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Abstract
Targeting viral vectors encoding tumor-associated antigens to dendritic cells (DCs) in vivo is likely
to enhance the effectiveness of immunotherapeutic cancer vaccines. We have previously shown that
genetic modification of adenovirus (Ad) 5 to incorporate CD40 ligand (CD40L) rather than native
fiber allows selective transduction and activation of DCs in vitro. Here, we examine the capacity of
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this targeted vector to induce immune responses to the tumor antigen CEA in a stringent in vivo
canine model. CD40-targeted Ad5 transduced canine DCs via the CD40-CD40L pathway in vitro,
and following vaccination of healthy dogs, CD40-targeted Ad5 induced strong anti-CEA cellular
and humoral responses. These data validate the canine model for future translational studies and
suggest targeting of Ad5 vectors to CD40 for in vivo delivery of tumor antigens to DCs is a feasible
approach for successful cancer therapy.
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1. Introduction
Many immunological features of cancers that allow evasion of immune surveillance and
destruction have been revealed, enabling the development of new and more effective
immunotherapeutic strategies. Immune evasion is now recognized to be due primarily to a
breakdown in the normal route of tumor antigen presentation to T cells [1]. In order to mount
an immune response against a tumor, antigen presenting cells (APCs) monitoring peripheral
tissues must present tumor-associated antigens (TAA) to T cells. In a fully functional immune
system, APCs capture and present TAA to CD8+ T cells (lymphocytes) (CTL) and CD4+
helper T (Th) cells in lymph nodes (LN), leading to the expansion and activation of antigen-
specific effector T cells. Once activated, CTLs recognize tumor cells expressing the presented
TAA. The identification of a variety of cancer-specific TAA has provided more options for
immunotherapy; however, TAA are often self-antigens to which a considerable immunological
tolerance is maintained, especially depending on the route of T cell presentation [2]. Therefore,
strategies for overcoming tolerance and generating effective immune responses against TAA
are being developed based on harnessing the immunostimulatory activity of APCs.

Delivering TAA specifically to DCs with an antigen-delivery system offers tremendous
potential for the development of new cancer vaccines [3]. Supporting this, pre-clinical and
clinical trials have focused on adoptive transfer of TAA-exposed DCs. These approaches
involve isolating DCs from the blood of patients, exposing the DCs to TAA and other
maturation stimuli in culture, and, finally, re-injecting them into the patient. Although
encouraging results have been reported, there are substantial medical, economic, and logistic
complexities to this approach. In addition, while pre-clinical trials in mice demonstrated highly
promising immune responses, including tumor regression and remission, clinical trials in
humans resulted in far fewer cases of tumor stability or regression, suggesting these vaccines
are not yet optimal [4-8]. Possibly underlying these results, recent evidence indicates that DCs
matured ex vivo do not accurately mimic DCs matured in vivo, precluding optimal immune
system stimulation [9]. Thus, a strategy to facilitate DC transduction to mediate TAA delivery
in vivo that is universally efficacious, regardless of haplotype, is required.

In regard to DC transduction efficiency, gene transfer and immune stimulation, viral
transduction methods have been found to be superior to non-viral methods [10-12]. In addition
to high gene transfer efficiency, transduction of DCs with adenovirus serotype 5 (Ad5)-based
vectors offers many benefits over other viral vectors. Ad5-mediated transduction does not
require cell proliferation and poses a low risk for insertional mutagenesis [13-16]. Furthermore,
non-replicating Ads provide the additional benefit of delivering TAA for only a finite amount
of time, thus minimizing the chances of inducing hyporesponsiveness to chronic antigen
presentation. Despite these advantages, DCs are relatively refractory to Ad5 transduction due
to limited cell surface expression of the primary Ad5 receptor, coxsackie virus and adenovirus
receptor (CAR) [17]. Thus, efficient Ad5-mediated gene transfer to DCs requires high
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multiplicities of infection (MOI). To overcome this, our lab has retargeted Ad5 to CD40
expressed on cell surfaces, achieving efficient and specific DC transduction and antigen-
specific immune responses using low doses of Ad5 administered subcutaneously, a site
enriched for DCs [17-25]. In addition to providing a means for efficient DC transduction, CD40
ligation and activation induces migration of mature DCs to the T cell populated areas of the
draining lymph node, thus CD40-targeted vectors are likely to provide additional
immunotherapeutic benefits.

