathway.! In contrast
to protein and peptide antigens, most viral targeting vectors have
an inherent capacity to escape from the endosome, and drive
expression of antigens directly into the cytosol, resulting in effec-
tive MHC class Iloading. Vaccination with WW-OVA/Pt-Dd pro-
tein complexes leads to the efficient generation of CD8* T cells
specific for the OVA immunodominant MHC class I epitope
SIINFEKL (>5%, Figure 4a). This result indicates that the Pt-Dd
VLP particle can deliver antigens to DCs, allowing proteasome
processing and cross-presentation onto MHC class I molecules
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Figure 7 Treatment of tumor-bearing mice with WW-OVA/Pt-Dd.
C57BL/6 naive mice (N = 8) were challenged s.c. with 1 x 10° B16-
OVA melanoma cells on day 0 and immunized with WW-OVA/Pt-Dd
protein complexes or PBS (control group) on days 1 and 8. (a) Tumor
growth curves for individual mice. Tumor sizes were monitored every
2 days for 60 days or until tumors reached 10mm in diameter. The
number of tumor-free mice are shown in parenthesis. (b) Kaplan—-Meier
survival analysis showing the percentage of surviving mice. OVA, oval-
bumin; PBS, phosphate-buffered saline; Pt-Dd, penton-dodecahedron;
s.C., subcutaneous.

to generate specific CD8* T cells. Although not formally tested,
Pt-Dd by itself could favor the endosomal scape, because Dd Pt
base is thought to be involved in the release of cargo from endo-
somes by pH-induced conformational changes leading to mem-
brane disruption.?*?

Our vaccination strategy with WW-OVA/Pt-Dd is highly
effective in protecting animals to specifically reject B16-OVA
tumor implantation (Figures 5 and 6) and correlates with the
induction of functional CTL responses capable of B16-OVA Kkill-
ing in vitro (Figure 3b). More importantly, mice that received the
WW-OVA/Pt-Dd vaccine in curative assays display a total tumor
regression after 2-month postvaccination (Figure 7). We should
take into account, however, that coupling tumor-associated anti-
gens to WW instead of the exogenous OVA is unpredictable and
would need to be assessed experimentally. It is noteworthy that
the frequency of antigen-specific CD8' T cells does not con-
sistently correlate with the control of viral infection or tumor
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growth, which depends on qualitative rather than quantitative
parameters.” High-avidity CD81 T cells recognize epitopes at
low densities on the cell surface and preferentially undergo rapid
expansion in vivo.?

The efficacy of a vaccine is greatly dependent upon its abil-
ity to induce DC activation and maturation, which is necessary
for effective CTL responses. Targeted antigen vaccination without
additional maturation stimuli results in the induction of tolerance
rather than immunity.! Stimulation of the innate immune system
via toll-like receptors plays an important role in the generation
and maintenance of acquired immune responses.” toll-like recep-
tors recognize conserved molecular patterns present on patho-
gens, including bacteria and viruses, and these ligands can serve
as adjuvants in vaccine formulation for effective CD81 T-cell
priming and maturation of DCs. VLPs-based vaccines can acts as
a natural adjuvant and in particular, the presence of the fiber pro-
tein in Pt-Dd would further potentiate this effect.’ Interestingly,
Dd have been recently found to be a potent activator of human
myeloid DCs that induce the release of proinflammatory cytok-
ines, which strengthen its adjuvant effect in vaccination.*

VLPs can activate both the endogenous and exogenous anti-
gen pathways, leading to viral peptide presentation by MHC class
I and II molecules.”? Additionally, VLPs could also bind to Abs
in circulation and be taken up by phagocytic cells via Fc recep-
tors, leading to MHC class II presentation.” Vaccination with
WW-OVA/Pt-Dd promotes the production of all IgG subtypes
and IgA (Figure 5b), resulting in a strong OVA-specific humoral
immune response. Such a broad immune response, including Th1
and Th2 immune responses, highlights the potent adjuvant effect
by Pt-Dd itself. Thus, this effect could be contributing to the pro-
tection against tumor implantation elicited by T-cell responses
(Figure 3) and would offer a robust long-term protection in the
event of subsequent exposure to the antigen. It should be noted,
however, that pre-existing immunity is often a drawback in gene
delivery using adenovirus vectors. Nevertheless, it has been dem-
onstrated that this effect is less critical and can even be favorable
for vaccination purposes.>** Although it is generally assumed that
Abs against a vaccine carrier impair protective immune responses,
the presence of high carrier-specific VLP Ab titers had a marginal
influence on the induction of T cell responses.”® Therefore, the
generation of Pt-Dd Abs upon vaccination would not constitute
an impediment toward antitumor immunity.

