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Successful cancer gene therapy requires a vector that systemically and specifically targets tumor cells throughout the body.
Although several vectors have been developed to express cytotoxic genes via tumor-specific promoters or to seclectively replicate
in tumor cells, most are taken up and expressed by just a few targeted tumor cells. By contrast, we show here that blood-borne
Sindbis viral vectors systemically and specifically infect tumor cells. A single intraperitoneal treatment allows the vectors to
target most tumor cells, as demonstrated by immunohistochemistry, without infecting normal cells. Further, Sindbis infection is
sufficient to induce complete tumor regression. We demonstrate systemic vector targeting of tumors growing subcutaneously,
intrapancreatically, intraperitoneally and in the lungs. The vectors can also target syngeneic and spontaneous tumors in immune-
competent mice. We document the anti-tumor specificity of a vector that systemically targets and eradicates tumor cells

throughout the body without adverse effects.

Two major obstacles to the development of gene therapy for cancer
have been the inability to deliver gene therapy vectors systemically and
specifically to primary and/or metastasized tumor cells without infect-
ing normal tissues. Gene therapy vectors have been injected intratu-
morally; however, such treatments are generally not practical for
patients with metastatic disease. Several viral vector systems have been
developed to activate cytotoxic genes via tumor-specific promoters or
to selectively replicate in tumor cells. When delivered systemically,
however, only a small fraction of these vectors are taken up by the
target tumors'=. In such cases, tumor kill is generally insufficient to
eradicate all tumor cells or substantially slow disease progress. We
show here that Sindbis vectors may provide a solution to these and
other obstacles.

Sindbis vectors were originally developed for efficient in vitro gene
transfer to mammalian cells*. Several factors contribute to the vectors’
potential utility for cancer gene therapy. First, Sindbis virus is a blood-
borne virus that is transmitted to mammals by mosquito bites> and
subsequently spreads throughout the body via the bloodstream®7,
where it has a relatively long half-life. Sindbis vectors, which are rep-
lication defective and safed, retain the blood-borne attribute and
are suitable for systemic administration. Second, the surface receptor
on mammalian cells for Sindbis infection has been identified as the
67-kDa high-affinity laminin receptor (LAMR)®19, which is substan-
tially upregulated in numerous human cancers'!~!°. Higher expression
of LAMR is related to the increasing invasiveness and malignancy of
different cancers?%2!, and, in contrast to normal cells, the majority of
the LAMRs on cancer cells are not occupied by laminin??-24, High

levels of unoccupied LAMRs in tumor as compared to normal cells
seem to confer on Sindbis vectors the ability to preferentially infect
most tumor cells. Third, Sindbis vectors are well suited for tumor erad-
ication because the infection is highly apoptotic in mammalian
cells?>=39, Our previous observations suggest that the vectors cause
apoptosis of infected tumor cells in vivo without any cytotoxic gene
payload?.

Here we used the IVIS Imaging System, a noninvasive system able to
detect luciferase activity in vivo, to monitor successful delivery, infec-
tion and eradication of tumor cells by Sindbis vectors in live mice. We
show that Sindbis vectors, regardless of injection route, target tumors
growing subcutaneously (s.c.), intrapancreatically, intraperitoneally
(i.p.) or in the lungs of C.B-17-SCID (SCID) mice. Sindbis vectors
also target syngeneic and spontaneous tumors in immune-competent
mice. Our findings indicate that, in addition to tumor eradication by
vector infection, Sindbis vectors could be powerful tools for systemic
detection of tumor metastases.

RESULTS

Sindbis/luc specifically infected subcutaneous BHK tumors

To test the potential of replication-defective Sindbis vectors for sys-
temic delivery and tumor-specific infection, we injected a Sindbis/luc
vector, containing a firefly luciferase gene, daily i.p. into SCID mice
beginning when s.c. BHK tumors were approximately 500 mm? in size
(day 1). The in vivo bioluminescence signals induced by vector infec-
tion were monitored using the IVIS Imaging System (Fig. 1). In trea-
ted mice, we observed tumor-specific bioluminescence on day 5 that
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areas in control tumors were smaller in size
and more irregular in shape, as expected for
necrosis resulting from tumor-associated
phenomena such as hypoxia and poor nutri-
tion. Our previous studies have indicated that
s.c. tumors infected by Sindbis vectors regress
completely within 3—4 weeks of treatment®.