In the experiments presented here, the transduction potential of CD40-targeted Ad5 was
determined in canine DCs, and the immunostimulatory capacity of this targeting strategy was
evaluated in dogs, the most relevant translational animal model available for evaluating many
therapeutic modalities designed to combat human diseases. Of particular relevance to our
studies, dogs are naturally susceptible to several cancers which mimic the onset, progression
and symptoms of the corresponding human cancers, allowing therapeutic evaluation with
increased clinical relevance [26-29]. Indeed, many advances in human cancer therapies have
been made or improved through studies in canine patients, including the first evaluations of
cancer vaccines, and the analysis of cytokine and chemotherapeutic regimens for pulmonary
metastases [26]. In addition, canine models provide dosing and vector production challenges
similar to those encountered in human clinical trials [26,30,31].

The data presented from this pilot study in healthy dogs validate the utility of the canine model
for our translational studies, and suggest that specific targeting of Ad5 vectors to DCs for in
vivo delivery of genes encoding TAA may provide an enhanced immune response to disease-
related antigens.

2. Materials and Methods
2.1. Cell lines

The human embryonic kidney cell line 293 was purchased from Microbix (Toronto, Ontario,
Canada). The 293F28 and 293/hCD40 cell lines are derivatives of 293 cells which express
either Ad5 wild-type fiber (for mosaic virus propagation as described below) or human CD40
as previously described [21]. The 293/cCD40 cell line is a derivative of the 293 cell line which
expresses canine CD40, and was generated by transfection of 293 cells with the plasmid
pcDNA3.1canineCD40, and subsequent selection with 1000 μg/ml of Geneticin (G418). A cell
clone derived from this population that expressed high levels of canine CD40 was identified
by RT-PCR. All 293 and 293-derived cell lines were propagated in a 50:50 mixture of
Dulbecco's modified Eagle's medium and Ham's F-12 medium (DMEM/F-12) supplemented
with 10% (v/v) fetal calf serum (FCS), L-glutamine (2 mM), penicillin (100 units/ml) and
streptomycin (100 μg/ml). FCS was purchased from Gibco-BRL (Grand Island, NY) and media
and supplements were from Mediatech (Herndon, VA). RT-PCR analysis of cell lines revealed
4.47 × 107 copies/μg of human CD40 mRNA in 293/hCD40 compared to 5.6 × 10-2 copies/
μg in control 293 cells, and 6.44 × 103 copies/μg of canine CD40 mRNA in 293/cCD40 cells.
293F28 cells were maintained with 100 μg/ml Zeocin (Invitrogen), and 293/hCD40 and 293/
cCD40 cells were maintained with 100 μg/ml G418. All cell lines were cultured at 37°C in 5%
CO2.

2.2. Gene Therapy Vectors
Ad5.FFhCD40L vectors expressing artificial fiber proteins containing FF-CD40L and
encoding either luciferase, CEA or GFP/CEA were constructed as previously described [20,
21]. Ad5 vectors expressing the native fiber protein and encoding either luciferase, GFP/
luciferase or CEA were employed as controls [20,32,33]. Briefly, Ad5 vectors encoding the
native fiber protein were generated by transfection of 293 cells with Pac I-digested Ad rescue
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vectors. Vectors with FF-CD40L were generated by transfection of 293F28 cells with Pac I-
digested Ad rescue vectors. 293F28 cells stably express the native Ad5 fiber, thus viruses
rescued at this point were mosaic in the sense that the Ad5 virions randomly incorporated a
mixture of native fibers and FF-CD40L chimeras. After additional rounds of amplification on
293F28 cells, the viruses were amplified in 293 cells, which do not express native Ad5 fiber,
to obtain virus particles containing only FF-CD40L [21].

All Ad5 vectors were isolated from infected cells and purified by equilibrium centrifugation
in CsCl gradients according to a standard protocol [34]. The protein concentrations in the viral
preparations were determined using the DC protein assay (Bio-Rad, Hercules, CA) with
purified bovine serum albumin (BSA) as a standard. The virus titers were calculated using the
formula: 1 μg of protein = 4 × 109 viral particles (vp).

2.3. Preparation of canine peripheral blood mononuclear cell populations
Whole blood (40-60 ml) was collected from normal outbred dogs in EDTA tubes (Becton,
Dickinson), gently and thoroughly mixed and centrifuged 30 min at 1000 × g at RT. The buffy
coat containing the peripheral blood mononuclear cell (PBMC) population was extracted with
a pipette in 1-2 ml and diluted with 8 ml HBS (HEPES-buffered saline, no Mg/Ca, Gibco/
BRL). The cell suspension was layered over 5 ml Histopaque 1077 (Sigma-Aldrich) and
centrifuged at 1000 × g at RT for 30 min. The band containing the PBMC population was
extracted in 1-2 ml into a new sterile tube and diluted with 2 ml HBS, mixed, and centrifuged
once more. The supernatant was removed and the cells gently resuspend in 5 ml HBS. The
cells were centrifuged once more and resuspended in 4 ml flow wash buffer (FWB - HBS
containing 10% fetal bovine serum) and incubated at RT at least 40 min to allow blocking of
nonspecific sites.

