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We have previously described two replication-competent adenovirus vectors, named KD1 and KD3, for
potential use in cancer gene therapy. KD1 and KD3 have two small deletions in the E1A gene that restrict
efficient replication of these vectors to human cancer cell lines. These vectors also have increased capacity to
lyse cells and spread from cell to cell because they overexpress the adenovirus death protein, an adenovirus
protein required for efficient cell lysis and release of adenovirus from the cell. We now describe a new vector,
named KD1-SPB, which is the KD1 vector with the E4 promoter replaced by the promoter for surfactant
protein B (SPB). SPB promoter activity is restricted in the adult to type II alveolar epithelial cells and
bronchial epithelial cells. Because KD1-SPB has the E1A mutations, it should replicate within and destroy only
alveolar and bronchial cancer cells. We show that KD1-SPB replicates, lyses cells, and spreads from cell to cell
as well as does KD1 in H441 cells, a human cancer cell line where the SPB promoter is active. KD1-SPB
replicates, lyses cells, and spreads only poorly in Hep3B liver cancer cells. Replication was determined by
expression of the E4ORF3 protein, viral DNA accumulation, fiber synthesis, and virus yield. Cell lysis and
vector spread were measured by lactate dehydrogenase release and a “vector spread” assay. In addition to
Hep3B cells, KD1-SPB also did not express E4ORF3 in HT29.14S (colon), HeLa (cervix), KB (nasopharynx),
or LNCaP (prostate) cancer cell lines, in which the SPB promoter is not expected to be active. Following
injection into H441 or Hep3B tumors growing in nude mice, KD1-SPB caused a three- to fourfold suppression
of growth of H441 tumors, similar to that seen with KD1. KD1-SPB had only a minimal effect on the growth
of Hep3B tumors, whereas KD1 again caused a three- to fourfold suppression. These results establish that the
adenovirus E4 promoter can be replaced by a tissue-specific promoter in a replication-competent vector. The
vector has three engineered safety features: the tissue-specific promoter, the mutations in E1A that preclude
efficient replication in nondividing cells, and a deletion of the E3 genes which shield the virus from attack by
the immune system. KD1-SPB may have use in treating human lung cancers in which the SPB promoter is active.

Human adenovirus serotype 5 (Ad5) offers great promise in
cancer gene therapy. It primarily causes asymptomatic or mild
respiratory infections in young children, followed by long-term
effective immunity (24). Fatalities are extremely rare, except
when the patient is immunocompromised. Ad5 is very well
understood, can be grown in culture to high-titered stocks that
are stable, and can replicate in most human cancer cell types
(46). Its genome can be manipulated by site-directed mutagen-
esis and insertion of foreign sequences.

Most Ad vectors are replication defective (RD) because they
lack the genes in the E1A and E1B transcription units (7). The
E1A proteins induce transcription of other Ad genes, and in
nontransformed cells, they deregulate the cell cycle, induce or
repress a variety of cellular genes, and force cells from G0 into
S phase (57, 62). The E1B proteins inhibit cellular apoptosis
(57, 62). In RD vectors, the E1A and E1B regions are replaced
by an anticancer therapeutic gene, e.g., p53, expressed from a
foreign promoter-enhancer (65). Since they cannot replicate,
RD vectors express their therapeutic protein only in the cells
which they initially infect, and that can be only a small fraction
of the cells in the tumor. Some of these therapeutic proteins or

their products exhibit a bystander effect where cells proximal to
the infected cell are destroyed.

Some Ad vectors are replication competent (RC) (22).
When these vectors infect a cell, they go through their natural
cycle of replication, lysis of the cell, vector release from the
cell, and reinfection of other cells. These vectors should be
capable of destroying more cells in the tumor than RD vectors.
In order to prevent RC vectors from damaging normal tissues
and causing disseminated viremia, it is important that they
have some feature that limits their replication to cancer cells.
The RC vector ONYX-015, which was originally named dl1520
(2), has a deletion in the E1B transcription unit that removes
the gene for E1B-55K (2, 4, 20, 21). E1B-55K is multifunc-
tional: it is required for efficient cytoplasmic accumulation and
translation of Ad mRNAs, it binds the tumor suppressor p53
and represses p53-responsive promoters, it (acting together
with the Ad E4ORF6 protein) induces degradation of p53, and
it inhibits p53-induced apoptosis, thereby enabling cells to en-
ter S phase (11, 17, 23, 29, 30, 36, 41, 43, 49, 50, 59, 66, 67).
Replication of ONYX-015 was originally reported to be re-
stricted to tumor cells lacking wild-type p53 (20, 56), but it is
now known that it can replicate in cells with wild-type p53 (15,
17, 19, 42, 55). ONYX-015 partially suppresses growth of p53-
negative xenotransplants (20, 56) and has shown safety and
suggestive clinical benefit in phase I and II clinical trials of
head and neck cancer (13, 26). Efforts have been made to
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improve the specificity and efficacy of ONYX-015. For exam-
ple, addition of a polylysine tail to the fiber gene caused the
vector to be targeted to gliomas (48). In another approach, the
combined use of ONYX-015 with cisplatin and 5-fluorouracil
(chemotherapeutic drugs) (20, 68) or radiation (39, 40) im-
proved the ability of ONYX-015 to retard the growth of xeno-
transplants. ONYX-015 also synergized with chemotherapy in
cytolysis of primary cultures from human lung cancers (68). In
other E1B-55K deletion vectors, introduction of the herpes
simplex virus type 1 thymidine kinase (TK) cancer therapeutic
gene (60, 61) or a fusion gene between TK and Escherichia coli
cytosine deaminase (10, 60) into the vector increased the po-
tency of the vector. Further, vector-mediated expression of
interleukin 2 potentiated immune responses against vector-
infected tumors in mice (33).