Control

Specific infection of intrapancreatic BHK
SINLuc2 tumor

To determine whether Sindbis vectors can
specifically infect BHK tumors growing at
other locations, we established intrapan-
creatic tumors with a BHK-derived line,
BHKSINLuc2, that stably transcribes a defec-
tive Sindbis replicon RNA containing a firefly
luciferase gene’!. Because this cell line
expresses luciferase in response to Sindbis
virus infection, we used BHKSINLuc2
tumors as biological reporters of vector infec-
tion. To reveal the distribution of vector
infection within the pancreas, we used a
Sindbis/lacZ vector that carries a bacterial
[-galactosidase gene for subsequent immu-
nohistochemical analysis. Intrapancreatic
inoculation of 1 x 10° BHKSINLuc2 cells

Control

Sindbis/luc

Figure 1 Intraperitoneal delivery of a Sindbis vector, Sindbis/luc, to SICD mice bearing s.c. BHK
tumors results in tumor-specific infection and tumor growth suppression. (a) Photon counts of s.c.
BHK tumors treated with Sindbis/luc. Treated mice (n = 5) showed tumor-specific bioluminescence
signals, which dropped significantly on day 15 (P = 0.0038); a control tumor-bearing mouse that did
not receive vector treatment showed no bioluminescence signal. Bars, 95% confidence intervals.

(b) Sindbis/luc vector treatment resulted in tumor-specific bioluminescence in treated BHK tumors
and caused noticeable inhibition of tumor growth, as compared with untreated control tumor, on day
10. No substantial bioluminescence signal was seen in other regions. (c) Growth curves of s.c. BHK
tumors treated with Sindbis/Iuc. The treatment significantly suppressed BHK tumor growth in mice
treated with Sindbis/luc vectors (n = 5) as compared with untreated control mice (n=5) (P< 0.0001,
two-way ANOVA). Bar, 95% confidence intervals. (d) Intraperitoneal Sindbis/luc treatment resulted in
substantial size difference and extensive cell death in s.c. BHK tumors on day 15 after treatment. In
BHK cross-sections stained with hematoxylin and eosin, purple hematoxiphilic regions (red arrows)
designate viable tumor tissues and pink eosinophilic areas (black arrows) indicate necrotic tumor
tissues. Tumors from control mice that received no Sindbis/luc treatment showed less cell death and
a more irregular boundary between viable and necrotic tissues. In contrast, the Sindbis/luc-treated

resulted in tumors mostly limited to the
pancreas after 8 d. A single i.p. injection of
Sindbis/lacZ led to specific infection of the
intrapancreatic BHKSINLuc2 tumors and
induction of luciferase activities (Fig. 2a, top).
Without Sindbis/lacZ treatment, the control
mice, bearing intrapancreatic BHKSINLuc2
tumor cells, showed no bioluminescence sig-
nal in the pancreas. The presence of tumors
in the pancreas of both control and treated
mice was confirmed by autopsy after imaging
(Fig. 2a, bottom).

The IVIS Imaging System allows monitor-
ing of vector infection events in vivo, and

tumors showed extensive and homogenous tumor death except for the very outer rim.

reflects the remarkable targeting capabilities

persisted until day 10 but dropped significantly by day 15 (Fig. 1a).
Untreated control s.c. BHK tumors generated very low background
bioluminescence (103 photon counts) as compared with Sindbis/
luc-treated tumors ([1107 photon counts). As demonstrated by the
absence of bioluminescence signals in other regions of the treated mice
(Fig. 1b), Sindbis/luc vectors specifically infected s.c. tumor cells.

Sindbis/luc caused tumor death and growth suppression

Statistical analysis of tumor sizes showed that Sindbis/luc vector com-
pletely suppressed the growth of s.c. tumors (Fig. 1c). We examined
whether the reduction of bioluminescence signals and tumor growth
resulted from tumor death induced by Sindbis-mediated apoptosis.
Histopathology studies showed that this was the case: hematoxylin and
eosin staining of tumor sections harvested on day 15 indicated that
treated tumors had a much greater proportion of necrotic areas (pink
regions) than did untreated control tumors (Fig. 1d). Furthermore, all
of the treated tumors were homogeneously necrotic in a uniform
radial appearance except at the very outer rims. In contrast, necrotic
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of Sindbis vectors, confirmed by immunohis-

tochemical analysis of the imaged mouse
(Fig. 2b). Tissue sections showed extensive tumor invasion of the pan-
creas (Fig. 2b, lower left; lighter areas of tissue section comprise tumor
cells). Notably, after a single systemic administration of Sindbis/lacZ,
most tumor cells within the pancreas stained positive for vector infec-
tion (Fig. 2b, lower right, brown areas), whereas normal cells did not;
this is more evident at higher magnification (Fig. 2¢, bottom). It is evi-
dent that areas of Sindbis infection are superimposable with tumor
areas. These immunohistochemical pictures indicate why Sindbis vec-
tors are effective at eradicating tumors: they infect and kill most tumor
cells without affecting normal cells.

