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Simple Summary: The generation of tumor-specific T cells remains a pillar of modern cancer
immunotherapy. Exogenous vaccines often rely on targeting tumor-associated antigens. The anti-
apoptotic protein survivin has been deemed a high priority target due to its overexpression in a wide
variety of tumor types. To support the analysis of tumor-associated T cell responses, optimization
of epitope mapping would be valuable. A heterologous prime-boost vaccination strategy was
designed to target survivin to induce anti-tumor immune responses. However, survivin-specific
T cell responses could not be detected in mice. Potential mechanisms to explain this failure were
explored. To confirm the robustness of the vaccination platform, enhanced green fluorescent protein
(eGFP) was targeted since it has been defined as a protein with relatively low immunogenicity. In
this context the vaccination strategy uncovered novel T cell epitopes from eGFP in two strains of
mice. This research highlighted the utility of the vaccine platform to triage potential target antigens
based on their immunogenicity.

Abstract: Survivin is a member of the inhibitor of apoptosis family of proteins and has been reported
to be highly expressed in a variety of cancer types, making it a high priority target for cancer
vaccination. We previously described a heterologous prime-boost strategy using a replication-
deficient adenovirus, followed by an oncolytic rhabdovirus that generates unprecedented antigen-
specific T cell responses. We engineered each vector to express a mutated version of full-length
murine survivin. We first sought to uncover the complete epitope map for survivin-specific T cell
responses in C57BL/6 and BALB/c mice by flow cytometry. However, no T cell responses were
detected by intracellular cytokine staining after re-stimulation of T cells. Survivin has been found to
be expressed by activated T cells, which could theoretically cause T cell-mediated killing of activated
T cells, known as fratricide. We were unable to recapitulate this phenomenon in experiments.
Interestingly, the inactivated survivin construct has been previously shown to directly kill tumor cells
in vitro. However, there was no evidence in our models of induction of death in antigen-presenting
cells due to treatment with a survivin-expressing vector. Using the same recombinant virus-vectored
prime-boost strategy targeting the poorly immunogenic enhanced green fluorescent protein proved
to be a highly sensitive method for mapping T cell epitopes, particularly in the context of identifying
novel epitopes recognized by CD4+ T cells. Overall, these results suggested there may be unusually
robust tolerance to survivin in commonly used mouse strains that cannot be broken, even when
using a particularly potent vaccination platform. However, the vaccination method shows great
promise as a strategy for identifying novel and subdominant T cell epitopes.
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1. Introduction

The induction and/or enhancement of tumor-specific T cell responses remains a pillar
of modern cancer immunotherapy but is accompanied by many challenges [1]. When pa-
tients lack a pre-existing tumor-specific T cell repertoire, it can be difficult to find a suitable
antigen to target due to the plethora of cancer types, as well as the vast heterogeneity of
cells within a tumor. As such, there has been a large body of research dedicated to finding
ideal target antigens with as broad an indication as possible. The prioritization of candidate
antigens has been summarized previously [2]. Survivin (also known as baculoviral in-
hibitor of apoptosis repeat containing 5 [BIRC5]), is a member of the inhibitor of apoptosis
family, and ranks highly among potential targets due to its overexpression in a wide variety
of cancers [3]. Moreover, expression of survivin in cancer cells is associated with resistance
to radio- and chemo-therapies, implying that the elimination of survivin-expressing cells
could induce selection pressure toward cells that are amenable to conventional treatment
options [4]. In addition to being highly expressed in an array of cancer types, survivin
is also expressed in many tissues during fetal development [3]. However, after birth, its
expression is downregulated in normal tissues. Although originally thought to be largely
absent in all normal tissues, it can be upregulated on some terminally differentiated cells
under conditions of hypoxia and/or inflammation [5,6]. Additionally, neutrophils are
capable of upregulating survivin in response to cytokine signaling [7]. However, due to
its high priority as a tumor antigen, we sought to extend the recombinant virus vaccine
platform we have described previously, which uses a replication deficient adenovirus as
a primary vaccine followed by a rhabdovirus-vectored boost, to target murine survivin
in pre-clinical mouse models [8]. There have been several clinical cancer immunotherapy
studies that targeted survivin in humans with defined human leukocyte antigen (HLA)
class I-binding peptides [9–11]. To our knowledge, no group has been able to fully char-
acterize a survivin-specific T cell epitope map using overlapping peptides in C57BL/6 or
BALB/c mice, which we established as the first priority. Of note, however, two groups
found that vaccination against the murine survivin53–67 (DLAQCFFCFKELEGW) peptide
was able to induce a T cell response in C57BL/6 mice [12,13]. Both groups reported that
vaccination against this 15-mer peptide (or a smaller peptide within the 15-mer) induced
anti-tumor responses. These immune responses were characterized using cell-mediated
cytotoxicity assays; an interferon (IFN)-γ-detecting enzyme-linked immune absorbent spot
(ELISpot) or an MHC class I of the murine ‘b’ haplotype (H-2Kb) peptide-pulsed dimer
staining. Therefore, we deemed it reasonable to clone full-length survivin with a single
amino acid change (threonine to alanine at position 34 [T34A]) into viral vaccine vectors.
The mutated version of survivin was used to inhibit phosphorylation and ensure that
any cells infected with the vectors could not be accidentally immortalized [14]. Further,
this mutated form of survivin was previously found to have anti-cancer properties when
added into several cancer cell lines in in vitro and in vivo models, while notably sparing
healthy cells [15,16].

We previously developed a potent vaccination strategy for priming and boosting T
cell responses against a transgene-encoded antigen expressed from two viral vectors [8].
Specifically, the priming vector was an E1/E3-deleted replication-deficient human serotype
5 adenovirus administered intramuscularly. The secondary vaccine vector was a replication-
competent vesicular stomatitis virus (VSV) delivered intravenously. The replication-
deficient adenovirus proved to be ideal for priming a T cell response against self-derived
tumor antigens by virtue of focusing the response on the transgene-encoded antigen that
was expressed at relatively high concentrations when under the control of a strong promoter.
In contrast, T cell responses against the non-replicating viral backbone were relatively weak.
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Using a heterologous boost with VSV resulted in a secondary T cell response against the
tumor antigen. Notably, this secondary T cell response was massive and could be achieved
after a very short prime-boost interval by driving antigen presentation within an immuno-
privileged site in the spleen [17]. Thus, a recombinant adenovirus expressing the mutated
murine survivin (Ad-T34A-mSurvivin), as well as a Maraba virus (MG1-T34A-mSurvivin)
were engineered. In the original iteration of our prime-boost strategy, a human serotype
5 adenovirus was used as the primary vaccine vector. However, for future avoidance of the
high rate of seroprevalence of adenovirus serotype 5-neutralizng antibodies in humans,
we switched to a rare recombinant replication-deficient human serotype 48 adenovirus
(Ad48) that had been discovered and characterized by Dr. Dan Barouch‘s group [18]. Com-
pared to our original prime-boost platform that utilized VSV as a booster, Maraba virus
proved to be significantly more potent at boosting transgene-specific T cell responses [19].
Therefore, we hypothesized that vaccinating mice with Ad-T34A-mSurvivin followed by
MG1-T34A-mSurvivin would induce potent survivin-specific T cell responses that could
then be evaluated for efficacy in multiple murine cancer models.

2. Materials and Methods
2.1. Mice

Female specific pathogen-free C57BL/6 and BALB/c (major histocompatibility haplo-
types ‘b’ and ‘d’, respectively) mice (Charles River Laboratories, Wilmington, DE, USA),
at 36–50 days of age upon arrival, were housed in a controlled environment in the ani-
mal isolation unit at the University of Guelph (Guelph, ON, Canada). Food and water
were provided ad libitum. Mice were acclimatized to the facility for one week prior to
beginning experiments.

2.2. Cell Cultures

Human embryonic kidney-293 (HEK293), A549 lung carcinoma, and Vero cells that
were originally derived from kidney epithelial cells extracted from an African green monkey
(Chlorocebus sp.) (all cell lines were from the American Type Culture Collection (ATCC))
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% heat-
inactivated bovine calf serum (GE Healthcare Life Sciences, Chicago, IL, USA). All cells
were cultured at 37 ◦C in a humidified atmosphere with 5% CO2 and were confirmed to be
mycoplasma-free prior to use (MycoAlert PLUS detection kit, Lonza, TX, USA).

2.3. Plasmids and Vector Construction

The human adenovirus serotype 48 genome and adaptor plasmids (pWe.Ad48.pIX-
rITR.dE3.5orf6, and pAdApt, respectively) were a generous gift from Dr. Dan Barouch
(Harvard, MA, USA) [18]. The Maraba virus genome plasmid and helper plasmids (pMG1-
genome and pCI-Neo-MG1-N, pCI-Neo-MG1-P, pCI-Neo-MG1-G, and pCI-Neo-MG1-L,
respectively) were a generous gift from Dr. David Stojdl (Children’s Hospital of Eastern
Ontario, Ottawa, ON, Canada) [20]. The pCAGEN plasmid was acquired from Addgene
(USA) and was used to clone the cytomegalovirus (CMV) early enhancer/chicken β actin
(CAG) promoter [21] in replacement of the CMV promoter in the pAdApt plasmid via the
SpeI and EcoRI restriction endonuclease cleavage sites. RNA containing murine survivin
mRNA was extracted from TRIzol (Invitrogen, Waltham, MA, USA)-treated murine B16-
F10 melanoma cell (ATCC) lysates following the manufacturer’s instructions. cDNA was
generated from the extracted RNA using qScript cDNA SuperMix (Quantabio, Beverly,
MA, USA) by following the product instructions. A PCR reaction with the cDNA template
was performed with the primers listed in Supplementary Table S1 to create a FLAG-tagged
mSurvivin insert, which was cloned into the pAdApt vector using KpnI (5′) and BamHI
(3′) cleavage sites. Similarly, enhanced green fluorescent protein (eGFP) was cloned into
pAdApt using EcoRI (5′) and BamHI (3′) cleavage sites to create a new eGFP vector. The
pAdApt-mSurvivin vector was used to create an inactive survivin mutant by switching the
threonine at position 34 to alanine via site-directed mutagenesis with the primers found
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in Supplementary Table S1 (pAdApt-T34A-mSurvivin). The pAdApt-T34A-mSurvivin
vector DNA was used as a PCR template to amplify the mutated survivin transgene with
a Myc-tag in place of the FLAG-tag, as well as SalI and SpeI cleavage sites using primers
listed in Supplementary Table S1. This product was cloned into the MG1-genome plasmid
between the G and L protein genes (pMG1-T34A-mSurvivin). All engineered changes
were confirmed via Sanger sequencing prior to cloning at the Genomics Facility, University
of Guelph.

