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The present invention describes replicative viruses and vectors with improved tumor infectivity and tumor selective replication. The
infectivity—enhanced, conditionally—replicative adenoviruses of the present invention are an advanced generation of conditional replicative
vectors for cancer gene therapy. Specifically provided is an infectivity—enhanced conditionally-replicative adenovirus, wherein said
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adenovirus, wherein said modification or replacement results in enhanced infectivity relative to said wildtype adenovirus, and wherein said
infectivity—enhanced conditionally—replicative adenovirus has at least one conditionally regulated early gene, said early gene conditionally
regulated such that replication of said infectivity—enhanced conditionally-replicative adenovirus is limited to said specific cell type.
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INFECTIVITY-ENHANCED CONDITIONALLY-REPLICATIVE
ADENOVIRUS AND USES THEREOF

BACKGROUND OF THE INVENTION

Cross-reference to Related Application

This non-provisional patent application claims benefit

of provisional patent application U.S. Serial number 60/133,634,
filed May 12, 1999, now abandoned.

Federal Funding l.egend

This 1nvention was produced i1n part using funds
obtained through a grant from the National Institutes of Health.

Consequently, the federal government has certain rights in this

invention.

Field of the Invention

The present 1nvention relates generally to adenoviral
vectors and adenoviral gene therapy. More specifically, the

present 1nvention relates to an infectivity-enhanced conditionally

replicative adenovirus.

Description of the Related Art

Surgery, chemotherapy and radiotherapy constitute

the conventional therapies 1n clinical use to treat cancer. These
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therapies have produced a high rate of cure in early-stage cancer,
but most late-stage cancers remain incurable because they cannot
be resected or the dose of radiation or chemotherapy
administered is limited by toxicity to normal tissues. An
alternative promising> approach is the transfer of genetic material
to tumor or normal cells as a new therapy itself or to increase the
therapeutic index of the existing conventional therapies [1]. In
this regard, three main strategies have been developed to
accomplish cancer gene therapy: potentiating 1mmune responses
against  tumors, eliciting direct toxicity to tumors, and
compensating the molecular lesions of tumor cells [2].

To achieve the high level of gene transfer required 1n
most cancer gene therapy applications, several viral and non-viral
vectors have been designed [13]. Adenoviral vectors have been
used preferentially over other viral and non-viral vectors for
several reasons, including infectivity of epithelial cells, high titers,
in vivo stability, high levels of expression of the transgene, gene-
carrying capability, expression in non-dividing cells, and lack of
integration of the virus i1nto the genome. In most of the
adenoviral vectors used in cancer gene therapy, the transgene
substitutes for the early 1 region (El) of the virus. The EI region
contains the adenoviral genes expressed first in the infectious
stage and controls expression of the other viral genes. The early
region 3 (E3) gene codes for proteins that block a host’s immune
response to viral-infected cells and is also wusually deleted 1n
vectors used for <cancer gene therapy, particularly 1n
immunépotentiating strategies.

E1-substituted, E3-deleted vectors can carry up to 8

kb of non-viral DNA, which is sufficient for most gene therapy
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applications. El-substituted, E3-deleted vectors are propagated 1in
packaging cell lines that transcomplement their El-defectiveness,
with production yields of up to 10,000 wvirion particles per
infected cell, depending upon the transgene and 1ts level of
expression In the paékaging cell. Not all of the viral particles are
able to transduce cells or to replicate in the packaging cell line, so
bioactivity of a particular vector has been defined as the ratio of
functional particles to total particles. This bioactivity varies from
1/10 to 1/1000, depending not only upon the vector, but also
upon the methods of purification and quantification [15]. The titer
used 1s the concentration of functional particles, which can be as
high as 10'* per milliliter.

One problem encountered when propagating these
vectors to high titers 1s the recombination of vector sequences
with the El sequences present in the packaging cell line, thereby
producing replication-competent adenoviruses (RCA). This
problem has been solved by using packaging cell lines where the
El gene does not overlap with the vector sequences [16].

The current generation of adenoviral vectors are
limited 1n their use for cancer gene therapy, primarily for three
reasons: (1) the vectors are cleared by the reticuloendothelial
system, (2) the vectors are immunogenic and/or (3) the vectors
infect normal cells. The problem of filtration by the
reticuloendothelial system cells, such as macrophages of the
spleen or Kupffer cells of the liver, affects adenoviral vectors as
well as other viral and non-viral vectors and limits their utility in
intravascular administration [19]. The early and late viral genes
that remain 1n El-E3 deleted vectors may also be expressed at

low, but sufficient enough levels such that the transduced cells are
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recognized and lysed by the activated cytotoxic T lymphocytes.
Additionally, a higher viral dose must be injected to reach the
entire tumor before a neutralizing immune response develops.
The major limitation then becomes the amount of vector that can
be safely administeréd, which will depend upon the capacity of
the vector to affect tumor cells without affecting normal cells.

The limitations of adenoviral vectors at the level of
infectivity is two-fold. On the one hand, human clinical trials with
adenoviral vectors have demonstrated relatively inefficient gene
transfer in vivo. This has been related to the paucity of the
primary adenovirus receptor, coxsackie-adenovirus receptor
(CAR), on tumor cells relative to their cell line counterparts [20-
23]. On this basis, it has been proposed that gene delivery via
CAR-independent pathways may be required to circumvent this
key aspect of tumor biology. On the other hand, adenoviral
vectors efficiently infect normal cells of many epithelia. This
results in the expression of the transgene in normal tissue cells
with the consequent adverse effects. This problem has been
addressed by targeting adenoviral vectors to tumor cells at the
level of receptor interaction and transgene transcription.

Targeting adenoviral vectors to new receptors has
been achieved by using conjugates of antibodies and ligands, 1n
which the antibody portion of the conjugate blocks the interaction
of the fiber with the CAR receptor and the ligand portion provides
binding for a novel receptor [20]. Receptor targeting has also been
achieved by genetic modification of the fiber [23-26].
Transcriptional targeting of adenoviral vectors has further been
demonstrated using tumor-antigen promoters or tissue-specific

promoters to control the expression of the transgene [27].
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However, these promoters can lose their specificity when inserted
in the viral genome and, depending upon the level of toxicity of
the transgene, even low levels of expression can be detrimental to

normal cells. Thus, for cancer gene therapy, the major 1ssues

Iimiting the utility bf adenoviral vectors are the efficiency and
specificity of the transduction.

The major limitation found 1in the use of adenoviral
vectors 1n the clinical setting 1s the number of tumor cells that
remain unaffected by the transgene. A vector that propagates
specifically 1n tumor cells, results in lysis and subsequently allows
for transduction of neighbor cells by newly produced virions will
increase the number of tumor cells affected by the transgene [28].
A good replicative vector should be weakly pathogenic or non-
pathogenic to humans and should be tumor-selective [29]. Efforts
have been aimed at improving the safety of replication-competent
adenoviruses with the goal of being able to administer much
higher doses. One strategy 1is to transcomplement the E1 defect
with an El-expression plasmid conjugated into the vector capsid
[31], which allows a single round of replication thereby producing
a new El-substituted vector with the ability of local amplification

and subsequent gene transduction.