Another strategy for RC vector improvement has been to
place replication under the control of tissue-specific promot-
ers. One group replaced the basal E1A promoter with a mod-
ified promoter for a-fetoprotein (AFP) (16). AFP is expressed
in the liver during development, but it is not expressed in
adults. However, it is expressed in 70 to 80% of patients with
hepatocellular carcinoma. Growth of this vector was limited to
AFP-expressing cells, and the vector showed some suppression
of xenotransplants (16). A number of RC vectors have been
developed that have expression of the E1A and E1B genes
dependent on the prostate tumor-specific prostate-specific an-
tigen and kallikrein (38, 69, 70) promoters-enhancers.

We have described two RC vectors, named KD1 and KD3
(Fig. 1), which have unique features (8). First, KD1 and KD3
are more cytolytic than Ad5 or the Ad5 mutant dl309, resulting
in faster spread of vector from cell to cell in culture. KD1 and
KD3 are more cytolytic because they overexpress the adeno-
virus death protein (ADP), an 11.6-kDa Ad membrane glyco-
protein synthesized at very late stages of infection when virus
has assembled in the cell nucleus, which mediates efficient cell
lysis and release of Ad from cells (44, 52–54). Second, KD1 and
KD3 contain two small deletions in the E1A gene that abolish
the ability of E1A to deregulate the cell cycle and cause cells to
move from G0 to S phase (25). These deletions leave intact the
ability of E1A to transactivate Ad genes. Replication of KD1
and KD3 is very poor in human quiescent or primary cells, but
it is very good in many cancer cell lines. KD1 and KD3 sup-
press the growth of human A549 (lung cancer) and Hep3B
(hepatocellular carcinoma) tumors in immunodeficient nude
mice (8). Third, KD1 and KD3 lack the E3 region genes that
protect Ad-infected cells from destruction by the immune sys-
tem (62, 63); this feature could mitigate against possible run-
away viremia by the vector (8).

In this communication, we describe the construction and
characterization of a version of KD1 that is not only tumor
selective but also tissue specific. Accordingly, this vector
should display increased safety. In this vector, the Ad E4 pro-
moter is deleted and replaced with the promoter for surfactant
protein B (SPB) (Fig. 1). The new vector is named KD1-SPB.
The regulation of the SPB promoter is cell type specific: it is
active nearly exclusively in type II alveolar epithelial cells and
bronchial epithelial cells (Clara cells) of the lung (5, 64). The
E4 region is required for Ad DNA replication and late mRNA
maturation (28). Because of the E4 promoter substitution and
the E1A mutation, KD1-SPB is expected to replicate efficiently

in lung tumors, where both the SPB promoter and the E1A
proteins are active, but not in normal lung tissues or in other
types of tissues. Indeed, we show here that KD1-SPB replicates
well in H441 papillary lung adenocarcinoma cells but very
poorly in Hep3B cells. In addition, KD1-SPB suppresses the
growth of H441 tumors but not the growth of Hep3B tumors in
nude mice.

MATERIALS AND METHODS

Cells and viruses. Human cancer cell lines A549 (human lung carcinoma),
Hep3B (human hepatocellular carcinoma), and LNCaP (prostate carcinoma)
were obtained from the American Type Culture Collection. H441 (papillary lung
carcinoma) cells were obtained from Jeffrey Whitsett (University of Cincinnati),
HeLa (cervical carcinoma) cells were from Eileen White (Rutgers University),
HT29.14S (colon carcinoma) cells were from Jeff Browning (Biogen, Cambridge,
Mass.), and KB cells were from Maurice Green (St. Louis University). HEK 293
cells were obtained from Microbix (Toronto, Ontario, Canada). VK10-9 cells are
293 cells that in addition to E1 contain and express E4 and pIX (27). We will
refer to these cells as 293-E4 cells. A549, Hep3B, HeLa, 293, and 294-E4 cells
were grown in Dulbecco’s modified essential medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). H441 and LNCaP cells were grown in RPMI

FIG. 1. Schematic of vectors. (A) Ad5. The gray bar indicates the
DNA genome of 36 kbp. The open arrow indicates the immediate-
early E1A transcription unit, and the black arrows are the delayed-
early E1B, E2, E3, and E4 transcription units. The upper shaded
arrows indicate the five families of major late mRNAs and also the
ADP mRNA, which is synthesized as part of the major late transcrip-
tion unit. Each major late mRNA has a tripartite leader (leaders 1, 2,
and 3) spliced to its 59 terminus. (B) dl309. dl309 is identical to Ad5,
except that it has the E3-RID and E3-14.7K genes deleted. dl309
expresses ADP at levels similar to those of Ad5. (C) KD1. KD1 has two
small deletions (indicated by “X” marks) in the E1A gene that abolish
binding of the E1A proteins to pRB or p300/CBP. It lacks all E3 genes
except adp. ADP is expressed earlier in infection and in greater abun-
dance than is ADP from Ad5 or dl309 (8). (D) KD1-SPB. KD1-SPB is
identical to KD1, except that it has the E4 promoter replaced by the
promoter for SPB (SPB-P).
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medium 1640 (HyClone) plus 10% FBS. HT29.14S cells were grown in McCoy’s
5A medium (Gibco/BRL) plus 10% FBS.