2.4. Viruses

Replication-deficient E1/E3-deleted, recombinant human Ad48, expressing mutated
murine survivin (Ad-T34A-mSurvivin) was rescued using the pWe.Ad48.pIX-rITR.dE3.5orf6
and pAdApt-T34A-mSurvivin plasmids, and propagated as described previously [18].
Briefly, propagation was done in HEK-293 cells and purified by ultracentrifugation on a
cesium chloride gradient. A second Ad48 vector, expressing eGFP (Ad-eGFP) was rescued
and propagated similarly. Both vectors were plaque-purified three times in HEK293 cells
prior to scale-up. The Maraba virus vector MG1-T34A-mSurvivin was rescued in A549
cells by plasmid transfection and co-infection with recombinant modified vaccinia virus
Ankara expressing a T7 polymerase (MVA-T7), as described previously [20]. The vector
was triple plaque-purified, propagated, and titered in Vero cells. VSV-eGFP has been de-
scribed previously [22]. For the cytotoxicity and co-vaccination experiments, Ad-hDCT and
Ad-SIINFEKL were used and have been described previously [23]. Ad-hDCT expresses the
melanoma-associated antigen human dopachrome tautomerase (hDCT) [24]. Ad-SIINFEKL
expresses luciferase, as well as the CD8+ immunodominant epitope to chicken ovalbumin
in C57BL/6 mice (OVA257–264).

2.5. Vaccination Protocol

Mice were vaccinated with a total dose of 1 × 108 infectious units of Ad48 via intra-
muscular injection in both hind limbs, as described previously [25]. Maraba virus and
VSV were administered intravenously in 200 µL of phosphate-buffered saline (PBS) at
1 × 109 plaque-forming units (pfu). Control groups were not vaccinated.

2.6. Sample Processing

Blood sampled from the retro-orbital sinus was heparinized to prevent clotting, and
the volumes were recorded. Samples were kept on ice during transportation and processing.
Single-cell suspensions were made by pressing spleens between the frosted ends of glass
microscope slides. Erythrocytes in blood and spleens were lysed. Cells were counted
using an improved Neubauer counting chamber using trypan blue dye exclusion to assess
viability, which was consistently >90%. All cells were plated in Roswell Park Memorial
Institute (RPMI)-1640 medium containing 10% heat-inactivated bovine calf serum, 0.1%
2-mercaptoethanol, and penicillin/streptomycin (cRPMI; GE Healthcare Life Sciences) in 96-
well round-bottom plates and were maintained at 4 ◦C during handling and centrifugation
(500× g). Up to two million cells were added to each well of a 96-well plate. Samples were
processed by the same individual to reduce technical variability.

2.7. Quantification of T Cells by Flow Cytometry

Blood- and spleen-derived cells were re-stimulated by adding transgene-derived
peptides to a final concentration of one µg/mL. Controls were unstimulated. After one
hour, brefeldin A (ThermoFisher Scientific, Waltham, MA, USA) was added to each sample
to block golgi apparatus-mediated export of proteins. After another four hours, cells were
centrifuged, re-suspended in PBS + 1% bovine serum albumin and stained with antibodies.
Fc receptors were blocked with anti-CD16/CD32 (clone 93; BD Biosciences, Mississauga,
ON, Canada) for 20 min. Surface staining for 20 min was performed with anti-CD3, anti-
CD4, and anti-CD8 (clones 145-2C11, RM4-4, and 53–6.7, respectively; BD Biosciences). A
fixable viability dye stain (ThermoFisher Scientific) was used to ensure that only live cells
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would be included in analyses. Following treatment with Intracellular Fixation Solution
(ThermoFisher Scientific) for 20 min, intracellular staining was done for 20 min using
anti-TNF-α and anti-IFN-γ in a permeabilization solution (clones MP6-XT22 and XMG1.2,
respectively; ThermoFisher Scientific). Stained cells were suspended in 200 µL of PBS + 1%
bovine serum albumin, filtered through a mesh with 70 µm pores, and analyzed using a
FACS Canto II flow cytometer (Becton Dickinson) using FACS Diva Software Version 8 for
data acquisition. Analysis was completed with FlowJo Software version 10 (FlowJo LLC,
Ashland, OR, USA).

2.8. Peptides

For quantification of survivin-specific and eGFP-specific T cell responses, cells were
re-stimulated ex vivo with overlapping peptide libraries, with one 15-mer peptide per
sample (PepScan Systems, Lelystad, The Netherlands). A complete list of peptides can be
found in Supplementary Tables S2 and S3.

2.9. Western Blotting

Infected cell lysates were prepared using Vero cells seeded into T25 cm2 flasks, which
were infected at a multiplicity of infection (MOI) of 10 and 1 for adenovirus and Maraba
virus, respectively. The infection was started in one mL of media, incubated for one hour,
and subsequently topped up to five mL. Cells were pelleted 24 h later and lysed by resus-
pending in radioimmunoprecipitation assay buffer (RIPA) containing a protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO, USA) for 30 min on ice. Clarified lysates were
obtained by centrifugation at ~18,000× g for 30 min. Approximate protein concentrations
of the lysates were determined using a Bradford assay. The proteins within the lysates were
separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto a 0.2 µm polyvinylidene membrane (PVDF). The membranes were blocked
at 4 ◦C overnight using a blocking solution as specified by the manufacturer for each of the
primary antibodies, which were in either 5% w/v skim milk in PBS + 1% Tween 20 (PBST)
or 5% w/v bovine serum albumin (BSA) in PBST. Primary antibody staining for Myc (9B11,
Cell Signaling, Danvers, MA, USA), FLAG (D6W5B, Cell Signaling), and survivin (J.33.5,
ThermoFisher Scientific, USA) was performed at a 1:1000 dilution in their corresponding
blocking solutions at 4 ◦C overnight. The membranes were washed three times for 15 min
on a shaker with PBST, then subsequently incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies in blocking solution for one hour at room temperature
at a 1:5000 dilution. Proteins were detected after membranes were treated with Western
lightning chemiluminescence substrate (PerkinElmer Health Sciences Canada, Woodbridge,
ON, Canada). Images were obtained using a ChemiDoc MP Imaging System (Bio-Rad
Laboratories, Mississauga, ON, Canada) and Image Lab software (Bio-Rad, Canada).

2.10. In Vivo Cytotoxicity Assay

Syngeneic splenoctyes from female C57BL/6 mice were harvested, processed into
single-cell suspensions, and erythrocytes were lysed. Cells were passed through 100 µm
filters, resuspended in cRPMI, and live cells were counted using a Neubauer counting
chamber and trypan blue dye exclusion. The splenocytes were divided into two groups and
labelled with 0.2 µM or 1 µM of Violet Proliferation Dye (VPD) (BD Horizon; Cambridge,
UK). One group of splenocytes was pulsed with 10 µg/mL of OVA257–264, and the other was
pulsed with 10 µg/mL of murine Survivin53–67, which are known to bind to C57BL/6 MHC
class I [26]. Pulsing was done for one hour at 37 ◦C. Equal numbers of cells from each group
were combined and were washed twice with PBS. Ten million of the labelled splenocytes
were injected intravenously into vaccinated mice. Blood and spleen samples were collected
six hours post-injection. All samples had their red blood cells lysed, were suspended in
200 µL of PBS + 1% bovine serum albumin, filtered through a mesh with 70 µm pores, and
analyzed using a FACS Canto II flow cytometer using FACS Diva Software Version 8 for
data acquisition. Analysis was completed with FlowJo Software version 10.
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2.11. In Vitro Infection of Antigen-Presenting Cells (APCs) with Adenovirus

Syngeneic bone marrow cells from female C57BL/6 mice were harvested and pro-
cessed into single-cell suspensions. Cells were passed through 100 µm filters, resuspended
in cRPMI, and live cells were counted using a Neubauer counting chamber and trypan
blue dye exclusion. A heterogeneous population of APCs were generated as described
previously [27]. Briefly, three million cells were seeded in a T75 cm2 flask in cRPMI con-
taining 20 ng/mL of granulocyte-macrophage colony-stimulating factor (GM-CSF) at time
zero. Interleukin (IL)-4 was introduced to the cultures on day two at a concentration of
10 ng/mL. Media and cytokines were refreshed on days two and five. On day seven cells
were counted and seeded at 250,000 cells per well in a 96-well plate for each timepoint.
Ad-eGFP and Ad-T34A-mSurvivin were serially diluted and added to the cells at MOIs of
0 (media only), 0.01, 0.1, 1, 10, and 100. At the indicated timepoint, the cells were washed
and stained with 7-aminoactinomycin D (7AAD) viability dye and analyzed for viability,
as well as expression of eGFP by flow cytometry.

2.12. In Vivo Immunological Checkpoint Inhibition with Anti-Cytotoxic T Lymphocyte-Associated
Protein 4 (CTLA4)

CTLA4-blocking antibodies were obtained from the supernatant of UC10-4F10-11
hybridoma cells (ATCC, Rockville, MD, USA) and purified using a HiTrap protein G col-
umn (GE Healthcare Life Sciences) following the manufacturer’s instructions. The purified
antibodies were dialyzed against PBS (ThermoFisher Scientific). Antibody concentration
and purity was determined with a Bradford assay and SDS-Page Coomassie Blue staining,
respectively (Supplementary Figure S4). Mice were given 400 µg of anti-CTLA4 intraperi-
toneally 24 h prior to vaccination with Ad48-mSurvivin-T34A, and 200 µg was also given
10 min prior to vaccination.

2.13. Statistics

Graphing and statistical analyses were done with GraphPad Prism version 10. Graphs
show means and standard errors. Frequencies and numbers of T cells in blood and spleens
were assessed by one-way analysis of variance with Tukey’s multiple comparisons test.
Numbers of blood-derived cells were normalized based on sample volumes. All numbers
were expressed as relative values to account for the inevitable loss of cells during processing
and to prevent direct inference of actual physiological numbers. One person processed
each set of samples and was blinded to treatment groups. Differences between treatments
were considered significant at p ≤ 0.05.