Sindbis/luc infected lung tumors via the bloodstream

To further confirm the ability of Sindbis vector to disseminate through
the bloodstream for systemic detection, we used the IVIS Imaging
System to determine specific vector targeting to tumors induced in the
lungs. Intravenous inoculation of 1 x 10° BHK cells results in growth
of tumor cells in the lungs (Fig. 3). Seven days after inoculation, when
mice showed tumor-related symptoms such as dyspnea, we injected
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Figure 2 Single i.p. delivery of Sindbis/lacZ vectors specifically infected intrapancreatic BHKSINLuc2
tumors, which require Sindbis infection for luciferase gene expression. (a) Top, mice carrying an
intrapancreatic BHKSINLuc2 tumor showed substantial bioluminescence signal in the pancreas
after single i.p. treatment with Sindbis/lacZ vectors. In contrast, control tumor-bearing mice that did
not receive Sindbis/lacZ vectors showed no bioluminescence signal. Bottom, surgical examination
at autopsy confirmed the presence of intrapancreatic BHKSINLuc2 tumors in both control and
Sindbis/lacZ-treated mice, as indicated by arrows. (b) Immunohistologic staining confirmed tumor-
specific infection by Sindbis/lacZ vectors of intrapancreatic BHKSINLuc?2 tumors. Black and red
arrows indicate normal pancreas tissue and BHKSINLuc2 tumor cells, respectively. Consecutive
sections (5 um apart) were stained with standard hematoxylin and eosin (left) or with a monoclonal
antibody specific to the /acZ gene product, bacterial B-galactosidase (right), for immunohistologic
staining. All BHKSINLuc2 tumor regions within pancreas are positive for Sindbis/lacZ infection as
determined by the brown B-galactosidase staining. (c) Boxed regions in b at higher magnification.
Control slides show no positive B-galactosidase signal in either tumor or normal pancreas tissues.
By contrast, strong B-galactosidase signals were detected exclusively in Sindbis/lacZ-treated tumor
regions and formed a sharp border between tumor and normal pancreas tissues.

and omentum within 2 weeks (Fig. 4b). A
single i.p. injection of Sindbis/luc vectors in
mice bearing microscopic ES-2 cancers for
5 d allowed the detection of bioluminescence
signals on the omentum, mesentery and
diaphragm (Fig. 4d).

Sindbis vectors suppressed advanced
ovarian cancer
To study the therapeutic effects of Sindbis
vectors, we derived ES-2/luc cells by stable
transfection of a plasmid expressing the luci-
ferase gene, so that we could track metastases
in vivo. We were able to detect tumor meta-
stasis the day after i.p. injection of 1 x 10°
ES-2/luc cells (Fig. 4e, day 1). Thus, as com-
pared to gross and microscopic examination
of mice, the use of ES-2/luc cells permitted
earlier detection of microscopic tumor
growth without the need for animal sacrifice.
To determine therapeutic effects, we started
daily Sindbis treatments on day 1 with
Sindbis/lacZ or Sindbis/IL-12 vectors. Sindbis
vectors that carry mouse IL-12 genes have
enhanced efficacy against s.c. tumors®. After
four consecutive treatments, we observed sig-
nificant reduction of tumor loads in Sindbis
vector—treated mice. Tumor cells spread rap-
idly in the untreated SCID mice (Fig. 4e, top)
but much more slowly in those treated with
Sindbis vector (Fig. 4e, middle and bottom).
The effect is clear with Sindbis/lacZ, but even
more marked for mice treated with Sindbis/
IL-12 (Fig. 4e, bottom). Total whole-body
photon counts obtained from Sindbis/
IL-12-treated mice show that by day 5 the
treatments reduced the tumor load to 6.2%
that of untreated control mice on average

Sindbis/lacZ

Sindbis/luc vectors i.v. for two consecutive days. Tumor-free control
mice also received two Sindbis/luc treatments. On the day after the sec-
ond Sindbis/luc treatment, we observed substantial bioluminescence
signals in the chests of the BHK-injected mice but not the control mice
(Fig. 3a). After imaging, lung metastases and tumor growth in BHK-
injected mice were confirmed histologically (Fig. 3b).