Other strategies are designed to obtain vectors that

replicate conwtinuously and whose progeny are also able to
replicate, but are incapable of propagating in normal cells. In this
regard, two approaches have ©been described that render
adenovirus propagation selective for tumor cells: (1) deletions, and
(2) promoter regulation [30]. Adenoviral mutants unable to

1nactivate pS53 propagate poorly in cells expressing p53 but

efficiently 1in tumor cells where p353 1s already inactive. Based
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upon this strategy, an adenovirus mutant in which the E1b-33k
viral protein was deleted and was unable to bind to p53 was
effective in eliminating tumors in preclinical models and 1s 1n
clinical trials [32]. Controlling viral replication by substituting a
viral promoter, such as the Ela promoter, with a tumor
associated-antigen  promoter, such as the alpha-fetoprotein
promoter or the prostate antigen promoter, has been
demonstrated [33], and specific lysis of tumors transfected with an
adenovirus vector expressing either of the above-mentioned
promoters was demonstrated in murine models.

Both approaches have Ilimitations, however. The fact
that other viral proteins besides Elb 55K also interact with p53,
and because p53 can be necessary for the active release of virus
in the later stages of infection may affect the specificity of the
vector [37,38]. Another caveat results from using Ela as the only
controlled viral gene since Ela-like activity has been found 1n
many tumor cell lines [14,40]. Furthermore, the actual specificity
of the above-mentioned promoters for cancer cells, and the fact
that promoters 1nserted 1n the viral genome can lose theilr
expression  specificity, are factors that hindered  clinical

applications of this approach [39].

Therefore, new methods are clearly needed to achieve

more selective therapeutic effects of replication-competent
adenoviruses. For these vectors, in parallel to what has been
achieved with non-replicative vectors, modification of viral
tropism could enhance tumor transduction and tumor selectivity
at the level of cell entry, and in this way, realize the full potential

of replicative vectors for cancer gene therapy.
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The prior art is deficient in adenoviral vectors that are

specific for a particular cell type (i.e., do not infect other -cell
types) and that replicate with high efficiency 1n only those

particular cell types. The present invention fulfills this long-

5 standing need and desire in the art.

SUMMARY OF THE INVENTION

Adenoviral vectors have been widely employed 1n

10 cancer gene therapy. Their high titers, structural stability, broad
infectivity, high levels of transgene expression, and lack of
integration have contributed to the utility of this vector. In this
regard, adenoviral vectors has been used to transfer a variety of
genes to treat cancer such as cytokines, tumor suppresser genes,

15 pro-drug converting genes, antisense RNAs and ribozymes to
inhibit the expression of oncogenes, antiangiogenic genes, etc.
Despite the promise of adenoviral vectors, results from
experimental models and clinical trials have been 1ess than
optimal.

20 Within this context, several specific limitations have
been 1dentified. One Ilimitation lies in the poor infectability of
primary tumors due to low levels of the primary adenovirus
receptor CAR. A second Ilimitation that particularly affects the
efficiency of replicative vectors 1s related to the lack of tumor-

25 specific replication achieved using promoters or mutations. The

present invention describes methods to increase adenovirus

infectivity based upon modification of the virus tropism. The
present invention demonstrates that modification of the

adenovirus fiber by genetic manipulation increases infectivity of
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primary tumors several orders of magnitude due to CAR-
independent gene transfer. In addition, selective replication 1n
tumors 1is described herein, and represents a safe and effective
means to lyse and transduce tumors. The present 1nvention
further describes a Strategy based upon control of the expression

of one or more essential early viral genes using tumor-specific

promoters.

It i1s a goal of the present invention to improve the
infectivity and specificity of conditional replicative vectors,
thereby improving their therapeutic utility and efficacy.

One object of the present invention 1s to provide
adenoviral vectors that possess enhanced infectivity to a specific
cell type (i.e., that are not limited to CAR-dependent -cell entry)
and that replicate with high etficiency in only those cell types.

In an embodiment of the present 1nvention, there 1s
provided an  1nfectivity-enhanced conditionally-replicative
adenovirus. This adenovirus possesses enhanced 1nfectivity
towards a specific cell type, which 1s accomplished by a
modification or replacement of the fiber of the adenovirus. The
modification 1s accomplished by 1ntroducing a fiber knob domain
from a different subtype of adenovirus, introducing a ligand 1nto
the HI loop of the fiber knob, or replacing the {fiber with a
substitute protein which presents a targeting ligand. Additionally,
the adenovirus has at least one conditionally regulated early gene,

such that replication of the adenovirus 1is limited to the specific

cell type.
In yet another embodiment of the present 1nvention,

there is provided a method of enhanced-infectivity conditionally-

replicative adenoviral gene therapy 1n an individual 1n need of
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such treatment. This method comprises the steps of:

administering to an individual a therapeutic dose of an infectivity-

enhanced conditionally-replicative adenovirus. This adenovirus

possesses enhanced infectivity towards a specific cell type, which

1s accomplished by a modification or replacement of the fiber of
the adenovirus. The modification 1s accomplished by introducing a
fiber knob domain from a different subtype of adenovirus,

introducing a ligand into the HI loop of the fiber knob, or replacing

the fiber with a substitute protein which presents a targeting
ligand. @ The adenovirus also has at Ileast one conditionally

regulated early gene, such that replication of the adenovirus is

limited to the specific cell type.

Other and further aspects, features, and advantages of
the present 1nvention will be apparent from the following
description of the presently preferred embodiments of the

invention.  These embodiments are given for the purpose of

disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

The appended drawings have been included herein so
that the above-recited features, advantages and objects of the
invention will become clear and can be understood in detail. These
drawings form a part of the specification. It is to be noted,
however, that the appended drawings illustrate preferred
embodiments of the 1nvention and should not be considered to
limit the scope of the i1nvention.

Figure 1 shows that an anti-knob Fab-FGF2 conjugate

enhances cell transduction. Figure 1A shows that AdCMVluc
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(5x107 pfu) was preincubated with 1.44 pg of Fab or 1.94 pg of
Fab-FGF2. SKOV3 cells (24,000 cells per well in 24-well plates)

were infected with control vector or with the vector complexes
(MOI of 50). Inhibition was performed by adding a polyclonal
anti-FGF2 to the complex before infection. Luciferase activity 1n
cell lysates was assayed 24 h after infection. @ The mean of
triplicate  experiments 1S shown. Figure 1B shows that
AdCMVLacZ was complexed with Fab-FGF2 conjugate as in Figure
1A. SKOV3 cell were infected with control vector (a, c¢) or

complexed vector (b, d) at MOl of 5 (a, b) or 50 (¢, d) and stained

with X-gal 24 h after infection.
Figure 2 shows that Fab-FGF2 retargeting augments

in vivo therapeutic benefit of the AdCMVHSV-TK vector. Five
days after i.p. inoculation of 2x10’ SKOV3 cell in SCID mice, 2x10°
or 2x10° pfu of AACMVTK alone or complexed with FGF2 were
injected 1.p. Forty-eight h later, half of the mice were treated with
GCV (50 mg/kg body weight) for 14 days. Survival was monitored
daily.

