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Viral therapy of cancer (viral oncolysis) is dependent on selective destruction of the tumor tissue compared
with healthy tissues. Several factors, including receptor expression, extracellular components, and intracellu-
lar mechanisms, may influence viral oncolysis. In the present work, we studied the potential oncolytic activity
of herpes simplex virus type 1 (HSV-1), using an organ culture system derived from colon carcinoma and
healthy colon tissues of mouse and human origin. HSV-1 infected normal colons ex vivo at a very low efficiency,
in contrast to high-efficiency infection of colon carcinoma tissue. In contrast, adenoviral and lentiviral vectors
infected both tissues equally well. To investigate the mechanisms underlying the preferential affinity of HSV-1
for the carcinoma tissue, intracellular and extracellular factors were investigated. Two extracellular compo-
nents, collagen and mucin molecules, were found to restrict HSV-1 infectivity in the healthy colon. The mucin
layer of the healthy colon binds to HSV-1 and thereby blocks viral interaction with the epithelial cells of the
tissue. In contrast, colon carcinomas express small amounts of collagen and mucin molecules and are thus
permissive to HSV-1 infection. In agreement with the ex vivo system, HSV-1 injected into a mouse colon
carcinoma in vivo significantly reduced the volume of the tumor. In conclusion, we describe a novel mechanism
of viral selectivity for malignant tissues that is based on variance of the extracellular matrix between tumor and
healthy tissues. These insights may facilitate new approaches to the application of HSV-1 as an oncolytic virus.

The application of oncolytic viruses in cancer therapy is an
emerging experimental approach that still requires a better
understanding of viral interactions with tumor tissue compared
to those with healthy tissue (44). Adenovirus type 5 (adenovi-
rus) and herpes simplex virus type 1 (HSV-1) have been stud-
ied extensively as potential oncolytic viruses, and various ge-
netic manipulations were introduced to improve their selective
oncolytic activities. First, certain viral genes were deleted in
order to facilitate preferential replication of the virus in the
tumor cell compared to the normal cell (3, 26, 39, 52). Second,
these viruses were applied as vectors to express cytotoxic genes
or cytokines under the control of a tumor-specific promoter
(32, 52, 54). Third, genetic modifications were introduced in
order to redirect receptor usage of the virus from the native
receptor to tumor-specific cell surface proteins (15, 33, 51).
Studies along these lines are usually carried out with trans-
formed cells in culture, and if such studies are successful,
mouse tumor models are applied to determine the selective
oncolytic activity of the virus. However, determination of the
selective killing activity of cultured tumor cells by the virus is
not optimal, as the normal counterpart of the carcinoma cell is
usually not available in culture. In addition, the tropism of
these oncolytic viruses cannot be studied with cultured cells, as
these viruses use receptors that are expressed ubiquitously on

* Corresponding author. Mailing address: Department of Virology,
Hadassah Medical School, The Hebrew University, Jerusalem 91120,
Israel. Phone: 972-2-6758548. Fax: 972-2-6757234. E-mail: amospa
(@ekmd.huji.ac.il.

¥ Published ahead of print on 31 October 2007.

999

most cell types in culture. Infection by adenovirus is initially
mediated by attachment through its capsid fiber protein to the
cell surface receptor coxsackievirus-adenovirus receptor
(CAR). Subsequently, interactions of the adenovirus penton
base protein with av-integrin trigger endocytosis of the virus
(30). In contrast, several cell surface molecules serve as recep-
tors for HSV-1 entry into cells. While heparan sulfate mediates
the attachment of HSV-1 virions to cells, the repertoire of
HSV-1 entry receptors includes herpesvirus entry mediator,
nectin-1, nectin-2, and 3-O-sulfated heparan sulfate (45). Ap-
plication of animal models to studies related to the tissue
tropism of these human viruses is also complicated due to
species specificity, immune response mechanisms, and circu-
lating factors that interfere with the infection in vivo.

To elucidate factors that determine viral tropism in solid
tissues, we developed an organ culture system from mouse and
human tissues. Such a system may serve as a means to study
viral tropism in the context of a three-dimensional tissue struc-
ture (8, 14). Organ cultures derived from normal liver tissue
and from ovarian and breast carcinomas have also been ap-
plied to the study of gene transfer by viral vectors (21, 41, 46,
47). The organ culture method described here is unique be-
cause it allows direct comparison of viral infection of tumor
tissue versus the corresponding normal tissue (22). We em-
ployed this system as a platform to study viral tropism for colon
carcinomas. Colon carcinoma is a relatively common and lethal
malignancy affecting the adult population (29), and colorectal
carcinoma often requires extensive adjuvant therapy before
surgical removal. In this context, a viral oncolytic gene therapy
approach for colon carcinoma is especially attractive, as the
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primary tumor is directly accessible to local administration of
the vector.

Different mechanisms, such as physical barriers (tight junc-
tions and mucin secretion) and the immune system, protect the
normal colon from infection by most microorganisms, includ-
ing viruses (42).

We hypothesized that unlike the normal colon, the carci-
noma tissue may be susceptible to preferential infection by
several viruses. The rationale for a possible differential suscep-
tibility of malignant tissues to viral infection may include an
altered cell cycle, extracellular matrix modifications, such as
diminished mucin-2 secretion, and changes in cell receptor
expression and polarity (16, 19, 27).