2.4. Flow cytometry and fluorescent activated cell sorting for canine dendritic cells
Antibodies were obtained that recognize canine CD11c, (monoclonal mouse anti-dog CD11c,
Serotec) and human CD40 (monoclonal mouse clone B-B20, prelabeled with Zenon reagent
PE/Alexa Fluor 610, Invitrogen). The PBMC suspension was centrifuged at 200 × g at RT for
10 min, the supernatant removed, and the cells resuspended in 1 mL FWB. Primary antibodies
(100 μL each) were then added, gently mixed, and incubated for 60 min at RT in the dark.
Then, 2 mL HBS was added and the cell suspension centrifuged at 200 × g for 10 min. The
supernatant was aspirated and the cells were washed two additional times in 2 mL HBS, finally
resuspending them in 1 mL FWB. Each cell suspension was filtered to 50 μm in a sterile
CellTrics disposable filter (Partec, Germany).

Flow cytometry assays and fluorescent activated cell sorting (FACs) were performed on a
MoFlo flow cytometer and cell sorter (Beckman Coulter). The CD11c expression profiles were
determined using Summit 4.0 software (Beckman Coulter). The entire cell suspension was
sorted for each experiment and sorted cells (CD11c+ and CD11c-) sterilely collected into tubes
containing 1 mL of FBS. Both samples and sorted populations of cells were maintained at RT
during the entire process.

To ensure recovery of exposed CD40 on the cell surface, cells were allowed to recover for 4
h prior to transduction with Ad vectors. Following transduction, cells were collected by
centrifugation, and brought into culture in RPMI-1640 (Gibco/BRL) containing 10% FBS,
penicillin/streptomycin/fungizone (Gibco/BRL) and 25% lymphocyte conditioned media
(CM). CM was obtained from cultures of freshly prepared canine lymphocytes which had been
stimulated for 24-48 hr with phytohemagglutinin (PHA, 10 μg/ml, Sigma-Aldrich) [35,36].
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2.5. Recombinant protein purification and western blot analysis
The 6-HIS-tagged soluble human CD40L protein and its derivatives were expressed in E. coli
BL21(DE3)(pLysS) as previously described [21]. The concentrations of the proteins in purified
preparations and in cell lysate were determined using the BioRad DC Protein Assay.

2.6. Gene transfer experiments
293, 293/hCD40 and 293/cCD40 cell lines and canine DCs were plated in 24-well plates at 1
× 105 cells/well. Prior to transduction, cells were washed with serum-free growth medium and
incubated on ice with 0.2 ml of either medium or medium containing a blocking agent. In the
latter instance, recombinant Ad5 fiber knob [37] or soluble hCD40L proteins were added to
the medium at concentrations of 100 μg/ml for 1 h on ice. Cells were transduced at a multiplicity
of infection (MOI) of 10, 100 or 1000 vp per cell with Ad5 vectors in medium containing 2%
FCS. After incubation on ice for 1 h, the medium containing the virus and the inhibitor was
removed, and cells were washed with medium containing 10% FCS. Fresh medium was added,
and incubation was continued at 37°C for 22 h to allow reporter gene expression. Cells were
then washed with PBS and lysed in Luciferase Reporter Lysis Buffer (Promega). The luciferase
activity in the cell lysates was measured according to the manufacturer's protocol. Each data
point was assessed in triplicate and calculated as the mean of three determinations. In instances
where transduction was performed without the addition of a blocking agent, the virus was added
to the cells in 0.4 ml aliquots of medium containing 2% FCS.

All incubation and washing steps in gene transfer experiments involving DCs were performed
in cell suspensions since these cells are only loosely adherent. To minimize variation in the
data, which could result from the loss of cells during the washing steps, the luciferase activity
measured in the cell lysates was normalized to the protein concentration of resulting cell lysates.

2.7. In vivo canine vaccinations
All experiments were conducted under the oversight of the Auburn University IACUC
committee in AAALAC approved animal and clinical care facilities. Outbred beagle dogs from
two litters were used for vaccination. The dogs were 10 and 15 weeks of age at the start of the
experiment and weighed approximately 10 to 15 kg each. Additional adult beagle and beagle-
corgi crosses were used to provide blood for isolation of PBMCs. 1 × 109 vp of Ad5CEA.FF/
hCD40L (5 dogs) or control Ad5CEA (5 dogs) vectors were delivered in 0.5 ml sterile
phosphate-buffered saline (PBS) to each dog. Intradermal (i.d.) injections were performed in
the right lower abdomen using a 25 gauge needle. The dogs were re-injected with the same
dose of each Ad5 vector and by the same route as their original injection on weeks 4, 8 and
12. Peripheral blood was collected each week and used for ELISA detection of anti-CEA
antibodies. At week 14, lymphocytes were purified from collected peripheral blood for
lymphoproliferation assays.

