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Abstract

The purpose of this study was to determine whether
systemic administration of interferon-alpha (IFN-a)
can inhibit liver metastasis produced in nhude mice by
human colon cancer cells. KM12L4 (IFN-a-sensitive)
or KM12L4 IFN® (IFN-q-resistant) cells were injected
into the spleen of nude mice. Seven days later, the mice
were treated with subcutaneous (s.c.) injections of IFN-
a (70,000 units/week) at different dosing schedules (1,
2, or 7 times/week). Significant inhibition of tumor
growth, vascularization and expression of basic fibro-
blast growth factor (bFGF) or matrix metalloproteinase -
9 (MMP-9) mRNA and protein occurred in mice given
daily injections of IFN-«. Kinetic analysis of therapy
showed that daily s.c. administrations of 10,000 units of
IFN-a induced apoptosis in liver metastasis—associated
endothelial cells, followed by inhibition of tumor cell
division and apoptosis of tumor cells. These data
suggest that the antiangiogenic activity of IFN-«a-2a
depends on frequent administration of the optimal
biologic dose. Neoplasia (2001) 3, 154—164.
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Introduction

Colorectal cancer is the fourth most common malignancy in
the United States and the second leading cause of death from
cancer [1]. The major cause of death from colon cancer is
hepatic metastases that are resistant to conventional thera-
pies [2,3]. The process of metastasis consists of multiple
sequential and selective steps. To produce metastasis, tumor
cells must invade into the vasculature, disseminate to distant
organs, arrest in capillary beds, extravasate into the organ
parenchyma, and proliferate [3]. The growth of neoplasms
and production of metastasis depend on induction of adequate
and new blood supply, i.e., angiogenesis. The extent of
angiogenesis is determined by the balance between proan-
giogenic molecules, including basic fibroblast growth factor
(bFGF) [4-6], interleukin-8 (IL-8) [7], type IV collage-
nase [6—8], and vascular endothelial growth factor/vascular
permeability factor (VEGF/VPF) [9,10], and by antiangio-

genic molecules, such as interferon-alpha (IFN-«) and -beta
(-8), which are released by both tumor cells and host cells
[11,12]. After being discovered in the 1950s on the basis of
their antiviral activities [13], studies of the IFNs revealed that
they also control cell growth and differentiation [14,15].
Recently, IFN-« and - have also been shown to down-
regulate the expression of several proangiogenic molecules,
such as bFGF [12,16,17], matrix metalloproteases (MMP -2
andMMP-9) [16—-19],andIL-8 [20,21], andto activate host
immune cells [22—-24].

Pharmacokinetic studies have demonstrated that in the
circulation of patients, the half-life of IFNs is on the order of
minutes [25]; the resulting lack of sustained therapeutic
levels [25,26] may be responsible, therefore, for the
disappointing results of using IFNs to treat solid neoplasms
in humans [14,15,22,23]. We recently reported that daily
administration of an optimal biologic dose of human IFN-« to
nude mice bearing human bladder cancer cells (implanted
into the bladder wall) produced a significant downregulation
of bFGF MMP-2/-9 and IL-8 that was associated with
significant regression of the disease, whereas intermittent
administration of high doses of IFN-a was ineffective
[16,17]. Because the expression levels of bFGF, IL-8, and
MMPs correlate with the malignant potential of human colon
carcinomas [27,28], we wished to determine whether
downregulation of these genes by systemic administration
of IFN-«a could inhibit production of liver metastasis. We
developed a reliable preclinical in vivo model to study the
biology and therapy of human colon carcinoma [29]
subsequent to implantation of KM12L4 human colon carci-
noma cells into the spleen of nude mice; this highly metastatic
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human colon cancer produces numerous experimental
hepatic metastases that express high levels of bFGF,
MMP-9, and IL-8 [28]. We used this model to demonstrate
that systemic administration of human IFN-« can inhibit
angiogenesis — hence the metastatic potential of colon
cancer — by downregulating proangiogenic molecules and
inducing apoptosis in liver endothelial cells.