In the present study, we describe the molecular interactions
of HSV-1 with the normal colon and respective malignant
tissues of mouse and human origin. In contrast to nonselective
infection of the malignant and normal tissues by adenovirus
and lentivirus, we found that HSV-1 specifically infects carci-
noma tissues. We further show that this cancer-specific tropism
is due mainly to a decrease of extracellular matrix components,
including collagen and mucin molecules, compared with those
in the normal colon. Furthermore, direct injection of HSV-1
into colon carcinoma tissue combined with ganciclovir treat-
ment in a mouse model resulted in a specific inhibition of
tumor growth. Taken together, these findings define, for the
first time, the molecular interactions of HSV-1 with the normal
colon and corresponding carcinoma tissue and set the back-
ground for further development of this oncolytic virus as a
colon carcinoma-specific agent.

MATERIALS AND METHODS

Cells. Cell lines were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum (FCS), 1% minimal essential medium
vitamin solution (Biological Industries, Beit Haemek, Israel), penicillin (100
U/ml), and streptomycin sulfate (100 wg/ml) at 37°C in 5% CO,. The cell lines
used in this work were the BALB/c mouse colon carcinoma line CT26, obtained
from Y. Keisari, Tel Aviv University, human kidney 293T cells, and monkey
kidney Vero cells.

Vectors. HSV 17+/pR20.5/5 contains the B-galactosidase (B-Gal) gene under
the control of the Rous sarcoma virus (RSV) promoter and the green fluorescent
protein (GFP) gene under the control of the cytomegalovirus (CMV) promoter,
and it is referred to as HSV-(RSVB-gal). Both genes were inserted at the Us5
gene locus and are expressed constitutively. It was previously shown that inacti-
vation of Us5 does not otherwise affect virus growth in vitro or virulence or the
kinetics of latency in vivo (50).

HSV-1/VP26-GFP is a recombinant HSV-1 strain 17 that expresses the capsid
protein VP26 as a fusion with GFP (18). The virus was provided by D. Knebel-
Morsdorf (Max-Planck-Institute for Neurological Research, University of Co-
logne, Cologne, Germany).

HSV-1 was propagated in Vero cells, harvested from the cell pellet, purified on
a 10% sucrose cushion, and titrated on Vero cells (1).

Adenovirus Ad5CMVlacZ, containing the B-Gal gene under the control of the
immediate-early CMV promoter and deleted of the E1A gene, is a replication-
defective virus propagated in 293 cells that express E1A (36). The virus was
propagated, purified, and concentrated as described before and then titrated on
Vero cells (1).

Lentiviral pseudotype vectors were produced by cotransfection of 293T cells
essentially as described previously (34), using a packaging plasmid (p)CMVARS.9),
a plasmid encoding the envelope glycoprotein of vesicular stomatitis virus
(pMDG), and the transfer plasmid pHR-NLS-LacZ, encoding B-Gal under
the control of the phosphoglycerate kinase promoter. Infectious lentiviruses
were harvested at 48 and 72 h posttransfection, filtered through 0.45-pm-
pore-size filters, propagated, purified, and concentrated as described before,
and titrated on 293T cells (1).

All viruses were purified by sedimentation through a 10% sucrose cushion for
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2 h at 4°C. The virus pellet was suspended in phosphate-buffered saline (PBS)
and kept at —70°C.

Tissues. Human tissues were obtained within 2 h of surgery (under approval
20-01/08/03 of the Hadassah Hospital IRB committee). For preparation of organ
cultures from mouse orthotopic colon tumors, BALB/c mice were anesthetized
with ketamine-xylazine and injected with colon carcinoma CT26 cells through the
rectum into the colon mucosa and submucosa (2 X 10° cells/50 pl PBS) or
subcutaneously (s.c.) into the low lateral side of the back (1 X 10° cells/100 p.l
PBS). Orthotopic colon tumors usually developed after 3 weeks, and s.c. tumors
developed in 10 days. Mice were sacrificed, and the normal colon and adjacent
tumor tissues were harvested and prepared for ex vivo organ culture.

Organ cultures. Normal and tumor tissues of human and mouse (BALB/c
male mice [6 to 7 weeks old]) origin were washed five times in supplemented
hormonal epithelial medium (SHEM) (the normal mouse colon lumen was first
opened with scissors, and tissues were cut in a microtome [TC-2 tissue sectioner;
Sorvall Corp.] into 500-wm-thick slices). Tissues were incubated at 37°C in 5%
CO, (5 slices/well in a 48-well plate) (14, 22) in SHEM. The organ culture
medium was SHEM (5), consisting of a 1:1 mixture of Dulbecco’s modified
Eagle’s medium and Ham’s F12 medium with 5% FCS, 10 mM HEPES, 0.5%
dimethyl sulfoxide, 0.5 pg/ml hydrocortisone, 1% minimal essential medium
vitamin solution (Biological Industries, Beit Haemek, Israel), 5 wg/ml insulin, 5
pg/ml transferrin, 5 ng/ml selenium, 2 ng/ml epidermal growth factor, 100 U/ml
penicillin, 100 pg/ml streptomycin, 15 wg/ml gentamicin, and 15 pg/ml cipro-
floxacin (Ciproxin).