2.8. Lymphoproliferation assays
PBMCs were obtained by density gradient centrifugation using lymphocyte separation media
(Cellgro, Mediatech, Inc, Herndon, VA) and were resuspended in complete medium consisting
of RPMI 1640 supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 50 μM 2-
mercaptoethanol, and antibiotics. Cells were added at 1 × 105 cells per well in round bottom
96 well plates. Stimulated cells were incubated in triplicate wells with recombinant human
CEA protein (Vitro Diagnostics, Inc. Aurora, CO) over a range of concentrations (1–30 μg/
ml). Additionally, BSA (30 μg/ml) or ovalbumin (OVA) (25 μg/ml) wells were included as
negative control antigens and Con-A wells (0.5 μg/ml) were included as positive control
mitogens. Control cells were cultured in complete medium alone. All cells were incubated at
37°C in a humidified atmosphere of 5% CO2 in air for two days, followed by an overnight
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pulse with 1 μCi/well of tritiated thymidine diluted at 50 μCi/ml. Cells were harvested and
incorporated radioactivity was quantified using a solid-phase beta scintillation counter (Matrix
9600; Packard Instrument Co., Downers Grove, IL). The Stimulation Index (S.I.) was
calculated as the mean counts per million (cpm) of the stimulated cells divided by the mean
cpm of the control (OVA-stimulated) cells. A positive response was defined as a post-
vaccination S.I. >3.0. The assay was performed in triplicate for each sample and results are
presented as means.

2.9. ELISA for detection of anti-CEA antibodies
For CEA antibody detection, 96 well EIA plates (Costar 3590) were coated with recombinant
CEA protein (Vitro Diagnostics, Inc. Aurora, CO) at 100 ng/well in borate saline (BS) buffer,
pH 8.4, for 4 h at RT, and then blocked with borate saline plus 1% (w/v) bovine serum albumin
(BS-BSA). Serial three-fold dilutions of dog serum in BS-BSA (1:50 - 1:109,350) were added
to the wells and incubated overnight at 4°C. Plates were washed with PBS containing 0.05%
(v/v) Tween-20 and incubated with AP conjugated rabbit anti-dog (IgG H+L) antibodies
(Jackson Immunoresearch Laboratories, Inc. West Grove, PA) diluted 1:2000 in BS-BSA for
4 hr at RT. After washing, AP substrate (p-nitrophenyl phosphate, Sigma St. Louis, MO) in
diethanolamine buffer, pH 9.0, was added and incubated for 20 min at RT. Absorbance was
measured at 405 nm on a Multiskan Ascent microplate reader using Ascent software
(Labsystems OY, Helsinki, Finland). Absorbance on CEA coated plates was corrected for
absorbance on parallel plates coated with ovalbumin (Sigma–Aldrich Chemical Co., St. Louis,
MO). COL-1 mouse monoclonal antibody to CEA (NeoMarkers, Fremont, CA) followed with
AP conjugated goat anti-mouse IgG (Southern Biotechnology, Birmingham, AL) was used as
a positive control. For detection of IgG isotypes goat anti-dog IgG1 and sheep anti-dog IgG2
antibodies conjugated to horseradish peroxidase (Bethyl Laboratories Inc., Montgomery, TX)
were applied to the wells at a dilution of 1:10,000. After incubation and wash 3, 3′, 5′5
tetramethyl benzidine substrate (Sigma) was applied for colorimetric development. The
reaction was stopped by adding 0.5 M H2S04 and absorbance was read at 450 nm. Statistical
analysis was performed by using two-tailed Student's t-test and values are presented as mean
± standard error of the mean.