Materials and Methods

Cell Culture

The highly metastatic human KM12L4 colon carcinoma
cell line was isolated from a rare liver metastasis produced
by the KM12C low metastatic cell line [29,30]. The cell line
was maintained as a monolayer in Eagle’s minimum
essential medium (MEM) with 10% fetal bovine serum
(FBS), vitamins, sodium pyruvate, L-glutamine, and non-
essential amino acids. The KM12L4 IFN® cell line was
isolated from the KM12L4 cell line by prolonged culture with
increasing concentrations of IFN-«a-2a. The adherent
monolayer cultures were maintained at 37°C in a humidified
atmosphere containing 5% CO,. The cultures were free of
mycoplasma, reovirus type 3, pneumonia virus of mice, K
virus, encephalitis virus, lymphocyte choriomeningitis virus,
and lactate dehydrogenase virus.

In Vitro Cytostasis Assay

Tumor cells (1x10%) were seeded into 38-mm? wells of
96-well flat-bottomed plates in quadruplicate and allowed to
adhere overnight. The cultures were washed and refed with
medium (control) or medium containing different concentra-
tions of IFN - «. After 6 days, the antiproliferative activity was
determined by the 3- [4,5-dimethylthiazol-2-yl] -2.5-diphe-
nyltetrazolium bromide (MTT) assay [31] using an MR-
5000 96 - well microtiter plate reader at 570 nm. Percentage
of cytostasis was calculated by the formula: (1-[A/B]) x100
where A is the absorbance of cells incubated with IFN-« and
B is the absorbance of cells incubated in control medium.

Elisa for bFGF

The level of bFGF protein in cells and serum was analyzed
by the Quantikine ELISA kit (R&D Systems, Minneapolis,
MN). The concentration of bFGF in the samples was
determined by comparing their absorbance with a standard
curve. The minimum detectable level of bFGF by this assay is
1 pg/ml [12,32].

Mice

Male athymic BALB/c nude mice were obtained from the
Animal Production Area of the National Cancer Institute-
Frederick Cancer Research Center (Frederick, MD). The
mice were maintained under specific pathogen-free condi-
tions in facilities approved by the American Association for
Accreditation of Laboratory Animal Care and in accordance
with current regulations and standards of the United States
Department of Agriculture, United States Department of
Health and Human Services, and the National Institutes of
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Health. The mice were used according to institutional
guidelines when they were 8—10 weeks of age.

Experimental Liver Metastasis

To produce hepatic metastases, cultures (50% conflu-
ence) of KM12L4" cells were given fresh medium 24 hours
before harvest by brief treatment with 0.25% trypsin—0.02%
EDTA. Only single-cell suspensions with a viability exceed-
ing 90% (trypan blue) were used for the in vivo studies.
Nude mice anesthetized with pentobarbital sodium were
placed in a supine position. A midline abdominal incision was
made and the spleen exteriorized. The incision was closed in
one layer with wound clips [29]. Tumor cells (1x10°/
mouse) were injected into the spleen, and at the end of the
study, the mice were euthanized. Livers were removed and
placed in Bouin’s solution. The number of experimental liver
metastases was determined with the aid of a dissecting
microscope. The number of liver lesions smaller than 1 mm
in diameter was determined in representative sections
stained with H and E using a light microscope.

Systemic In Vivo Therapy with Human IFN-« -2a

A fixed daily dose of 1000 or 10,000 units of IFN-«-2a
was given to nude mice bearing experimental liver metas-
tases. Therapy started on day 7 after tumor cell implantation.
Groups of mice (n=10) were injected subcutaneously (s.c.)
with saline (control) or IFN-a-2a (specific activity, 6x10°
IU/mg of protein) according to the schedule shown in Table
1. The treatment continued for 5 weeks. On day 42, the mice
were euthanized. To evaluate the presence of tumor, the
livers were removed, weighed, and processed for histologic,
immunohistochemical, and in situ hybridization (ISH)
analyses. In one experiment, mice (n=10) were treated
with daily s.c. injections of saline or IFN-« at 10,000 U/dose
beginning 7 days later. On days 14, 21, and 28, three mice
from each group were euthanized and their livers processed
for immunohistochemical assay.

Histologic and Immunohistochemical Analysis
Livers that contained colon cancer metastases were
divided into fragments and placed in either 10% (vol/vol)

Table 1. Inhibition of Angiogenesis and Human KM12L4 Colon Cancer in
Nude Mice by IFN-a.