Figure 3 shows the HI loop of the fiber as a domain to
insert ligand for retargeting adenoviruses. Figure 3 A shows the
knob trimer viewed along the  three-fold symmetry
axis(Reproduced 1from Xia et al. [42]). Figure 3B shows the
localization of targeting ligands within the fiber molecule.

Figure 4 shows adenovirus-mediated gene transfer to
various human cell lines. 293 (Figure 4A), human vascular
endothelial cells (HUVEC) (Figure 4B) or Rhabdomyosarcoma (RD)

(Figure 4C) cells preincubated for 10 min at room temperature 1in

medium containing recombinant AdS5 fiber knob at 100 pg/ml

were then exposed for 30 min at room temperature to AdCMVLuc

10
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or AdS5lucRGD in DMEM/F12 at 1, 10 or 100 pfu/cell. The

unbound virus was aspirated and complete medium was added.

After incubation at 37°C for 30 hours, the cells were lysed and the

luciferase activity in relative light units (rlu) was determined.
Background luciferase activities detected in mock infected cells
were 261, 223, and 163 rlu for 293, HUVEC and RD cells,
respectively. These activities were subtracted from all readings

obtained with the corresponding cell line. Each point represents

the mean of three determinations * SD.

Figure 5 shows a comparison of the gene transfer
efficiencies to cultured ovarian cancer cells mediated by
AdCMVLuc and AdSlucRGD. Human ovarian cancer cells
SKOV3.ipl (Figure 5A) and OV-4 (Figure 5B) were transduced
with AdCMVLuc or AdSlucRGD at an MOI of 1 or 10 ptu/cell
essentially as described in Figure 4 for 293, HUVEC and RD cells.
Recombinant Ad5 fiber knob protein was added to cells prior to
infection with the virus. Each data point is the average of three

independent measurements obtained in one experiment.

Figure 6 shows transduction of primary cells 1solated
from ascites obtained from ovarian cancer patients. Cells 1solated
from ascites of two (FKFigure 6A and B) ovarian cancer patients
were transduced with AdCMVLuc or AdSlucRGD at MOI of 1 or 10
in the presence or absence of blocking AdS fiber knob protein.

The data points represent the mean of three 1ndependent

determinations.

Figure 7 shows a comparison of expression of
luciferase achieved with the RGD-modified vector, AdRGDluc
versus the non-modified vector AdCMVluc. For each cell line,

25,000 cells were infected at different MOIs and the luciferase

11
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expression was measured 36 h after infection. The mean value of

three wells 1S shown.

Figure 8 shows enhancement of adenovirus

infectivity by RGD modification of the fiber knob. Triplicates of
A549 cells (panel A) and LNCaP cells (panel B) were transduced
with increasing doses of either AdSluc or AdSlucRGD. After 36h,
cell transduction was determined by luciferase assay. The data
are presented as relative light units (RLU) normalized to mg of
cellular protein. The results show an infectivity advantage of the
RGD modified vector over the non-modified one in both cell lines.

Figure 9 shows luciferase expression levels achieved
with the RGD-modified vector, AdRGDIluc, versus the non-modified
vector, AdCMVluc, depending on the adsorption time. A549 lung
adenocarcinoma cells (10°/well) were incubated with an MOI of
100 pfu/cell during different times (a larger amount of cells and a
higher MOI were used relative to the previous experiment 1n
order to achieve detectable expression at short adsorption times).
After the adsorption time, the cells were washed three times with
PBS and complete medium was added. Luciferase was measure 36
h after infection. The mean value of three wells 1s shown.

Figure 10 shows a conceptual representation of the
conditional replication enablement system for adenovirus. The
initial introduction of recombinant virus into the tumor mass
infects the cells shown as circles. The replication enabling plasmid

converts these cells 1n vector-producing cells. The produced

vector can infect adjacent cells (arrows).

Figure 11 shows functional analysis of pEIFR.

[LS174T cells were cotransduced with the plasmid indicated in the

abscissa as a liposomic complex (0.5 pg DNA/1.0 pg DOTAP:DOPE)

12
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and AdCMVluc (MOI=1). Forty eight hours after transduction, the

amount of virus present in the lysate of cells was measured by a

plaque assay 1n 293 cells.

Figure 12 shows enhancement of El-defective
adenoviral transgene‘ expression by pElFR administration. Nude
mice engrafted with human Ilung adenocarcinoma tumors (A549
cell line) received an 1intratumoral injection of El-defective virus

AdCMViuc (10° pfu per 8-10 mm diameter tumor) mixed with
plasmid pEIFR or pUCI3 (3 png). One week later, luciferase

expression 1n tumors was measured. Each bar represents one
mouse with a pair of tumors, one treated with AdCMVluc and
pE1FR and the other one with AdCMVluc and pUCI13. The ratio of

luciferase expression 1n the tumor treated with pE1FR versus the

one treated with pUCI13 1s shown.
Figure 13 shows the ElA-like activity of IL-6 can be

exploited to produce Ad312 virions 1n HepG2 cells and 1n a variety
of cell lines responsible to IL-6. Cells (1 to 4 x 10°) were infected
with wild type adenovirus or AdS5dI312 at an MOI of 10 in the
absence or presence of 100 units/ml of rhIL-6. Six days later,
cells were lysed and the amount of virus i1n the lysates was
quantitated by plaque assay 1n 293 cells. For each cell line, bar

from left to right represent wild type, wild type + IL-6, dl312, and

di312 + IL-6.
Figure 14 shows replication of Ad5dl1312 and

oncolytic effect 1n tumor cells without IL-6 addition. Ovarian
carcinoma cells (OVCAR-3) were infected with El-a deleted
ADS5dI312, wild type or E4-deleted Ad5dl1014 (MOI=10). Figure
14A shows that six days post-infection, cells were lysed and the

amount of virus 1n the lysates was measured by plaque assay in

13
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293 cells (for WT and dl312) or W162 cells (for dl1014). Figure
14B  shows that in a separate experiment, seven days post-
infection cells were fixed with formaldehyde and stained with
crystal violet. No viable cells were found 1n wells with cells

infected with WT and dl312 viruses 1in contrast to mock-infected

and dl1014-infected cells.
Figure 15 shows that Ela-deleted virus dl312 can

lyse human ovarian cancer cells. SW626 cells and two primary
cultures of two ovarian tumors were 1infected with El-a deleted
Ad5d1312, wild type or E4-deleted Ad5dl11014 (MOI=10). Seven
days post-infection, cells were fixed with formaldehyde and
stained with crystal violet. No viable cells were found after
infection with the wild type and dI312 viruses 1n contrast to
mock-infected and dl1014-infections.