3. Results
3.1. Murine Survivin Was Successfully Tagged, Mutated, Cloned into, and Then Expressed by
Adenovirus and Maraba Virus Vectors

We utilized two viral vectors to formulate a potent heterologous prime-boost vaccine
strategy targeting survivin. Murine survivin was engineered to be expressed in both ade-
novirus and Maraba virus vectors using primer sets outlined in Supplementary Table S1
and represented schematically in Figure 1. The adenovirus adaptor plasmid, which con-
tained the expression sequences of the survivin transgene, had its CMV promoter switched
to a CAG promoter to enhance gene expression [28]. The survivin transgene was also
tagged using a FLAG-tag sequence in the adenoviral vector (Figure 1a). Similarly, the
survivin transgene was Myc-tagged in place of the FLAG-tag in the Maraba virus vector
to avoid any risk of boosting any potential immune responses against the FLAG-tagged
portion of the survivin protein derived from the Ad48. Myc-tagged survivin was cloned
into the Maraba virus genome between the G and L proteins (Figure 1b). The survivin
transgenes were mutated at position 34, where a threonine was changed to an alanine via
site-directed-mutagenesis using primers outlined in Supplementary Table S1. This change
has previously been described to inactivate the anti-apoptotic properties of the survivin
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protein [29]. eGFP was cloned into the same positions and in place of survivin in each
vector, without mutations or tags, to generate Ad-eGFP (Figure 1c).

Viral gene expression of survivin was determined by Western blotting using lysates
from infected cells (Figure 1e,f). Wild-type murine survivin bands were expected to be
~16.5 kDa in size [30]. However, the virally expressed survivin transgenes were slightly
larger due to the addition of tags at the N-terminus of the proteins. Indeed, this size differ-
ence was confirmed by the endogenous expression of survivin within HeLa cells (positive
control), which was smaller than the recombinant vector bands (Figure 1g). Virus-produced
survivin could be differentiated from endogenous survivin in cancer cell lines using the
FLAG and Myc tags. The expression of survivin from adenovirus and Maraba virus vectors
was also confirmed using survivin-specific antibodies. Additional confirmatory blots, as
well as the uncropped blots, can be found in Supplementary Figure S2.

3.2. Vaccination against Murine Survivin Was Unable to Induce a Survivin-Specific Cytotoxic T
Cell Response

Following the successful rescue and propagation of the murine survivin-expressing
viral vectors, the first objective was to generate a complete epitope map of full-length
murine survivin. Surprisingly, however, intracellular cytokine staining after re-stimulation
with the peptide library failed to reveal any T cell responses above background after the
prime-boost vaccination protocol in both BALB/c and C57BL/6 mice (Supplementary
Figure S3). To simplify troubleshooting, we opted to use a known epitope in C57BL/6
mice, mSurvivin53–67 (DLAQCFFCFKELEGW) [12,13], to evaluate CD8+ T cell responses.
It has previously been reported that activated T cells upregulate survivin, and this could
hypothetically induce fratricide [31,32]. If true, this would generate a self-defeating T cell
response, where newly activated survivin-specific T cells upregulate survivin and eliminate
each other. We explored this in the context of an in vivo cytotoxicity assay, where C57BL/6
mice were injected with Ad-T34A-mSurvivin (at 1 × 108 infectious units (ifu) intramuscu-
larly), Ad-SIINFEKL, or PBS (control). Ten days later, syngeneic donor splenocytes were
labelled with high or low concentrations of VPD. The VPDhi splenocytes were pulsed with
the survivin-specific peptide (mSurvivin53–67), and the VPDlo splenocytes were pulsed
with the OVA257–264 peptide. These cells were combined in a 1:1 ratio and injected intra-
venously into the vaccinated and control groups. A pre-injection sample was taken and
assessed to ensure proper VPD-labelling (Figure 2a). Six hours post-injection, splenocytes
were recovered from the Ad-T34A-mSurvivin-immunized and PBS-treated control groups,
where no statistically significant change was detected in the ratio of VPDhi:VPDlo cells
(Figure 2b). This suggested there had been no killing of survivin-specific cells in mice that
received the survivin-targeting vaccine. Conversely, the SIINFEKL-pulsed VPDlo spleno-
cytes were eliminated in the blood (Figure 2c) and spleens (Figure 2d) of mice vaccinated
with Ad-SIINFEKL, confirming that the vaccine platform was functional. These outcomes
provide evidence that vaccination against survivin was unable to generate a cytotoxic T
cell response targeting survivin-expressing cells in C57BL/6 mice. However, it remained
unclear whether this was due to poor immunogenicity of the survivin transgene or a
self-defeating fratricidal effect of newly activated, survivin-expressing, survivin-specific T
cells. To test the latter hypothesis, a co-vaccination strategy was used.
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produced survivin could be differentiated from endogenous survivin in cancer cell lines 
using the FLAG and Myc tags. The expression of survivin from adenovirus and Maraba 
virus vectors was also confirmed using survivin-specific antibodies. Additional confirm-
atory blots, as well as the uncropped blots, can be found in Supplementary Figure S2. 
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Figure 1. Schematic representation of murine survivin- and enhanced green fluorescent protein (eGFP)-expressing virus 
vectors, with Western blots showing expression of survivin after infecting cells. (a) The adenoviral survivin adaptor region 
for Ad48-T34A-mSurvivin expressed the mutated survivin transgene under a CAG promoter, which was FLAG-tagged 
for ease of determining expression levels and distinguishing the transgene from endogenous survivin. This was recom-
bined with the adenoviral genome at the homologous region noted in place of the E1 protein. (b) Similarly, an eGFP-
expressing adaptor region of the Ad48-eGFP virus recombined with the homologous region of the adenoviral genome. (c) 
The Maraba virus mutated-survivin vector MG1-T34A-mSurvivin had a Myc tag and was expressed between the G and L 
proteins of the Maraba virus genome. (d) The VSV-eGFP vector was generated by cloning the eGFP between the G and L 
proteins of the Indiana strain of wild-type VSV. SDS-PAGE Western blots of survivin-expressing vectors were generated 
using infected cell lysates. (e) Vero cells were infected with recombinant Ad48 vectors for 24 h. Uninfected Vero cell-
derived lysate was used as a control. All lanes were loaded with 15 μg of lysate and probed with a FLAG tag-specific 
antibody. (f) Lysate from Vero cells 24 h post-infection with recombinant Maraba virus. Lysate from uninfected Vero cells 
was used as a control. All lanes were loaded with 15 μg of lysate and probed with an anti-Myc tag. (g) Vero cells infected 
with either Ad48 vectors, Maraba virus vectors or uninfected negative controls. All lanes were loaded with 15 μg of lysate 
and probed with a survivin-specific antibody. Normal lung lysate was used as a negative control that did not express 
substantial amounts of endogenous survivin. The tagged murine survivin was expected to be ~5.6% larger than the en-
dogenous survivin protein. ITR = inverted terminal repeats. 
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Following the successful rescue and propagation of the murine survivin-expressing 
viral vectors, the first objective was to generate a complete epitope map of full-length mu-
rine survivin. Surprisingly, however, intracellular cytokine staining after re-stimulation 
with the peptide library failed to reveal any T cell responses above background after the 
prime-boost vaccination protocol in both BALB/c and C57BL/6 mice (Supplementary Fig-
ure S3). To simplify troubleshooting, we opted to use a known epitope in C57BL/6 mice, 
mSurvivin53–67 (DLAQCFFCFKELEGW) [12,13], to evaluate CD8+ T cell responses. It has 
previously been reported that activated T cells upregulate survivin, and this could hypo-
thetically induce fratricide [31,32]. If true, this would generate a self-defeating T cell re-
sponse, where newly activated survivin-specific T cells upregulate survivin and eliminate 
each other. We explored this in the context of an in vivo cytotoxicity assay, where C57BL/6 
mice were injected with Ad-T34A-mSurvivin (at 1 × 108 infectious units (ifu) intramuscu-
larly), Ad-SIINFEKL, or PBS (control). Ten days later, syngeneic donor splenocytes were 
labelled with high or low concentrations of VPD. The VPDhi splenocytes were pulsed with 

Figure 1. Schematic representation of murine survivin- and enhanced green fluorescent protein (eGFP)-expressing virus
vectors, with Western blots showing expression of survivin after infecting cells. (a) The adenoviral survivin adaptor region
for Ad48-T34A-mSurvivin expressed the mutated survivin transgene under a CAG promoter, which was FLAG-tagged for
ease of determining expression levels and distinguishing the transgene from endogenous survivin. This was recombined
with the adenoviral genome at the homologous region noted in place of the E1 protein. (b) Similarly, an eGFP-expressing
adaptor region of the Ad48-eGFP virus recombined with the homologous region of the adenoviral genome. (c) The Maraba
virus mutated-survivin vector MG1-T34A-mSurvivin had a Myc tag and was expressed between the G and L proteins of the
Maraba virus genome. (d) The VSV-eGFP vector was generated by cloning the eGFP between the G and L proteins of the
Indiana strain of wild-type VSV. SDS-PAGE Western blots of survivin-expressing vectors were generated using infected cell
lysates. (e) Vero cells were infected with recombinant Ad48 vectors for 24 h. Uninfected Vero cell-derived lysate was used as
a control. All lanes were loaded with 15 µg of lysate and probed with a FLAG tag-specific antibody. (f) Lysate from Vero
cells 24 h post-infection with recombinant Maraba virus. Lysate from uninfected Vero cells was used as a control. All lanes
were loaded with 15 µg of lysate and probed with an anti-Myc tag. (g) Vero cells infected with either Ad48 vectors, Maraba
virus vectors or uninfected negative controls. All lanes were loaded with 15 µg of lysate and probed with a survivin-specific
antibody. Normal lung lysate was used as a negative control that did not express substantial amounts of endogenous
survivin. The tagged murine survivin was expected to be ~5.6% larger than the endogenous survivin protein. ITR = inverted
terminal repeats.
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Figure 2. Vaccination against murine survivin was unable to induce a survivin-specific cytotoxic 
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Figure 2. Vaccination against murine survivin was unable to induce a survivin-specific cytotoxic response. (a) Splenocytes
from female C57BL/6 mice were split in two groups and stained with violet proliferation dye (VPD) at a concentration of
0.2 µM or 1 µM and pulsed with either OVA257–264 (SIINFEKL, VPDlo) or mSurvivin53–67 (DLAQCFFCFKELEGW, VPDhi)
peptides. (b) Both sets of VPD-labelled target cells were injected into Ad-SIINFEKL-vaccinated, Ad48-T34A-mSurvivin-
vaccinated, and control mice 10 days post-immunization. The adenovirus-treated mice were given 1 × 108 infectious
units intramuscularly. The SIINFEKL-pulsed target cells were eliminated in the Ad-SIINFEKL-vaccinated mice, and were
unaffected in the control, and survivin-vaccinated groups. mSurvivin53–67 peptide-pulsed targets cells were not killed in
the survivin-vaccinated group, nor the Ad-SIINFEKL-vaccinated or control groups. Percent of remaining (left) and total
recoverable number (right) target cells graphically illustrate a cytotoxic immune response to SIINFEKL in the Ad-SIINFEKL-
vaccinated group in the blood (c) and spleens (d). Survivin-specific target cells were not eliminated in any group. Two-way
analysis of variance with Tukey’s multiple comparison test determined significance for the graphs showing the frequency
(left) and number (right) of remaining VPD-labelled target cells. The frequencies were normalized to the recovery frequency
values of each target subset in unvaccinated mice. *** = p ≤ 0.001; **** = p ≤ 0.0001; SSC-W = side scatter-width.
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3.3. Co-Vaccination with Ad-T34A-mSurvivin and Ad-DCT Did Not Dampen Nor Eliminate
DCT-Specific T Cell Responses