3. Results
3.1. Generation of CD40-targeted Ad5

Human, rhesus and murine DCs have been successfully transduced with CD40-targeted Ad5
in vitro, resulting in selective transduction and simultaneous activation of DCs, indicating
CD40 is an effective target in many species [17-24,38,39]. To establish the principle that CD40-
targeted Ad5 can also mediate gene transfer to canine DCs, we employed a genetically
engineered Ad5 vector encoding firefly luciferase, designated Ad5Luc.FF/hCD40L (Fig. 1)
[19,21]. This vector was previously constructed so that the shaft and knob domains of the native
fiber protein are replaced by phage T4 fibritin (as a trimerization motif) genetically fused to
the TNF-Like (TNF-L) ectodomain of human CD40L (Fig. 1A). The presence of the phage T4
fibritin structure allows the TNF-L ectodomain of CD40L to retain its functional tertiary
structure, required for activation of CD40 [21]. Human and canine CD40 are 83% similar, and
amino acids predicted to be involved in CD40-CD40L binding are conserved [40,41],
suggesting an Ad5 vector expressing human CD40L may interact effectively to allow
transduction of CD40-expressing canine cells.

3.2. Gene transfer analysis in 293 cells expressing CD40
To confirm that the human CD40L ectodomain of Ad5Luc.FF/hCD40L mediates vector
targeting to canine CD40, luciferase transgene expression was analyzed as a measure of vector
transduction potential in 293 cells and cell lines stably expressing CD40. 293 cells, which do
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not express endogenous CD40, or 293 cells stably transfected with either human CD40 (293/
hCD40) or canine CD40 (293/cCD40) were incubated with either untargeted Ad5Luc1 or
CD40-targeted Ad5Luc.FF/hCD40L (10 vp/cell) (Fig. 1B). All 293 cell lines, which express
the Ad5 receptor, CAR, were efficiently transduced by untargeted Ad5Luc1. In contrast, wild-
type 293 cells incubated with Ad5Luc.FF/hCD40L expressed very low levels of luciferase,
indicating this CD40-targeted vector does not transduce cells efficiently through CAR.
However, Ad5Luc.FF/hCD40L mediated luciferase expression in both 293/hCD40 and 293/
cCD40 cells (Fig. 1B), suggesting Ad5Luc.FF/hCD40L capably transduces cells expressing
either human or canine CD40.

3.3 Validation of CD40-mediated transduction
To further investigate the targeting specificity of Ad5Luc.FF/hCD40L, viral transduction was
performed in the presence of specific blocking agents. Prior to transduction, 293, 293/hCD40
and 293/cCD40 cells were incubated with either soluble recombinant Ad5 fiber knob or soluble
human CD40L (shCD40L) to block CAR or CD40, respectively, on the cell surface. Luciferase
expression under these blocking conditions was compared to luciferase expression without
blocking (normalized for each vector to 100%). As shown in Fig. 1 (C-E), transduction of all
293 cell lines by Ad5Luc1 was inhibited by soluble knob (87% block in 293 cells, and 90%
block in 293/hCD40 and 293/cCD40), indicating transduction by untargeted Ad5 requires
CAR, as expected. The very low level of luciferase expression in 293 cells incubated with
Ad5Luc.FF/hCD40L was not affected by soluble Ad5 knob (Fig. 1C). The high luciferase
expression levels in 293/hCD40 and 293/cCD40 cells transduced by Ad5Luc.FF/hCD40L were
not affected when CAR was blocked with soluble Ad5 knob (Fig. 1D and E), further
demonstrating that Ad5Luc.FF/hCD40L does not require CAR for transduction of CD40-
expressing cells. In contrast, pre-incubation with shCD40L decreased luciferase expression
levels by 81% in 293/hCD40 cells, and by 78% in 293/cCD40 cells (Fig. 1D and E), but did
not affect luciferase expression levels following Ad5Luc1 transduction in 293 cells (Fig. 1C).
These results demonstrate that transduction by Ad5Luc.FF/hCD40L specifically requires
cellular expression of CD40.