There is a growing interest for vaccine development using
VLPs, based on their great potential to induce cellular and humoral
immune responses, in particular potent CTL responses compared
with other vectors.**** VLPs are also cost-effective and highly scal-
able to produce, safe for human use as they cannot replicate and
cause infection, induce T cells with higher avidity*® and have adju-
vant effects.** The Pt-Dd vaccination approach offers the unique
advantage of easy full-length antigens incorporation by fusion to
WW domains without compromising the integrity of the Pt-Dd
because they are produced as separate entities. Incorporation of
the protein antigen instead of the CD4 and CD8 cognate epitopes
allows the generation of a T-cell response of a broader repertoire
and its therapeutic value is less likely to be restricted to patients
of specific human histocompatibility leukocyte antigen haplo-
type. Our Pt-Dd vaccination system could also be envisaged as a
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versatile approach suitable for simultaneous multiantigen delivery
to alleviate tumor evasion due to immunoediting” or human
histocompatibility leukocyte antigen class I loss or antigen hetero-
geneity in tumor cells.”? In summary, our data demonstrates the
suitability of a Pt-Dd vaccine to deliver antigens in an in vivo set-
ting to target DCs and induce integrated humoral and antigen-
specific T-cell responses required for effective prophylactic and
therapeutic protection toward tumor development.

MATERIALS AND METHODS

Generation of expression constructs. The complementary DNA of WW
domains from human ubiquitin ligase Nedd4 (WW, , ,) was amplified by
standard PCR techniques and cloned into pET15bAt (modified pET15b
by deletion of thrombin cleavage site downstream the histidine tag, amino
acids SSGLVPRGS) to generate the pET15bAt— WW_ expression vec-
tor. The WW-OVA construct was generated by cloning in frame the
N-terminal domain of HA2 (ref. 33) and the OVA complementary DNA
sequence coding for residues 248-376 of OVA into pET15bAt-WW_
(Figure 1b).

Protein expression and purification. WW and WW-OVA proteins were
expressed in Escherichia coli strain BL21 (DE3) (Novagen, Madison,
WI). Protein expression was induced with 0.2mmol/l isopropyl p-b-
thiogalactopyranoside (see Supplementary Materials and Methods for
detailed list of reagents and Abs) and bacterial cultures grown overnight
at 20°C. WW and WW-OVA were purified by affinity chromatography
methods as detailed in Supplementary Materials and Methods. Pt-Dd
was expressed in baculovirus and purified on a density sucrose gradient,
as previously described.>* Protein concentration and purity was assessed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and stained
with PageBlue (Fermentas France, St Rémy Les Chevreuse, France).

Cells and culture conditions. Hela cells, B16, and B16-OVA (B16 cell
line transfected with OVA) murine melanoma cell lines were grown in
Dulbeccos modified Eagle’s medium with GlutaMAX, supplemented with
10% fetal calf serum and 1% antibiotics. Maintenance of B16-OVA cells
was ensured by addition of 400 pg/ml G418 to the growth medium.

