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In vitro experiments have demonstrated intercellular trafficking of the VP22 tegument protein of herpes
simplex virus type 1 from infected cells to neighboring cells, which internalize VP22 and transport it to the
nucleus. VP22 also can mediate intercellular transport of fusion proteins, providing a strategy for increasing
the distribution of therapeutic proteins in gene therapy. Intercellular trafficking of the p53 tumor suppressor
protein was demonstrated in vitro using a plasmid expressing full-length p53 fused in-frame to full-length
VP22. The p53-VP22 chimeric protein induced apoptosis both in transfected tumor cells and in neighboring
cells, resulting in a widespread cytotoxic effect. To evaluate the anti-tumor activity of p53-VP22 in vivo, we
constructed recombinant adenoviruses expressing either wild-type p53 (FTCB) or a p53-VP22 fusion protein
(FVCB) and compared their effects in p53-resistant tumor cells. In vitro, treatment of tumor cells with FVCB
resulted in enhanced p53-specific apoptosis compared to treatment with equivalent doses of FTCB. However,
in normal cells there was no difference in the dose-related cytotoxicity of FVCB compared to that of FTCB. In
vivo, treatment of established tumors with FVCB was more effective than equivalent doses of FTCB. The
dose-response curve to FVCB was flatter than that to FTCB; maximal antitumor responses could be achieved
using FVCB at doses 1 log lower than those obtained with FTCB. Increased antitumor efficacy was correlated
with increased distribution of p53 protein in FVCB-treated tumors. This study is the first demonstration that
VP22 can enhance the in vivo distribution of therapeutic proteins and improve efficacy in gene therapy.

p53 is one of the major cell cycle control genes. The p53
protein is a transcription factor that regulates cell cycle arrest
and apoptosis in response to various stimuli (7, 21, 25). p53 is
also the most commonly mutated tumor suppressor gene found
in human cancers. Gene therapy using adenovirus-delivered
p53 has been demonstrated to effectively inhibit growth of
human tumor cells with altered p53 function (22, 30, 31).
Human tumor lines that express wild-type p53 are more resis-
tant to p53 gene therapy (15, 19), often due to other genetic
alterations that enhance the degradation of p53 or impair its
ability to trigger an apoptotic response (12, 13, 16). A mech-
anism to increase delivery of functional p53 protein to these
cells could overcome this resistance and allow appropriate
apoptosis to occur.

VP22 is a herpes simplex virus type 1 (HSV-1) tegument
protein encoded by the UL49 gene (9). This protein has been
shown to have the property of intercellular transport and in-
ternalization from infected cells to neighboring recipient cells
(10). In vitro experiments have shown that VP22 fusion pro-
teins also can undergo intercellular transport while retaining
the activity of the fusion partner (6, 10, 24). Intercellular traf-
ficking of the p53 tumor suppressor protein has been demon-
strated in vitro using a plasmid expressing full-length p53 fused
in-frame to full-length VP22. The p53-VP22 chimeric protein

induced apoptosis both in transfected tumor cells and in neigh-
boring cells, resulting in a widespread cytotoxic effect (24).

To evaluate the antitumor activity of p53-VP22 in vivo, we
constructed recombinant adenoviruses (Ad) expressing either
wild-type p53 (FTCB) or a p53-VP22 fusion protein (FVCB).
We focused testing on p53 wild-type tumors to determine if
enhanced delivery of p53 protein via VP22-mediated spread
would overcome resistance in this tumor cell population. In
vitro viral infections were used to compare protein expression
levels over time by Western analysis, while dose-dependent
apoptosis was measured via annexin V staining. VP22-medi-
ated intercellular spread was confirmed through immunofluo-
rescence analysis of coplating experiments, while safety was
assessed in normal human cells using an MTS viability assay.
Growth inhibition of in vivo established tumors and intratu-
moral spread of p53 protein was tested in nude mice.

Our results showed that FVCB expressed higher steady-state
levels of p53 protein than FTCB in infected cell populations
and that these levels persisted for a longer period of time. We
verified that the in vitro spread reported previously using trans-
fection experiments could also be observed in vitro via coplat-
ing experiments mixing Ad-infected and noninfected cells. We
observed that FVCB infections resulted in significantly higher
levels of apoptosis in resistant tumor lines than FTCB infec-
tions and that this effect was p53 specific. Despite the high p53
levels and increased apoptosis in p53 wild-type tumor cells,
infection of normal human cells resulted in similar low levels of
cytopathicity with either virus.

In vivo analysis matched up well with the in vitro findings,
demonstrating a greater degree of tumor growth inhibition in
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an in vivo established tumor with FVCB compared to treat-
ment with the wild-type p53 virus. In addition, we were also
able to observe the in vivo spread of p53 protein, correlating
this effect with the enhanced tumor killing. Taken together,
our results suggest that a recombinant adenovirus expressing a
p53-VP22 fusion protein could provide a means of enhancing
p53 gene therapy through increased distribution of functional
p53 protein.