Sindbis/luc detected micrometastatic i.p. ES-2 tumors

We determined the ability of Sindbis vectors to specifically infect
microscopic tumors in our established mouse model of advanced
ovarian cancer, which is induced by i.p. inoculation of ES-2 human
ovarian cancer cells. Compared with normal mouse tissues, ES-2 cells
express a higher level of LAMRI, which encodes the laminin receptor
precursor (LRP), as determined by RT-PCR (Fig. 4a). Five days after
i.p. inoculation of 2 x 10% ES-2 cells, no gross tumor growth in the
peritoneal cavity was visible except for few small ((2-mm), unattached
tumor clusters (Fig. 4b). However, microscopic tumor metastases
could be readily detected on the omentum, mesentery and diaphragm
at this early stage of disease (Fig. 4c). Without any treatment, the
mice developed grossly visible ascites and tumor growth on mesentery
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(Fig. 4f). In contrast, photon counts of
untreated mice indicated that the number
of cells by day 5 had increased 1.5-fold, to
approximately 1.5 x 10%, on average, and in some mice to 2.3 X 100
cells. In the Sindbis/IL-12-treated mice, the number of cells declined
to fewer than 90,000, on average, and in some mice to fewer than
23,000 cells (up to a 99% reduction of tumor cells as compared to
untreated control mice). The same degree of inhibition was also
observed at later time points (Fig. 4f). Injection of IL-12 alone without
Sindbis vector was much less effective than Sindbis/IL-12 treatments
and did not inhibit the formation of ascites, which subsequently began
to develop in untreated mice but not in Sindbis vector—treated mice
(data not shown).

Sindbis/luc infected s.c. Pan02 tumors in syngeneic mice

Because our previous models used immunodeficient mice to demon-
strate specific tumor targeting, we tested whether the immune system
presents a barrier to Sindbis tumor targeting in syngeneic tumor
models. We induced s.c. tumors in C57BL/6 mice with Pan02 mouse
pancreatic cancer cells and treated them daily with Sindbis/luc vectors.
Pan02 cells also express higher levels of LAMR than normal cells
(Fig. 4a). In mice, these cells form rapidly growing tumors that
are highly resistant to all classes of chemotherapy agents®2. However,
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Figure 3 Intravenous delivery of Sindbis/luc vectors targeted BHK tumors in
the lung, which were induced by i.v. injection of BHK cells. (a) Intravenous
injections of Sindbis/luc vector resulted in substantial bioluminescence
signals in mice that carried BHK tumors in lungs. Tumor-free control mice
showed no background bioluminescence signal. (b) Microscopically, the
presence of BHK tumor cells in lung was confirmed by hematoxylin and
eosin staining of lung sections obtained from tumor-free control or BHK-
injected mice. The arrow indicates tumor cells in lung of a BHK-injected
mouse. No tumor existed in the lungs of control mice.

Sindbis vectors can detect (Fig. 5a) and reduce the growth of s.c. Pan02
tumors (Fig. 5b; P < 0.0001, two-way ANOVA) in immunocompetent
C57BL/6 mice. Despite the repeated administrations, the host immune
response seems not to diminish the ability of the therapy to control
tumor growth effectively. Also, we detected no evidence of adverse
effects to the mice.

Sindbis/luc specifically infected spontaneous tumors

To ensure that the preferential targeting by Sindbis for tumor cells is
not due to their in vitro passage, we sought a spontaneous tumor
model in an immunocompetent mouse, involving MSV-RGR/p15*/-
transgenic mice, which are heterozygous for the Rgr oncogene and for
the Cdkn2b gene, also known as Ink4b and pI5. These mice develop
spontaneous fibrosarcomas, particularly in the paws or tail. Because
these tumors are not implanted or injected (Fig. 6a, left), they more
closely mimic the physiological development of cancer. Results after
Sindbis vector administrations show specific vector targeting to the
tumors (Fig. 6a, right). All inoculations were done at sites on the mice
as distant as possible from the tumors. We obtained photon counts
from the tumor region on days 1, 4 and 14 (Fig. 6b). The intensity
peaked on day 4, as vector accumulated at the tumor sites, and then
diminished as the tumors became necrotic (Fig. 6¢). This indicates
that Sindbis vectors can target mouse tumors that arise spontaneously,
while avoiding normal cells. The immune system seems not to dimin-
ish the ability of Sindbis/luc vectors to reach the tumor cells, as meas-
ured by imaging that was performed multiple times over a period of
2 weeks.

Notably, in the two immunocompetent mouse models described,
only mouse cells are involved, whether they are normal or tumor. Thus,
in all models depicted, whether human or mouse tumor cells are inv-
olved, Sindbis vectors specifically target tumor cells and do not infect
normal cells. These results clearly indicate that the remarkable tumor
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targeting specificity of the Sindbis vectors used in this study is not spe-
cies dependent and that the antitumor activities of this vector system
do not seem to be substantially obviated by the host immune system.