3.4. Targeted gene transfer to canine cells
To determine if CD40-targeted Ad5 also transduces canine DCs, as observed with DCs from
other species, transduction experiments were conducted with canine DCs cultured from
isolated PBMCs. Flow cytometry with anti-CD40 and -CD11c antibodies indicated CD40
expression on 43.5% of CD11c+ PBMCs (DCs), while only 1.7% of CD11c- cells were CD40
+ (Fig. 2A). Based on CD40 expression, DCs were sorted into two groups: CD11c+/CD40-
and CD11c+/CD40+. Cells from each group were incubated with either Ad5Luc1 or
Ad5Luc.FF/hCD40L for analysis of transduction efficiency as measured by luciferase
expression levels. As observed previously with human DCs [17], canine CD11c+/CD40+ DCs
were refractory to transduction by untargeted Ad5, even at a very high vector concentration of
1000 vp/cell (Fig. 2B). In contrast, luciferase transgene expression was 15-fold higher in
CD11c+/CD40+ DCs incubated with Ad5Luc.FF/hCD40L. Transgene expression was only
slightly increased in CD11c+/CD40- DCs following incubation with Ad5Luc.FF/hCD40L,
suggesting this vector specifically transduces cells via CD40. This minimal increase in
Ad5Luc.FF/hCD40L-mediated gene transfer in CD11c+/CD40- DCs may be due to low-level
expression of CD40 in this CD11c+ subset that could not be detected by flow analysis.
Supporting this, luciferase expression was 84% lower in CD11c+/CD40+ cells pre-incubated
with shCD40L and transduced with Ad5Luc.FF/hCD40L, but only 30% lower in CD11c+/
CD40- cells pre-incubated with shCD40L (Fig. 2C and D). Furthermore, when transductions
were performed with vectors encoding GFP, GFP expression was detected only in CD11c+/
CD40+ cells incubated with the CD40-targeted vector. GFP expression was not detected in
CD11c+/CD40- cells incubated with CD40-targeted vector or in either DC subset incubated
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with untargeted vector (Supplementary Fig. 1). These results again confirm the specificity of
CD40-mediated transduction by this CD40-targeted Ad5 vector. Thus, the efficient and specific
delivery of transgenes to canine DCs by Ad5Luc.FF/hCD40L in vitro validates the examination
of this vector for in vivo delivery of transgenes to CD40-expressing cells, particularly DCs.

3.5. Antigen-specific immune responses following vaccination in healthy dogs
The ultimate goal is the development of a vaccine that can deliver tumor-specific transgenes
to DCs in vivo in order to generate a TAA-specific immune response. Therefore, it was critical
to investigate the capacity of untargeted versus CD40-targeted Ad5 vectors to induce TAA-
specific immune responses. We have previously demonstrated an enhanced immune response
in mice following injection of CD40-targeted Ad5 by various routes [25]. To determine if
similar immune responses are detected in dogs, we performed a pilot experiment with healthy
dogs injected with Ad5 vectors engineered to express human carcinoembryonic antigen (CEA)
as a model tumor antigen (Ad5CEA and Ad5CEA.FF/hCD40L). CEA orthologues have been
identified in dogs; however xenoantigens are more likely to overcome immunotolerance and
induce a more robust antigen-specific immune response [42-45]. Five dogs received i.d.
injections of Ad5CEA (1 × 109 vp/injection) and five dogs received injections of Ad5CEA.FF/
hCD40L (1 × 109 vp/injection) according to the schedule outlined in Fig. 3A. One dog served
as a negative control, receiving no injections. At week 14, PBMCs were harvested and
lymphocyte proliferation was quantified as a measure of TAA-specific T cell activation. A
stimulation index (S.I.) of greater than 3.0 was considered positive. A positive
lymphoproliferative response was observed in three of five dogs immunized with Ad5CEA.FF/
hCD40L and in four of five dogs immunized with Ad5CEA, although the average S.I. tended
to be greater in responding animals immunized with Ad5CEA.FF/hCD40L (Fig. 3B). These
results suggest that while vaccination with either untargeted or CD40-targeted Ad5 induces an
antigen-specific T cell response, this response may be magnified in individuals responding to
the CD40-targeted vector.

To analyze antigen-specific humoral immune responses, CEA-specific IgG serum
concentrations were quantified. A strong anti-CEA humoral immune response was induced in
both groups of dogs by 14 days post-immunization, though the antibody titer of dogs
immunized with untargeted Ad5CEA was significantly higher as measured on days 21, 35 and
42 (Fig. 4A). We further examined the isotype of the antibody response on day 35, the day
with the most significant difference in antibody responses between the groups. The
concentration of IgG1 was significantly lower in dogs immunized with Ad5CEA.FF/hCD40L
(Fig. 4B and C), resulting in a higher ratio of IgG2 to IgG1 (Fig. 4D).

4. Discussion
DC-based vaccination can overcome tumor-associated suppression of immune responses,
although the full potential of this strategy has yet to be realized in the context of a reliable
cancer therapy [4-8]. In order to overcome the potential limitations associated with autologous
DCs transduced and matured ex vivo, our lab has investigated methods to directly transduce
and activate DCs in vivo in a an animal model highly likely to provide clinically relevant
information.

Several strategies to accomplish in vivo delivery of immunotherapeutic antigens to DCs have
now been reported, including the use of free antigen, protein fusions and viral gene therapy
[46-51]. However, complete success depends on overcoming biological delivery challenges.
In this regard, Arthur et al. previously found that Ad5 vectors are superior to other non-viral
methods for delivering antigens to DCs in vitro [10], and other groups have since demonstrated
highly efficient Ad5-mediated gene transfer to DCs ex vivo, using high concentrations of Ad5
[52,53]. Additionally, Ad5 capsid protein is a potent adjuvant that enhances CTL response
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[54]. Therefore, TAA transfer by Ad5 vectors is likely to enhance production of tumor cell-
specific CTL [55]. Thus, an Ad5 vector retargeted to bind a specific protein expressed on the
surface of DCs seems likely to provide an enhanced in vivo immunotherapeutic strategy.