The Ad KD1 and KD3 vectors overexpressing ADP and restricted to tumor
cells by mutations in the E1A region have been previously described (8). The
E1A deletions were derived from the Ad5 mutant dl1101/1107 (obtained from
Stanley Bayley, McMaster University). Ad KD1-SPB is a modification of KD1
with the E4 promoter replaced by the lung-specific SPB promoter. KD1-SPB was
constructed starting with plasmid p491, which is based on the pCRII (Invitrogen)
backbone and contains Ad5 sequences from BamHI (21,595 bp in Ad5) to the
end of the viral genome (35,935 bp). p491 has modifications in the E3 region as
follows: deletion of Ad5 bp 27858 to 27860, TAA inserted; deletion of Ad5 bp
27982 to 28134; deletion of Ad5 bp 28395 to 29397, CCTTAATTAAA inserted;
deletion of Ad5 bp 29783 to 30883, TTAATTAAGG inserted. p491 also has a
modification of the E4 region as follows: deletion of Ad5 E4 promoter, bp 35623
to 35775, and insertion of the SPB B-500 promoter (64) (obtained from Jeffrey
Whitsett) flanked by Bst1107I sites.

dl1101/1107 DNA was digested with EcoRI and then was cotransfected into
293-E4 cells together with p491 DNA using the calcium phosphate technique.
The resulting plaques were screened by PCR for the presence of recombinant
versions of E1A, E3, and E4. One plaque was purified three times and expanded
into a large-scale CsCl stock, and the titer was determined on 293-E4 cells (51).
Viral DNA from the CsCl preparation was screened for the presence of recom-
binant sequences and absence of wild-type sequences by PCR, restriction enzyme
digestion, and DNA sequencing. The ratios of particles to PFU, as determined by
Mittereder et al. (32), were 1,750 for KD1-SPB and 1,380 for KD1.

Plaque development assay. The plaque development assay was performed as
described previously (51, 53). In brief, serial dilutions of the viruses were pre-
pared and plaques were assayed on monolayers of 293-E4, 293, and A549 cells.
Visible plaques were counted at 1- to 3-day intervals. The number of plaques on
a given day was plotted as a percentage of plaques seen on the final day of the
assay.

Virus spread assay. Hep3B or H441 cells were seeded in 48-well plates and
were mock infected or infected with 10-fold serial dilutions of the indicated
viruses, ranging from 101 to 1024 PFU/cell. Monolayers were fixed and stained
with crystal violet at 5 or 8 days postinfection (p.i.), as described previously (8).

Western blots. H441 or Hep3B cells (in 60-mm-diameter dishes) were infected
with 10 PFU of KD1 or KD1-SPB/cell. At 24 h p.i., the cells were washed three
times with phosphate-buffered saline (PBS) and harvested by scraping. The cells
were lysed by radioimmunoprecipitation assay buffer. The protein concentration
was measured by the Bio-Rad DC protein assay kit (Bio-Rad Laboratories,
Hercules, Calif.), and 10 mg of each sample was electrophoresed on sodium do-
decyl sulfate–15% polyacrylamide gels. The gels were electroblotted onto poly-
vinylidene difluoride membranes (Immobilon; Millipore, Bedford, Mass.). The
membranes were blocked in TBST (50 mM Tris-Cl [pH 7.6], 150 mM NaCl, 0.2%
Tween 20) containing 10% dry milk (Carnation) overnight at 4°C. After blocking,
the membranes were incubated with a rabbit polyclonal antiserum against E4ORF3
(gift of Gary Ketner) or ADP (54) or with M73, a monoclonal antibody against
E1A (18). The secondary antibodies were goat anti-rabbit immunoglobulin G
(IgG)-horseradish peroxidase or goat anti-mouse IgG-horseradish peroxidase.
The blots were developed using the ECL protocol (Amersham Pharmacia, Ar-
lington Heights, Ill.).

Lactate dehydrogenase release assay. For the lactate dehydrogenase release
assay for cell lysis (53), H441 cells (7.7 3 105 cells per 35-mm dish) and Hep3B
cells (9.0 3 105 cells per 35-mm dish) were infected at 20 PFU/cell in 1 ml of
serum-free DMEM. After an adsorption period of 1 h, 3 ml of DMEM (10%
FBS) was added (final FBS concentration of 7.5%). Cells were incubated at 37°C
with 6% CO2. At daily intervals, supernatants were collected and microcentri-
fuged to remove floating cells, and cell-free supernatants were frozen at 270°C
until assayed. Total lysis samples were prepared by addition of 103 lysis buffer
included in the Cyto Tox 96 kit (Promega, Madison, Wis.). After all samples were
collected, 20-ml samples were assayed in triplicate using the lactate dehydroge-
nase assay kit Cyto Tox 96 and read on an EL340 microplate reader (BioTec
Instruments, Inc.) at 490 nm.