Infection of organ cultures. Organ culture tissues were infected with viruses in
300 pl SHEM/well in a 48-well plate. At 2 hours postinfection, 5% FCS was
added to the medium, and tissues were incubated for a further 22 h at 37°C in 5%
CO, (22).

Tumor volume. Mice were inoculated s.c. with CT26 cells (10° cells/100 pl
PBS) in the low lateral side of the back. Local tumor growth was determined by
measuring three mutually orthogonal tumor diameters with a caliper. The vol-
ume (V) of the tumors was calculated using the formula V' = D1 X D2 X D3 X
/6, where D1, D2, and D3 represent the three mutually orthogonal tumor
diameters (35).

MTT cell viability assay. The MTT cell viability assay is based upon the ability
of mitochondrial dehydrogenase to convert MTT substrate (3-[4,5-dimethylthia-
zol-2-yl-2,5-diphenyltetrazolium bromide]) (Sigma Corp.) into a blue formazan
product. Tissue slices were incubated with the MTT substrate for 60 min at 37°C,
followed by the addition of 500 wl ethanol to dissolve the product colored
crystals. Samples were read using an enzyme-linked immunosorbent assay plate
reader (Organon Teknika, The Netherlands) at a wavelength of 540 nm in
reference to 650 nm (55). For protein determination, the same organ slices
(ethanol extracted) were dissolved with lysis buffer (200 wl PBS, 0.1% Triton
X-100), freeze-thawed twice, and sonicated, and the extract was clarified by
centrifugation (3,000 X g for 10 min). The protein content of extracts was
determined by the Bradford assay (6). Cell viability was determined after cor-
rection for the protein content of extracts. The amount of color produced is
proportional to the number of viable cells.

X-Gal staining of tissues for in situ B-Gal detection. Colon organ cultures
were fixed for 10 min in 0.2% glutaraldehyde, 2% formaldehyde, and 2 mM
MgCl, in PBS (pH 7.4), washed in PBS, and incubated for 1 h at 37°C in 5 mM
potassium ferrocyanide, 5 mM potassium ferricyanide, 2 mM MgCl,, and 20 mg
X-Gal substrate (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside), followed
by fixation with 4% formaldehyde (7).

Beta-Glo assay for B-Gal quantitative analysis. Infected organ culture tissues
were extracted with lysis buffer (100 pl PBS, 0.1% Triton X-100), freeze-thawed
three times, sonicated, and homogenized. The extract was clarified by centrifu-
gation (3,000 X g for 10 min). Supernatant extracts were added to Beta-Glo
substrate (20 pl) according to the manufacturer’s instructions (Promega Corp.).
Beta-Glo serves as a substrate for -Gal, and the product serves as a substrate for
the luciferase enzyme present in the assay mixture. Luciferase activity was ex-
amined with a luminometer (Mithras-LB940; Berthold Corp.). B-Gal enzyme
specific activity was determined by correction for the protein content of the organ
cultures by the Bradford assay (6).

Histological analysis. Colon tissues were fixed in buffered formaldehyde (4%)
and embedded in paraffin. Five-micrometer sections were stained with nuclear
fast red stain, hematoxylin and eosin, or Masson Trichrome (Bio-Optica Co.)
(24).

Mucin staining. We used laser scanning confocal microscopy to examine
mucin by incubating colon tissue slices with 20 pg/ml of fluorescent tetramethyl
rhodamine isocyanate conjugated to lectin from Ulex europaeus (Sigma Corp.)
for 30 min at room temperature for mucin-like glycoprotein staining as described
previously (17).
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FIG. 1. Viability of human colon tissues in organ culture. Human
normal colon and colon carcinoma tissues were obtained from the
surgery room in accordance with approval no. 20-01/08/03 of the in-
stitutional review board of Hadassah Hospital. Organ cultures were
prepared as described in Materials and Methods and incubated for the
indicated times. (A and B) Histological sections (5 pm) were prepared
from organ cultures of human colon carcinoma tissues immediately
after obtaining them from the surgery room and at 0 h and 30 h
postculture. The slides were stained with hematoxylin and eosin. A
mucin-producing human carcinoma is shown in panel B, displaying the
mucin layer. Mucin is evident by typical bluish gray acellular material.
Carcinoma cells are indicated by arrows, and mitotic cells are indicated
by an arrowhead. (C) An MTT viability assay was carried out and
corrected for the protein content of the human tissue as described in
Materials and Methods. Pretreatment of the tissues with 70% ethanol
resulted in a loss of viability and consequently eliminated MTT activity.
Data are means = SD (n = 6).

Preparation of mucin. Mucin was prepared essentially as described by Chen et
al. (11). In brief, mouse intestines were harvested, cut into wide sections, and
washed 10 times with SHEM, and the mucin layer was scraped with a scalpel
from the lumen and suspended in PBS. The turbid solution was vortexed for 10
min and then centrifuged at 27,000 X g for 25 min at 4°C. The upper clear
supernatant was collected and frozen at —70°C.

Statistical analyses. All data are presented as means = standard deviations
(SD). Statistical differences among groups were assessed with a two-tailed Stu-
dent ¢ test. P values of <0.05 were considered significant and are marked in the
figures by asterisks.