DISCUSSION

Gene therapy for cancer would be greatly enhanced by the availability
of a vector that could be delivered systemically and would have specific
tumor targeting capability along with the ability to induce death in
most primary and metastatic tumor cells. To specifically detect tumor
cells, viral vector systems require either tumor-specific receptors for
infection or, alternatively, the use of tumor-specific promoters for
reporter transgene expression in tumor cells. In general, vectors using
tumor-specific promoters for gene activation are taken up and
expressed by only a small proportion of tumor cells, which is why they
are unable to kill most metastases, and often have to be injected intra-
tumorally. By contrast, vectors based on the Sindbis virus, which are
highly apoptotic and infect via a ubiquitous receptor expressed differ-
entially between tumor and normal cells, can target and kill tumor
cells with very high efficacy. The cell surface receptor for Sindbis virus
has been identified as the high-affinity LAMR?, a glycosylated mem-
brane protein that mediates cellular interactions with the extracellular
matrix and that is overexpressed and unoccupied (relative to normal
cells) in the vast majority of tumors?433-3>, This characteristic also
provides a differential marker on the surface of cells that provides a
distinction between normal and tumor cells for Sindbis virus attach-
ment and infection. In addition, Sindbis virus is naturally adapted to
disseminate through the bloodstream. These two properties are largely
responsible for our observation that systemic administration of repli-
cation-defective Sindbis vectors targets tumors growing s.c. (Figs. 1
and 5), intrapancreatically (Fig. 2), i.p. (Fig. 4) or in the lungs (Fig. 3).
In addition, the apoptosis induced by vector infection explains why
specific infection of tumor cells resulted in tumor death, growth inhi-
bition and tumor regression®,

The Sindbis vectors we used in this study were derived from strain
Toto1101 (ref. 4), which was generated after extensive passages of wild-
type virus in mammalian cells. It has been proposed that heparan sul-
fate plays a role in the attachment of Toto1101 to cells®®. However,
although the interaction with heparan sulfate enhances infection effi-
ciency, it is not required for infection3®. If heparan-sulfated proteogly-
can (HSPG) is part of the LAMR complex®”-38, it is likely that, during
extensive passage, the virus adapts to mammalian cells by acquiring
mutations that enhance the interaction with heparan sulfate on the
LAMR. Therefore, it is possible that the Sindbis vectors infect tumor
cells via interactions with both LRP and heparan sulfate.

Our results here also demonstrate the ability of Sindbis viral vectors
to specifically infect microscopic tumor metastases in the peritoneal
cavity (Fig. 4c). The advantage of using viral gene therapy vectors for
tumor detection is that the vector can markedly amplify the signals by
overexpression of the transgene markers. Although luciferase expres-
sion might not be suitable for imaging of tumor cells in humans,
because of the potentially greater depths at which such cells might be
found in humans as compared to mice, other, more tissue-penetrating
reporter genes can be incorporated into Sindbis vectors for tumor
detection. For example, the herpes simplex virus type-1 thymidine
kinase (HSV1-tk) and dopamine-2 receptor (D,R), which are suitable
for detection by positron emission tomography (PET)3’, can serve as
reporters deliverable by gene therapy vectors.

Tumor detection and in vivo imaging using adenoviral vectors, with
tumor-specific promoters for marker gene expression, have been
reported*’. Although tumor-specific promoters substantially reduce
marker-gene expression in liver, these vectors are still found at high
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Figure 4 Intraperitoneal treatment with Sindbis vectors specifically infected microscopic metastasized ES-2 ovarian tumors in the peritoneal cavity and
significantly suppressed disease progress. (a) ES-2 and Pan02 cells highly express LAMR1. Top, total RNAs, isolated from organs of adult mice and from
ES-2 and Pan02 cell cultures or ES-2 ascites, amplified by RT-PCR with primer pairs specific to the LAMRI transcript or 18S rRNA. Bottom, pixel intensity
ratios of LAMR1 RT-PCR signal to 18S RT-PCR signal. (b) Five days after i.p. inoculation of ES-2 cells, no grossly visible tumor metastasis is detected in
the peritoneal cavities. However, 13 d after inoculation, tense ascites and extensive tumor growth can be grossly observed on the omentum (black arrow),
mesentery (red arrow) and diaphragm. (c) Five days after ES-2 inoculation, microscopic metastasized ES-2 tumors (indicated by arrows) were observed in
omentum, mesentery and diaphragm. (d) Five days after i.p. ES-2 inoculation, while the tumor growth was still microscopic, a single i.p. treatment of
Sindbis/luc vectors specifically infected metastasized ES-2 cells and allowed their detection, 1 d later, on omentum (yellow arrows), mesentery (white
arrows) and diaphragm (red arrows). Tumor-free control mice showed no substantial bioluminescence signal after receiving a Sindbis/luc. (e) SCID mice
inoculated with ES-2/luc cells, which stably express luciferase activities, treated daily i.p. with Sindbis/lacZ or Sindbis/IL-12 vectors and imaged on days 1,
5, 9 and 13 after inoculation. Control mice received no vector treatment. Both Sindbis treatments significantly suppressed tumor growth on the mesentery
and diaphragm, and reduced the signals on the omentum. The signals by the left legs at the lower abdomens were intramuscular tumors at tumor inoculation
sites. (f) Quantitative analysis of the whole-body total photon counts of control and Sindbis vector-treated mice (P < 0.0001, two-way ANOVA).