To evaluate if newly activated T cells were being killed by a survivin-specific response,
C57BL/6 mice were vaccinated with Ad-T34A-mSurvivin, Ad-DCT, or both viruses si-
multaneously at a dose of 1 × 108 ifu/vector (meaning that mice receiving both vaccines
received a total dose of Ad of 2 × 108 ifu). The rationale for this design was that T cell
fratricide directed at newly activated T cells because of them upregulating survivin should
be indiscriminate, meaning that recently activated DCT-specific and survivin-specific T
cells should be equally susceptible to killing, mediated by the survivin-specific cells. If this
were the case, it would be expected that the DCT-specific response in mice co-vaccinated
with Ad-DCT and Ad-T34A-mSurvivin should be lower when compared to mice vac-
cinated with Ad-DCT only. At the peak of the primary response, blood samples from
C57BL/6 mice were re-stimulated with either the immunodominant CD8+ T cell epitope
from DCT (DCT180–188) or the mSurvivin53–67 peptide and assessed by flow cytometry
after intracellular cytokine staining. mSurvivin53–67 peptide-specific responses were not
detectable in any group (data not shown). Blood-derived DCT180-188-specific responses
were quantified in each group (Figure 3). The mean frequencies and relative numbers of
DCT180–188-specific T cells were not significantly different between the Ad-DCT- and the
Ad-DCT + Ad-T34A-mSurvivin-vaccinated groups. Therefore, there was no evidence that
T cell fratricide had occurred. Instead, the results suggested that the survivin protein was
simply poorly immunogenic in nature. As such, the next goal was to use immunological
checkpoint inhibition to try to increase survivin-specific T cell responses to detectable levels.
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tude of a DCT-specific CD8+ T cell response when compared to DCT vaccination alone. Female 
C57BL/6 mice were vaccinated with Ad-hDCT, Ad-T34A-mSurvivin, or Ad-hDCT + Ad-T34A-
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Figure 3. Co-vaccination against survivin and dopachrome tautomerase did not reduce the mag-
nitude of a DCT-specific CD8+ T cell response when compared to DCT vaccination alone. Female
C57BL/6 mice were vaccinated with Ad-hDCT, Ad-T34A-mSurvivin, or Ad-hDCT + Ad-T34A-
mSurvivin at a total dose of 1 × 108 ifu intramuscularly. T cell responses were quantified ten days
post-vaccination by flow cytometric assessment of intracellular cytokine staining after ex vivo re-
stimulation with peptides. Blood-derived DCT180–188-specific CD8+ T cell response frequency (left)
and total number (right) were not significantly different in mice vaccinated against DCT alone versus
co-vaccination against DCT and murine survivin. Blood-derived mSurvivin53–67 specific CD8+ T cell
responses were not detectable (data not shown). Significance was determined by one-way analysis of
variance with Tukey’s multiple comparison test (n = 4/treatment).

3.4. Ad-T34A-mSurvivin Did Not Significantly Impact the Viability of Antigen-Presenting Cells

It has been reported previously that a similar adenoviral construct expressing survivin
with a T34A mutation was able to induce apoptosis in a variety of cancer cell lines [16]. No-
tably, this other research group did not find any cytotoxic effects in normal cells, including
smooth muscle cells, which is the targeted site for our vaccine. However, theoretically the
specific ablation of APCs by such a vector could constrain any productive vector-specific
T cell priming. To address this matter, we cultured a heterogenous pool of APCs from
female C57BL/6 murine bone marrow [27] and infected them with a range of doses of
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adenoviruses expressing T34A-mSurvivin or eGFP as a control (Figure 4). Cells were cul-
tured for either 24 (left panels) or 48 h (right panels) with a multiplicity of infection range
of 0 (control), 0.01, 0.1, 1, 10, and 100 for both vectors. (a) At the end of each timepoint,
neither the Ad-eGFP or Ad-T34A-mSurvivin vector induced notable toxicities in the bone
marrow-derived APCs. (b) Adenoviruses were able to infect APCs at high MOIs when
evaluated by eGFP expression mediated by the control vector. The lack of toxicity in vitro
matches the safety profile described by other groups and rules out APC-related toxicity as
a possible explanation of poor T cell priming from the Ad-T34A-mSurvivin vector.
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Figure 4. Ad-T34A-mSurvivn was not cytotoxic to antigen-presenting cells. Female C57BL/6 bone-
marrow-derived APCs were cultured for seven days with GM-CSF and IL-4. After seven days,
the cells were seeded into a 96-well dish at a concentration of 2.5 × 105 cells per well. Each well
was treated with either media only (control) or a range of multiplicities of infection with the Ad-
eGFP vector or the Ad-T34A-mSurvivin vector. Two timepoints were independently evaluated for
(a) viability by staining with 7AAD and (b) eGFP expression via flow cytometry. Experiments were
repeated five times. Means and standard errors are shown.

3.5. Antibody-Mediated Blockade of CTLA4 Prior to Priming with Ad-T34A-mSurvivin and
Boosting with MG1-T34A-mSurvivin Did Not Unveil Survivin-Specific T Cell Responses

CTLA4 is a receptor found on T cells that provides inhibitory signaling upon binding
with costimulatory molecules, such as CD80 and CD86, which are expressed on APCs [33].
CTLA4 blockade is associated with enhanced T cell activation and has emerged as a
valuable therapeutic tool for cancers. We sought to use a CTLA4-blocking antibody to
enhance the immunogenicity of the survivin vaccines, as this has been reported to help
break peripheral tolerance to aberrantly expressed tumor antigens [34]. C57BL/6 mice
had their CTLA4 receptors blocked with 400 µg of anti-CLTA4 given intraperitoneally 24 h
prior to vaccination with Ad-T34A-mSurvivin, as well as 200 µg just prior to the vaccine
being administered. Two weeks later, the mice were boosted with MG1-T34A-mSurvivin,
a strategy that has proven to elicit T cell responses of unprecedented magnitudes [8,19],
and attempts were made to quantify splenic survivin-specific T cells at the expected
peak of the secondary response. An overlapping survivin peptide library was used to
re-stimulate splenocytes and intracellular levels of IFN-γ were assessed in CD8+ and
CD4+ T cells via flow cytometry (Figure 5). The results indicated that blocking CTLA4
prior to vaccination against survivin was unable to unveil any obvious survivin-specific
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T cell responses. The internal positive controls included non-specific stimulation of cells
with phorbol 12-myristate 13-acetate (PMA)/ionomycin, as well as a peptide containing a
previously described CD8+ epitope in C57BL/6 mice from a segment of the VSV N protein
(RGYVYQGL) [35], which is also found in the Maraba virus N protein. These control data
confirmed the assay was working as intended. This represented the first time that the
adenovirus prime and rhabdovirus boost strategy failed to induce robust T cell responses.
It had previously proven successful in the context of a variety of antigens.
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Figure 5. Blocking CTLA4 was unable to rescue the lack of immunogenicity of murine survivin.
C57BL/6 mice were given 200 µg of a CTLA4-blocking antibody intraperitoneally 24 h prior to
vaccination, as well as 100 µg one hour before vaccination. The mice were then vaccinated with
Ad48-T34A-mSurvivin at 1 × 108 ifu and boosted 14 days later with MG1-T34A-mSurvivin at
1 × 109 pfu. Intracellular cytokine staining following peptide re-stimulation at the expected peak
of the secondary T cell response failed to reveal detectable survivin-specific CD8+ (top) or CD4+

(bottom) T cell responses.

3.6. An Ad Prime Followed by Boosting with VSV Facilitated the Discovery of Novel eGFP
Epitopes in C57BL/6 and BALB/c Mice

To our surprise, the Ad-T34A-mSurvivin prime followed by MG1-T34A-mSurvivin
boost was unable to induce detectable T cell responses via intracellular cytokine staining
for IFN-γ after a T cell-peptide re-stimulation assay. One possible explanation observed
previously might have been T cell-mediated fratricide, where survivin-specific T cells
target and eliminate any survivin-expressing cell [31]. Indeed, survivin is expressed in
some healthy tissues [36] and has been found to be upregulated on activated T cells [32].
This phenomenon is disputed, however, with a group unable to reproduce this with
autologous survivin-specific T cells in which they suspect survivin-related fratricide might
be restricted to artificially high avidity TCRs [37]. Moreover, several groups have switched
to the use of survivin peptide mimics to improve MHC binding, suggesting that perhaps
wild-type survivin is simply poorly immunogenic [38,39]. We therefore deemed it necessary
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to provide commentary on these matters, as well as determine if our epitope mapping
platform had the potential to uncover relatively weak immune responses. To determine the
latter, we attempted to determine a full epitope map of eGFP using the same methods used
for the survivin experiments. eGFP has been reported previously to be poorly immunogenic
in C57BL/6 mice and only slightly more immunogenic in BALB/c mice [40,41]. Using the
same adenoviral vector backbone, we generated an Ad-eGFP primary vaccine vector and
used vesicular stomatitis virus expressing eGFP (VSV-eGFP) to conduct epitope mapping
of eGFP in both mouse strains. To evaluate the potency and utility of our prime-boost
vaccine platform considering the lackluster responses targeting survivin, we engineered
Ad48 to express eGFP using the same methods used to generate the Ad48-T34A-mSurvivin
vector. The immunogenicity of eGFP has generally been poor, particularly in C57BL/6
mice [40,41]. We reasoned that evaluating eGFP-specific T cell responses after vaccination
with our routinely used vectors should give us an indication as to how effective they
perform when targeting antigens with relatively low immunogenicity. C57BL/6 and
BALB/c mice were primed with Ad-eGFP and then boosted 14 days later with wild-type
VSV-eGFP (Indiana strain), which is a less potent boosting rhabdoviral vector than the
Maraba virus that we had used to target survivin [42]. At the expected peak of the secondary
response, spleens were taken and re-stimulated with an overlapping peptide library for
eGFP (Supplementary Table S2). The complete epitope map for eGFP for CD8+ and CD4+