RESULTS

Organ cultures from normal and malignant human colon
tissues. Organ cultures were prepared from human colon tis-
sues, maintaining the interactions of the epithelial and mesen-
chymal layers in their native spatial organization. To ensure
the viability of these organ cultures over the duration of the
experiments, histology analysis was performed both immedi-
ately after preparation of organ cultures and after 30 h of ex
vivo incubation (Fig. 1A). A similar morphological appearance
of colon carcinoma tissue at zero time and after 30 h in culture
was noted. Moreover, close examination of the epithelial layer
revealed mitotic cells after 30 h of incubation ex vivo (Fig. 1A,
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arrowhead), indicating the viability of these cultures. The co-
lon carcinoma tissue specimen presented in Fig. 1B is a mucin-
secreting adenocarcinoma representative of about 10% of all
human colon carcinomas, which secrete mucin like normal
colon tissue (9). Mucin is evident by typical bluish gray staining
of the acellular material. To further validate the viability of the
organ cultures, the MTT assay was applied. The results shown
in Fig. 1C demonstrate stable dehydrogenase enzyme-specific
activity in both the carcinoma and normal human colon tissues,
indicating tissue viability during the first 30 h of organ culture,
a longer duration than that previously described for the mouse
colon and colon carcinoma (22). Thus, colon organ culture of
both human and mouse origin is a valid system with which to
study ex vivo viral infection and gene transfer.

HSV-1 preferentially infects human and mouse colon carci-
nomas compared to normal colon tissues. To compare HSV-1
tropism for the normal human colon with HSV-1 tropism for
colon carcinomas, tissues were prepared for organ culture and
infected with HSV-1 for 24 h. Two reporter genes, those en-
coding GFP and B-Gal, carried by the HSV-1 vector, were used
simultaneously to observe and quantify infection. Since the
human tumor tissues of different donors varied with respect to
viability and the relative positions of the tumor and the adja-
cent normal tissue, we repeated the experiment with tissues
from 18 patients. For 16 of the 18 patients, there was strong
GFP and B-Gal expression in the tumor, while expression in
the normal colon was minimal. Representative results of viral
infection of tissues from 4 of the 16 patients (patients 1 to 4)
are presented in Fig. 2A. It is clear that HSV-1 preferentially
infected the colon carcinoma tissues compared to the normal
colon. The qualitative observation was supported by a quanti-
tative analysis of B-Gal expression, determined with crude ex-
tracts derived from the infected organ cultures (Fig. 2B and C).
Reporter enzyme activity was corrected for the protein content
of the individual tissue in order to reduce variability due to
differences in the sizes of the organ culture slices. The specific
activity of the B-Gal enzyme was significantly higher (3- to
10-fold) in extracts derived from carcinomas than in those
derived from normal colon tissues from two representative
patients. Histological analysis of the infected colon cancer tis-
sue after X-Gal staining indicated infection of the carcinoma
cells.

To elucidate the mechanisms responsible for the remarkable
selectivity of HSV-1 for colon cancer, as shown in Fig. 2, an
experimental system of higher consistency was required. To
this end, we applied an organ culture system of mouse colon
tissues. Colon carcinoma tissues were obtained after injection
of CT26 mouse cells, either directly into the colon to create an
orthotopic tumor or s.c. After tumors developed, organ cul-
tures were prepared. Similar to the human setting, the results
presented in Fig. 3A (panels I to III, VI, and VII) indicate a
significantly higher level of infection of HSV-1 in the s.c. and
orthotopic carcinoma organ cultures than in the normal colon
organ cultures. Interestingly, infection of an organ culture en-
compassing the border of the orthotopic carcinoma and colon
tissues resulted in enhanced expression of the B-Gal reporter
gene in the area of the tumor (Fig. 3A, panel III, white circle).

Histological analysis of the infected tissues, with staining by
X-Gal, further confirmed the finding that the normal colon, in
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FIG. 2. HSV-1 preferentially infects human colon carcinoma tis-
sues compared to the normal colon. Organ cultures were prepared
from human normal colon and colon carcinoma tissues of 18 patients
as described in the legend to Fig. 1, and infection was carried out for
24 h with HSV-1 (2 X 10° IU/well), as described in Materials and
Methods. (A) Organ cultures were taken at 24 h postinfection, exam-
ined for B-Gal expression by X-Gal staining in situ (patient 1) and for
GFP expression (patients 2, 3, and 4), and photographed at a magni-
fication of X100. Results of a representative experiment with tissues
from 4 of 16 patients examined are presented. (B and C) Specific
activity of B-Gal enzyme in organ cultures at 24 h postinfection was
measured using a Beta-Glo kit (Promega) and normalized for protein
content as described in Materials and Methods. Data reflect means *
SD (n = 6 replicates).

contrast to carcinoma tissue, is resistant to HSV-1 infection
(Fig. 3B).

It should be noted, however, that HSV-1 infection of the
carcinoma tissue in organ cultures for 24 h was localized to the
surface of the tissue, with poor penetration to the inner layers.