levels in liver, raising concerns about potential liver toxicities*’. Image
development in this system seems to require many days. By contrast,
because Sindbis vectors target only tumor cells and do so directly,
within 1 d they yield robust expression of tumor-associated signals on
most tumor cells (primary and metastases), providing faster and more
sensitive detection without the need for tumor-specific promoters. No
viral activity is seen in liver, heart, lung, kidney and testis tissuess,
which is reflected in this study by the absence of vector infection sig-
nals in treated tumor-free mice.

Another potential advantage of these vectors is added safety,
because they are replication-defective. In the vectors, the viral genome
is split into one element comprising the replicon and reporter or
therapeutic gene, and one or more elements comprising the structural
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genes. Deleting the packaging signal from the helper RNA(s) encoding
the structural genes ensures that these sequences are not packaged
when vectors are shed from cells. Lacking structural genes, such vec-
tors cannot generate new particles when they infect target cells. Altho-
ugh recombination can generate replication-competent vectors (RCV),
this occurs with low frequency and can be screened for. In one config-
uration, the capsid and envelope glycoproteins were separated into
distinct cassettes, resulting in vector packaging levels of 107 infectious
units/ml, with contaminating RCV below the limit of detection*!. The
use of replication-defective, nonintegrating vectors precludes the dev-
elopment of viremia and introduces a safety level not available when
RCVs are used for tumor therapy (although a number of approaches
also have been suggested to rein in the risks of using RCVs*2).
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Figure 5 Sindbis vector can target syngenic Pan02 s.c. tumor in immune-
competent mouse. (a) Bioluminescence images of C57/BL/6 mice injected
s.c. in the right hind flank with 3 x 106 Pan02 cells suspended in 100 ul of
PBS on day O, and then treated starting on day 6; imaging was done on day
7. Mice were randomly assigned to a control (n = 4) and a Sindbis/luc vector
group (n = 6). (b) Growth curve of s.c. Pan02 tumors treated with
Sindbis/luc vectors. Bar, s.e.m.
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Figure 6 Sindbis vector can target spontaneous tumors in RGR/p15*~ transgenic mice that develop
tumors on the tail or paws. (a) A mouse bearing large tumors in the tail was treated i.p. with Sindbis/luc
vectors for four consecutive days (started on day 0) and then imaged (day 4). Left, photograph of

mice before imaging. Right, IVIS image overlay. (b) Photon counts of tail tumor on days 1, 4 and 14.
(c) Tumor necrosis induced by Sindbis/luc infection after 2 weeks of treatments.
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In conclusion, Sindbis vectors can achieve two major therapeutic
goals of cancer gene therapy: specific marking of tumor cells, primary
and metastatic, and efficient tumor suppression and eradication. Thus,
Sindbis vectors seem to be potentially promising new agents for
the treatment of cancer. Additional laboratory and clinical works will
be required to investigate and develop the observations reported in
this paper.

METHODS

Cells and vector preparation. BHK, BHKSINLuc2 and ES-2 cells were
obtained from the American Type Culture Collection (ATCC). BHK and
BHKSINLuc2 cells were maintained in dMEM (JRH Bioscience) with 5% FBS.
The BHKSINLuc2 cells were derived from BHK cells and were stably trans-
fected with a plasmid carrying a defective luciferase replicon under the control
of a Rous sarcoma virus promoter>!. ES-2 cells were derived from a patient with
clear cell carcinoma, a type of ovarian cancer that has a poor prognosis and
is resistant to several chemotherapeutic agents including cisplatin. ES-2 cells
were cultured in McCoy’s 5A medium (Mediatech) with 5% FBS. Pan02 cells
were obtained from the NCI-Frederick Cancer Research Facility and were
maintained in DMEM supplemented with 10% FBS. Pan02 is a highly tumori-
genic pancreatic cancer cell line with ductal morphology that was derived from
3-methycholanthrene (3-MCA)-induced tumors in C57BL/6 mice. All basal
media were supplemented with 100 pg/ml of penicillin-streptomycin and
0.5 pg/ml of amphotericin B (both from Mediatech). ES-2/luc cells were
derived from the ES-2 line by transfection of a plasmid, pIRES2-Luc/EGFP,
that expresses a bicistronic mRNA transcript containing both firefly luciferase
and EGFP genes. To construct the pIRES2-Luc/EGFP plasmid, a DNA frag-
ment containing the luciferase gene was obtained from pGL-3 basic plasmid
(Promega) and then subcloned into the multicloning sites of the pIRES2-
EGFP plasmid (BD Biosciences Clontech).