T cell responses in C57BL/6 mice can be found in Figure 6a,b, respectively. Likewise,
for BALB/c mice, the CD8+ and CD4+ T cell epitope maps can be found in Figure 6c,d,
respectively. Notably a CD8+ T cell epitope in C57BL/6 mice (H-2b) was previously defined
(DTLVNRIEL) [43]. Our results confirmed this to be an immunodominant epitope based
on the response to eGFP117–131 (GDTLVNRIELKGIDF). Notably, a weaker T CD8+ T cell
response was detected against eGFP217–231 (DHMVLLEFVTAAGIT). To the best of our
knowledge, this subdominant epitope has not been reported previously. With respect to
CD4+ T cells, we noted a dominant response to eGFP81–95 (QHDFFKSAMPEGYVQ). This
epitope has been described previously (FKSAMPEGY) [44]. However, a subdominant
CD4+ epitope was detected within eGFP197–211 (PDNHYLSTQSALSKD). Again, to the
best of our knowledge, this represents a novel epitope. For BALB/c mice, a CD8+ T cell
epitope has been elucidated by others (HYLSTQSAL) [45]. Our results demonstrated that a
dominant minimal epitope likely existed within eGFP207–221(YLSTQSALSKDPNEK). The
combination of the previous finding and ours suggests that the peptide “YLSTQSAL”
might represent the true minimal epitope, but this would need to be confirmed. As for
the C57BL/6 mice, we found a subdominant CD8+ T cell epitope within eGFP153–167
(IMADKQKNGIKVNFK). We also found dominant and subdominant CD4+ T cell epitopes
in eGFP121–135 (VNRIELKGIDFKEDG) and eGFP9–23 (FTGVVPILVELDGDV), respectively.
As far as we are aware, these latter three epitopes are novel. Responses to the subdominant
CD4+ epitope was particularly weak in BALB/c mice. However, the position of IFN-γ+TNF-
α+ cells on dot plots suggested this was an accurate finding (Supplementary Figure S3).
These expanded epitope maps could be a useful tool for researchers who want to test the
vaccination potential of eGFP-expressing vectors.
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Figure 6. Enhanced green fluorescent protein (eGFP) epitope maps showing dominant and subdom-
inant peptides for CD8+ and CD4+ T cell responses in C57BL/6 and BALB/c mice. C57BL/6 and
BALB/c mice were vaccinated with Ad-eGFP, followed by a VSV-eGFP boost, and eGFP-specific re-
sponses were analyzed at the peak of the response (five days post-boost) using peptide re-stimulation
and intracellular flow cytometry staining. Shown is the complete eGFP amino acid sequence with
boxes that show the peptides that contained the immunodominant and subdominant epitopes for
(a) CD8+ and (b) CD4+ T cells in C57BL/6 mice. Similarly, peptides containing eGFP-derived (c) CD8+

and (d) CD4+ T cell epitopes in BALB/c mice are shown. Sequences containing the complete epitope
are boxed with a bolded line. Conversely, sequences containing partial epitopes are boxed in a thin
dotted line. Data were derived from a minimum of three mice per group.

3.7. An Ad Prime Followed by Boosting with VSV Led to Massive T Cell Responses to eGFP

With eGFP epitopes completely mapped, we evaluated the magnitude of the primary
and secondary immune responses to eGFP using our vaccine vectors. C57BL/6 and
BALB/c mice were primed with Ad48-eGFP and boosted with VSV-eGFP. Blood samples
were taken at the expected peaks of the primary and secondary T cell responses. Cells
were re-stimulated with the immunodominant and subdominant epitopes for each strain of
mouse. We were able to achieve a robust mean response of 17.65% and 1.69% of circulating
CD8+ cells specific for the C57BL/6 dominant (eGFP117–131) and subdominant (eGFP217–231)
eGFP peptides, respectively (Figure 7a). The BALB/c mice had mean secondary CD8+ T cell
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responses of 50.78% and 15.7% to the dominant (eGFP207–221) and subdominant (eGFP9–23)
eGFP epitopes, respectively (Figure 7b). Each strain had prominent CD4+ responses as well
(Figure 7). Notably, the primary responses to Ad-eGFP alone were insufficient to bring the
responses above our detection threshold for the BALB/c CD4+ epitopes. Cumulatively, our
data suggested that the adenovirus prime and rhabdovirus boost strategy could induce
extremely robust responses and unveil novel epitopes, even in the context of a protein of
relatively low immunogenicity, such as eGFP. These findings suggest the Ad/VSV prime-
boost platform is useful for highly sensitive epitope mapping. They also provide further
evidence that the absence of survivin-specific T cell responses using this platform was
likely due to extremely robust immunological tolerance to survivin.
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Figure 7. Prime-boosting against eGFP with Ad-eGFP and VSV-eGFP induced CD4+ and CD8+ T
cell responses of high magnitude. (a) C57BL/6 and (b) BALB/c mice were vaccinated against eGFP
by priming intramuscularly with Ad-eGFP at 1 × 108 ifu, and primary responses were assessed 10
days later. Mice were boosted intravenously with VSV-eGFP (1 × 109 pfu) 14 days post-Ad, and the
secondary responses were assessed five days post-VSV. Graphs depict CD8+ (left) and CD4+ (right) T
cell responses to the immunodominant and subdominant epitopes of eGFP via intracellular cytokine
staining after peptide re-stimulation. Standard errors of the means are shown. Data represent n = 3
and n = 4 C57BL/6 and BALB/c mice per group, respectively.

4. Discussion

We previously described a viral vectored, heterologous rapid prime-boost vaccine
platform that induced potent tumor antigen-specific immune responses [8]. This platform
was able to generate massive T cell responses by using a replication-deficient adenovirus
expressing a transgene under a strong promoter to bias primary T responses towards the
transgene rather than the viral backbone proteins. These T cell responses could then be
efficiently boosted at very short intervals due to the unique tropism for rhabdoviruses
to target privileged antigen presentation sites in splenic B cell follicles, where antigen-
presenting cells co-localize with memory T cell cells and are relatively isolated from
effector T cells [17]. Our previous DCT-expressing vectors had a narrow indication for
treating cancers, as expression of the target antigen was limited to melanomas. As such,
we sought out a new tumor antigen with a broader range of expression among cancer
types. To this end, we selected survivin based on its high ranking among potentially
ideal candidate tumor antigens [2] due to its abundant expression in a wide variety of
tumors and relatively low expression in most normal adult tissues [46]. Therefore, a
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transgene encoding survivin was cloned into our viral vectors. An adenovirus and Maraba
virus expressing a tagged, inactivated mutant version of full-length murine survivin
were rescued. Accurate engineering of the vectors was confirmed by Western blots that
demonstrated expression of survivin in infected cells. Using an overlapping peptide library,
we were unable to detect survivin-specific T cell responses after peptide re-stimulation in
mice that had been primed and boosted with these vectors. This was a surprising finding,
considering two groups were able to demonstrate a survivin-specific T cell response using
the mSurvivin53–67 peptide [12,13]. Both groups conducted MHC class I binding assays
and found this peptide was able to bind, although one group used a smaller peptide within
the 15-mer (mSurvivin57–64 [CFFCFKEL]). Both groups used peptide-pulsed dendritic cell
vaccines, which contrasted with our use of a viral-vectored platform. In our hands, Ad
vectors typically induce robust T cell responses against encoded transgenes. Therefore, an
inability to do this against survivin led us to conduct experiments to troubleshoot this issue.

An in vivo cytotoxicity assay was conducted (Figure 2), utilizing the mSurvivin53–67
peptide to label cells as potential targets for survivin-specific CTLs. However, the results of
this assay inferred there were no substantial survivin-specific T cell responses since there
was no lysis of the labelled target cells. The assay worked because mice vaccinated in
parallel against SIINFEKL had evidence of dramatic killing of SIINFEKL peptide-pulsed
target cells. In the past, our heterologous prime-boost platform generated unprecedented
T cell responses, even when targeting poorly immunogenic self-derived epitopes. To
confirm these historical findings, the Ad-prime/oncolytic virus boost strategy was used
to target the relatively poorly immunogenic antigen eGFP. In agreement with historical
results, eGFP-specific T cell responses of unprecedented magnitudes could be induced in
two strains of mice that are known to be at opposite ends of the Thelper1 versus Thelper2
spectrum of immunological bias (Figure 7). Therefore, as an alternate explanation for why
survivin-specific responses were not detected, it was hypothesized, based on a previous
publication, that survivin-specific T cells were being killed, via a mechanism known as
fratricide, due to upregulation of survivin following T cell activation. This fratricidal effect
had previously been reported in survivin-specific T cells with transgenic high-avidity TCRs.
The authors speculated that such an effect may have consequences for the development
of vaccine-induced responses targeting surviving [31]. However, this claim was disputed
by one group that did not observe such an effect when using a peptide-pulsed DC-based
vaccine [37]. To provide additional commentary to this issue, we co-vaccinated mice with
Ad-DCT and Ad-T34A-mSurvivin simultaneously, with controls receiving the Ad-DCT
vaccine alone. Compared to single-vaccinated controls, abrogation of DCT-specific T cell
responses did not occur. Since the two vaccines were injected in the same bolus, activation
of DCT-specific T cells should have occurred in the same lymph nodes as where the
survivin-specific T cell response should have developed. In conjunction with the previous
publication arguing against fratricide, this result provides strong evidence that this was
not the reason for being unable to induce detectable survivin-specific T cell responses.