Immunofluorescence. In the experiment shown in Fig. 6, H441 and Hep3B
cells were plated on Corning no. 1 coverslips in 35-mm dishes. H441 (1.5 3 106

cells/35-mm dish) and Hep3B (9.0 3 105 cells/35-mm dish) cells were infected
with 20 PFU of the indicated viruses/cell in 1 ml of serum-free DMEM. After 1 h,
1 ml of DMEM–20% FBS was added (final FBS concentration of 10%). At the
indicated times (48 h or 6 days p.i.), cells were fixed for 10 min in 3.7% para-
formaldehyde in PBS and then permeabilized for 6 min in methanol (220°C) and
rehydrated in PBS. Coverslips were stained with rabbit antiserum to E4ORF3
(1:250 dilution; gift of Gary Ketner), followed by goat anti-rabbit IgG-fluorescein
isothiocyanate (FITC) conjugate (1:50 dilution; Cappel/ICN). In the experiment

shown in Fig. 7, H441, Hep3B, HeLa, KB, LNCaP, or HT29.14S cells were plated
onto poly-L-lysine-coated coverslips in 35-mm dishes. The cells were infected
with 10 PFU of KD1-SPB or KD3/cell. At 44 h p.i., cells were fixed and perme-
abilized as described above. Cells were double immunostained using E4ORF3
rabbit antiserum and a pool of E1A-specific monoclonal antibodies (gift of Ed
Harlow) (18), followed by goat anti-rabbit IgG-FITC conjugate and goat anti-
mouse IgG-rhodamine (RITC) conjugate. All antibodies were diluted in PBS
containing 1% bovine serum albumin and 0.1% sodium azide. Photographs were
taken on a Nikon epifluorescence microscope using a 1003 Planapo lens and
Tmax 400 film (Kodak). The film was developed in a Diafine developer.

Southern blot analysis of viral DNA replication. H441 and Hep3B cells were
grown in 60-mm dishes in DMEM supplemented with 10% FBS. Cells were
infected at 70% confluency with 10 PFU of KD1 or KD1-SPB/cell. Dishes were
incubated in a humidified 5% CO2 atmosphere at 37°C. Total genomic DNAs
were isolated at 5, 24, 48, 72, and 96 h p.i. Equal amounts of total genomic DNAs
were digested with HindIII and resolved on a 1% agarose gel prior to transfer
onto membranes. A random primed 32P-labeled pBHG10 plasmid probe (3) was
used for hybridization, and the blots were autoradiographed. DNA fragments
were quantitated on a Molecular Dynamics PhosphorImager.

Virus yields. Hep3B cells or H441 cells grown as monolayers in 35-mm dishes
were infected with 10 PFU of KD1 or KD1-SPB/cell. At days 0 to 4 (for H441)
or days 0 to 9 (for Hep3B) p.i., cells and culture medium were frozen at 270°C.
Samples were frozen and thawed three times to release the virus from the cells,
and total virus yields were determined by plaque assay on 293-E4 monolayers.

Tumors and intratumor injections. A nude mouse model (8) was used to
examine the effect of KD1-SPB and KD1 on H441 and Hep3B tumors. Tumor
cells (107 cells in 200 ml of DMEM–50% Matrigel [Becton Dickinson Labware,
Bedford, Mass.] for H441 cells or 107 cells in 200 ml of DMEM–10% Matrigel for
Hep3B cells) were injected into flanks of 5- to 6-week-old athymic nude mice and
allowed to grow for 3 weeks to about 100 (H441)- or 150 (Hep3B)-ml volumes.
Preestablished tumors (n 5 10) were injected with 50 ml of DMEM or 5 3 107

PFU of indicated viruses in DMEM. Injections of the viruses were repeated twice
weekly for 3 weeks to the total dose of 3.0 3 108 PFU per tumor. Tumor size
measurements were taken twice per week for H441 cells or weekly for Hep3B
cells using Sylvac digital calipers. Tumor volumes were calculated according to
the formula length 3 width2/2. Data are represented as the mean increase in
tumor size relative to the tumor size at the initial injection.

RESULTS

Construction of KD1-SPB. As described in Materials and
Methods, the plasmid p491 was constructed, containing Ad5
sequences from the BamHI site at map position 60 (position
21595 in Ad5) to the right end of the genome of the vector
KD1 (8) with the E4 promoter replaced by the B-500 SPB
promoter (64). The deletion in E4, Ad5 bp 35623 to 35775,
removes the E4F and ATF-2 transcription factor binding sites
and the E4 TATA box. The deletion in E3 of 2,260 bp changes
the translation initiation codon for the 12,500-molecular-
weight (12.5K) protein to a stop codon, removes sequences
between the pVIII gene and the L4 polyadenylation signal,
removes sequences between the L4 polyadenylation signal and
a position upstream of the adp gene, and removes sequences
from the end of the adp gene to the end of the E3-14.7K gene.
As such, all E3 genes are deleted except the adp gene. There
are no methionine codons upstream of the adp gene in what
remains of the E3 transcription unit. L4 mRNAs are expected
to undergo polyadenylation at their natural site.

Plasmid p491 was cotransfected into 293-E4 cells together
with the EcoRI-digested DNA from the Ad5 mutant dl1101/
1107 (8). The EcoRI-A fragment of dl1101/1107, map positions
0 to 76, contains two deletions in the E1A gene. One deletion
(amino acids 112 to 122), in conserved region 2 of the E1A
proteins, removes the binding site for pRB. The other deletion
(amino acids 5 to 24), in the NH2-terminal region and in
conserved region 1, removes the binding site for p300/CBP.
Following transfection, the complete genome of KD1-SPB
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forms by overlap recombination of the EcoRI-A fragment
from dl1101/1107 and plasmid p491. 293-E4 cells were used for
transfection because they express E4 proteins and therefore
offer the recombinant genomes an increased opportunity to
replicate. Plaques were picked, examined by PCR for the ex-
pected genome structure, plaque purified three times, and
expanded into CsCl stocks. The titers were determined on
293-E4 cells. These stocks were confirmed by PCR, restriction
enzyme digestion, and DNA sequence analysis.