To further validate the preferential infection of HSV-1 in
carcinomas in both murine and human tissues, we compared it
with adenovirus, which is known to infect carcinomas and the
normal colon equally well, and with lentivirus (22). Quantita-
tive and qualitative analyses of B-Gal enzyme expression in the
infected tissues recapitulated the unique tropism of HSV-1 for
the malignant colon, in contrast with both adenovirus and
lentivirus vector. While adenovirus and lentivirus infected the
normal and carcinoma tissues of mice (Fig. 3D and E) and
humans (data not shown) equally well, HSV-1 preferentially
infected the carcinoma tissue (Fig. 2A and 3C and E). These
observations indicate that HSV-1 is the preferential viral vec-
tor for infection of colon carcinomas compared to other ex-
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amined viral vectors and that, in contrast to other vectors, it
does not adversely affect the normal colon tissue.

Determinants responsible for resistance of normal colon to
HSV-1 infection. The relative resistance of normal colon tis-
sues to HSV-1 infection could be a consequence of any of three
restriction levels. First, a specific intracellular block to the
replication cycle of the virus in the normal colon may exist.
Second, different levels of a receptor(s) may facilitate viral
entry. Third, extracellular restriction may exclude the virus
from the cellular receptors. To examine the first possibility, we
treated the colon and carcinoma tissues with acyclovir at a
concentration (20 wM) that completely blocks HSV-1 DNA
replication in both organ culture and cell lines (data not
shown). Acyclovir does not affect tissue viability and does not
interfere with B-Gal expression by the incoming parental
DNA, as the RSV constitutive promoter acts independently of
virus DNA replication (50). Both the qualitative and quanti-
tative results indicated a relatively mild inhibition of B-Gal
expression by acyclovir in the carcinoma tissue (Fig. 4A and B).
It appears from these results that replication of viral DNA
during the infection time (24 h) is minimal, suggesting that
earlier steps of infection are likely to be involved in the pref-
erential infection of carcinoma tissue.

We next investigated extracellular barriers that may inter-
fere with HSV-1 infectivity in normal colon tissue. We focused
on collagen, a major constituent of the extracellular matrix,
and on the mucin layer of colon epithelium, which consists
mostly of the mucin-2 glycoprotein (2, 9, 27). It should be
noted that the mucin layer is maintained in colon organ cul-
tures, as shown directly by specific mucin staining in Fig. SE.
Pretreatment of normal colon tissue with collagenase signifi-
cantly enhanced HSV-1 infectivity (Fig. 5A, panel III). Re-
moval of the mucin layer by mechanical scraping of the epi-
thelial aspect of the colon or by treatment of the tissue with a
reducing agent (dithiothreitol [DTT]) known to disrupt the
mucin layer (4) also increased HSV-1 infection (Fig. 5A, pan-
els IV and V). Finally, partial digestion of the colon tissue with
collagenase followed by scraping of the mucin layer appeared
to be most effective at stimulating HSV-1 infection (Fig. 5A,
panel VI). To discard the possibility that increased HSV-1
infectivity following DTT and scraping treatments of the nor-
mal colon was due to disruption of epithelial integrity, we
treated the colon with the chelating agent EGTA, which is
known to break epithelial cell-cell connections (25). No effect
of EGTA was observed (data not shown).

Quantitative analysis of B-Gal expression in the normal co-
lon tissue further supported the inhibitory effects of collagen
and the mucin layer upon viral infection (Fig. 5B). Of special
note, treatment of the carcinoma tissue in organ culture with
collagenase or removal of the mucin by DTT had only a mar-
ginal effect on HSV-1 infectivity (Fig. 5C).

To directly test whether there is a difference in collagen
content between the normal colon and carcinoma tissues, re-
spective histological sections were stained with Masson
Trichrome, by which collagen fibers are specifically stained
blue (24). The slides presented in Fig. 5D show positive colla-
gen stains in the muscle and mucosa layers. Note that partial
digestion with collagenase, while maintaining the basic struc-
ture of the normal colon, practically eliminated collagen from
the tissue. In contrast, the colon carcinoma tissue was hardly
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FIG. 3. HSV-1 preferentially infects mouse colon carcinoma tissue compared to the normal colon. Orthotopic and s.c. colon carcinoma tissues
and normal colon tissues of BALB/c mice were prepared for organ culture as described in Materials and Methods. Tissues were infected for 24 h
with HSV-1 (2 X 10° IU/well) as described in Materials and Methods. (A) (I to V) Mock-infected and infected organ cultures were taken for in
situ examination of B-Gal expression by X-Gal staining. Blue spots represent infected cells and are indicated by arrows. (VI and VII) GFP
expression in situ. Magnification, X100. (B) HSV-1-infected organ cultures were stained with X-Gal and taken for paraffin sections. Histological
sections (5 wm) were prepared from organ cultures of normal and tumor tissues and stained with nuclear fast red stain as described in Materials
and Methods. Blue spots represent infected cells and are indicated by arrows. Magnification, X100. (C, D, and E) Organ cultures were infected
for 24 h with HSV-1 or adenovirus (orthotopic organ cultures) or with HSV-1 and lentivirus (s.c. organ cultures), all at 2 X 10° IU/well, as described
in Materials and Methods. Infected organ cultures were analyzed for 8-Gal enzyme specific activity by the Beta-Glo assay as described in Materials
and Methods. Data reflect means = SD (n = 6 replicates). Results are representative of three independent experiments.

stained for collagen. To determine whether there is a differ-
ence in mucin secretion between the normal colon and carci-
noma tissues, both colon and carcinoma tissues were stained
for mucin (Fig. SE) (17). Note the extensive red staining of the
mucin layer in the normal colon organ, in contrast to weak
staining after treatment with DTT, indicating partial removal
of this mucin layer. In comparison, there was very weak stain-
ing of mucin in the carcinoma tissue.