Protein internalization experiments. Pt-Dd delivery of WW-OVA
in HeLa cells was assessed by immunofluorescence as detailed in
Supplementary Materials and Methods. Cells were grown to conflu-
ency on eight-well Lab-Tek chamber slides (Thermo Fisher Scientific,
Langenselbold, Germany). 0.35 ug WW-OVA was incubated with 0.25 ug
Pt-Dd for 30 minutes to allow protein complexes formation. Samples were
added to 100 pl of supplemented Dulbecco’s modified Eagle’s medium and
incubated with HeLa cells for 1 hour. Control experiments included incu-
bation of cells with medium only. Internalized proteins were visualized
using a Nikon Eclipse TE 2000 inverted fluorescence microscopy (Nikon,
Champigny Sur Marne, France). The internalization of WW by Pt-Dd in
DCs was analyzed by flow cytometry. To allow protein complex forma-
tion, 1 pg of Alexa 647 fluorescently labeled WW was incubated with 1 ug
Pt-Dd for 30 minutes and added to mouse bone marrow-derived DCs for
3 hours in a 12-well culture plate. Control experiment included incuba-
tion of DCs with Alexa 647-WW only. After treatment, cells were washed
twice with PBS, trypsinized for 10 minutes at 37°C to remove proteins
bound to the cell surface and trypsin inactivated with RPMI medium sup-
plemented with 10% serum. Cells were washed with PBS and resuspended
in supplemented RPMI medium. Internalized proteins were monitored
by flow cytometry on a FACSCalibur (BD Biosciences, San Jose, CA)
and analyzed using CellQuest software (BD, Biosciences, Pont de Claix,
France).

Immunization schedules. C57BL/6 mice were purchased from Janvier
Breeding Laboratories (Le Genest St Isle, France) and treated in accordance
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with European Community guidelines. All in vivo experimentation was
approved by the Animal Experimentation Ethical Committee and con-
ducted in compliance with the Université Joseph Fourier and CIEMAT
guidelines. For all the vaccination experiments, 8-week-old female
C57BL/6 mice were vaccinated s.c. with WW-OVA (12 pg)/Pt-Dd (20 ug)
or WW (8 pg)/Pt-Dd (15 pg) protein complexes, 8 ug OVA or PBS.

Tetramer staining. Mice were vaccinated twice every 7 days with WW-OVA/
Pt-Dd complexes or PBS (three animals per group). On day 14, spleens
were harvested and splenocytes resuspended in PBS with 1% bovine serum
albumin and 2mmol/l EDTA. 1 x 10° splenocytes were stained with fluores-
cein isothiocyanate anti-CD8 Ab and PE—H—ZK"-OVAOSHE " (SIINFEKL)
tetramer, according to the manufacturer’s instructions. Double positive
CDS8 tetramer™ cells were gated excluding 7-amino-actinomycin™ cells by
fluorescence-activated cell sorting analysis.

Cytotoxicity assay. Mice received two s.c. vaccinations of WW-OVA/
Pt-Dd protein complexes or PBS every 7 days. On day 14, their spleens
were harvested and single-cell suspensions of splenocytes resuspended in
RPMI with GlutaMAX (supplemented with 20% fetal calf serum, 50 umol/l
2-ME, 10 mmol/l HEPES, 1 mmol/l sodium pyruvate, and 1% antibiotics)
at a concentration of 20 x 10°/ml. CTL activity was measured as detailed in
Supplementary Materials and Methods.

Serological assays. Blood from mice vaccinated with WW-OVA/Pt-Dd or
PBS was collected from tail vein and allowed to clot at room temperature.
Sera were recovered by centrifugation and stored at —80°C. The produc-
tion of anti-OVA specific total IgG, IgG isotypes, and IgA in immunized
mice was assessed by enzyme-linked immunosorbent assay as detailed in
Supplementary Materials and Methods.

In vivo tumor assays. For tumor protection experiments, mice (5-10 ani-
mals per group) were vaccinated on days —14 and —7 as stated as stated
above. On day 0, mice were challenged s.c. in the opposite flank with 1 x
10° B16 or B16-OVA cells. Tumor progression was monitored every 2
days in a blinded fashion for 150 days. Mice were sacrificed when tumors
ulcerated or reached 1cm in diameter. For curative assays, mice were
challenged s.c. with 1 x 10° B16-OVA melanoma cells on day 0 and subse-
quently immunized with WW-OVA/Pt-Dd protein complexes or PBS on
days 1 and 8. The survival curves and statistical analysis from each animal
group were plotted using the Sigma Stat software, version 3.5 (Erkrath,
Germany).

SUPPLEMENTARY MATERIAL

Figure S$1. Colocalization of Bs-Dd and endosomes in Hela cells.
Figure $2. Vaccination with control group protein antigens has no
effect on tumor growth.

Supplementary Materials and Methods.
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