In subsequent experiments, the properties of KD1-SPB were
compared to those of its “parent,” KD1. Figure 2 shows the
plaque development properties of these vectors on 293-E4,
293, and A549 cells. The data are plotted as the number of
plaques seen on any day of the plaque assay as a percentage of
the number of plaques seen at the end of the assay (i.e., when
new plaques cease to appear) (53). This assay is an indicator of
the size of the plaques. KD1 formed plaques equally well on
293-E4 and 293 cells (Fig. 2A). With KD1-SPB, plaques were

observed about 3 to 4 days sooner on 293-E4 cells than on 293
cells (Fig. 2A). On A549 cells, KD1 formed plaques 4 to 6 days
sooner than did KD1-SPB (Fig. 2B).

KD1-SPB grows as well as KD1 in H441 lung carcinoma
cells but much more poorly than KD1 in Hep3B hepatocellular
carcinoma cells. The properties of KD1-SPB versus KD1 were
characterized in detail in H441 cells, a human papillary lung
adenocarcinoma cell line known to express the TTF1 transcrip-
tion factor and in which the SPB promoter is active (64).
Hep3B cells, a human hepatocellular carcinoma line in which
the SPB promoter should not be active, were used as a negative
control. H441 and Hep3B monolayers were infected with 10
PFU of KD1 or KD1-SPB/cell and photographed at 4 and 7
days p.i. KD1 produced a cytopathic effect (CPE) on both cell
lines at 4 and 7 days p.i. (data not shown). KD1-SPB caused
CPE on H441 cells but not on Hep3B cells. Since CPE in
Ad-infected cells is usually an indicator of virus growth, these
results suggest that KD1-SPB grows in H441 but not in Hep3B
cells.

To examine viral DNA replication, H441 and Hep3B cells
were infected with 10 PFU of KD1 or KD1-SPB/cell, and then
the accumulation of viral DNA was determined by DNA blot-
ting. With H441 cells, KD1 and KD1-SPB DNAs were readily de-
tected at similar levels at 48 to 96 h p.i. (Fig. 3A). With Hep3B
cells, KD1 DNA levels were similar to those in H441 cells, but
KD1-SPB DNA was barely detectable. This was confirmed by
PhosphorImager analysis of the DNA bands (Fig. 3B).

Growth of KD1-SPB and KD1 in H441 and Hep3B cells was
determined by a single-step growth assay. Cells were infected
with 10 PFU of vector/cell, and then total vector yield was
determined by plaque assay. Total yields of both vectors were
similar in H441 cells, reaching a plateau after 2 days (Fig. 4A).
KD1 yield plateaued in Hep3B cells after 2 to 4 days p.i. (Fig.
4B). However, KD1-SPB levels were about 5 logs lower in
Hep3B cells after 2 to 4 days, and even by 9 days, they had not
achieved the levels of KD1. We conclude that KD1-SPB grows
with significant specificity on H441 versus Hep3B cells. Fur-
ther, KD1-SPB grows as well as does KD1 on H441 cells,
indicating that the E4 promoter can be replaced by a tissue-
specific promoter in an RC vector.

The E4-encoded protein E4ORF3 is expressed well by KD1-
SPB in H441 cells but not in Hep3B, HT29.14S, HeLa, KB, or
LNCaP cells. To obtain further details on the replication of
KD1-SPB compared with that of KD1 in H441 and Hep3B
cells, the expression of representative Ad proteins by KD1-
SPB and KD1 was examined. H441 or Hep3B cells were mock
infected or infected with 10 PFU of KD1 or KD1-SPB/cell, and
then at 24 h p.i., the proteins were extracted and the E1A and
E4ORF3 proteins and ADP were examined by immunoblot-
ting. E4ORF3 is one of the six proteins encoded by the E4
transcription unit (28). As anticipated, KD1-SPB expressed
E4ORF3 well in H441 cells but at only trace levels in Hep3B
cells (Fig. 5). KD1-SPB expressed the E1A proteins in Hep3B
cells. Synthesis of E1A proteins by KD1-SPB in Hep3B cells is
expected because E1A expression does not require E4 pro-
teins; it also indicates that the block to infection with KD1-SPB
is downstream of E1A. KD1 expressed E1A in both cell lines
(Fig. 5). KD1-SPB expressed ADP as well as did KD1 in H441
cells, but it did not make detectable ADP in Hep3B cells. ADP
is primarily a late protein, and so this result is consistent with

FIG. 2. Plaque development assay showing that KD1-SPB plaques
form more slowly in 293 and A549 cells than do KD1 plaques. The
titers of CsCl-banded stocks of KD1-SPB and KD1 were determined
using standard methods (51) on 293-E4 or 293 cells (A) or on A549
cells (B). The data are plotted as the number of plaques seen on any
day of the plaque assay as a percentage of the number of plaques seen
on the final day of the assay (53). The final titers were as follows (PFU
per milliliter): KD1 on A549 cells, 4.1 3 1010; KD1-SPB on A549 cells,
5.7 3 109; KD1 on 293 cells, 2.8 3 109; KD1-SPB on 293 cells, 3.5 3 108;
KD1 on 293-E4 cells, 2.1 3 109; KD1-SPB on 293-E4 cells, 1.9 3 108.
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the relative lack of E4 protein expression, DNA replication,
and growth of KD1-SPB in Hep3B cells.