Taken together, these data highlight the role of a number of
extracellular components in the normal colon, but not in the

carcinoma tissue, which lost these extracellular components, in
protecting the tissue from HSV-1 infection.

The mucin layer in the lumen of the colon may block HSV-1
infection either by serving as a physical barrier to protect the
epithelial cell layer or via specific binding to viral particles. To
differentiate between these two possibilities, crude mucin pre-
pared from the mouse colon was mixed with a virus particle
preparation. Next, viral adsorption and infectivity were tested.
To examine the inhibition of virus adsorption to cells following
mixing with mucin, we applied the HSV-1/VP26-GFP strain,
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FIG. 4. The preferential infection of colon carcinoma tissues by HSV-1 is not due to enhanced viral replication. Colon carcinomas (s.c.) and
normal colons of BALB/c mice were prepared for organ culture and infected with HSV-1 as described in Materials and Methods. (A) GFP
expression in situ. Organ cultures were infected for 24 h with HSV-1 (2 X 10° TU/well), without acyclovir (IT and V) or with acyclovir (20 uM)
(IIT and VI). Acyclovir at 20 M was found to prevent HSV-1 replication and progeny virus in both Vero cells and colon tissues (data not shown).
Green spots represent infected cells and are indicated by arrows. Magnification, X100. Acyclo., acyclovir. (B) Quantitative analysis of infection.
Organ cultures at 24 h postinfection were analyzed for B-Gal enzyme by using the Beta-Glo assay and normalized for protein content as described
in Materials and Methods. Data reflect means = SD (n = 6 replicates). Results are representative of three independent experiments. The asterisk
indicates that infection of colon carcinomas treated with acyclovir was significantly enhanced (P < 0.05) compared to that of acyclovir-treated

normal colons.

whose virions are fluorescent due to the incorporation of the
capsid fusion protein VP26-GFP (18). Adsorption of HSV-1/
VP26-GFP particles to cells in culture at 4°C was detected with
a fluorescence confocal microscope (Fig. 6A, 0.5 h, green
spots). Pretreatment of the virus preparation with crude mucin
effectively inhibited fluorescent viral particle adsorption to the cell
layer compared with that of the control without mucin (Fig. 6A).
To test the effect of mucin on viral infectivity, the experiment
described above was repeated, but infected cell cultures were
incubated at 37°C for 18 h to facilitate HSV-1/VP26-GFP viral
replication. The results depicted in Fig. 6A clearly show a reduc-
tion of fluorescent VP26-GFP synthesis in cells infected with a
virus preparation pretreated with mucin. The effect of mucin on
HSV-1/VP26-GFP virion adsorption to colon tissue in organ cul-
ture was also tested (Fig. 6B). HSV-1/VP26-GFP was added to a

colon organ culture for 1 h at 4°C, and adsorption of fluorescent
virions to the colon tissue was observed with a fluorescence con-
focal microscope. The results indicated that most of the virus
particles (green spots) were absorbed to the mucin layer. On the
other hand, adding the virus to carcinoma tissue lacking the mu-
cin layer resulted in scattered adsorption of the virus through all
areas of the carcinoma tissue (Fig. 6B).

To estimate the potency of crude mucin in blocking HSV-1
infectivity, increasing amounts of mucin were added to the
HSV-1 B-Gal virus preparation (Fig. 6C). Quantitative analysis
of B-Gal expression indicated extensive inhibition of virus in-
fectivity, even after mixing of virus with a low dose of mucin
glycoprotein (0.1 mg/ml). We also found, by direct comparison,
that HSV-1 is inhibited by mucin to a higher degree than is
adenovirus (Fig. 6C).
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FIG. 6. Mucin layer of the colon inhibits HSV-1 infectivity. (A) The mucin layer was isolated from normal colons (BALB/c mice) as described
in Materials and Methods, and the protein suspension (3 mg/0.5 ml) was mixed with recombinant HSV-1 expressing the capsid protein VP26 as
a fusion with GFP (HSV-1/VP26-GFP) (2 X 10° IU). As a control, HSV-1/VP26-GFP was mixed with bovine serum albumin (3 mg/0.5 ml). After
30 min at room temperature, the mixture was diluted with PBS and added to Vero cells (1 X 10° cells/well) for absorption for 30 min at 4°C. Cells
were washed five times with PBS, treated with 3% paraformaldehyde for 5 min, examined directly for HSV-1/VP26-GFP absorption under a
fluorescence confocal microscope, and photographed at a magnification of X400. Green spots represent HSV-1/VP26-GFP viral particle adsorp-
tion to cells and are indicated by arrows. Cells were infected as described above and incubated for 18 h to observe HSV-1 replication by VP26-GFP
protein synthesis. Results are representative of three independent experiments. (B) Adsorption of HSV-1/VP26-GFP to normal colon and
carcinoma tissues. Organ cultures were prepared from normal and carcinoma tissues of BALB/c mice, incubated for 2 h with HSV-1/VP26-GFP
(1 X 107 TU/1.5 ml), washed five times with PBS, and observed for HSV-1/VP26-GFP adsorption under a fluorescence confocal microscope.
Magnification, X100. The mucin layer is indicated by arrows. Green spots represent HSV-1/VP26-GFP viral particles adsorbed to the tissue, as
indicated by the arrowheads. Results are representative of three independent experiments. (C) The mucin layer was isolated from normal colons
(BALB/c mice) as described in Materials and Methods, and the indicated amounts of mucin protein were mixed with HSV-1 (10° IU) and
adenovirus type 5 (10° IU) in a volume of 0.5 ml for 30 min at room temperature. Vero cells were infected with the suspensions, and residual viral
infectivity was determined at 24 h postinfection, as described in Materials and Methods, using a Beta-Glo kit for determining B-Gal enzyme activity.
Control virus, incubated in PBS containing bovine serum albumin (0.4 mg/ml), was taken as 100% infection. Data reflect means = SD (n = 6
replicates). Results shown are representative of three independent experiments.