MATERIALS AND METHODS

Cells. Recombinant Ad were established and propagated in 293 cells (human
embryonal kidney) from Microbix grown in minimum essential medium–10%
fetal bovine serum (FBS). Cos-7 (green monkey kidney) cells used in the coplat-
ing assay cells were grown in Dulbecco’s modified Eagle’s medium (DME)
supplemented with 10% FBS. The human tumor cell lines SK HEP 1 (liver
adenocarcinoma) and RKO (colon carcinoma) were grown in DME–10% FBS,
while G55 (glioblastoma) cells were grown in Hams F12/DME supplemented
with 10% FBS. Normal human mammary epithelium, lung fibroblasts, and mi-
crovascular endothelium were purchased from Clonetics (San Diego, Calif.) and
grown in specific growth media as defined by Clonetics.

Viruses. The recombinant Ad expressing either wild-type p53 (A/C/N/53, des-
ignated FTCB here), empty control virus (ACN, designated ZZCB here), and
the control reporter green fluorescent protein gene (GFCB) have been described
previously (5, 29, 30). The recombinant adenovirus expressing the p53-VP22
fusion protein under the control of the cytomegalovirus (CMV) promoter was
constructed as follows. VP22 was isolated from HSV-1 DNA (a kind gift from
Chiang; Syntro) by PCR using primers which added on 59 XbaI and 39 BamHI
restriction sites at the 59 and 39 ends of the VP22 coding sequence, respectively.
The human p53 cDNA was isolated from the plasmid pA/C/N/53 described
previously (30) via PCR using primers which removed the p53 stop codon and
added on XbaI restriction sites at each end. This allowed an in-frame fusion
between the 39 end of the p53 coding sequence and the 59 initiation codon of
VP22. After PCR amplification, the fragments were isolated by gel purification,
digested with XbaI plus BamHI or XbaI alone, respectively, and repurified from
agarose gels. The plasmid pTG5623b (supplied by Transgene, Strasbourg,
France) was digested with XbaI plus BamHI followed by calf intestinal alkaline
phosphatase (CIP) treatment and ethanol precipitation. The VP22 fragment was
first cloned into the XbaI, BamHI orientation, followed by insertion of the
XbaI-p53 fragment into the XbaI-digested 5623-VP22 plasmid using standard
cloning procedures (26). The resulting plasmid was characterized by restriction
enzyme analysis and sequencing. This plasmid, designated p5623p53VP22, was
then digested with XmnI and PmeI and transformed with ClaI-digested, CIP-
treated plasmid 4213 (supplied by Transgene) into the Escherichia coli strain BJ
5183 cells. p4213 encodes for the entire Ad type 5 sequence, except for an E1
deletion of approximately 2.9 kb and an E3 deletion of approximately 1.9 kb.
Homologous recombination in E. coli between the two DNA fragments was as
described previously (4). The resulting plasmid encodes the entire Ad type 5
sequence, except for an E1 deletion where the Ad sequence is replaced by an
expression cassette encoding the in-frame p53-VP22 fusion protein driven by the
human CMV promoter/enhancer and the E3 deletion described above. This
plasmid was linearized by PacI digestion and used to transfect 293 cells to
produce viable, replication-deficient Ad-expressing p53-VP22 fusion protein.
This virus was then designated FVCB. Identity of the correct sequence of the
expression cassette was verified by sequencing. Recombinant Ad were isolated
and purified by column chromatography as described previously (18, 27). All
virus infections were carried out using purified virus dosed by concentration of
virus particles. This was as recommended by the Center for Biologics Evaluation
and Research and the Food and Drug Administration as published previously
(3). Purified viruses were also characterized for their infectious units per milli-
liter as described previously (23). The characterization of both virus particle
numbers per milliliter and infectious units per milliliter allow a ratio to be
determined relating the physical characteristics of the virus to its biological
property of infection. For FTCB and FVCB, this virus particle to infectious unit
per milliliter ratio was 65:1 and 67:1, respectively.

Protein expression. SK HEP 1 cells were seeded in 6-well plates at a density
of 100,000 cells per well. The next day, the cells were infected with the indicated
viruses at a concentration of 3 3 108 virus particles/ml (P/ml) for 1 h, washed
once in phosphate-buffered saline (PBS), and returned to 37°C incubation in
fresh medium. The cells were then harvested at 24, 48, or 72 h postinfection.
Equal amounts of protein, as determined by Bradford assay (Bio-Rad cat. #500-

0006), were loaded onto an 8% gel and transferred onto an Immobilon-P filter.
The filter was probed first with mouse monoclonal p53 antibody (Ab) (Novo-
castra NCL-p53-1801) and then washed and re-probed with mouse monoclonal
b-actin Ab (Sigma cat. #A-5441).