Figure 16 shows that normal peritoneal lining cells do
not support the replication of the Ela-deleted Ad5di312
adenovirus even 1n the presence of exogenous IL-6. Human

mesothelial were cells 1solated from normal peritoneal lining by

mechanical disruption and collagenase D treatment. Cells were
infected with El-a deleted Ad5dI312 or wild type control
(MOI=10) in the absence or presence of IL-6. Twelve days post-

infection cells were fixed with formaldehyde and stained with

crystal violet. Cells remained viable when infected with

Ad>5dl312.
Figure 17 shows the analyses of adenoviral DNA.

Figure 17A shows the map of E1A and fiber encoding regions of
Ad5-A24RGD amplified by PCR, showing the 24-bp deletion and

the introduced RGD encoding sequence. Figure 17B shows

restriction analysis of Ad5-A24RGD. The presence of the 24-bp

14
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deletion was confirmed by BstX I digestion of the PCR product of

the E1A region. The fragments were resolved on a 2% agarose gel,

and visualized by UV fluorescence. Marker: Gibco 1 Kb DNA
ladder. The presence of uncleaved PCR product verified the

presence of the deletion (left). PCR amplification products of the
region encoding the fiber from Ad5-A24 and Ad5-A24RGD were

resolved on a 6% acrylamide gel. Marker: Gibco 100 bp DNA
ladder. The bigger size (27 bp) of Ad5-A24RGD band indicates the

presence of the sequence encoding RGD (right).
Figure 18 shows propagation efficiency of Ad5-A24

versus AdS5-A24RGD. A549 cells were infected with 0.01
particles/cell of Ad5-A24 or Ad5-A24RGD and incubated 1n

medium containing 1 pCi/ml of BrdU. At the indicated times after

infection, the cells were harvested, and the encapsidated DNA was
purified by the spermine-HCl method. Viral DNA from 6 x 10°
infected cells was digested with HindIll, electrophoresed, and the
resulting fragments were blotted into a membrane that was

processed with a mouse anti-BrdU antibody. The amount of BrdU

incorporated into viral DNA indicated that Ad5-A24RGD

propagation is more efficient than that of Ad5-A24.

Figure 19 shows oncolytic potency of the RGD-
modified virus. Figure 19A shows A549 and LNCaP cells

infected with 0.001 or 0.01 particles/cell of AdSlucRGD, Ad5-A24,
or Ad5-A24RGD. Eight (A549) and 10 days (LNCaP) later, the cells

were fixed and stained with crystal violet. A higher magnification

of two wells is presented to show the incipient cytopathic effect of

Ad5-A24. Figure 19B shows cell viability analyzed with an XTT
colorimetric assay. In both cell lines, Ad5-A24RGD had higher
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lytic potency than did its unmodified counterpart, as shown by the
percentage of viable cells remaining in the corresponding

treatment conditions.

Figure 20 shows in vivo oncolysis by high and low
doses of 1nfectivity-enhanced CRAds. Figure 20A shows

subcutaneous A>S49 xenografts 1n nude mice treated with a single

i.t. injection of 107 viral particles of Ad5lucRGD, Ad5-A24, AdS5-

A24RGD, or with PBS alone. Figure 20B shows subcutaneous

A549 xenografts in nude mice treated with a single i.t. injection of
107 viral particles of Ad5lucRGD, Ad5-A24, Ad5-A24RGD, or with
PBS alone. Tumor size was measured twice a week. Results are

shown as fractional tumor volumes (V/V0, where V = volume at

each time point; VO = volume at adenovirus i1njection), and each

line represents the mean of 5 tumors (xSD) in the high-dose group,

and 4 tumors (£SD) in the low-dose group. In the high-dose

experiment, both CRAds show a similar oncolytic effect that

results in smaller tumors compared to PBS treated groups (*AdS5-

A24 p<0.05; **Ad5-A24RGD p<0.01). However, in the low-dose

experiment, tumors treated with Ad5-A24 followed a growth

curve similar to that of tumors treated with non-replicative AdS-
lucRGD; tumors treated with Ad5-A24RGD did not grow (p<0.01
compared to PBS). Figure 20C shows the detection of adenovirus

hexon in tumor Xxenografts by 1mmunofluorescence. Frozen

sections of tumor specimens injected with (a) Ad5SlucRGD, (b) AdS5-

'A24, and (c) Ad5-A24RGD were treated with goat anti-hexon

antibody and Alexa Fluor 488-labeled donkey anti-goat antibody,

and nuclei were counterstained with Hoechst 33342. Images were

captured from Leitz fluorescence microscope (100x magnification)
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with a double filter. Sections taken from tumors treated with
CRAds were positive for adenovirus presence (green dots in b and

c), being Ad5-A24RGD signal stronger than that of Ad5-A24.

Samples taken from' tumors treated with PBS (not shown) or
AdS5lucRGD exhibited no hexon signal (a). i.t., intratumoral; vp,

viral particles; Ad, adenovirus.

Figure 21 shows in vivo oncolysis by systemic
delivery of infectivity-enhanced CRAds. A total dose of 10° viral

particles divided 1nto two consecutive doses of 5x10°%day of

either Ad5SlucRGD, Ad5-A24, Ad5-A24RGD, Ad5-wt, or PBS were

injected in the tail vein of nude mice bearing s.c. A549 xenografts.
Tumor size was measured weekly. Results are shown as fractional
tumor volumes (V/V0, where V=volume at each time point; VO=
volume at adenovirus 1njection), and each line represents the
mean of 4 tumors (+SD). The data show that modification of the
fiber to broaden the tropism of a replicative adenovirus improves

the oncolytic potential 1n a systemic delivery context.

Figure 22 shows i1ncreased oncolytic effect of an Ad3
knob-containing chimeric adenovirus. SCCHN cells were mock-

infected or infected with vector particles (vp; 10 vp/cell or 100

vp/cell) of two oncolytic vectors, AdSLuc3 or Ad5/3Luc3. Three
days later the monolayers were stained with crystal violet to

estimate the amount of survival tumor cells.

DETAILED DESCRIPTION OF THE INVENTION

The present 1nvention addresses the two major
limitations of replicative adenoviral agents (viruses and vectors)

in their application to cancer gene therapy, 1.e., the efficacy of
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transduction and the specificity of replication. Adenovirus binds
to the coxsackievirus-adenovirus receptor, CAR, in the cellular
membrane using the C-terminal globular domain of the viral fiber,
the knob [41]. Since a limited amount of coxsackievirus-
adenovirus receptor 1s present in tumors, one means to enhance
infectivity would be to provide additional binding pathways
[20,21]. Theretfore, two methods have been developed to modify
adenovirus binding. The first method uses a Fab fragment of an
anti-knob antibody conjugated to a ligand of a cellular receptor,
while the second method comprises direct genetic modification of
the knob sequence.

