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Development of immunocompetent patient-like models that allow direct analysis of human adenovirus-based
conditionally replicative adenoviruses (CRAds) would be beneficial for the advancement of these oncolytic agents.
To this end, we explored the possibility of cross-species replication of human adenovirus type 5 (Ad5) in canine
cells. With a panel of canine tumor cell lines of both epithelial and mesenchymal derivations, we demonstrate
that human Ad5 can productively infect canine cells. Since the biological behavior and clinical presentation of
certain dog tumors closely resemble those of their human counterparts, our results raise the possibility of
exploiting canine models for preclinical analysis of candidate CRAd agents designed for human virotherapy.

Conditionally replicative adenovirus (CRAd) agents repre-
sent a promising new therapeutic approach for cancer. This
strategy is based on the application of an adenovirus engi-
neered to selectively replicate in tumor targets (1, 3). This
tumor-selective replication forms the functional basis of the
antineoplastic effect achieved by direct target cell killing in a
process termed oncolysis (1, 16). The exceptional promise of
these agents has predicated their rapid transition to human
phase I clinical trials whereby the overall safety of this ap-
proach has been validated (15, 22, 28). Nonetheless, the very
limited indications of efficacy to this point have established the
requirement for further design advances to enhance CRAd
antitumor potency (11, 15, 20, 23).

Critical to the derivation of advanced-generation CRAds is
the development of model systems capable of delineating key
therapeutic indices. For CRAds, the fact that human adenovi-
ruses can accomplish only abortive replication in murine tar-
gets (7–9, 17) has restricted the preclinical toxicity information
that may be derived from SCID-xenograft model systems typ-
ically used for efficacy analysis. Further, these immunologically
incompetent models cannot provide useful information with
respect to CRAd immunobiology and vector-host interactions.
On this basis, it is clear that there exists a field-wide need for
immunocompetent syngeneic models for full analysis of candi-
date CRAd agents.

Several recent reports have described model systems to
achieve these goals. Hemminki et al. have exploited the avail-
ability of human-like canine models of cancer (31) for the
evaluation of CRAd agents derived from canine adenoviruses
(12, 15, 31). This approach potentially allows the study of
vector-host interactions in an immunocompetent host in the
context of a patient-like cancer model. CRAd constructs based

on canine adenoviruses, however, may embody substantial bi-
ological differences from human adenovirus-based CRAds. Al-
ternatively, an approach has been proposed whereby adapted
murine cells permissive for limited human adenovirus replica-
tion are transplanted into an immunocompetent mouse host
(10, 29). Whereas this approach may allow direct analysis of
human adenovirus-based CRAds in a murine system, this
transplant model does not represent a stringent patient-like
context. Thus, although these approaches may potentially yield
useful information with respect to CRAd agents, it is clear that
there still exists the need for an immunocompetent patient-like
model that allows direct analysis of human adenovirus-based
CRAds.

To this end, we explored the possibility of cross-species
replication of human adenovirus in canine target cells. Our
first analysis sought to establish the ability of human adenovi-
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TABLE 1. Tumor cells examined for replication of
human adenovirus

Cell line Species Tissue of origin Source

A549 Human Lung carcinoma ATCCa

MG-63 Human Osteosarcoma ATCC
Saos-2 Human Osteosarcoma ATCC
D17 Canine Osteosarcoma ATCC
D22 Canine Osteosarcoma ATCC
CF11.T Canine Osteosarcoma ATCC
CML10 Canine Melanoma L. Wolfeb

CMT12 Canine Mammary carcinoma L. Wolfe
CMT27 Canine Mammary carcinoma L. Wolfe
P-0 Canine Primary osteosarcoma Scott-Ritchey

Research Centerb

P-1 Canine Primary osteosarcoma Scott-Ritchey
Research Center

P-2 Canine Primary osteosarcoma Scott-Ritchey
Research Center

a Manassas, Va.
b Auburn University, Auburn Ala.
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rus to achieve genome delivery to canine cells. This was ac-
complished with human adenovirus type 5 (Ad5)-based repli-
cation-incompetent vectors expressing the green fluorescent
protein (GFP) reporter (Ad5CMVGFP). Six established ca-
nine cell lines of both epithelial and mesenchymal cell deriva-
tions, three primary canine osteosarcoma cell lines, and three
additional transformed human cell lines (as controls) were
studied (Table 1). Infection of target cells with scoring of GFP
positivity through flow cytometry demonstrated that while con-
tinuous canine tumor cell lines were efficiently infected with
the human Ad5-based vector at a multiplicity of infection of
100 and 1,000 particles per cell (ppc), a higher dose was re-
quired for infection of primary canine osteosarcoma cell lines
(Fig. 1). This finding suggests that human Ad5 can exploit an

entry pathway in canine cells for successful transduction.
We then determined if Ad5 could express viral late genes in

the context of canine target cell infection. In this regard, cross-
species abortive infection frequently demonstrates only early
adenoviral gene expression with an early-to-late transition
block (8, 14, 17, 19, 25, 27, 30). Thus, demonstration of late
gene expression would suggest viral genome replication and
successful early-to-late transition of the viral life cycle. Ad5
late gene expression was evaluated by Western blotting with
probe analysis for the adenovirus fiber late gene product. Pro-
tein lysates were obtained from cells harvested at 1, 48, and

FIG. 1. Transduction efficacy of Ad5CMVGFP vector in multiple hu-
man and canine cells. (A) Cell lines were infected with Ad5CMVGFP
at 100 (white bars) or 1,000 (grey bars) ppc and harvested at 24 hpi.
(B) Canine primary osteosarcoma cells were infected at 1,000 (gray
bars) or 10,000 (black bars) ppc and harvested at 36 hpi. Efficiency of
transduction was determined by fluorescence-activated cell sorter anal-
ysis for GFP expression. The data shown represent percentages of GFP-
positive cells after gating of noninfected cells as background. Error
bars indicate standard deviations for averages of two identical samples.