Human mammary epithelial cells were seeded in 6-well plates at a density of
900,000 cells per well. The next day the cells were infected with the indicated
viruses at a concentration of 109 P/ml for 1 h, washed once in PBS, and returned
to 37°C incubation in fresh medium. The cells were then harvested at 24 h
postinfection. Equal amounts of protein were loaded onto an 8% gel and trans-
ferred onto an Immobilon-P filter. The filter was probed simultaneously with
both mouse monoclonal p53 Ab (Novocastra NCL-p53-1801) and mouse mono-
clonal b-actin Ab (Sigma cat. #A-5441). To determine p21 activity, SK HEP 1
cells were seeded in a 6-well plate at a density of 120,000 cells per well and
infected as before with 109-P/ml concentrations of indicated virus. The cells were
harvested at 24, 48, and 72 h postinfection, and equal amounts of protein were
loaded onto a 4 to 20% gel. The protein was transferred onto an Immobilon-P
filter and probed with mouse monoclonal p21(187) Ab (Santa Cruz Biotechnol-
ogy cat. #SC-817).

In vitro spread. Cos cells were seeded in 6-well plates at a density of 250,000
cells/well and allowed to adhere overnight. The next day the cells were infected
with a 5 3 108-P/ml concentration of either FTCB or FVCB and incubated
overnight. The Cos cells were then trypsinized and coplated with uninfected SK
HEP1 cells at a ratio of 1:50 (COS:SK HEP1), and 50,000 cells were seeded onto
an 8-chamber slide. After a 24-h incubation, the cells were washed twice with
PBS, fixed with ice-cold methanol for 10 min, and washed again with PBS. The
cells were then blocked with 10% FBS, followed by the addition of primary Abs;
mouse anti-simian virus 40 large T-antigen Ab (PharMingen 14111A) and rabbit
polyclonal p53 Ab (Novocastra NCL-p53-CM1). After 30 min at room temper-
ature, the cells were washed with PBS and the secondary Abs were added (rabbit
anti-mouse rhodamine-tetramethyl rhodamine isothiocyanate [TRITC] [Jackson
ImmunoResearch #315-025-045] and donkey anti-rabbit-aminocoumarin
[AMCA] [Jackson ImmunoResearch #711-156-152]). After a 20-min incubation
at room temperature, the cells were washed with PBS and fluorescent signals
were observed. Images were captured using a Hammamatsu 3CCD analog cam-
era and controller.

Apoptosis. G55 and RKO cells were seeded in 6-well plates at a density of
50,000 cells/well while SK HEP 1 cells were seeded at a density of 70,000 cells
/well and allowed to adhere. The following day the cells were pulsed for 1 h at the
indicated virus doses and then were washed with PBS. Fresh medium was added
and the cells were harvested 48 or 72 h postinfection. The media, PBS wash, and
trypsinized cells were pooled and spun at 1,000 rpm on a clinical centrifuge
(Beckman TJ-6). The cell pellet was resuspended and incubated in 50 ml (1:50
dilution) of annexin-V Fluos (Boehringer Mannheim cat. #1828681) followed by
the addition of 400 ml of annexin binding buffer (10mM HEPES [pH 7.4], 140
mM NaCl, 5 mM CaCl2). The cells were then analyzed by flow cytometric
analysis for apoptosis using the FL-1 channel to compare subpopulation frequen-
cies.

Caspase 9 activation. SK HEP 1 cells were treated with either FTCB, FVCB,
or control virus ZZCB at a 6 3 108 P/ml concentration. After 48 h, 106 cells per
assay were lysed in 50 ml of cell lysis buffer (Clontech, Inc.). To the cell lysates,
20 mM of substrate (Enzyme Systems) for caspase 9 (Ac-LEHD-AFC) in reac-
tion buffer (Clontech, Inc.) was incubated at 37° for 1 h. Arbitrary fluorescence
units were determined on a Cytofluor fluorescence multiwell plate reader (Per-
Septive Biosystems) on a 400-nm excitation filter and 505-nm emission filter.

MTS assay in normal cells. Primary normal human mammary epithelial cells,
normal human lung fibroblasts, and normal human microvascular endothelial
cells were obtained (Clonetics) and cultured in specific growth medium (Clonet-
ics). The cells were seeded at 5 3 103 cells per well in 96-well plates (Nunc) and
incubated until they were 50 to 75% confluent. Adenoviral constructs were
serially diluted and added to the cells. The plates were allowed to incubate at
37°C in 7% CO2. After 1 h, the viruses were removed and the cells were fed with
200 ml of growth medium and reincubated at 37°C. After a 3-day incubation
period, 40 ml of MTS (Cell Titer 96 Aqueous nonradioactive cell proliferation
assay; Promega) was added to the wells and the plates were incubated for an
additional 4 h at 37°C. Absorbance was read using a SpectraMax 250 plate reader
(Molecular Devices) at 490 nm. The values of the treated wells were calculated
as a percent of untreated control.