T cell self-presentation of abundant antigens to high-avidity T cells can induce an-
ergy [47]. We suspected that this might be a mechanism by which survivin-specific T cells
could be regulated. CTLA4 plays a pivotal role in the induction of anergy [48], so we
reasoned that blocking CTLA4 prior to and concurrent with vaccination could overcome
mechanisms of peripheral tolerance. However, this was not able to rescue the lack of
a vaccine-induced response, as shown in Figure 5. Several groups have begun human
clinical trials targeting human survivin using peptide mimics, which substitute amino
acids to enhance binding to MHC molecules in various HLA haplotypes, suggesting nat-
urally derived peptides lacked immunogenicity due to an inability to be presented to T
cells [10,38]. However, another group found several naturally occurring survivin epitopes
in humanized mice without the need for peptide mimics, calling into question the neces-
sity of mimics [49]. Although our vaccines targeted murine survivin, it is doubtful that
poor binding to MHC fully explains the lack of induction of a T cell response. This is
because two independent groups elicited a response using the mSurvivin53–67 peptide
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in C57BL/6 mice. It is possible that during the induction of a survivin-specific T cell
response, these cells underwent apoptosis through mechanisms such as Fas ligation or TNF
signaling [50]. Given that other groups successfully developed peptide-pulsed vaccines
using dendritic cells, perhaps there is unique biology to the use of a viral vector versus
autologous cells that warrants further exploration. A viral construct could conceivably
create a “suicidal” milieu in a vaccine-draining lymph node for autoreactive T cells by
inducing substantial quantities of TNF or Fas ligand. An alternative explanation for the
difference in the two vaccine platforms could be related to antigen processing. Using a
viral vector to get survivin-derived peptides expressed by MHC requires processing of the
protein. In contrast, DC-based vaccines bypass this requirement. Finally, it is theoretically
possible that full-length survivin contains tolerogenic or immunosuppressive epitopes that
are absent when only targeting the mSurvivin53–67 peptide. These ideas would be worth
exploring further to better understand how to engineer an ideal vaccine against survivin.
Regardless, our data suggest that breaking immunological tolerance against full-length
survivin may not be feasible with virus-vectored vaccines. A caveat of this study is that
only female mice were assessed. Although it would be highly unusual for there to be a
sex-specific limitation of the immunogenicity of survivin, this cannot be definitively ruled
out. This may warrant repeating the research with males in the future.

The discovery of eGFP has been an incredibly valuable tool for researchers in various
fields of study. Indeed, there are a plethora of cancer models that use eGFP-expressing cell
lines [51]. The evaluation of eGFP-specific T cell responses is a helpful proof-of-concept
tool. Here we expanded on the utility of GFP in immunotherapy by providing researchers
with a complete enhanced epitope map of eGFP, which included the discovery of two and
three novel CD8+ and CD4+ T cell epitopes, respectively, across two commonly used strains
of mice. Further, this epitope mapping provided confirmation of previously reported
immunodominant CD8+ T cell epitopes. We also demonstrated that an adenovirus prime
followed by a rhabdovirus boost could induce massive eGFP-specific T cell responses
in under 20 days. The T cell responses shown in Figure 7 demonstrated that the Ad-
prime/rhabdovirus-boost strategy could overcome the relatively poor immunogenicity
of eGFP, as had been reported previously [40]. The previous publication described the
immunodominant cytotoxic T lymphocyte epitope in C57BL/6 mice, primed with GFP
peptides with incomplete Freund’s adjuvant intravenously, and boosted with peptide-
pulsed DCs. This yielded a maximum response of ~0.2% responding CD8+ T cells from
the spleen [43]. In comparison, our prime-boost strategy induced responses of ~17% in the
same strain. Our results not only agree with the reported peptides being immunodominant,
but they also support the concept that the magnitude of the cytotoxic T lymphocyte
response in C57BL/6 mice was less than that of the BALB/c strain. Most importantly,
the prime-boost strategy unveiled five novel epitopes in C57BL/6 and BALB/c mice.
Subdominant epitopes have been implicated to have important roles in the outcome of
anti-tumor immunity. Notably, it has been documented that CD8+ T cell responses to
dominant epitopes can abrogate the immunogenicity of a tumor if the dominance targets
an irrelevant antigen [52]. Moreover, a recent study showed that CD8+ T cell responses to
dominant epitopes are weakened as a consequence of aging [53]. Such findings highlight
the potential utility of effective strategies that can uncover novel sub-dominant epitopes.
Therefore, although the vaccine strategy proved unsuccessful in the context of targeting
survivin for the treatment of cancers, the studies reported here revealed its novel potential
for high resolution epitope mapping.

The robust performance of our vaccine platform when targeting eGFP makes us
confident in our vaccine technology, but, in light of our survivin findings, leaves us with a
cautionary tale in terms of tumor-antigen selection. No substantial strain-related differences
were noted in the T cell responses. Survivin-specific T cell responses could not be induced
in either strain of mouse. In contrast, eGFP-specific T cells could be induced in both
strains. This is notable because C57BL/6 and BALB/c mice represent opposite ends of
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the immunological bias spectrum, i.e., a bias towards Th1- and Th2-associated immune
responses, respectively.

5. Conclusions

We utilized a unique heterologous prime-boost vaccination strategy that enables
rapid, high-resolution, complete epitope mapping within ~20 days from the first injection.
Using this strategy, several novel epitopes were mapped for eGFP in the most commonly
used mouse strains, C57BL/6 and BALB/c. Although the immunogenicity of eGFP has
been debated, we were able to achieve unprecedented eGFP-specific T cell responses,
highlighting the robustness of the vaccination platform. We hoped to apply these findings
in a therapeutic cancer context, targeting the high priority tumor antigen target survivin.
After extensive characterization, we were unable to elicit detectable survivin-specific T cells.
When comparing our findings with the approaches used by other labs targeting survivin in
humans, we conclude that there may be natural hindrances in the antigen processing and
presentation aspects of survivin-targeted immunotherapy in mice.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13246270/s1, Figure S1: Additional confirmatory Western blots of murine survivin
expression post-infection with recombinant adenovirus and Maraba virus, Figure S2: Intracellular
cytokine staining after re-stimulation of CD4+ and CD8+ T cells with the complete overlapping
survivin peptide library, Figure S3: Dot plots of individual BALB/c mice CD4+ responses to eGFP9–23
peptide following re-stimulation, Figure S4: Heavy and light chain fragments of UC10-4F10-11
hybridoma-derived CTLA4-specific antibody, Table S1: Primers used to clone, mutate, and sequence
a full-length murine survivin insert in adenoviral and Maraba virus plasmid vectors, Table S2:
Full-length overlapping eGFP peptide library, Table S3: Full-length overlapping murine survivin
peptide library.

Author Contributions: Conceptualization, R.C.M., K.K. and B.W.B.; methodology, R.C.M., L.S.,
A.J.M., J.J.P., G.A.W., S.K.W., K.K. and B.W.B.; data curation, R.C.M., J.P.v.V., A.W.K.A., S.R.W. and
J.d.J.; data analysis R.C.M., L.S., A.J.M., J.J.P., G.A.W., S.K.W., K.K. and B.W.B.; writing—original draft
preparation, R.C.M., K.K. and B.W.B.; writing—review and editing, R.C.M., J.P.v.V., A.W.K.A., S.R.W.,
J.d.J., L.S., A.J.M., J.J.P., G.A.W., S.K.W., K.K. and B.W.B.; supervision, K.K. and B.W.B.; funding
acquisition, B.W.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by grants awarded to B.W.B from the Cancer Research Society
(Operating Grant, start date: September 1, 2018), Canadian Institutes of Health Research (grant
#159395), and Terry Fox Research Institute (Program Project Grant #1073). Stipend funding was
provided by an Art Rouse Cancer Biology Graduate Stipend (Pet Trust Foundation) and Ontario
Veterinary College (OVC) Graduate Scholarship for R.C.M., an Ontario Graduate Scholarship, Ontario
Ministry of Agriculture and Rural Affairs Highly Qualified Personnel Scholarship and OVC Graduate
Scholarship for J.P.V, and a Canadian Graduate Scholarship-Master’s Award (Canadian Institutes for
Health Research) and the OVC Pet Trust Scholar’s Program for A.W.A.

Institutional Review Board Statement: Animal studies complied with Canadian Council on Animal
Care guidelines and were approved by the Animal Care Committee (University of Guelph; animal
utilization protocol #3807). All containment level-2 research was conducted with the authorization of
University of Guelph’s biosafety committee (biohazard permit #A-367-04-19-05).

Data Availability Statement: Data are available from the corresponding author following a reason-
able request.

Acknowledgments: The authors thank Campus Animal Facilities, University of Guelph for animal
care services.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/cancers13246270/s1
https://www.mdpi.com/article/10.3390/cancers13246270/s1


Cancers 2021, 13, 6270 19 of 21

References
1. O’Donnell, J.S.; Teng, M.W.L.; Smyth, M.J. Cancer immunoediting and resistance to T cell-based immunotherapy. Nat. Rev.

Clin. Oncol. 2019, 16, 151–167. [CrossRef] [PubMed]
2. Cheever, M.A.; Allison, J.P.; Ferris, A.S.; Finn, O.J.; Hastings, B.M.; Hecht, T.T.; Mellman, I.; Prindiville, S.A.; Viner, J.L.; Weiner,

L.M.; et al. The prioritization of cancer antigens: A national cancer institute pilot project for the acceleration of translational
research. Clin. Cancer Res. 2009, 15, 5323–5337. [CrossRef]

3. Ambrosini, G.; Adida, C.; Altieri, D.C. A novel anti-apoptosis gene, survivin, expressed in cancer and lymphoma. Nat. Med. 1997,
3, 917–921. [CrossRef] [PubMed]

4. Zheng, H.-C. The molecular mechanisms of chemoresistance in cancers. Oncotarget 2017, 8, 59950–59964. [CrossRef] [PubMed]
5. Conway, E.M.; Zwerts, F.; Van Eygen, V.; DeVriese, A.; Nagai, N.; Luo, W.; Collen, D. Survivin-dependent angiogenesis in

ischemic brain: Molecular mechanisms of hypoxia-induced up-regulation. Am. J. Pathol. 2003, 163, 935–946. [CrossRef]
6. Levitsky, A.; Erlandsson, M.C.; van Vollenhoven, R.F.; Bokarewa, M.I. Serum survivin predicts responses to treatment in active

rheumatoid arthritis: A post hoc analysis from the SWEFOT trial. BMC Med. 2015, 13, 247. [CrossRef] [PubMed]
7. Altznauer, F.; Martinelli, S.; Yousefi, S.; Thürig, C.; Schmid, I.; Conway, E.M.; Schöni, M.H.; Vogt, P.; Mueller, C.; Fey,

M.F.; et al. Inflammation-associated cell cycle-independent block of apoptosis by survivin in terminally differentiated neutrophils.
J. Exp. Med. 2004, 199, 1343–1354. [CrossRef] [PubMed]

8. Bridle, B.W.; Stephenson, K.B.; Boudreau, J.E.; Koshy, S.; Kazdhan, N.; Pullenayegum, E.; Brunellière, J.; Bramson, J.L.; Lichty,
B.D.; Wan, Y. Potentiating Cancer Immunotherapy Using an Oncolytic Virus. Mol. Ther. 2010, 18, 1430–1439. [CrossRef]