FIG. 2. Expression of fiber protein in cells infected with wild-type Ad5. Cells were infected with Ad5 at 1,000 ppc (cell lines in first nine lanes)
or 10,000 ppc (primary cells in last three lanes) and harvested at 1, 48, and 96 hpi. Aliquots of cell lysates containing 5 �g (human cells) or 15 to
20 �g (canine cells) of total soluble protein were boiled and separated by sodium dodecyl sulfate–10% polyacrylamide gel electrophoresis. Fiber
protein electroblotted onto a polyvinylidene difluoride membrane was probed with a 4D2 antifiber monoclonal antibody provided by Jeffrey Engler
(University of Alabama at Birmingham) and detected with the ECL Plus detection kit (Amersham Pharmacia Biotech). The arrow indicates the
fiber monomer (62 kDa).

FIG. 3. Analysis of Ad5 replication in human and canine cells. (A)
Cell lines were infected with wild-type Ad5 at 1,000 ppc. At 96 hpi,
cells were collected and separated from the supernatant by low-speed
centrifugation. The quantities of infectious viral particles present in
the cell lysates (white bars) and supernatants (gray bars) were deter-
mined by titration on HEK293 cells by a 50% tissue culture infective
dose (TCID50) method. (B) Canine primary cells were infected with
Ad5 at 1,000 (white and gray bars) or 10,000 (striped and black bars)
ppc. After 96 hpi, the infectious titers in the cell lysates (white and
striped bars at 1,000 and 10,000 ppc, respectively) and supernatant
(gray and black bars at 1,000 and 10,000 ppc, respectively) were de-
termined as described above.
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96 h postinfection (hpi) with wild-type Ad5 at 1,000 ppc. Ali-
quots of 5 and 15 to 20 �g of total protein from human and
canine cells, respectively, were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, immunoblotting
with mouse monoclonal antifiber antibody 4D2 (provided by
Jeffrey Engler, University of Alabama at Birmingham) (13),
and then detection with the ECL Plus detection kit (Amer-
sham Pharmacia Biotech). As shown in Fig. 2, high levels of
human Ad5 fiber gene expression were detected in canine cells.
Whereas the degree of expression was variable among the
different cell lines, and low in CMT12 and D17, some level of
late gene expression was uniformly observed. Of note, this phe-
nomenon was also manifested in canine primary osteosarcoma
tumor cells (P-0, P-1, P-2), a highly stringent in vitro substrate
vis-à-vis viral replication (24) that most closely represents the
cellular background from our proposed canine model.

Direct analysis of productive replication was then carried
out by performing a viral burst assay. Cells were infected at
1,000 ppc with wild-type Ad5 for 2 h in serum-free medium and
incubated for another 48 (A549 cells) or 96 (all other cells) h
in medium with 10% fetal bovine serum (FBS). At the speci-
fied time points, cells were collected and centrifuged at a low
speed to separate cells from the supernatant. The cell pellets
were resuspended in 1 ml of Dulbecco modified Eagle medium
containing 2% FBS and freeze-thawed three times, and titers
were determined on HEK293 cells with a 50% tissue culture
infective dose method. Briefly, HEK293 cells were seeded in
96-well plates at 104 cells/well, and the next day harvested
samples were diluted from 10�2 to 10�8 in FBS-free Dulbecco
modified Eagle medium and used to infect the HEK293 cells in
replicates of 10. The presence of a cytopathic effect was scored
10 days later, and the titer was calculated as T � 10(0.5 � S),
where S is the sum of the ratios of all dilutions (AdEasy Ap-
plication Manual; Qbiogene) (Fig. 3A). To examine if Ad5
could efficiently release its progeny from infected canine cells,
the supernatant was also used for titer measurement (Fig. 3B).
The results clearly demonstrate the ability of human Ad5 to
replicate productively in a subset of canine cells.

Further evidence of productive infection and lateralization
was supported by direct monitoring of adenovirus replication
and spread in primary dog osteosarcoma cells (Fig. 4). This
experiment capitalized on our ability to directly incorporate

the reporter protein enhanced GFP (EGFP) onto the Ad5
capsid pIX site, allowing direct visualization of increasing viral
mass from an otherwise wild-type genome with intact E1 and
E3 regions (18). By observing the same field of view on the
dish, augmentation and spread of the pIX-EGFP signal could
be seen, indicating productive replication in a canine host cell
context.

Our report thus clearly demonstrates the ability of human
Ad5 to productively infect canine target cells. The level of
cross-species replication was about 2 log orders lower than the
level of Ad5 replication in human target cells for a given tissue
type. In this regard, the inability of human adenovirus to
achieve cross-species infection has been amply documented for
murine targets (2, 6–9, 17, 27). Indeed, the biology of such
abortive infection has also been a subject of intensive studies in
the context of the biology of human adenoviral infection of
Syrian hamsters and monkeys (2, 7, 8, 17, 19, 25, 26). For
development of CRAd agents, the human-mouse replication
block has been particularly limiting, such that the available
murine tumor models are of limited value vis-à-vis the ability
to study replication-related toxicity and immunobiology. Alter-
natively, the availability of a range of canine models of human
cancers (4, 5, 21, 31) potentially provides a stringent model
system for CRAd analysis. Our documentation of the ability of
human adenovirus to replicate in canine target cells extends
earlier observations with respect to human-canine cross-spe-
cies replication (30) and raises the possibility of exploiting
these canine models for full and comprehensive preclinical
analysis of candidate CRAd agents designed for human viro-
therapy.
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