In vivo tumor growth inhibition. SK HEP 1 cells were inoculated into the
flanks of female nude mice (5 3 106 cells/200 ml, subcutaneous injection). Ten
days after tumor cell inoculation, animals were randomized by tumor size (ap-
proximately 70 mm3) and a cycle of five intratumoral injections were given
beginning on day 0. Injections were given either daily or every other day as
indicated in a 100-ml volume per injection. The concentration of virus used was
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5 3 109, 1 3 109, or 5 3 108 P/injection of FTCB or FVCB. A high dose of 1 3
1010 of the control virus GFCB was used in the dose-response experiment, while
a 5 3 109 dose was used in the time course/in vivo spread experiment. Five
animals were used per dose per group of FTCB or FVCB, while four animals
received each GFCB dose. An additional five animals received PBS buffer con-
trol injections. Tumor measurements were taken weekly over a 7-week period
following the initial virus injections.

In vivo p53 protein spread. SK HEP 1 cells were inoculated into nude mice as
before, and two animals per group were infected with either FTCB, FVCB, or
control virus GFCB. Each animal was given a daily injection of 5 3 109 P/injec-
tion for 5 days and was sacrificed 48 h after the last virus injection. Their tumors
were harvested and divided into two sections for immunohistochemistry for p53
protein expression and for DNA extraction for PCR quantification of viral hexon
DNA. p53 immunohistochemistry was performed on formalin-fixed paraffin-
embedded tissue. Tissues were sectioned at 5 mm onto Superfrost Plus slides
(Fisher Scientific, Pittsburg, Pa.). Slides were deparaffined in Propar clearant
(Anatech Ltd., Battle Creek, Mich.) and rehydrated through decreasing alcohol
steps to water. Antigen retrieval was performed in a microwave using Zymed
citrate buffer, pH 6.0 (San Francisco, Calif.), in deionized water. Slides were
cycled on low power for 1 min and then on no power for 2 min for a total of 5
cycles, and then they were cooled in the buffer in an ice bath for 15 min. Slides
were then rinsed for 15 min in three changes of PBS. Tissues were blocked with
Zymed CAS Block for 30 min in a humid chamber, and then the block was
aspirated off. The primary Ab used was the anti-p53 CM1 rabbit polyclonal Ab
from Novocastra Laboratories Ltd. and was applied at a 1:1,000 dilution in PBS
and incubated in the humid chamber for 60 min. Slides were washed for 15 min
in three changes of PBS. The Texas Red-conjugated goat anti-rabbit secondary
Ab from Molecular Probes (Eugene, Oreg.) was applied at a dilution of 1:200 in
1% goat serum in PBS and incubated for 30 min in a humid chamber in the dark.
Slides were washed for 15 min in three changes of PBS and then mounted with
Prolong Antifade (Molecular Probes) containing a 1:1,000 dilution of 49, 69-
diamidino-2-phenylindole (DAPI) nuclear counterstain (Molecular Probes). Flu-
orescent signal was visualized using a Nikon Optiphot-2 upright microscope with
a mercury lamp, fitted with Nikon single band filter blocks B-2A (Long Pass
filter) for Texas Red and DAPI (Band Pass filter). Images were captured using
a Hammamatsu 3CCD analog camera and controller.

In vivo hexon DNA PCR. The tumor tissue excised for PCR was snap frozen
in liquid nitrogen. DNA was extracted using the Qiagen Mini Kit (Qiagen) per
the manufacturer’s protocol. Quantification of Ad hexon was performed using
real-time quantitative PCR (26, 27) utilizing the 59 nuclease activity of Taq
polymerase to detect PCR products. Real-time quantitative PCR was performed
using the Taqman PCR Core Reagent (PE Applied BioSystems). Hexon PCR
was performed in a total volume of 50 ml containing 1.0 ml of total DNA
extracted from 1.0 3 1011 to 1.0 3 1012 total viral particles, 200 mM concentra-
tions of (each) dATP, dGTP, or dCTP and 400 mM of dUTP, 1.25 U of Ampli-
Tag Gold DNA Polymerase, 6 U of AmpErase UNG, 300 nM concentrations of
each primer, a 300 nM concentration of probe, 1% Tween, and 0.05% gelatin.
The following thermal cycler conditions were optimized for the above genes:
2 min at 50°C and 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 1 min
at 62°C. Viral DNA was extracted from gradient purified replication-competent
Ad type 5 (Advanced Biotechnologies Inc.) as described previously. Viral DNA
was then quantified using a PicoGreen dsDNA Quantitation Kit (Molecular
Probes) per the manufacturer’s protocol. The gene copy number or particle
number of hexon was estimated using Avogadro’s number. Serial dilutions of
viral DNA were used in the PCR assays as standards for quantitation of hexon.
The sequence of the oligonucleotides used for hexon detection in the assay above
are the following: hexon 59 primer, 59-ACTATATGGACAACGTCAACCCAT
T-39; hexon 39 primer, 59-ACCTTCTGAGGCACCTGGATGT-39; and probe,
FTM-ACCACCGCAATGCTGGCCTGC-TAMRA.