Sindbis vectors (Sindbis/luc, Sindbis/lacZ and Sindbis/IL-12) were produced
as described previously®. Briefly, the plasmids carrying the Sindbis replicon
(SinRep/Luc, SinRep/LacZ or SinRep/IL-12) or DHBB helper RNAs were

linearized with NotI or Xhol, respectively, before
in vitro transcription using the mMESSAGE
mMACHINE RNA transcription kit (SP6 version;
Ambion). Both helper and replicon RNA tran-
scripts (20 Ml each) were then electroporated into
BHK cells and incubated in 10 ml of dMEM con-
taining 5% FBS at 37 °C for 12 h. The medium was
replaced with 10 ml of Opti-MEM I medium
(GIBCO-BRL). After 24 h, culture medium was
collected and stored at —80 °C. The titers of Sindbis
vectors were determined as described previously®.

Measurement of LAMRI transcripts by RT-PCR.
Using the RNeasy Mini Kit (Qiagen), total RNA
was isolated from ES-2 and Pan02 cell culture and
from ES-2 ascites obtained from a SCID mouse
(Taconic) 14 d after intraperitoneal ES-2 inocula-
tion. Total mouse RNA from different tissues, such
as brain, heart, kidney, liver, lung and ovary, were
purchased from Ambion. The LAMRI transcript
levels in different tissues were compared by reverse
transcription polymerase chain reaction (RT-PCR)
with a primer pair specific to LAMRI mRNA: sense
5'-CACAATGTCCGGAGCCCTTG-3', antisense
5'-AGCAGCAAACTTCAGCACAG-3'. 12.5 ng of
total RNA was used for LAMRI RT-PCR and the
predicted product size was 280 bp. Both primers are
completely homologous to both the human and
mouse LAMRI genes, with the sense primer loca-
ted in the first exon and the antisense primer in the
third exon to avoid unwanted genomic DNA ampli-
fication. Parallel RT-PCR using QuantumRNA
universal 18S primers (Ambion) as aloading control
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was also performed. Because of the relative abundance of 18S rRNA in the
RNA samples, the universal primers were mixed with their competitors
(primer/competitor ratio = 4:6) before amplification. 12.5 ng of total RNA was
amplified and the predicted 18S band size was 315 bp. RT-PCR reactions were
performed following the manufacturer’s instruction with the SuperScript one-
step RT-PCR with Platinum 7aq system (Invitrogen). The total reaction vol-
ume was 50 pl. After 30 min incubation at 45 °C for first-strand synthesis, the
c¢DNA was amplified for 40 cycles, with each cycle consisting of 94 °C - 59 °C
— 72 °C transitions. 15 pl of the RT-PCR products were separated on 2%
agarose gels and visualized after staining with ethidium bromide. The band
pixel intensities on the agarose gel were calculated using NIH Image version
1.63 (National Institutes of Health, Bethesda, Maryland). The pixel intensity
ratios of corresponding RT-PCR bands in different tissues were calculated with
the formula: (LAMRI band pixel intensity)/(18S rRNA band pixel intensity).

Animal models. All animal experiments were done in accordance with NIH
and institutional guidelines. To induce s.c. tumors, 1 X 10° BHK cells were
injected s.c. in the right flank of the lower abdomen of SCID mice (female, 6-8
week old; Taconic). After 12 d, when the BHK tumors had reached a size of at
least 500 mm?, the mice were randomly assigned to a control (17 = 5) and a
Sindbis/luc (n = 5) group, and the treatment was started on that day (day 1).
The Sindbis/luc group received daily i.p. injections on the left flank of the lower
abdomen consisting of 0.5 ml of Opti-MEM I containing 10’-10% CFU of
Sindbis/luc vectors. Control mice received 0.5 ml of Opti-MEM I. Bio-
luminescence in mice was monitored on days 5, 10 and 15 using the IVIS
Imaging System Series 100 (see below for details of detection procedure). The
size of BHK tumors was determined daily with caliper using the formula
(length, mm) % (width, mm) % (height, mm). Tumor size data was statistically
analyzed with two-way ANOVA using GraphPad Prism version 3.0a for
Macintosh (GraphPad Software) as described previously®.

To induce intrapancreatic tumors, SCID mice were anesthetized and then
injected intrapancreatically with 1 x 106 BHKSINLuc2 cells using 21-gauge
syringes. Eight days later, 0.5 ml Sindbis/lacZ vectors (1107 CFU) was injected
i.p. into mice bearing BHKSINLuc tumors. The next day, the mice were moni-
tored for bioluminescence using the IVIS Imaging System. Mice were eutha-
nized the day after imaging to document tumor growth photographically.