The immunoblot data in Fig. 5 depict E4ORF3, E1A, and
ADP synthesis in the bulk cell culture. To examine the synthe-
sis of E4ORF3 in individual cells, infected cells were charac-
terized by immunofluorescence. H441 or Hep3B cells were
infected with 20 PFU/cell. At 48 h or 6 days p.i., cells were fixed
and immunostained. E4ORF3 was detected in the nuclei of
H441 cells at 48 h p.i. with KD1, KD1-SPB, or dl309 (Fig. 6A)
(dl309 is an Ad5 mutant that has wild-type E1A, expresses Ad5
levels of ADP, and lacks the E3-RID and E3–14.7K genes). The
staining pattern for E4ORF3 was indistinguishable between
KD1-SPB and KD1, suggesting that E4ORF3 (and other E4
proteins) function normally in H441 cells infected with KD1-
SPB. E4ORF3 could not be detected in the vast majority of
Hep3B cells infected with KD1-SPB at 48 h (Fig. 6A) or even
at 6 days (Fig. 6B) p.i. Thus, KD1-SPB expresses E4ORF3 well
in H441 cells but not in Hep3B cells.

The host range of KD1-SPB was further examined by im-
munofluorescence using four additional human cancer cell
lines, HT29.14S (colon), HeLa (cervix), KB (nasopharynx),
and LNCaP (prostate) (Fig. 7). As is the case with Hep3B cells,
the SPB promoter is not expected to be active in these cells.
Whereas KD1 and dl309 were used as positive controls in Fig.
6, KD3 was used as the positive control in Fig. 7; the properties
of KD3 are very similar to those of KD1 (8). Cells in mono-
layers were infected with 10 PFU of KD1-SPB or KD3/cell,
and then at 44 h p.i. they were fixed and double immunostained
for E4ORF3 and E1A. With H441 cells, E4ORF3 was ex-
pressed well by both KD1-SPB and KD3 (Fig. 7, top). Most of
the same cells that expressed E4ORF3 also expressed E1A
strongly in the nucleus, the known location of E1A. Nuclei
were identifiable because they were stained with 49,69-diami-
dino-2-phenylindole (DAPI; data not shown). The staining for
E4ORF3 was confined largely to the nucleus, consistent with
the previous finding that E4ORF3 localizes to promyelocytic
leukemia oncogenic domains and causes them to be reorga-
nized (9, 35). With all the other cell lines that were infected
with KD3, there was strong staining of both E4ORF3 and E1A.
In contrast, with these cell lines infected with KD1-SPB, there
was very little staining for E4ORF3, even though there was
strong staining for E1A in the same cells (Fig. 7). These results
demonstrate that, although KD1-SPB can infect a variety of

FIG. 3. KD1-SPB DNA is synthesized efficiently in H441 but not
Hep3B cells. H441 or Hep3B cells were infected with 10 PFU of KD1
or KD1-SPB/cell. Total genomic DNA was isolated at 0, 5, 24, 48, 72,
and 96 h p.i.; digested with HindIII; resolved by agarose gel electro-
phoresis; blotted; and hybridized with 32P-labeled Ad DNA. (A) Au-
toradiogram. (B) PhosphorImager quantitation of the DNA bands in
panel A.

FIG. 4. Single-step growth curve showing that KD1-SPB grows well
in H441 but not Hep3B cells. Cells were infected with 10 PFU of KD1
or KD1-SPB/cell. Vectors were extracted at the indicated days p.i., and
titers were determined by plaque assay.
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human cancer cell lines efficiently (as measured by E1A ex-
pression), it can replicate efficiently (as measured by E4ORF3
expression) only in the cell line where the SPB promoter is
predicted and known to be active.

KD1-SPB lyses cells and spreads efficiently from cell to cell
in H441 but not Hep3B cells. At the culmination of replication,
Ad-infected cells are lysed and the virus spreads to other cells;
this process is mediated in large part by ADP (52, 53). To
examine vector-induced cell lysis, H441 and Hep3B cells were
mock infected or infected with 20 PFU of KD1, KD1-SPB, or
dl309/cell, and cell lysis was determined by release of lactate
dehydrogenase (53). All vectors lysed H441 cells beginning at
2 to 3 days p.i. (Fig. 8A). KD1 and dl309 also lysed Hep3B cells
in the same time period; however, KD1-SPB caused only min-
imal cell lysis (Fig. 8B).

Ad replication and cell lysis were also examined in a vector
spread assay (8). H441 or Hep3B cells were mock infected or
infected with 101, 100, 1021, 1022, 1023, or 1024 PFU of KD1
or KD1-SPB/cell, and then cell lysis was determined by crystal
violet staining at 5 and 8 days p.i. (Fig. 9). At low PFU per cell,
the vectors must go through two or more rounds of replication
and cell lysis in order to infect and destroy every cell in
the monolayer. With H441 cells at 5 days p.i., both KD1 and
KD1-SPB eliminated the monolayer at 1021 PFU/cell (Fig. 9).
At 8 days, the monolayer was destroyed at 1023 PFU/cell. With
Hep3B cells at 8 days, KD1 destroyed nearly all the monolayer
at 1021 PFU/cell, much of it at 1022 PFU/cell, and some of
it at 1023 PFU/cell. KD1-SPB caused some destruction of
Hep3B cells, but about 102- to 103-fold-more KD1-SPB than
KD1 was required (Fig. 9).

KD1-SPB and KD1 suppress the growth of H441 tumors in
nude mice, but only KD1 suppresses the growth of Hep3B
tumors. An experiment was conducted to determine whether
KD1-SPB or KD1 would suppress H441 tumors in nude mice.
H441 or Hep3B cells were injected into each hind flank.