RESULTS

Expression of p53-VP22 fusion protein. In the p53 wild-type
tumor line SK HEP 1, added wild-type p53 protein undergoes
rapid degradation and loss. Although p53 protein expression
was evident from both constructs at 24 h postinfection (Fig.
1A), it was lost below detection levels by 48 h postinfection for
FTCB. In contrast, protein expression levels were easily de-
tectable through 72 h at the same dose of FVCB and were at
initially higher levels than those of FTCB as well (Fig. 1A).
This would be expected from an accumulation of p53 within a

greater number of cells due to its spread by VP22. The shift in
protein size for FVCB to a 90-kDa band represents intact
VP22 (38 kDa) and p53 (53 kDa) fusion proteins. A b-actin
probe was used as a control to ensure equal loading between
samples.

Induction of p21 expression by both FTCB and FVCB. One
of the hallmarks of p53 function is the ability to induce p21
expression (8, 20). We therefore tested the ability of both
FTCB and FVCB to induce p21 expression following viral
infection. SK HEP 1 cells were infected with FTCB, FVCB, or
empty control virus ZZCB at concentrations of 109 P/ml for
1 h, followed by cell harvest at 24, 48, or 72 h postinfection.
Western analysis showed that both FTCB and FVCB were able
to induce p21 expression in a similar fashion over the time
tested, while the control virus did not (Fig. 1B). These results
indicate that the p53 expressed from the VP22 fusion construct
FVCB was active and retained the ability to induce transcrip-
tion despite being part of a fusion protein.

In vitro spread of p53 by VP22. In vitro spread of p53-VP22
protein expressed from the FVCB recombinant Ad was dem-
onstrated by mixing infected Cos cells with an excess of non-
infected SK HEP 1 cells. The Cos cells could be identified by
using fluorescent-tagged antibody against large T antigen and
thus could be distinguished from the SK HEP 1 cells. When
FTCB was used to infect Cos cells followed by coplating with
noninfected SK HEP 1 cells, p53 protein and T antigen were
colocalized to the Cos cells (Fig. 2A; red signal identifies T
antigen, blue signal identifies p53). When FVCB was used to
infect the Cos cells prior to being mixed with SK HEP 1 cells,
the p53-VP22 fusion protein was clearly seen to have spread
beyond the T antigen-identified Cos cells and into the sur-
rounding SK HEP 1 cells (Fig. 2B). This intercellular spread of
protein expressed from a recombinant Ad is similar to that

FIG. 1. Protein expression and transcriptional activation from wild-
type p53 construct FTCB and p53-VP22 fusion construct FVCB. (A)
SK HEP 1 cells were infected with 3 3 108-P/ml concentrations of
either FTCB, FVCB, or control virus ZZCB. Lysates were harvested at
24, 48, or 72 h postinfection as indicated. Equal amounts of total
protein were loaded per well, and p53 protein was detected by Western
analysis. A secondary probing with Ab versus b-actin was used to verify
equal loading between wells. (B) SK HEP 1 cells were infected with
109-P/ml concentrations of virus as indicated, and cell lysates were
harvested at 24, 48, or 72 h postinfection. Equal amounts of total
protein were loaded per lane, and p21 protein levels were detected by
Western analysis using a monoclonal Ab against p21.
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reported by Elliot and O’Hare (10) and Phelan et al. (24) in
coplating experiments using transfected VP22 fusion plasmids.
Similar results were seen when mixing FTCB- versus FVCB-
infected Cos cells with an excess of noninfected PC-3 or HeLa
cells (data not shown).

Apoptosis in p53 wild-type tumor cells. Ad-delivered p53
has been demonstrated to be an effective inhibitor of growth of
human tumor cells with altered p53 status (30, 31). However,
human tumor lines expressing endogenous wild-type p53 are
often resistant to exogenous p53 treatment (15, 19). Although
these lines contain endogenous p53, other alterations can re-
sult which impair the ability of p53 to trigger an appropriate
apoptotic response and render them less sensitive to exoge-
nous p53 treatment. In Fig. 3A through C, we have compared
the abilities of FTCB and FVCB to induce apoptosis in a
variety of different tumor cell types which are p53 wild type.
Although FTCB was able to trigger apoptosis over levels seen
with control virus, FVCB was able to reach greater levels of
apoptosis than FTCB at multiple doses. Treatment with FVCB
at 109 P/ml induced high levels of apoptosis: 65% of G55 cells,
70% of SK HEP 1 cells, and 63% of RKO cells. In contrast,
treatment with FTCB produced levels of only 29, 26, and 45%
in the same cell types. These findings were consistent across
the different tumor types (colorectal, glioblastoma, and hepa-

tocellular carinoma), indicating that this increased efficacy
should be applicable to the vast majority of p53 wild-type
tumors. In p53-altered tumor cell lines which are sensitive to
p53 treatment, FVCB and FTCB effects were both effective at
similar levels (data not shown).