In conclusion, these results indicate that the mucin layer in
the normal colon adsorbs HSV-1, thereby interfering with vi-
ral-cell receptor interaction.

In view of the inhibitory effect of mucin molecules on HSV-1
infection (Fig. 5 and 6), we reexamined, in retrospect, the
human colon carcinoma samples (Fig. 2) for mucin secretion
and its consequence on viral infection. A pathologist blindly
reexamined 10 of the human carcinoma specimens used in this
work for mucin secretion and designated two of the specimens
as mucin-secreting adenocarcinomas (Fig. 1). Interestingly, or-
gan cultures from the same two tumors could not be infected
by HSV-1.

HSV-1 inhibits the growth of colon carcinomas in vivo. The
ex vivo experiments described above indicated a selective ad-
sorption and infection of HSV-1 in tumor tissues compared
with the normal colon. Next, we examined whether, under in

vivo conditions, colon carcinoma may also be infected prefer-
entially. To this end, we injected HSV-1 (10° infectious units
[IU]) directly into normal colons and s.c. colon carcinoma
tissue in mice. After 48 h of infection, the tissues were har-
vested and rinsed, and the expression of the GFP reporter gene
was examined immediately under a fluorescence microscope
(Fig. 7A). As shown above for organ cultures, expression of
GFP in vivo was much more intense in colon carcinomas than
in normal colons.

We then examined the potential of HSV-1 to inhibit colon
carcinoma growth in vivo. The results shown in Fig. 7B and
C indicate that injection of HSV-1 directly into mouse colon
tumors, combined with ganciclovir treatment, significantly
inhibits tumor development, causing a fourfold decrease in
tumor volume compared to that of mock controls (PBS
injected).
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Taken together, the ex vivo and in vivo studies show a good
correlation and indicate the potential of HSV-1 as a colon
cancer-specific treatment, sparing the healthy colon.

DISCUSSION

Viral tropism in cultured cells is determined by receptor usage
or the presence of intracellular restriction mechanisms. HSV-1,
for example, infects many different cultured cells, derived from
various species, via the ubiquitously expressed receptors herpes-
virus entry mediator, nectin-1, nectin-2, and heparan sulfate mol-
ecules (10, 45). In addition, the replication of HSV-1 is subjected
to the control of intracellular factors, such as the transcription
factor Oct-2, and of cyclin-dependent kinases, especially in neu-
ronal cells (43, 49). Yet the natural host of the virus is humans,
and infection is usually restricted to epithelial cells around the
lip and to the trigeminal ganglia. The different viral tropism in
vivo and in cultured cells implies that while receptors are essential
for viral infection, they are not the sole determinant of infection.
Understanding HSV-1 tropism is important for applications of
the virus as a vector for gene therapy and as an oncolytic virus
against solid tumors (52). To overcome some of the problems
associated with the study of viral tropism in animal models, we
developed an ex vivo organ culture system from normal and
malignant colon tissues and investigated the relative tropism of
HSV-1 vectors for these tissues. A common entry site for many
viruses is the epithelial tissue, which is usually covered with a
mucous layer composed of specific mucin glycoproteins and var-
ious polysaccharides (38, 42, 48).

Our results indicate preferential infection of carcinoma tis-
sues from both humans and mice over the corresponding nor-
mal tissues. Thus, the comparison between human and mouse
colon tissues ex vivo demonstrated the validity of the mouse
tumor model in studies related to HSV-1, which is naturally
not a mouse virus.

A major finding of our study indicates that the preferential
infection of colon carcinomas by HSV-1 is due to the extracel-
lular matrix component. The evidence for this conclusion is as
follows. (i) Enhanced infection was observed in the normal
colon after removal of collagen and mucin extracellular mole-
cules. Infection of the lumen-exposed normal colon was similar
to the level observed for the carcinoma tissue. (ii) Direct in-
hibition of infection was shown upon preincubation of HSV-1
with the isolated mucin fraction. (iii) Direct observation of
HSV-1/VP26-GFP viral particle interaction with the colon in-
dicated that the virus binds to the luminal side of the mucin
layer. (iv) The preferential infection of the carcinoma tissue
was not due to enhanced replication of the virus in tumor cells,
as similar differences were observed in the presence of acyclo-
vir, which blocks HSV-1 DNA synthesis and subsequent rep-
lication. (v) Since most of the data reported here are based on
reporter gene expression, it could be argued that promoter
specificity is responsible for the apparent differential infection
of the colon tissues. However, reporter genes expressed by
either an RSV or CMV constitutive promoter gave identical
results.