When tumors had grown to about 100 ml (H441) or 150 ml
(Hep3B), they were injected twice weekly for 3 weeks with
DMEM (mock) or 5 3 107 PFU of test virus in 50 ml of
DMEM (3.0 3 108 total PFU). Ten tumors (five mice) were
used for each virus. Growth of H441 tumors was suppressed
similarly by KD1-SPB and KD1 (Fig. 10A). KD1 suppressed
growth of Hep3B tumors, whereas KD1-SPB caused only min-
imal suppression (Fig. 10B). These results show that KD1-SPB
is as effective as KD1 in suppressing tumors when the SPB
promoter is active. Further, the cell type specificity observed
with KD1-SPB in vitro is maintained in vivo.

DISCUSSION

Tumor specificity is one of the biggest challenges facing RC
and RD Ad vector-mediated cancer gene therapy. Two main
strategies that confer specificity have been described: targeting

FIG. 5. Immunoblots showing that KD1-SPB expresses E4ORF3
and ADP in H441 but not Hep3B cells. Cells were infected with 10
PFU of KD1 or KD1-SPB/cell. At 24 h p.i., protein extracts were
analyzed for E1A, E4ORF3, and ADP using specific antisera. The E1A
proteins appear as multiple bands. ADP appears as two bands; the
upper band is glycosylated, and the lower band is a proteolytically
cleaved species (44, 54).

FIG. 6. Immunofluorescence assay results showing that KD1-SPB
expresses E4ORF3 in H441 but not Hep3B cells. Cells growing on
coverslips were infected with 20 PFU of KD1, KD1-SPB, or dl309 (wild
type) per cell. At 48 h (A) or 6 days (B), cells were fixed and stained
with a rabbit polyclonal antipeptide antiserum against E4ORF3. Each
panel shows about eight nuclei.
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FIG. 7. Coimmunofluorescence assay results showing that, whereas KD1-SPB infects a variety of human cancer cell types, it expresses E4ORF3
efficiently only in H441 cells. Cells were infected with 10 PFU of KD1-SPB or KD3/cell. At 44 h p.i., cells were fixed and double stained using a
rabbit polyclonal antibody to E4ORF3 and a pool of mouse monoclonal antibodies to E1A. The same fields are shown for E4ORF3 and E1A.
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the vector to infect only the tumor cells, e.g., by genetically
modifying the Ad fiber protein that interacts with a specific
receptor on cells (1, 58), and targeting transcription such that
vector replication and/or transgene expression will occur only
in tumors. Transcriptional targeting utilizes tumor- and tissue-
specific promoters (31). In RC vectors, insertion of the tissue-
or tumor-specific promoter-enhancer into the E1A promoter-
enhancer region has been used exclusively (16, 38, 69, 70). The
rationale behind these vectors is that expression of E1A and
therefore the whole Ad transcription program will depend on
these tissue- or tumor-specific promoters. However, as a ge-
neric approach, there may be difficulties. The E1A enhancer-
promoter is very complex. The enhancer controls not only the
E1A promoter but also distant promoters such as the E4 pro-
moter (46). In addition, it has been shown that the E1A en-
hancer in the inverted terminal repeat region changes the
tissue specificity of cellular promoters (47). Also, the E1A
enhancer-promoter is partially embedded within the signals
required to package the Ad genome into virions (45), and it

may be problematic to remove all the E1A enhancer elements
without impairing virus production. Accordingly, we chose to
replace the E4 promoter with a tissue-specific promoter. E4
genes are essential for Ad replication, and therefore, the rep-
lication of the recombinant virus should be dependent on tis-
sue-specific regulatory elements.

To construct the KD1-SPB RC vector, ca. 150 bp of the E4
promoter were deleted and the B-500 version (ca. 500 bp) of
the SPB promoter (64) was inserted (Fig. 1D). We selected the
SPB promoter because of its strict tissue specificity: it is active
exclusively in type II alveolar cells and bronchial epithelial cells
of the lung (5). Since the parental virus KD1 contains and ex-
presses two E1A mutations that restrict virus replication to
tumor cells (8), we anticipated that the vector would selectively
replicate in cells derived from lung tumors. Thus, H441 cells, a
papillary lung carcinoma cell line, were used to characterize
the replication, gene expression, and functional profile of
KD1-SPB. KD1-SPB was originally isolated on 293-E4 cells, a
293 cell line that constitutively expresses E4 proteins.

KD1-SPB formed plaques 3 to 4 days sooner on 293-E4 cells
than on 293 cells, whereas KD1 formed plaques with the same
kinetics on both cell lines. These data are in accord with the
expectation that KD1-SPB would not grow well in 293 cells and
that it would be complemented by the E4 proteins expressed in
293-E4 cells. It is not clear why KD1-SPB forms plaques at all
on 293 cells; it could be because these cells, which are derived
from human embryonic kidney, express hepatocyte nuclear
factor 3, a transcription factor that regulates the SPB promoter
(5). It is also possible that TTF1, the master regulatory factor
of SPB expression, is minimally active in 293 cells. In A549
cells, KD1-SPB plaques were delayed 4 to 6 days compared to
KD1 plaques. Since A549 cells are derived from an alveolar
adenocarcinoma, it is possible that they express small amounts
of TTF1.

Importantly, KD1-SPB replicated efficiently, equally well

FIG. 8. KD1-SPB lyses H441 but not Hep3B cells as efficiently as
does KD1. H441 or Hep3B cells were mock infected or infected with
20 PFU of dl309, KD1, or KD1-SPB/cell. Cell lysis was determined by
release of lactate dehydrogenase from the cells into the medium.