p53-specific apoptosis through caspase 9 activation. Cas-
pase 9 is reported to be an essential and p53-specific mediator
of apoptosis (28). To ensure that the increase in apoptosis seen
in Fig. 3A through C was p53 specific, we looked for specific
activation of caspase 9 from FTCB- and FVCB-infected tumor
cells. Using p53-resistant SK HEP 1 cells, an increase in cas-
pase 9 activity was seen for FTCB relative to that of uninfected
or ZZCB control virus-treated cells. The increase in caspase 9
activity seen in the FVCB-treated cells was also significantly
greater than that seen with FTCB (Fig. 3D). This increase
correlated with the increase in apoptosis measured by annexin
V staining of FVCB over FTCB in the same cells, indicating
p53-specific induced apoptosis.

Safety in normal cells. Because we were seeing an increase
in apoptosis in p53 wild-type tumor cells with FVCB, it was
necessary to verify that this did not lead to an increase in
cytotoxicity in normal, p53 wild-type cells. We cultured primary
normal human epithlium, fibroblasts, and endothelial cells and
infected them with increasing concentrations of either the

FIG. 2. In vitro spread of p53 by VP22. (A) Cos cells were first infected with 5 3 108-P/ml concentrations of FTCB virus, and then were replated
the next day with a 50-fold excess of uninfected SK HEP 1 cells. Twenty-four hours later, cells were analyzed by immunohistochemistry for Cos
cell identification (red-TRITC anti-T-antigen [Tag] detection) and p53 protein expression (blue-AMCA anti-p53 detection). (B) The conditions
and treatments were the same as above except that FVCB virus was used to infect the Cos cells.
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wild-type p53 virus FTCB or the p53-VP22 fusion construct
FVCB or control ZZCB virus. An MTS-based assay was used
to assess cell viability 3 days after virus infection to determine
if there was any increase in cytotoxicity between wild-type p53
and the p53-VP22 fusion protein. Figure 4 shows that there
was no increase in cytotoxicity in cells infected with FVCB
relative to those infected with FTCB. As a control, we infected
additional human mammary epithelial cells with the highest
dose of viruses used in the MTS experiments. Western analysis
verified transduction and p53 protein expression in these cells,
with greater expression evident from the FVCB-infected cells,
as was demonstrated earlier in tumor cells (Fig. 1). Therefore,
despite increased protein expression and apoptosis in p53 wild-
type human tumor cells infected with FVCB, the increased
killing by FVCB appears specific for tumor cells.

In vivo tumor growth inhibition. To determine whether or
not the increase in apoptosis observed in vitro with FVCB
would also be seen in vivo, a subcutaneous model for tumor
growth inhibition was set up. SK HEP 1 cells were used to
establish tumors that would subsequently be treated with virus
or controls. Established tumors were injected either daily or
every other day for 5 total doses of either FTCB, FVCB, or
control GFCB virus. When injected daily, FVCB results in a
significant increase in tumor growth inhibition over that of
FTCB (P 5 .0002) over the course of the experiment (Fig. 5A).
In a dose-response experiment (Fig. 5B), both FTCB and
FVCB were able to repress tumor growth at the high dose.
However, as the virus dose decreased, FTCB began to lose its

ability to inhibit tumor growth, and by the lowest dose tested,
FTCB treatment was as ineffective as control virus or buffer. In
contrast, FVCB treatment was still able to retain its tumor
growth inhibition, even at the lowest dose tested. The degree
of tumor growth inhibition by FVCB at the lowest dose tested
(5 3 108 P/injection) was, in fact, similar to that seen with
FTCB at a 1 log higher dose (5 3 109 P/injection), indicating
an approximate 10-fold increase in efficacy with FVCB. Results
from a high dose of control virus (GFCB, 1010 P/injection)
were similar to those from vPBS treatment, indicating that
virus alone did not repress this tumors growth and that the
inhibition was p53 specific.