One 1mportant advantage of direct genetic modification
1s that the progeny will carry the modified fiber, thereby retaining
the replicative virus’ enhanced infectivity trait through the
amplification cycles. Wickman et al. have generated adenoviruses
with chimeric fibers 1n which the ligand 1s connected to the
carboxyl terminal position of the fiber [26]. This carboxyl
terminal location 1s not always appropriate because the addition of
more than 20-30 heterologous amino acid residues can result in
the loss of fiber trimerization and binding to the capsid.
Furthermore, the three-dimensional structure of the fiber
indicates that the carboxyl terminal end points towards the virion,
and therefore, away from the cell surface [42]. For these reasons,
the HI loop was used herein as an exposed and amenable site for
the 1ncorporation of exogenous sequences.

With regard to the efforts to increase the specificity at
the level of virus replication, methods have been developed to
confer regulated-replication or conditional-replication competency

to adenoviral vectors based upon complementing, in trans, the
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essential early genes that are missing in the replication-defective

vectors. In this way, El-deleted and E4-deleted vectors have
been transcomplemented by conjugating them to El or E4
expression plasmids [43,44]. This method enables the vectors to
replicate, thereby augmenting their transduction ability. Methods
have also been explored that allow the continuous replication of
the vector, such as using the Ela-like activity provided by
interleukin 6 to enable replication of Ela-deleted vectors.

It has been recognized that the major limitation 1in
several strategies of cancer gene therapy resides in the need to
transduce the majority of cells of a tumor. With the exception of a
limited bystander effect described in some strategies, the cells
that are left untransduced will jeopardize and reduce any
therapeutic effect. Adenoviral vectors are limited in this regard
by the paucity of 1its receptor, CAR, in tumors [20-23]. It is a goal
of the present i1nvention to improve the infectivity of adenoviral
vectors by providing additional pathways to cell binding besides
CAR. Previous data has shown that modification of the HI loop of
the fiber 1s a feasible strategy to add new ligand motifs into the
fiber. An RGD motif has already been incorporated into the fiber

of regular EIl-deleted vectors and been shown to enhance the

therapeutic effects in vivo.

The present 1nvention describes the incorporation of
modified fiber into replicative adenoviral vectors. The present
invention further describes methods to enhance the specificity of
the replication of these replicative adenoviral vectors. The
current methods of mutating EIl, or regulation of El with tumor-

specific promoters, are both very rational approaches, but may

prove not selective enough for several reasons. In the case of El
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deletions, the main limitation lies in incomplete knowledge of the
role of these proteins 1in the viral replicative cycle and in
controlling the cell cycle. For example, adenovirus may use a p53-
dependent mechanism to release the progeny from the infected
cell [38]. This would predicate a positive role for p53 in virus
production and would reduce the yields of virus in p53-deficient
cells. On the other hand, other viral proteins besides E1-55K may
block p53 function, such as E4, and this would allow the 55K- to
replicate 1n p33+ cells [37]. In any case the specificity of a 55K-
for p53-defective cells 1s controversial [35,36]. Regarding to
strategies based on regulation of El it i1s a concern that promoters
can lose certain degree of specificity when inserted into the viral
genome [39]. The presence of El-like activity 1in uninfected cells
could also pose a problem for the specificity achieved with both
vectors. In this regard, some replication of El vectors has been
observed in many different cell lines [40].

Therefore, it 1s desirable to i1mprove the replication
selectivity of replicative adenoviral vectors for tumors by
achieving tumor-selective regulation of key early genes other than
El, such as E2 or E4. An adenovirus-polylysine-DNA
transcomplementation system has been developed as a means to
evaluate replication. This replication-enabling system 1s used to
analyze the efficacy and specificity of tumor-specific replication
mechanisms based on the regulation of the E4 or E2 genes. In the
transcomplementation system, plasmids encoding E2 or E4 under
the control of different tumor-specific promoters are used to
screen for mechanisms  that confer selective replication.
Ultimately, selective replication will involve the incorporation of

the regulated E4 or E2 into the viral genome to achieve continuous
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replication. Accordingly, after the tumor-selective replication has
been demonstrated, these regulatory mechanisms are
incorporated 1nto a single viral vector. Optimally, these regulatory
mechanisms are combined with the fiber modification described
herein to enhance i1nfectivity.

Initial tumor models are based on cell lines with
differential expression of the PSA protein: LNCaP and DUI145.
Tumors derived from lung adenocarcinoma cell lines and ovarian
cell lines are used to evaluate viruses with promoters such as
Carcinoembryonic antigen (CEA) or secretory leukoprotease
inhibitor (SLPI). Therapeutic effects are only observed 1n tumors
derived from the cell lines that allow the expression of the tumor-
specific controlled E4 or E2, that 1s, replication of the virus. In
these permissive cell lines, higher therapeutic advantage 1s
observed for the RGD-modified virus relative to the unmodified
VIrus.

The present 1nvention is directed towards an
infectivity-enhanced conditionally-replicative adenovirus. This
adenovirus possesses enhanced i1nfectivity towards a specific cell
type, which i1s accomplished by a modification or replacement of
the fiber of a wildtype adenovirus and results 1n enhanced
infectivity relative to the wildtype adenovirus. The adenovirus
also has at least one conditionally regulated early gene, such that
replication of the adenovirus 1s limited to the specific cell type.

Preferably, the cell 1s a tumor cell.

Preferably, the modification or replacement of the

fiber results 1in CAR-independent gene transfer.  Generally, the
modification 1s accomplished by i1ntroducing a fiber knob domain

from a different subtype of adenovirus. The fiber can also be
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modified by introducing a ligand into the HI loop of the fiber
knob, or replacing the fiber with a substitute protein which
presents a targeting ligand. Representative ligands include
physiological ligands, anti-receptor antibodies and cell-specific
peptides.  Additionally, the ligand may comprise a tripeptide
having the sequence Arg-Gly-Asp (RGD), or more specifically, a
peptide having the sequence CDCRGDCEFC.

Generally, the fiber substitute protein associates with
the penton base of the adenovirus. Structurally, the fiber
substitute protein 1s preferably a rod-like, trimeric protein. It is
desirable for the diameter of the rod-like, trimeric protein to be
comparable to the native fiber protein of wild type adenovirus.
It 1s 1mportant that the fiber substitute protein retain trimerism
when a sequence encoding a targeting ligand is incorporated into
the carboxy-terminus. In a preferred aspect, a representative
example of a fiber substitute protein is T4 bacteriophage fibritin
protein. In a preferred embodiment, the fiber substitute protein
comprises: a) an amino-terminal portion comprising an adenoviral
fiber tail domain; b) a chimeric fiber substitute protein; and c) a
carboxy-terminal portion comprising a targeting ligand. . More
generally, the fiber substitute protein can be selected from the
group consisting of trimeric structural proteins, trimeric viral
proteins and trimeric transcription factors. Other representative
examples of fiber substitute  proteins include 1isoleucine
trimerization motif and neck region peptide from human lung
surfactant D. Preferably, the fiber substitute protein has a coiled
coill secondary structure. The secondary structure provides
stability because of multiple interchain interactions. The fiber

substitute protein does not have to be a natural protein. In fact, a
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person having ordinary skill in this art would be able to construct
an artificial protein. Preferably, such an artificial fiber substitute
protein would have a coiled coil secondary structure.