To obtain lung tumors, 1 x 10® BHK cells were injected via the tail vein.
Seven days later, mice were injected with 0.5 ml Sindbis/luc vectors ((010” CFU)
via the tail vein for two consecutive days. Tumor-free control mice were treated
with Sindbis/luc vector in parallel. The day after the second injection we moni-
tored luciferase activity within mice using the IVIS Imaging System. We eutha-
nized the mice the day after imaging and documented tumor growth
photographically and histologically (see below).

To establish the advanced ovarian cancer model, female SCID mice were
injected i.p. with 2 x 10° ES-2 cells in 0.5 ml DMEM supplemented with 10%
FBS. To determine tumor-specific infection of Sindbis vectors, mice were
treated with single i.p. injection of Sindbis/luc 5 d after ES-2 inoculation,
and the in vivo bioluminescence of tumor cells was determined using the IVIS
Imaging System.

To determine the therapeutic efficacy of Sindbis vectors, SCID mice were
injected with 1 x 10° ES-2/luc cells on day 0 and imaged with the IVIS system
the next day (day 1). The mice then received daily i.p. treatments of Sindbis/
lacZ (n = 5) or Sindbis/IL-12 (n = 5) (C107 CFU in 0.5 ml Opti-MEM 1) and
were imaged with the IVIS system on days 5, 9 and 13. Control mice (n = 5)
received no Sindbis treatment.

Female C57/BL/6 mice 6-8 weeks of age were injected s.c. in the right hind
flank with 3 x 10° Pan02 cells suspended in 100 pl of PBS on day 0. Six days
later the mice were randomly assigned to a control (n = 4) and a Sindbis/luc
(n = 6) group, and the treatment was started on that day (day 6). The next day
(day 7) all mice were imaged with the IVIS system. From then on the size of
Pan02 tumors was determined twice a week with caliper.

MSV-RGR/p15*" offspring were generated as littermates of MSV-RGR and
KO-p15 mice. M. Jimenez, 1. Perez de Castro and A. Pellicer generated MSV-
RGR transgenic mice in one of our laboratories. Briefly, an Rgr transgene,
consisting of Rgr cDNA regulated by a Moloney murine sarcoma virus
(MSV) promoter, was injected into the pronucleus of fertilized eggs from
female (FVB/N) donors and later transferred to pseudopregnant mice. All the
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MSV-RGR/p15*~ mice developed fibrosarcomas in the limbs, tail and/or ears,
as compared to only 5-10% of the MSV-RGR mice. MSV-RGR/p15*/~ carry-
ing limb or tail tumors received daily i.p. treatments of Sindbis/luc on day 0 and
were imaged on days 2, 4 and 14. Tumor-free control mice received Sindbis/luc
treatments and were imaged in parallel.

In vivo bioluminescence detection with the IVIS Imaging System. We used a
cryogenically cooled IVIS Imaging System Series 100 (Xenogen) with Living
Image acquisition and analysis software (Version 2.11, Xenogen) to detect the
bioluminescence signals in mice. Each mouse was injected i.p. with 0.3 ml of
15 mg/ml beetle luciferin (potassium salt; Promega) in PBS. After 5 min, mice
were anesthetized with 0.3 ml of avertin (1.25% of 2,2,2-tribromoethanol in
5% tert-amyl alcohol) or isofluran-mixed oxygen. The imaging system first
took a photographic image in the chamber under dim illumination; this was
followed by luminescent image acquisition. The overlay of the pseudocolor
images represents the spatial distribution of photon counts produced by active
luciferase. An integration time of 1 min was used for luminescent image acqui-
sition for all mouse tumor models. We use Living Image software to integrate
the total bioluminescence signals (in terms of photon counts) obtained
from mice. The in vitro detection limit of the IVIS Imaging System is (11,000
ES-2/luc cells.

Histological analysis and immunobhistologic staining. Tissues were fixed in
10% neutral buffered formalin for at least 12 h, routinely processed and then
embedded in paraffin. Tissue sections of 5 Um were prepared on electrostati-
cally charged glass slides and then baked at 60 °C overnight. After deparaf-
finization with three washes in xylene, the sections were rehydrated through a
series of graded ethanols (100%, 90% and 70%) to water before staining with
hematoxylin and eosin. Hematoxiphilic stained areas (purple regions) are areas
of viable tumor while eosinophilic areas (pink regions) indicate nonviable
areas. To detect specific tumor infection by Sindbis/lacZ vector of intrapancre-
atic tumors, we carried out immunohistochemical staining on pancreas sec-
tions with a mouse monoclonal antibody specific to the lacZ gene product,
bacterial B-galactosidase (clone 2E9; 1:20 dilution; BioDesign International), as
described previously®.
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