In vivo spread of p53 by VP22. While in vitro spread medi-
ated by VP22 has been demonstrated both here and elsewhere
(2, 10), direct evidence for in vivo spread by a VP22 fusion
protein has been lacking. Furthermore, while there has been
some evidence for spread and increased effects with VP22
fusion protein treatment in vitro (6, 24), an in vivo treatment of
an established tumor with a VP22 construct has not been
reported. SK HEP 1 tumors from animals treated with 5 daily
doses of virus as in experiments depicted in Fig. 5A were
excised 48 h post-viral infection and were divided in half. One
half was snap frozen in liquid nitrogen for DNA extraction
while the other half was fixed in formalin for immunohisto-
chemistry to determine in vivo p53 expression. In Fig. 6 the
results are shown for two animals per group treated with
FTCB, FVCB, or control virus GFCB. p53 expression is indi-
cated in red against a blue DAPI counterstain. A slight in-

FIG. 3. Apoptosis and caspase 9 activation. (A through C) Different p53 wild-type human tumor cell types as indicated that were infected with
either control virus ZZCB (striped column), FTCB (solid column), or FVCB (hatched column) at the doses indicated (virus particles per milliliter).
Harvest points were either at 48 h postinfection (A) or at 72 h (B and C). Uninfected (Un) cells had undetectable levels of apoptosis under these
conditions. Results plotted are from triplicate experiments 6 standard deviations. (D) SK HEP 1 cells infected with 6 3 108-P/ml concentrations
of either control virus ZZCB (striped column), FTCB (solid column), or FVCB (hatched column). After 48 h, cells were harvested and analyzed
for caspase 9 activation. Results are plotted in arbitrary fluorescence units versus uninfected (dashed column) or virus treatment. Results are
plotted from the average from four experiments 6 standard deviations.
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crease in p53-expressing cells can be seen with FTCB treat-
ment over that with control, GFCB-treated tumors. In the case
of the FVCB-treated tumors, a striking increase in p53 expres-
sion was seen in both tumors. Quantitative PCR for copies of
viral hexon DNA performed on the other half of the tumors
indicated that similar amounts of virus were present for each
treatment group. Therefore, the increase in p53 expression was
not due to increased amounts of virus but instead reflects the
in vivo counterpart to the in vitro spread demonstrated earlier.
This in vivo spread of the p53-VP22 fusion protein correlates
with the increased in vivo efficacy seen with FVCB treatment.

DISCUSSION

A present limitation of gene therapy is the ability to deliver
sufficient amounts of active proteins to target cells. While se-
creted proteins can overcome this limitation to some degree,
this is particularly a problem for nonsecreted proteins, such as
p53. In these cases, the potentially therapeutic protein is only
active in those cells in which it is initially delivered. When
coupled with a cellular environment that limits the activity of
the delivered gene product, such as MDM2 amplification as-
sociated with enhanced degradation of p53, potential efficacy

FIG. 4. Viability of normal human cells treated with virus. Normal human mammary epithelial cells, lung fibroblasts, or microvascular
endothelial cells were cultured and infected with increasing concentrations of control virus ZZCB (squares), FTCB (circles), or FVCB (triangles)
as indicated and assayed 3 days postinfection for cell viability via an MTS assay. Cell viability is plotted as the percent of untreated control cells 6
standard deviations versus increasing concentrations of virus. Additional human mammary epithelial cells were plated and infected with 109-P/ml
concentrations of ZZCB, FTCB, or FVCB virus and were harvested 24 h postinfection. Equal amounts of total protein were loaded per well, and
p53 protein was detected by Western analysis. A secondary Ab versus b-actin was used to verify equal loading between wells.

FIG. 5. In vivo efficacy and dose response. (A) SK HEP 1 cells were inoculated into the flanks of nude mice and allowed to establish for 10
days. A series of 5 daily intratumoral injections were then given at a dose of 5 3 109 P of either control virus GFCB (square), FTCB (circle), or
FVCB (triangle) per dose. Tumor volumes were measured weekly. Results shown plot the tumor volumes versus days postinjection for each dosing
group over the time course of the experiment. (B) SK HEP 1 cells were inoculated into the flanks of nude mice and allowed to establish for 10
days. A series of 5 intratumoral injections were then given every other day at the indicated doses of either FTCB (circle) or FVCB (triangle).
Control virus GFCB (square) was administered under the same schedule at a dose of 1010 P/dose. Control injections of vPBS (cross) were also
administered to one group, and all tumor volumes were measured weekly. Results shown plot the tumor volumes at the end of the experiment at
day 49 postinfection for FTCB and FVCB at each dose and for the GFCB- and vPBS-treated animals. s.e.m., standard error of the mean.
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can be further reduced. It has been suggested that VP22 fusion
proteins could provide an approach to this problem. By in-
creasing distribution through intercellular transport, more cells
could potentially reach the levels of therapeutic proteins nec-
essary for efficacy, leading to an overall enhancement of bio-
logical effects in the target population. While in vitro experi-
ments have been promising, improved distribution and efficacy
of VP22 fusion proteins has not been demonstrated in vivo. In
the present study, recombinant Ad expressing either wild-type
p53 (FTCB) or a p53-VP22 fusion protein (FVCB) were con-
structed and their activities were compared both in vitro and in
vivo.