Two extracellular components, namely, collagen and mucin
molecules, appear to be critical in the infection of normal
colon tissue of mice and humans. The inhibitory effect of col-
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lagen was demonstrated when enhanced viral infection oc-
curred upon partial removal of the collagen from colon tissue
by collagenase. Collagenase pretreatment may enhance viral
infection either by making the tissue more porous and thus
facilitating HSV-1 penetration into the solid three-dimensional
structure or by removing a dominant inhibitor from the tissue.
Two lines of evidence support the former possibility, as fol-
lows. After collagenase digestion, histology analysis indicated
that the structure of the tissue was more porous, and preincu-
bation of HSV-1 with a purified collagen preparation did not
show any inhibition of HSV-1 infection (data not shown).

A previous study showed that in vivo injection of adenovirus
and HSV-1 vectors into melanomas and glioblastomas, respec-
tively, resulted in localized infection of cells adjacent to the
needle penetration site, with only limited diffusion to distant
cells. Yet the addition of collagenase resulted in enhanced
infection following virus injection (23, 28). Colon carcinoma
tissues were found to produce much less collagen than the
normal colon, and this could be one reason for the preferential
infection of the carcinoma tissue. It should be noted that some
human colonic carcinomas contain abundant collagen extracel-
lular matrix (22), and in such cases, application of HSV-1 as an
oncolytic virus may not be advisable.

Mucin is the second component that interferes with infec-
tion of the normal colon. The inhibitory effect of mucin was
demonstrated both by removal of the mucous layer from the
lumen of the colon and by direct inhibition of viral infection
upon preincubation of the virus with an isolated mucin prep-
aration. Moreover, direct observation of HSV-1/VP26-GFP
particle interaction with the colon indicated binding to the
mucosal luminal side of the colon. We therefore suggest that
the mucous layer acts both as a direct inhibitor of the virus and
as a physical barrier against infection of the epithelial cell
layer. While most human colon carcinomas do not produce
mucin, 10% of carcinomas are mucin positive. We analyzed
carcinoma tissues derived from 18 patients in this study and
observed that two of the tissue samples were poorly infected
with HSV-1 in organ culture. Consequently, we obtained tissue
slides of 10 samples used in the present work from the archive
of the pathology department, and we observed that the two
poorly infected tissues were indeed mucin positive. This anal-
ysis further validates the role of mucin in restricting HSV-1
infection in human colon tissues. In contrast to HSV-1, ade-
novirus did not exhibit preferential infection of colon carcino-
mas compared to the normal colon. Removal of the mucin
layer from the colon did not enhance the infection of adeno-
virus. We suggest that adenovirus infection in the normal colon
may be blocked at the level of CAR, which is known to be
expressed on the basolateral side of the epithelium (53). The
finding that adenovirus does not efficiently infect the carci-
noma tissue may be explained by down-regulation of the CAR
receptor in the tumor tissue (20).

Earlier research on the application of HSV-1 as an oncolytic
virus employed engineered herpesvirus vectors with the ability
to replicate selectively in cancer cells due to intracellular dif-
ferences from normal cells. Several viral genes (i.e., the thy-
midine kinase, ICP6, ribonucleotide reductase, and v34.5
genes) were mutated in order to facilitate preferential replica-
tion in tumor cells and to attenuate virus neurovirulence (12,
13, 26, 31, 52). In addition, viruses were engineered to express
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cytotoxic genes, cytokines, and viral genes under the control of
a tumor-specific promoter (32, 37, 52, 54).

In this work, we describe a new principle of viral selectivity,
i.e., extracellular differences between tumor and normal tissues
lead to selective infectivity of the tumor tissue.

The combination of extracellular and intracellular differ-
ences between normal and carcinoma tissues can now be ex-
ploited to improve the efficacy and safety of oncolytic viruses.

The new insights derived from this work may be applied to
the design of clinical trials for colon carcinoma therapy. While
colorectal metastases to the liver constitute an advanced stage
of the disease associated with a poor prognosis, we focused in
this study on localized rectal cancer. Rectal carcinoma is a
subtype of colon cancer and is one of the most common tumors
in human subjects. It poses significant therapeutic challenges,
primarily related to preserving anal sphincter anatomy and
function, which are critical to maintenance of a normal life-
style. These efforts include treating the patient with chemo-
and radiotherapy prior to surgery. The goal is to decrease the
tumor mass and allow a less radical and mutilating operation
(40). However, chemo- and radiotherapies are time-consuming
and are associated with severe side effects. These concerns and
the ability to approach the tumor directly with relative ease
make rectal carcinoma an ideal target for oncolytic viral ther-
apy. Indeed, we showed that direct injection of HSV-1 into
implanted colon carcinomas in mice, combined with ganciclo-
vir treatment, effectively reduced tumor masses.

Some of the findings described here appear relevant to viral
interactions with additional epithelial tissues, such as those in
the lungs, kidneys, and skin. These tissues are also potential
targets for virally mediated gene therapy and oncolysis.
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