FIG. 9. Vector spread assay showing that KD1-SPB spreads from
cell to cell as well as does KD1 in H441 but not Hep3B cells. H441 or
Hep3B cells were mock infected or infected with KD1 or KD1-SPB at
multiplicities of infection ranging from 101 to 1024 PFU/cell. At 5 and
8 days p.i., cells remaining on the dish were stained with crystal violet
and photographed.
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as KD1, in H441 cells, in which the SPB promoter is active.
Replication was determined by viral DNA accumulation, viral
early and late protein expression, CPE, lactate dehydrogenase
release (an indicator of replication-induced cell lysis), and pro-
duction of infectious virions. In contrast to KD1, KD1-SPB
replicated very poorly in Hep3B cells, a liver cancer cell line in
which the SPB promoter is not expected to be active. At 2 days
p.i. of Hep3B cells, KD1-SPB synthesized only small amounts
of DNA and E4ORF3 (as detected by immunoblotting), and
the yield of infectious virus was 4 to 5 logs lower than that of
KD1.

The ability of KD1-SPB to infect and express E4ORF3
was examined with four additional cell lines in which the
SPB promoter is not predicted to be active. These lines are
HT29.14S (colon carcinoma), HeLa (human papillomavirus-
positive cervical carcinoma), KB (nasopharyngeal carcinoma),
and LNCaP (prostate carcinoma). Ad5 is well known to infect
these cells. Consistent with this, these cells were efficiently

infected with KD1-SPB and KD3 as indicated by immunoflu-
orescence staining for the E1A proteins. Most of the cells on
the coverslip were infected, as judged by comparing E1A-
positive nuclei with DAPI-stained nuclei. However, in contrast
to all cell types infected with KD3 and to H441 cells infected
with KD1-SPB, there was very little staining for E4ORF3.
Presumably, other E4 proteins also were not expressed. Con-
sidering that E4 proteins are required for Ad replication, these
results indicate that KD1-SPB does not replicate in these cell
lines. These findings support the conclusion that a cell-type-
specific promoter inserted in place of the E4 promoter can
drive replication in a cell-type-specific manner.

Although there was very weak immunostaining for E4ORF3,
a few speckles were seen (e.g., in LNCaP cells in Fig. 7) in a
small fraction of cells. This may mean that the cell lines are
heterogeneous and a few cells support the SPB promoter.
Alternatively, perhaps general transcription factors and spe-
cific transcription factors in the AP1, Sp1, CAAT box-binding
protein, or hepatocyte nuclear factor families (5, 6) can assem-
ble inefficiently on the promoter, and once a threshold is
reached, the promoter fires to allow E4 protein synthesis and
a normal lytic infection. This would result in a low rate of
replication but nevertheless a gradual increase in virus accu-
mulation in culture, as was observed for KD1-SPB-infected
Hep3B cells (Fig. 4). This scenario would be analogous to the
replication observed at high multiplicities of infection and at
several days p.i. with the E1A-negative mutant dl312 (14) and
with E12 first-generation RD vectors (34).

Of great interest, the cell type specificity in cultured H441
and Hep3B cells was also observed when these cells were
growing as tumors in nude mice. Growth of H441 tumors was
suppressed by KD1-SPB and KD1 at similarly high efficiencies
(Fig. 10). Unlike KD1, KD1-SPB had only a minimal effect on
the growth of Hep3B tumors (Fig. 10). These observations
raise the possibility that KD1-SPB could be used to treat lung
cancer. The E1A mutation in KD1-SPB should spare normal
lung tissue, and the E1A mutation and E4 promoter substitu-
tion should spare other tissues. Although the lung ranks as the
second most common cancer site for both men and women in
the United States (37), lung cancer has not been a major target
for cancer vector gene therapy, since intratumoral injection of
virus is generally not feasible in the lungs. However, there has
been a recent report of intratumoral injection of an RD Ad
vector into a lung tumor (12), and such an approach could be
attempted with KD1-SPB. It may also be feasible to administer
KD1-SPB systemically in the lung.

In addition to the increased tumoricidal capacity afforded by
overexpression of ADP (8), KD1-SPB has three safety fea-
tures. First, because of the SPB promoter, it can replicate well
in lung tissues only where this promoter is active. Second,
because of the E1A mutation, it should replicate only in cancer
cells of the lung, not in normal lung cells. We have not tested
this idea directly with KD1-SPB, but we did show previously
that KD1 did not induce CPE in human primary bronchial
epithelial cells and small airway epithelial cells (8). Third, KD1
lacks all the E3 genes (except adp). E3 genes protect Ad-
infected cells from being destroyed by killer cells of the im-
mune system (62, 63). Thus, as discussed earlier (8), the im-
mune system may be able to control a disseminated KD1-SPB
infection more easily than a wild-type Ad5 infection.

FIG. 10. KD1-SPB suppresses growth of H441 tumors in nude mice
equally as well as does KD1. Tumor cells were injected into flanks of
nude mice and allowed to grow to about 100-ml (H441) or 150-ml
(Hep3B) volumes. Tumors (n 5 10) were injected with DMEM (mock)
or with 5 3 107 PFU of KD1 or KD1-SPB. Injections of the viruses
were repeated twice weekly for 3 weeks to a total dose of 3.0 3 108

PFU per tumor. Tumors were measured, and the mean fold increase in
tumor size was calculated. Significance was as follows for H441 tumors:
mock versus KD1, P 5 0.03; mock versus KD1-SPB, P 5 0.02; KD1-
SPB versus KD1, P 5 0.53.
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In summary, we have provided proof of the principle that
replacement of the E4 promoter with a tissue-specific pro-
moter allows highly tissue-specific replication of Ad vectors.
Further, replication in the target tissue is as efficient as the
replication of the parental virus.
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