The early gene may be conditionally regulated by
means consisting of a tissue-specific promoter operably linked to
an early gene (e.g., El, E2 and/or E4) and a mutation in an early
gene (e.g., El, E2 and/or E4). Representative tissue-specific
promoters are the prostate specific antigen (PSA),
Carcinoembryonic antigen (CEA), secretory leukoprotease inhibitor
(SLPI), and alpha-fetoprotein (AFP).

Additionally, the adenovirus may carry a therapeutic
gene 1n 1ts genome. In conjunction with the above-mentioned
therapeutic gene, a method of providing gene therapy to an
individual 1n need of such treatment 1is disclosed herein,
comprising the steps of: administering to the individual an
effective  amount of an infectivity-enhanced conditionally-
replicative adenovirus. When the therapeutic gene carried by the
adenovirus 1s, for Instance, a herpes simplex virus thymidine
kinase gene, the present 1invention further provides for a method
of killing tumor cells in an individual in need of such treatment,
comprising the steps of: pretreating the individual with an
effective  amount of an infectivity-enhanced conditionally-
replicative adenovirus expressing the TK gene; and administering
ganciclovir to the individual. Generally, the individual has cancer.

The present invention is also directed towards a
method of 1nfectivity-enhanced and conditionally-replicative
adenoviral gene therapy in an individual in need of such
treatment, comprising the steps of: administering to the individual

a therapeutic dose of an infectivity-enhanced conditionally-
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replicative adenovirus. Representative routes of administration

are 1ntravenously, intraperitoneally, systemically, orally and

intratumorally.  Generally, the individual has cancer and the cell is

a tumor cell.

In accordance with the present invention, there may
be employed conventional molecular biology, microbiology, and
recombinant DNA techniques within the skill of the art. Such
techniques are explained fully in the literature. See, e.g.,
Sambrook, Fritsch & Maniatis, "Molecular Cloning: A Laboratory
Manual (1982); "DNA Cloning: A Practical Approach,” Volumes I
and II (D.N. Glover ed. 1985); "Oligonucleotide Synthesis" (M.J. Gait
ed. 1984); "Nucleic Acid Hybridization" [B.D. Hames & S.J. Higgins
eds. (1985)]; "Transcription and Translation" [B.D. Hames & S.J.
Higgins eds. (1984)]; "Animal Cell Culture" [R.I. Freshney, ed.
(1986)]; "Immobilized Cells And Enzymes" [IRL Press, (1986)]; B.
Perbal, "A Practical Guide To Molecular Cloning" (1984).

Therefore, 1if appearing herein, the following terms shall have the

definitions set out below.

A "DNA molecule” refers to the polymeric form of
deoxyribonucleotides (adenine, guanine, thymine, or cytosine) in
its either single stranded form, or a double-stranded helix. This
term refers only to the primary and secondary structure of the

molecule, and does not limit it to any particular tertiary forms.

Thus, this term 1ncludes double;stranded DNA found, inter alia, in

linear DNA molecules (e.g., restriction fragments), viruses,

plasmids, and chromosomes. In discussing the structure herein

according to the normal convention of giving only the sequence 1in

the 5' to 3' direction along the nontranscribed strand of DNA (i.e.,

the strand having a sequence homologous to the mRNA).
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A "vector" 1s a replicon, such as plasmid, phage or
cosmid, to which another DNA segment may be attached so as to
bring about the replication of the attached segment. A "replicon"
1S any genetic element (e.g., plasmid, chromosome, virus) that
functions as an autonomous unit of DNA replication in vivo; i.e.,
capable of replication wunder 1ts own control. An "origin of
replication” refers to those DNA sequences that participate in DNA
synthesis. An "expression control sequence" is a DNA sequence
that controls and regulates the transcription and translation of
another DNA sequence. A coding sequence 1is ‘“operably linked”
and "under the control” of transcriptional and translational control
sequences 1n a cell when RNA polymerase transcribes the coding
sequence 1nto mRNA, which 1s then translated into the protein
encoded by the coding sequence.

In general, expression vectors containing promoter
sequences  which facilitate the efficient transcription and
translation of the inserted DNA fragment are used i1n connection
with the host. The expression vector typically contains an origin
of replication, promoter(s), terminator(s), as well as specific genes
which are capable of providing phenotypic selection 1in
transformed cells. The transtormed hosts can be fermented and
cultured according to means known in the art to achieve optimal
cell growth.

A DNA "coding sequence” 1s a double-stranded DNA
sequence which is transcribed and translated into a polypeptide in
vivo when placed under the control of appropriate regulatory
sequences. The boundaries of the coding sequence are determined
by a start codon at the 5 (amino) terminus and a translation stop

codon at the 3' (carboxyl) terminus. A coding sequence can
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include, but is not limited to, prokaryotic sequences, cDNA from
eukaryotic mRNA, genomic DNA sequences from eukaryotic (e.g.,
mammalian) DNA, and even synthetic DNA sequences. A
polyadenylation signal and transcription termination sequence
will usually be located 3' to the coding sequence. A “cDNA” is
defined as copy-DNA or complementary-DNA, and is a product of a
reverse transcription reaction from a mRNA transcript. An "exon"
1S an expressed sequence transcribed from the gene locus,
whereas an "intron" 1s a non-expressed sequence that is from the

gene locus.

Transcriptional and translational control sequences are
DNA regulatory sequences, such as promoters, enhancers,
polyadenylation signals, terminators, and the like, that provide for
the expression of a coding sequence 1n a host cell. A "cis-element"
1S a nucleotide sequence, also termed a “consensus sequence” oOr
“motif”, that interacts with other proteins which can upregulate or
downregulate expression of a specific gene locus. A '"signal
sequence” can also be 1ncluded with the coding sequence. This
sequence encodes a signal peptide, N-terminal to the polypeptide,
that communicates to the host cell and directs the polypeptide to
the appropriate cellular location. Signal sequences can be found
associated with a variety of proteins native to prokaryotes and
eukaryotes.

A "promoter sequence” 1s a DNA regulatory region
capable of binding RNA polymerase in a cell and initiating
transcription of a downstream (3' direction) coding sequence. For

purposes of defining the present invention, the promoter sequence

1S bounded at 1ts 3' terminus by the transcription initiation site

and extends upstream (5' direction) to include the minimum
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number of bases or elements necessary to initiate transcription at
levels detectable above background. Within the promoter
sequence will be found a transcription initiation site, as well as
protein binding domains (consensus sequences) responsible for
the binding of RNA polymerase. Eukaryotic promoters often, but
not always, contain "TATA" boxes and "CAT" boxes. Prokaryotic
promoters contain Shine-Dalgarno sequences in addition to the -10
and -35 consensus sequences.