In addition to targeting DCs, proper activation and maturation of DCs is crucial for stimulating
an antigen-specific immune response. It is now obvious that the collective term “DC” actually
refers to a heterogeneous population of cells, derived from different lineages, in different
maturation states, and likely displaying distinct functional features [8]. In general, antigen
presentation by mature DCs leads to an antigen-specific immune response, while antigen
presentation by immature DCs has been implicated in the induction of immune tolerance
through activation of regulatory T cells [56]. CD40 is an attractive candidate for targeting DCs
as it is expressed on the cell surface of DCs, and, while it is also expressed on endothelial cells
and other immune cells, CD40 expression is far less ubiquitous than CAR expression.
Additionally, localized dermal injection of CD40-targeted virus delivers virus to a location that
is rich in CD40-positive DCs and lacks substantial numbers of other CD40 expressing cells,
such as B cells. Binding of CD40L to CD40 induces DC maturation, enabling these cells to
migrate to draining lymph nodes and activate antigen-specific T cells. This complete activation
of DCs is critical for tumor rejection in vivo [57].

Results from the analysis of our in vitro gene transfer in model cell lines and canine DCs
demonstrates CD40-targeting dramatically enhances Ad5-mediated transgene expression in
cells expressing CD40, and in DCs in particular. Furthermore, CD40-targeted Ad5 requires
cell expression of CD40 for transduction, and is incapable of transducing cells through CAR.
This specificity will likely allow in vivo transduction of DCs with a much lower vector dose
than is required for untargeted Ad5 transduction. Studies are currently underway to confirm
the in vivo cell specificity of CD40-targeting.

In order to obtain clinically relevant information regarding the immune response generated in
vivo following vaccination with CD40-targeted Ad5, we immunized healthy dogs with CD40-
targeted or untargeted Ad5 encoding human CEA as a model tumor antigen. A key issue in the
successful development of effective cancer immunotherapies is the design of vaccines that can
overcome immune tolerance and induce a T cell response to autologous TAA, which are also
expressed by normal cells. In this regard, experiments in mouse models suggested that
vaccination with xenogeneic TAAs (xenoantigens) encoding slight differences in sequence
overcome immune tolerance by improving MHC I and II epitope presentation, evoking tumor
immunity [42-45]. Thus, using Ad5 vectors encoding human CEA allowed us to more
thoroughly investigate the potential of eliciting TAA-specific immune responses in dogs via a
CD40-targeted Ad5 vector.

Antigen-specific T cell responses were generated in dogs receiving either the CD40-targeted
vector or the untargeted vector. Interestingly, the extent of lymphoproliferation appeared to be
enhanced in responders immunized with CD40-targeted Ad5 as compared to untargeted Ad5,
though these responses will need to be investigated with a larger number of dogs in order to
thoroughly evaluate statistical significance. Further, as observed with previous studies in mice
[25], an antigen-specific humoral response was also observed following vaccination with either
CD40-targeted or untargeted vectors in all dogs. However, a clear difference in the quality of
the response was detected in the ratio of IgG1 to IgG2 isotypes generated by the two vectors.
Though the relationship between Th type responses and IgG subclass has not been completely
characterized in dogs [58], previous reports suggest that increased IgG2 production correlates
with a Th1 type immune response that is characterized by a cytokine profile similar to that in
humans [59-62]. Also similar to human patients, Th1 inducing cells, as determined by cytokine
production, are diminished in dogs with metastatic cancers [63]. Suppression of DC-activated
Th1 immunity has been implicated in the progression of cancers such as melanoma, thus an
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enhanced antigen-specific Th1 cellular immune response is likely to result in a more effective
anti-tumor response. Future studies measuring cytokine release by T cells will be required for
complete evaluation of the immune response generated, however.