9. Miyazaki, A.; Kobayashi, J.; Torigoe, T.; Hirohashi, Y.; Yamamoto, T.; Yamaguchi, A.; Asanuma, H.; Takahashi, A.; Michifuri, Y.;
Nakamori, K.; et al. Phase I clinical trial of survivin-derived peptide vaccine therapy for patients with advanced or recurrent oral
cancer. Cancer Sci. 2011, 102, 324–329. [CrossRef]

10. Becker, J.C.; Andersen, M.H.; Hofmeister-Müller, V.; Wobser, M.; Frey, L.; Sandig, C.; Walter, S.; Singh-Jasuja, H.; Kämpgen,
E.; Opitz, A.; et al. Survivin-specific T-cell reactivity correlates with tumor response and patient survival: A phase-II peptide
vaccination trial in metastatic melanoma. Cancer Immunol. Immunother. 2012, 61, 2091–2103. [CrossRef]

11. Lennerz, V.; Gross, S.; Gallerani, E.; Sessa, C.; Mach, N.; Boehm, S.; Hess, D.; von Boehmer, L.; Knuth, A.; Ochsenbein, A.F.; et al.
Immunologic response to the survivin-derived multi-epitope vaccine EMD640744 in patients with advanced solid tumors.
Cancer Immunol. Immunother. 2014, 63, 381–394. [CrossRef]

12. Hofmann, U.B.; Voigt, H.; Andersen, M.H.; Straten, P.T.; Becker, J.C.; Eggert, A.O. Identification and characterization of survivin-
derived H-2Kb-restricted CTL epitopes. Eur. J. Immunol. 2009, 39, 1419–1424. [CrossRef] [PubMed]

13. Ciesielski, M.J.; Kozbor, D.; Castanaro, C.A.; Barone, T.A.; Fenstermaker, R.A. Therapeutic effect of a T helper cell supported CTL
response induced by a survivin peptide vaccine against murine cerebral glioma. Cancer Immunol. Immunother. 2008, 57, 1827–1835.
[CrossRef]

14. Muchmore, S.W.; Chen, J.; Jakob, C.; Zakula, D.; Matayoshi, E.D.; Wu, W.; Zhang, H.; Li, F.; Ng, S.C.; Altieri, D.C. Crystal structure
and mutagenic analysis of the inhibitor-of-apoptosis protein survivin. Mol. Cell 2000, 6, 173–182. [CrossRef]

15. Qiu, F.; Zhao, X. In vivo antitumor activity of liposome-plasmid DNA encoding mutant survivin-T34A in cervical cancer.
Mol. Med. Rep. 2018, 18, 841–847. [CrossRef] [PubMed]

16. Mesri, M.; Wall, N.R.; Li, J.; Kim, R.W.; Altieri, D.C. Cancer gene therapy using a survivin mutant adenovirus. J. Clin. Investig.
2001, 108, 981–990. [CrossRef]

17. Bridle, B.W.; Nguyen, A.; Salem, O.; Zhang, L.; Koshy, S.; Clouthier, D.; Chen, L.; Pol, J.; Swift, S.L.; Bowdish, D.M.E.; et al.
Privileged Antigen Presentation in Splenic B Cell Follicles Maximizes T Cell Responses in Prime-Boost Vaccination. J. Immunol.
2016, 196, 4587–4595. [CrossRef] [PubMed]

18. Abbink, P.; Lemckert, A.A.C.; Ewald, B.A.; Lynch, D.M.; Denholtz, M.; Smits, S.; Holterman, L.; Damen, I.; Vogels, R.; Thorner,
A.R.; et al. Comparative seroprevalence and immunogenicity of six rare serotype recombinant adenovirus vaccine vectors from
subgroups B and D. J. Virol. 2007, 81, 4654–4663. [CrossRef]

19. Pol, J.G.; Zhang, L.; Bridle, B.W.; Stephenson, K.B.; Rességuier, J.; Hanson, S.; Chen, L.; Kazdhan, N.; Bramson, J.L.; Stojdl,
D.F.; et al. Maraba virus as a potent oncolytic vaccine vector. Mol. Ther. 2014, 22, 420–429. [CrossRef] [PubMed]

20. Brun, J.; McManus, D.; Lefebvre, C.; Hu, K.; Falls, T.; Atkins, H.; Bell, J.C.; McCart, J.A.; Mahoney, D.; Stojdl, D.F. Identification of
genetically modified Maraba virus as an oncolytic rhabdovirus. Mol. Ther. 2010, 18, 1440–1449. [CrossRef] [PubMed]

21. Miyazaki, J.; Takaki, S.; Araki, K.; Tashiro, F.; Tominaga, A.; Takatsu, K.; Yamamura, K. Expression vector system based on the
chicken beta-actin promoter directs efficient production of interleukin-5. Gene 1989, 79, 269–277. [CrossRef] [PubMed]

22. Bridle, B.W.; Boudreau, J.E.; Lichty, B.D.; Brunellière, J.; Stephenson, K.; Koshy, S.; Bramson, J.L.; Wan, Y. Vesicular stomatitis
virus as a novel cancer vaccine vector to prime antitumor immunity amenable to rapid boosting with adenovirus. Mol. Ther. 2009,
17, 1814–1821. [CrossRef] [PubMed]

23. Bridle, B.W.; Clouthier, D.; Zhang, L.; Pol, J.; Chen, L.; Lichty, B.D.; Bramson, J.L.; Wan, Y. Oncolytic vesicular stomatitis virus
quantitatively and qualitatively improves primary CD8+ T-cell responses to anticancer vaccines. Oncoimmunology 2013, 2, e26013.
[CrossRef] [PubMed]

24. Lane, C.; Leitch, J.; Tan, X.; Hadjati, J.; Bramson, J.L.; Wan, Y. Vaccination-induced autoimmune vitiligo is a consequence of
secondary trauma to the skin. Cancer Res. 2004, 64, 1509–1514. [CrossRef] [PubMed]

http://doi.org/10.1038/s41571-018-0142-8
http://www.ncbi.nlm.nih.gov/pubmed/30523282
http://doi.org/10.1158/1078-0432.CCR-09-0737
http://doi.org/10.1038/nm0897-917
http://www.ncbi.nlm.nih.gov/pubmed/9256286
http://doi.org/10.18632/oncotarget.19048
http://www.ncbi.nlm.nih.gov/pubmed/28938696
http://doi.org/10.1016/S0002-9440(10)63453-0
http://doi.org/10.1186/s12916-015-0485-2
http://www.ncbi.nlm.nih.gov/pubmed/26420684
http://doi.org/10.1084/jem.20032033
http://www.ncbi.nlm.nih.gov/pubmed/15148334
http://doi.org/10.1038/mt.2010.98
http://doi.org/10.1111/j.1349-7006.2010.01789.x
http://doi.org/10.1007/s00262-012-1266-9
http://doi.org/10.1007/s00262-013-1516-5
http://doi.org/10.1002/eji.200839098
http://www.ncbi.nlm.nih.gov/pubmed/19337999
http://doi.org/10.1007/s00262-008-0510-9
http://doi.org/10.1016/S1097-2765(05)00019-5
http://doi.org/10.3892/mmr.2018.9007
http://www.ncbi.nlm.nih.gov/pubmed/29767242
http://doi.org/10.1172/JCI200112983
http://doi.org/10.4049/jimmunol.1600106
http://www.ncbi.nlm.nih.gov/pubmed/27183620
http://doi.org/10.1128/JVI.02696-06
http://doi.org/10.1038/mt.2013.249
http://www.ncbi.nlm.nih.gov/pubmed/24322333
http://doi.org/10.1038/mt.2010.103
http://www.ncbi.nlm.nih.gov/pubmed/20551913
http://doi.org/10.1016/0378-1119(89)90209-6
http://www.ncbi.nlm.nih.gov/pubmed/2551778
http://doi.org/10.1038/mt.2009.154
http://www.ncbi.nlm.nih.gov/pubmed/19603003
http://doi.org/10.4161/onci.26013
http://www.ncbi.nlm.nih.gov/pubmed/24083086
http://doi.org/10.1158/0008-5472.CAN-03-3227
http://www.ncbi.nlm.nih.gov/pubmed/14973051


Cancers 2021, 13, 6270 20 of 21

25. Mould, R.C.; AuYeung, A.W.K.; van Vloten, J.P.; Susta, L.; Mutsaers, A.J.; Petrik, J.J.; Wood, G.A.; Wootton, S.K.; Karimi, K.; Bridle,
B.W. Enhancing Immune Responses to Cancer Vaccines Using Multi-Site Injections. Sci. Rep. 2017, 7, 8322. [CrossRef]

26. Ciesielski, M.J.; Ahluwalia, M.S.; Munich, S.A.; Orton, M.; Barone, T.; Chanan-Khan, A.; Fenstermaker, R.A. Antitumor cytotoxic
T-cell response induced by a survivin peptide mimic. Cancer Immunol. Immunother. 2010, 59, 1211–1221. [CrossRef] [PubMed]

27. Helft, J.; Böttcher, J.; Chakravarty, P.; Zelenay, S.; Huotari, J.; Schraml, B.U.; Goubau, D.; Reis e Sousa, C. GM-CSF Mouse Bone
Marrow Cultures Comprise a Heterogeneous Population of CD11c+MHCII+ Macrophages and Dendritic Cells. Immunity 2015,
42, 1197–1211. [CrossRef]

28. Qin, J.Y.; Zhang, L.; Clift, K.L.; Hulur, I.; Xiang, A.P.; Ren, B.Z.; Lahn, B.T. Systematic comparison of constitutive promoters and
the doxycycline-inducible promoter. PLoS ONE 2010, 5, e10611. [CrossRef]

29. Aspe, J.R.; Wall, N.R. Survivin-T34A: Molecular mechanism and therapeutic potential. OncoTargets Ther. 2010, 3, 247–254.
[CrossRef]

30. Adida, C.; Crotty, P.L.; McGrath, J.; Berrebi, D.; Diebold, J.; Altieri, D.C. Developmentally regulated expression of the novel cancer
anti-apoptosis gene survivin in human and mouse differentiation. Am. J. Pathol. 1998, 152, 43–49.