The term 'oligonucleotide" is defined as a molecule
comprised of two or more deoxyribonucleotides, preferably more
than three. Its exact size will depend upon many factors which, in
turn, depend upon the ultimate function and use of the
oligonucleotide. The term "primer" as used herein refers to an
oligonucleotide, whether occurring naturally as in a purified
restriction digest or produced synthetically, which is capable of
acting as a point of initiation of synthesis when placed under
conditions 1n which synthesis of a primer extension product, which
1S complementary to a nucleic acid strand, is induced, i.e., in the
presence of nucleotides and an inducing agent such as a DNA
polymerase and at a suitable temperature and pH. The primer
may be either single-stranded or double-stranded and must be
sufficiently long to prime the synthesis of the desired extension
product in the presence of the inducing agent. The exact length of
the primer will depend upon many factors, including temperature,
source of primer and use the method. For example, for diagnostic
applications, depending on the complexity of the target sequence,
the oligonucleotide primer typically contains 15-25 or more

nucleotides, although 1t may contain fewer nucleotides.
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Primers are selected to  be "substantially”
complementary to different strands of a particular target DNA
sequence.  This means that the primers must be sufficiently
complementary to hybridize with their respective strands.
Therefore, the primer sequence need not reflect the exact
sequence of the template. For example, a non-complementary
nucleotide fragment may be attached to the 5' end of the primer,
with the remainder of the primer sequence being complementary
to the strand. Alternatively, non-complementary bases or longer
sequences can be interspersed into the primer, provided that the
primer sequence has sufficient complementarity with the

sequence or hybridize therewith and thereby form the template

for the synthesis of the extension product.

As used herein, the terms '"restriction endonucleases"
and 'restriction enzymes" refer to enzymes which cut double-
stranded DNA at or near a specific nucleotide sequence.

“Recombinant DNA technology” refers to techniques
for uniting two heterologous DNA molecules, usually as a result of
in vitro ligation of DNAs from different organisms. Recombinant
DNA molecules are commonly produced by experiments in genetic
engineering. ‘Synonymous terms include “gene splicing”,

¢

“molecular cloning” and “genetic engineering”. The product of

these manipulations results i1n a “recombinant” or “recombinant

molecule”.

A cell has been "transformed" or “transfected” with
exogenous or heterologous DNA when such DNA has been
introduced inside the cell. The transforming DNA may or may not
be i1ntegrated (covalently linked) into the genome of the cell. In

prokaryotes, yeast, and mammalian cells for example, the
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transforming DNA may be maintained on an episomal element
such as a vector or plasmid. With respect to eukaryotic cells, a
stably transformed cell is one in which the transforming DNA has
become iIntegrated into a chromosome so that it is inherited by
daughter cells through chromosome replication. This stability is
demonstrated by the ability of the eukaryotic cell to establish cell
lines or clones comprised of a population of daughter cells
containing the transforming DNA. A "clone" is a population of cells
derived from a single cell or ancestor by mitosis. A "cell line" is a
clone of a primary cell that 1s capable of stable growth in vitro for
many generations. An organism, such as a plant or animal, that
has been  transformed  with exogenous DNA 1is termed

“transgenic’.

As used herein, the term "host" is meant to include not
only prokaryotes but also eukaryotes such as yeast, plant and
animal cells. A recombinant DNA molecule or gene can be used to
transform a host using any of the techniques commonly known to
those of ordinary skill in the art. Prokaryotic hosts may include E
coli, S. tymphimurium, Serratia marcescens and Bacillus subtilis.
Eukaryotic hosts include yeasts such as Pichia pastoris,
mammalian cells and 1nsect cells, and more preferentially, plant
cells, such as Arabidopsis thaliana and Tobaccum nicotiana.

A "heterologous” region of the DNA construct is an
1dentifiable segment of DNA within a larger DNA molecule that is
not found 1n association with the larger molecule in nature. Thus,

when the heterologous region encodes a mammalian gene, the

gene will usually be flanked by DNA that does not flank the

mammalian genomic DNA 1n the genome of the source organism.

In another example, the coding sequence 1is a construct where the
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coding sequence itself is not found 1n nature (e.g., a cDNA where
the genomic coding sequence contains introns, or synthetic
sequences having codons different than the native gene). Allelic
variations or naturally-occurring mutational events do not give
rise to a heterologous region of DNA as defined herein.

As used herein, the terms “conditionally regulated”
and “conditionally-replicative” refer to the expression of a viral
gene or the replication of a virus or a vector, wherein the
expression of replication is dependent (i.e., conditional) upon the
presence or absence of specific factors i1n the target cell.

As used herein, the term “early genes” refers to those

adenoviral genes expressed prior to the onset of adenoviral DNA

replication.

As used  herein, the term “CAR-independent

infectivity” refers to the entry of adenovirus 11nto a cell by
receptors different from the coxsackie-adenovirus receptor (CAR).

As used herein, the term “RGD-integrin 1nteraction”
refers to the arginine-glycine-aspartic acid (RGD) residues 1n a
peptide binding to the integrin receptor molecules.

As used herein, the term “replication-competent

adenoviruses” refers to an adenovirus capable of replication (i.e.,

an adenovirus that yields progeny).

As used herein, the term "fiber substitute protein” 1s a
protein that substitutes for fiber and provides three essential

features: trimerizes like fiber, lacks adenoviral tropism and has

novel tropism.

It is specifically contemplated that pharmaceutical
compositions may be prepared using the novel adenovirus of the

present invention. In such a case, the pharmaceutical composition
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comprises the novel adenovirus of the present invention and a
pharmaceutically acceptable carrier. A person having ordinary
skill 1n this art would readily be able to determine, without undue
experimentation, the appropriate  dosages and routes of
administration of this adenovirus of the present invention. When
used in vilvo for therapy, the adenovirus of the present invention
is administered to the patient or an animal in therapeutically
effective amounts, i.e., amounts that eliminate or reduce the tumor
burden. It may be administered parenterally, preferably
intravenously, but other routes of administration will be used as
appropriate. The dose and dosage regimen will depend upon the
nature of the cancer (primary or metastatic) and 1ts population,
the characteristics of the particular 1mmunotoxin, e.g., 1ts
therapeutic 1ndex, the patient, the patient's history and other
factors. The amount of adenovirus administered will typically be
in the range of about 10'° to about 10'' viral particles per patient.
The schedule will be continued to optimize effectiveness while
balanced against negative effects of treatment. See Remington's
Pharmaceutical Science, 17th Ed. (1990) Mark Publishing Co.,
Easton, Penn.; and Goodman and Gilman's: The Pharmacological
Basis of Therapeutics 8th Ed (1990) Pergamon Press; which are
incorporated herein by reference. For parenteral administration,
the adenovirus will most typically be formulated 1n a unit dosage
injectable form (solution, suspension, emulsion) i1n association with
a pharmaceutically acceptable parenteral vehicle. Such vehicles
are preferably non-toxic and non-therapeutic. Examples of such
vehicles are water, saline, Ringer's solution, dextrose solution, and
5% human serum albumin. Nonaqueous vehicles such as fixed oils

and ethyl oleate may also be used. Liposomes may be used as
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carriers. The vehicle may contain minor amounts of additives
such as substances that enhance isotonicity and chemical stability,
e.g., buffers and preservatives. The immunotoxin will typically be
formulated in such vehicles at concentrations readily recognizable
to those having ordinary skill in this art.