In summary, these results from a pilot vaccination study in dogs confirm in a clinically relevant
animal model that re-targeting Ad5 to bind CD40 circumvents the requirement for CAR
expression, allowing efficient transgene expression in DCs in vitro, and subsequent antigen-
specific immune responses in vivo. CD40-targeted Ad5 may in turn provide more effective
cancer therapies. Most importantly, immune responses in these dogs are comparable to
expected responses in humans, and establish that dogs provide a reliable intermediate model
system for investigating potential immunotherapies for cancers such as osteosarcoma,
lymphoma, breast cancer and melanoma. Thus, these experiments have provided the critical
groundwork necessary to allow further evaluation of targeted immunotherapies in canine
cancer patients in order to provide information for development of successful translational
therapies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Efficiency of gene transfer and receptor specificity of CD40-targeted Ad5. (A) Schematic
diagram of CD40-targeted Ad5. The shaft and knob domains of native Ad5 fiber were replaced
by phage T4 fibritin genetically fused to the TNF-L ectodomain of human CD40L. (B) 293,
293/hCD40 and 293/cCD40 cells were transduced with untargeted Ad5Luc1 (white bars) or
CD40-targeted Ad5Luc.FF/hCD40L (black bars) at an MOI of 10 vp/cell. To determine
receptor specificity, 293 (C), 293/hCD40 (D) and 293/cCD40 (E) cells were transduced with
untargeted Ad5Luc1 (white bars) or CD40-targeted Ad5Luc.FF/hCD40L (black bars) at an
MOI of 10 vp/cell. Prior to infection with virus, cells were incubated with recombinant Ad5
fiber knob or shCD40L to block transduction through CAR or CD40, respectively. 24 hr after
transduction, luciferase activity was determined as a measure of Ad5-mediated gene transfer.
Luciferase activity is expressed as relative light units. Luciferase activity detected in the
presence of blocking agents is normalized against luciferase activity in absence of blocking
agents. Mean ± SD are shown from three replicates performed simultaneously.
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Fig. 2.
Receptor specificity of cell transduction and efficiency of gene transfer mediated by CD40-
targeted Ad5 in canine DCs. (A) Anti-CD40 antibodies detected expression of CD40 on 43.5%
CD11c+ cells, and cells were sorted cells based on CD40 expression levels. (B) CD11c+/CD40
+ and CD11c+/CD40- cells were transduced with untargeted Ad5Luc1 (white bars) or CD40-
targeted Ad5Luc.FF/hCD40L (black bars) at an MOI of 1000 vp/cell to determine the receptor
specificity of vector transduction. (C) CD11c+/CD40- and (D) CD11c+/CD40+ canine cells
were transduced with untargeted Ad5Luc1 (white bars) or CD40-targeted Ad5Luc.FF/hCD40L
(black bars) at an MOI of 1000 vp/cell in the presence of recombinant Ad5 fiber knob or soluble
human CD40L to further confirm the receptor specificity of vector transduction. Luciferase
activity detected in the presence of blocking agents is normalized against luciferase activity in
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absence of blocking agents. Mean ± SD are shown from three replicates performed
simultaneously.
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Fig. 3.
Antigen-specific lymphocyte responses in healthy dogs vaccinated with CD40-targeted Ad5.
(A) On Day 0, five dogs were vaccinated i.d. with Ad5CEA (1 × 109 vp/dog) and five dogs
were vaccinated with Ad5CEA.FF/hCD40L (1 × 109 vp/dog). At 4, 8 and 12 weeks post-
vaccination, each dog received a booster injection (1 × 109 vp/dog) of the same vector. Blood
was drawn at 14 weeks post-vaccination for lymphoproliferation assays. (B) Harvested PBMCs
were stimulated for two days with recombinant human CEA at a range of concentrations
(1-30μg) or ovalbumin (25 μg) followed by an overnight pulse with tritiated thymidine. Cells
were harvested and incorporated radioactivity was quantified. The S.I. was calculated as the
mean cpm of the stimulated cells divided by the mean cpm of the ovalbumin-stimulated cells.
A positive response was defined as a post-vaccination S.I. >3.0 (denoted by dotted line).
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Fig. 4.
Antigen-specific humoral responses in healthy dogs vaccinated with CD40-targeted Ad5. (A)
Serum was drawn weekly from each dog following vaccination with Ad5CEA (squares) or
Ad5CEA.FF/hCD40L (triangles). ELISAs were performed to detect human CEA specific
canine IgGs. Serum from each time point was incubated with recombinant human CEA, and
detected with anti-dog IgG secondary antibody to determine total IgG concentrations. (B) IgG1
and (C) IgG2 isotypes were detected with goat anti-dog IgG1 and sheep anti-dog IgG2
antibodies, respectively. (A, B and C) Absorbance was read at 450 nm. Statistical analysis for
was performed by using two-tailed Student's t-test and values are presented as mean ± SE. *,
p< 0.05; **, p< 0.0001. (D) Average ratio of IgG2:IgG1 following vaccination with Ad5CEA
(white) or Ad5CEA.FF/hCD40L (black).
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