We observed that in vitro steady-state levels of the p53-VP22
protein from FVCB were elevated and persisted longer than
those of wild-type p53 protein from FTCB. Both proteins were
transcriptionally active. Ribonuclease protection assays from
infected SK HEP 1 cells showed equivalent message for p53
transgene from both CMV promoter-driven constructs (data
not shown). We verified earlier reports of in vitro spread by
VP22 fusion proteins (10, 24), this time using our recombinant
Ad in coplating experiments. We have recently described a

recombinant Ad, p53 d13–19, that expresses a variant p53
protein containing a deletion in the MDM2 binding site (1).
The p53 protein expressed by this virus is resistant to MDM2-
mediated degradation and accumulates to higher levels than
the wild-type p53 expressed by FTCB. Although the levels of
p53 protein expressed by p53 d13–19 were similar to those
produced by FVCB, there was no evidence for spread in co-
plating experiments as described in Fig. 2 (data not shown).
Our results show that the activities of both VP22 and p53 are
intact in FVCB and that differences in protein levels do occur
which may result in differences in efficacy.

To evaluate whether or not higher protein expression levels
correlated with increased apoptotic activity, several different
tumor cell types were infected with either FTCB or FVCB. We
observed that FVCB infection resulted in enhanced levels of
apoptosis over a range of doses relative to that of FTCB.
Increases of two- to fivefold higher apoptosis with FVCB were
observed under several conditions in tumor cells normally re-
sistant to p53 addition. As before, higher levels of protein
expression were observed with FVCB relative to those with
FTCB at the doses used (data not shown). In addition, the

FIG. 6. In vivo spread of p53 protein via VP22. SK HEP 1 cells were inoculated into the flanks of nude mice and allowed to establish for 10
days. A series of 5 daily intratumoral injections were then given at 5 3 109 of either control virus GFCB, FTCB, or FVCB per injection (n 5 2
mice/group) as indicated. Tumors were excised 48 h after the last virus injection and processed for immunohistochemistry for p53 protein detection
and for DNA extraction for PCR quantification of Ad hexon gene copies. Tumor sections from all six animals (identified by numbers) are shown
along with the average copy number of hexon genomes for both animals per group per milligram of tissue (p).

VOL. 75, 2001 INTRATUMORAL SPREAD OF p53-VP22 8739



apoptosis we observed was p53 specific, as demonstrated by
activation of the caspase 9 pathway (28). Control experiments
using recombinant Ad expressing either a green fluorescent
protein-VP22 fusion protein or just green fluorescent protein
alone did not cause apoptosis in infected cells, while FVCB
given at a log lower dose did, indicating that VP22 was not
causing the toxicity (data not shown). Despite the increased
expression of the p53 fusion protein and accompanying apo-
ptosis in p53 wild-type tumor cells, safety did not appear to be
compromised, as we did not observe any increased cytopath-
icity in normal, p53 wild-type human cells over that observed
with FTCB.

By using a recombinant Ad as a delivery vehicle for the
p53-VP22 fusion protein, we were able to extend our observa-
tions to the in vivo situation. We conducted in vivo tumor
growth inhibition studies and monitored for in vivo spread of
p53 protein. Treatment of established tumors with specific
doses of virus clearly showed a loss of efficacy for wild-type p53
as the FTCB dose was decreased. At the lowest dose used,
FTCB activity was similar to that of buffer control. In contrast,
FVCB retained its efficacy, even as its dose was reduced 10-
fold. The similar degree of tumor growth inhibition by FVCB
when given at a log lower dose than that of FTCB suggests that
lower doses may be used clinically as well, potentially improv-
ing both safety and cost of treatment.

This study was also the first demonstration that the intercel-
lular trafficking by VP22 seen in vitro could also be observed in
vivo. There have been some differences in the ability to detect
spread in vitro (2, 11), and there has been a clear lack of direct
in vivo observation of intracellular spread thus far. In our
findings, sections from tumors treated with either FTCB,
FVCB, or control virus, followed by immunohistochemistry for
p53 expression, clearly showed in vivo spread of p53 protein
with FVCB beyond that seen with wild-type FTCB. PCR anal-
ysis was used to rule out viral replication or an increased
number of virus-infected cells as the cause, since equal levels of
viral DNA were present in each tumor sample despite showing
the different levels of p53 protein.

By utilizing the intercellular trafficking ability of HSV-VP22
coupled to the high-efficiency delivery of recombinant Ad, we
were able to augment delivery of functional p53 to tumors
normally resistant to exogenous p53. Since both infected and
uninfected neighboring tumor cells were recipient cells for the
fusion protein, functional p53 was able to reach effective levels
in more cells, triggering apoptosis and destroying more tumor
cells than with comparable infections using an Ad expressing
wild-type, nonspreading p53. In addition, the confirmation of
in vivo spread mediated by HSV-VP22 should also be impor-
tant for other fusion constructs, providing a strategy for en-
hancing the efficacy of gene therapy with other nonsecreted
proteins.
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