The following examples are given for the purpose of

1llustrating various embodiments of the invention and are not

meant to limit the present invention in any fashion:

EXAMPLE 1

Enhanced tumor transduction with adenoviral vectors modified
with a higand attached to the fiber

As a first approach towards enhancing the infectivity
of adenoviral vectors and to demonstrate the tumor transduction
advantage of vectors with altered tropism over unmodifieci
vectors, an anti-fiber antibody conjugated to fibroblast growth
factor (FGF2) was used. The Fab portion of the anti-knob
antibody, 1D6.14, which is capable of blocking the interaction of
the fiber with 1ts cognate cellular receptor, was chemically

conjugated to FGF2. The resulting Fab-FGF2 conjugate was

complexed with adenoviral vectors expressing luciferase or PB-

galactosidase reporter genes to compare the transduction
efficiency of the modified and unmodified vectors. Vector
modification increased the level of gene expression more than 9 -
fold, as measured by luciferase activity (Figure 1A), largely due to
transduction of a greater percentage of target cells as seen by PB-

galactosidase staining (Figure 1B). This experiment clearly

demonstrates that a retargeted adenoviral vector can overcome
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the 1nefficacious transduction observed in certain cell lines

transduced poorly by adenoviral vectors.

To compare the therapeutic effect of an FGF2-modified
vector to an unmodified vector 1n established tumors, the
conjugate was then mixed with an adenovirus expressing HSV-TK
(AACMVHSV-TK). Treatment with the modified vector of SKOV3
ovarilan carcinomas established 1n nude mice followed by
administration of the prodrug, ganciclovir, resulted in a significant
prolongation of survival when compared with the unmodified
vector plus ganciclovir (Figure 2). Thus, retargeting can increase
the in vivo therapeutic effect of adenoviral vectors against tumors.
It 1s clear that the infectivity of tumors by unmodified adenovirus
is not optimal and modification of the capsid to alter the tropism

of the virus 1s a direct approach to increase this infectivity.

EXAMPLE 2

Genetic modification of the HI loop of the fiber provides enhanced

infectivity to adenoviral vectors

The Fab-ligand conjugation method described 1n
Example 1 only modifies the tropism of the vector prepared for
inoculation. In the context of a replicative vector, 1t 1s
advantageous. to modify the tropism of the vector that replicates
in the tumor as well. With this rationale, a genetic modification of
the fiber 1s necessary for replicative vectors because it i1s carried
over to the progeny. As a simple and potent strategy for
retargeting, the sequence of the fiber was genetically modified.
Based on the three-dimensional model of the fiber knob [42],
targeting ligands were 1nserted i1nto the HI loop of the {fiber

(Figure 3). This loop 1s flexible, exposed on the outside of the
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knob, 1s not involved in fiber trimerization and its variable length
in different Ad serotypes suggests that insertions or substitutions

do not atffect the fiber stability.
As a ligand to introduce into the HI loop of the fiber

knob, the sequence coding for an RGD peptide, CDCRGDCFC, was
chosen. This RGD sequence is known to target tumors by binding
with high affinity to several types of integrins [45,46]. It was
hypothesized that an adenoviral vector able to bind via fiber-
RGD/integrin 1nteraction would not depend upon the presence of
the CAR receptor 1n tumors to be effective, and would therefore
target tumors more efficiently than the unmodified vector
counterpart.

The DNA sequence encoding the peptide was cloned

into the EcoRV site of the knob domain in a plasmid containing the
fiber sequence. The wild type fiber of an EI1,E3-deleted

adenoviral vector expressing the luciferase gene, AdCMVLuc, was

replaced with the RGD-modified fiber by homologous

recombination 1n bacteria [47]. After homologous recombination,

the genome of the new adenoviral vector was released from the

plasmid backbone by digestion with Pacl. To use the firefly
luciferase gene, the internal Pacl site of this gene was eliminated
by introducing a silent mutation. The plasmid obtained as a result
of these DNA recombinations was then utilized for transfection of
293 cells to rescue AdSlucRGD. The presence of RGD in the virus
was confirmed by PCR as well as by cycle sequencing of viral DNA

1solated from CsCl-purified virions of Ad5lucRGD.

To demonstrate that the genetic modification of the

fiber was able to confer CAR-independent infectivity to the

modified vector, the unmodified AdCMVLuc and the modified

34



10

15

20

25

CA 02384338 2002-04-05

WO 00/67576 | PCT/US00/13114

AdSlucRGD vectors were used to transduce 293, HUVEC, and RD
cell lines, which express high, moderate, and low levels of CAR,
respectively. The CAR-independent infection was further
analyzed using competitive inhibition by recombinant Ad5 fiber
knob protein, known to efficiently block virus binding to CAR
receptor.  Luciferase expression in 293 cells mediated by the
unmodified virus, AdCMVLuc, was efficiently blocked by
recombinant knob protein (Figure 4A). Depending on the
multiplicity of infection (MOI) used, knob protein blocked 85% to
93% of luciferase activity 1n AdCMVLuc-transduced cells. In
contrast, the same concentration of knob was able to block only
40% to 60% ot AdSlucRGD-mediated gene expression 1n 293 cells,
indicating that in addition to the fiber-CAR i1nteraction utilized by
the wild type AdS, AdSlucRGD 1i1s capable of using an alternative,
CAR-independent, cell entry pathway. Of note, the contribution of
that alternative mechanism of cell binding was quite significant,
providing 40% to 60% of overall gene transfer to 293 cells.
Luciferase expression in HUVEC cells transduced with AdSlucRGD
was about 30-fold higher than with AdCMVLuc (Figure 4B). The
effect of Ad5 fiber knob on AdCMVluc-mediated transduction was
less dramatic than 1n 293 cells, consistent with a relative lack of
CAR in the HUVEC. Most importantly, recombinant knob protein
did not inhibit the levels of luciferase expression directed by
Ad5SlucRGD. The luciferase activity detected in RD cells transduced
with AdCMVluc was extremely low: at an MOI of one pfu/cell, 1t
was almost equal to the background Ilevel of mock-infected cells
(Figure 4C). In contrast, the level of transgene expressiop
achieved with AdSlucRGD was 16- to 47-fold higher than with
AdCMVLuc, and expression was not inhibited by the fiber knob.
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These experiments clearly showed that incorporation
of the RGD peptide into the fiber of AdS5lucRGD resulted in
dramatic changes in virus-to-cell interac<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>