31. Leisegang, M.; Wilde, S.; Spranger, S.; Milosevic, S.; Frankenberger, B.; Uckert, W.; Schendel, D.J. MHC-restricted fratricide of
human lymphocytes expressing survivin-specific transgenic T cell receptors. J. Clin. Investig. 2010, 120, 3869–3877. [CrossRef]

32. Kornacker, M.; Verneris, M.R.; Kornacker, B.; Scheffold, C.; Negrin, R.S. Survivin expression correlates with apoptosis resistance
after lymphocyte activation and is found preferentially in memory T cells. Immunol. Lett. 2001, 76, 169–173. [CrossRef]

33. Krummel, M.F.; Allison, J.P. CD28 and CTLA-4 have opposing effects on the response of T cells to stimulation. J. Exp. Med. 1995,
182, 459–465. [CrossRef] [PubMed]

34. Grosso, J.F.; Jure-Kunkel, M.N. CTLA-4 blockade in tumor models: An overview of preclinical and translational research.
Cancer Immun. 2013, 13, 1–14.

35. Cobleigh, M.A.; Bradfield, C.; Liu, Y.; Mehta, A.; Robek, M.D. The Immune Response to a Vesicular Stomatitis Virus Vaccine
Vector Is Independent of Particulate Antigen Secretion and Protein Turnover Rate. J. Virol. 2012, 86, 4253–4261. [CrossRef]

36. Fukuda, S.; Pelus, L.M. Survivin, a cancer target with an emerging role in normal adult tissues. Mol. Cancer Ther. 2006, 5,
1087–1098. [CrossRef]

37. Gerdemann, U.; Katari, U.; Christin, A.S.; Cruz, C.R.; Tripic, T.; Rousseau, A.; Gottschalk, S.M.; Savoldo, B.; Vera, J.F.; Heslop,
H.E.; et al. Cytotoxic T lymphocytes simultaneously targeting multiple tumor-associated antigens to treat EBV negative lymphoma.
Mol. Ther. 2011, 19, 2258–2268. [CrossRef]

38. Fenstermaker, R.A.; Ciesielski, M.J.; Qiu, J.; Yang, N.; Frank, C.L.; Lee, K.P.; Mechtler, L.R.; Belal, A.; Ahluwalia, M.S.;
Hutson, A.D. Clinical study of a survivin long peptide vaccine (SurVaxM) in patients with recurrent malignant glioma.
Cancer Immunol. Immunother. 2016, 65, 1339–1352. [CrossRef]

39. Berinstein, N.L.; Karkada, M.; Oza, A.M.; Odunsi, K.; Villella, J.A.; Nemunaitis, J.J.; Morse, M.A.; Pejovic, T.; Bentley, J.; Buyse,
M.; et al. Survivin-targeted immunotherapy drives robust polyfunctional T cell generation and differentiation in advanced
ovarian cancer patients. Oncoimmunology 2015, 4, e1026529. [CrossRef] [PubMed]

40. Skelton, D.; Satake, N.; Kohn, D. The enhanced green fluorescent protein (eGFP) is minimally immunogenic in C57BL/6 mice.
Gene Ther. 2001, 8, 1813–1814. [CrossRef] [PubMed]

41. Ansari, A.M.; Ahmed, A.K.; Matsangos, A.E.; Lay, F.; Born, L.J.; Marti, G.; Harmon, J.W.; Sun, Z. Cellular GFP Toxicity and
Immunogenicity: Potential Confounders in in Vivo Cell Tracking Experiments. Stem Cell Rev. 2016, 12, 553–559. [CrossRef]

42. Pol, J.G.; Atherton, M.J.; Bridle, B.W.; Stephenson, K.B.; Le Boeuf, F.; Hummel, J.L.; Martin, C.G.; Pomoransky, J.; Breitbach,
C.J.; Diallo, J.S.; et al. Development and applications of oncolytic Maraba virus vaccines. Oncolytic Virother. 2018, 7, 117–128.
[CrossRef] [PubMed]

43. Han, W.G.H.; Unger, W.W.J.; Wauben, M.H.M. Identification of the immunodominant CTL epitope of EGFP in C57BL/6 mice.
Gene Ther. 2008, 15, 700–701. [CrossRef] [PubMed]

44. King, C.; Garza, E.N.; Mazor, R.; Linehan, J.L.; Pastan, I.; Pepper, M.; Baker, D. Removing T-cell epitopes with computational
protein design. Proc. Natl. Acad. Sci. USA 2014, 111, 8577–8582. [CrossRef]

45. Gambotto, A.; Dworacki, G.; Cicinnati, V.; Kenniston, T.; Steitz, J.; Tüting, T.; Robbins, P.D.; DeLeo, A.B. Immunogenicity of
enhanced green fluorescent protein (EGFP) in BALB/c mice: Identification of an H2-Kd-restricted CTL epitope. Gene Ther. 2000,
7, 2036–2040. [CrossRef] [PubMed]

46. Altieri, D.C. Validating survivin as a cancer therapeutic target. Nat. Rev. Cancer 2003, 3, 46–54. [CrossRef] [PubMed]
47. Alexander-Miller, M.A.; Leggatt, G.R.; Sarin, A.; Berzofsky, J.A. Role of antigen, CD8, and cytotoxic T lymphocyte (CTL) avidity

in high dose antigen induction of apoptosis of effector CTL. J. Exp. Med. 1996, 184, 485–492. [CrossRef]
48. Greenwald, R.J.; Boussiotis, V.A.; Lorsbach, R.B.; Abbas, A.K.; Sharpe, A.H. CTLA-4 regulates induction of anergy in vivo.

Immunity 2001, 14, 145–155. [CrossRef]
49. Onodi, F.; Maherzi-Mechalikh, C.; Mougel, A.; Hamouda, N.B.; Taboas, C.; Gueugnon, F.; Tran, T.; Nozach, H.; Marcon, E.; Gey,

A.; et al. High therapeutic efficacy of a new survivin LSP-cancer vaccine containing CD4+ and CD8+ T-cell epitopes. Front. Oncol.
2018, 8, 517. [CrossRef]

50. Lenardo, M.; Chan, K.M.; Hornung, F.; McFarland, H.; Siegel, R.; Wang, J.; Zheng, L. Mature T lymphocyte apoptosis–immune
regulation in a dynamic and unpredictable antigenic environment. Annu. Rev. Immunol. 1999, 17, 221–253. [CrossRef] [PubMed]

http://doi.org/10.1038/s41598-017-08665-9
http://doi.org/10.1007/s00262-010-0845-x
http://www.ncbi.nlm.nih.gov/pubmed/20422411
http://doi.org/10.1016/j.immuni.2015.05.018
http://doi.org/10.1371/journal.pone.0010611
http://doi.org/10.2147/OTT.S15293
http://doi.org/10.1172/JCI43437
http://doi.org/10.1016/S0165-2478(01)00186-9
http://doi.org/10.1084/jem.182.2.459
http://www.ncbi.nlm.nih.gov/pubmed/7543139
http://doi.org/10.1128/JVI.05991-11
http://doi.org/10.1158/1535-7163.MCT-05-0375
http://doi.org/10.1038/mt.2011.167
http://doi.org/10.1007/s00262-016-1890-x
http://doi.org/10.1080/2162402X.2015.1026529
http://www.ncbi.nlm.nih.gov/pubmed/26405584
http://doi.org/10.1038/sj.gt.3301586
http://www.ncbi.nlm.nih.gov/pubmed/11803402
http://doi.org/10.1007/s12015-016-9670-8
http://doi.org/10.2147/OV.S154494
http://www.ncbi.nlm.nih.gov/pubmed/30538968
http://doi.org/10.1038/sj.gt.3303104
http://www.ncbi.nlm.nih.gov/pubmed/18288211
http://doi.org/10.1073/pnas.1321126111
http://doi.org/10.1038/sj.gt.3301335
http://www.ncbi.nlm.nih.gov/pubmed/11175316
http://doi.org/10.1038/nrc968
http://www.ncbi.nlm.nih.gov/pubmed/12509766
http://doi.org/10.1084/jem.184.2.485
http://doi.org/10.1016/S1074-7613(01)00097-8
http://doi.org/10.3389/fonc.2018.00517
http://doi.org/10.1146/annurev.immunol.17.1.221
http://www.ncbi.nlm.nih.gov/pubmed/10358758


Cancers 2021, 13, 6270 21 of 21

51. Paris, S.; Sesboüé, R. Metastasis models: The green flourescent revolution? Carcinogenesis 2004, 25, 2285–2292. [CrossRef]
[PubMed]

52. Makki, A.; Weidt, G.; Blachere, N.E.; Lefrançois, L.; Srivastava, P.K. Immunization against a dominant tumor antigen abrogates
immunogenicity of the tumor. Cancer Immun. Arch. 2002, 2, 4.

53. Jackaman, C.; Gardner, J.K.; Tomay, F.; Spowart, J.; Crabb, H.; Dye, D.E.; Fox, S.; Proksch, S.; Metharom, P.; Dhaliwal, S.S.; et al.
CD8+ cytotoxic T cell responses to dominant tumor-associated antigens are profoundly weakened by aging yet subdominant
responses retain functionality and expand in response to chemotherapy. Oncoimmunology 2019, 8, e1564452. [CrossRef]

http://doi.org/10.1093/carcin/bgh219
http://www.ncbi.nlm.nih.gov/pubmed/15217904
http://doi.org/10.1080/2162402X.2018.1564452

	Introduction 
	Materials and Methods 
	Mice 
	Cell Cultures 
	Plasmids and Vector Construction 
	Viruses 
	Vaccination Protocol 
	Sample Processing 
	Quantification of T Cells by Flow Cytometry 
	Peptides 
	Western Blotting 
	In Vivo Cytotoxicity Assay 
	In Vitro Infection of Antigen-Presenting Cells (APCs) with Adenovirus 
	In Vivo Immunological Checkpoint Inhibition with Anti-Cytotoxic T Lymphocyte-Associated Protein 4 (CTLA4) 
	Statistics 

	Results 
	Murine Survivin Was Successfully Tagged, Mutated, Cloned into, and Then Expressed by Adenovirus and Maraba Virus Vectors 
	Vaccination against Murine Survivin Was Unable to Induce a Survivin-Specific Cytotoxic T Cell Response 
	Co-Vaccination with Ad-T34A-mSurvivin and Ad-DCT Did Not Dampen Nor Eliminate DCT-Specific T Cell Responses 
	Ad-T34A-mSurvivin Did Not Significantly Impact the Viability of Antigen-Presenting Cells 
	Antibody-Mediated Blockade of CTLA4 Prior to Priming with Ad-T34A-mSurvivin and Boosting with MG1-T34A-mSurvivin Did Not Unveil Survivin-Specific T Cell Responses 
	An Ad Prime Followed by Boosting with VSV Facilitated the Discovery of Novel eGFP Epitopes in C57BL/6 and BALB/c Mice 
	An Ad Prime Followed by Boosting with VSV Led to Massive T Cell Responses to eGFP 

	Discussion 
	Conclusions 
	References