IFN - o Treatment* Liver Metastasis Serum bFGF Microvessel

Dose Schedule Incidence’ Liver wt (g) (pg/mi)’ Density*
(Units) Mean+SD

Saline Daily 9/10 1.74+£0.2 206 59+4
70,000 1xweek 9/10 1.45+04 232 51+6
35,000 2xweek 8/10 1.37+0.2 175 53+3
10,000 Daily 1/10% 1.2+0.29 141 3537

*KM12L4 cells (1x10°) were injected into the spleen of nude mice. Therapy
began on day 7. Mice were euthanized on day 42.

Determined by ELISA.

Microvessel density was determined by identifying tumor areas showing the
most intense CD-31 staining. Mean number of vessels+SD per 20
100xfields.

SNumber of tumor - positive mice/number of mice injected.

YP<.01 versus control.
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neutral formalin or OCT compound (Miles Laboratories,
Elkhart, IN) to be snap-frozenin liquid nitrogen. For histologic
studies, consecutive 5- um sections were stained with H and
E. For immunohistochemical analysis, frozen sections (10
um) were fixed with cold acetone. Tissue sections (5 um) of
formalin-fixed, paraffin-embedded specimens were depar-
affinized in xylene, rehydrated in graded alcohol, and
transferred to PBS. The slides were rinsed twice with PBS,
and endogenous peroxidase was blocked by the use of 3%
hydrogen peroxidase in PBS for 12 minutes. Nonspecific
reactions were blocked by incubating the sections for 20
minutes at room temperature with a solution containing 5%
normal horse serum and 1% normal goat serum. Excess
blocking solution was drained and the slides were incubated
overnight at 4°C with the appropriate dilution (1:400) of
monoclonal mouse anti—CD-31 antibody (Pharmingen, San
Diego, CA), a 1:25 dilution of a rabbit polyclonal anti—IL-8
antibody (Biosource International, Camarillo, CA), a 1:500
dilution of rabbit polyclonal anti-bFGF antibody (Sigma
Chemical, St. Louis, MO), a 1:1000 dilution of rabbit
polyclonal anti-VEGF/VPF antibody (Santa Cruz Biotech,
Santa Cruz, CA), a 1:50 dilution of rabbit polyclonal anti—
MMP-9 antibody (Calbiochem, La Jolla, CA), or a 1:50
dilution of a mouse monoclonal antiproliferative cell nuclear
antigen (PCNA) -PC10 antibody (Dako, Carpinteria, CA).

The samples were then rinsed three times with PBS and
incubated for 60 minutes at room temperature with the
appropriate dilution of peroxidase-conjugated anti-rabbit
IgG or anti-rat IgG [33]. The sections were rinsed with PBS
and incubated for 5 minutes with diaminobenzidine
(Research Genetics, Huntsville, AL). Then the sections
were washed three times with distilled water and counter-
stained with Gill's aqueous hematoxylin (Sigma), washed
once with distilled water and once with PBS, and rinsed again
with distilled water. The slides were mounted with a
Universal mount (Research Genetics) and examined under
a bright-field microscope. A positive reaction was indicated
by a reddish-brown precipitate in the cytoplasm. The
intensity of staining was quantified in three different areas
of each sample by an image analyzer using the Optimas
software program (Bioscan, Edmonds, WA) to yield an
average measurement [34].

In Situ Hybridization (ISH)

Specific antisense oligonucleotide cDNA probes comple-
mentary to the mRNA transcripts of four metastasis-related
genes, bFGF, VEGF/VPF, IL-8, and MMP -9, identified on
the basis of published reports of the cDNA sequences, were
designed as previously described [35]. All DNA probes were
synthesized with 6 biotin molecules (hyperbiotinylated) at
the 3’ end through direct coupling using standard phosphor-
midine chemistry (Research Genetics) [36,37]. The lyo-
philized probes were reconstituted to a 1-ug/ul stock
solution in 10 mM Tris—HCI (pH 7.6) and 1 mM EDTA.
The stock solution was diluted with probe diluent (Research
Genetics) immediately before use.

ISHwas performed as described previously[27,28,38,39].
The Microprobe manual staining system (Fisher Scientific,

Pittsburgh, PA) was used to stain tissue sections (4 ym) of
formalin-fixed, paraffin-embedded livers. Two from each
treatment group were mounted on Silane-coated ProbeOn
slides (Fisher Scientific) [40]. The slides were placed into
the Microprobe slide holder, dewaxed, and dehydrated with
Autodewaxer and Autoalcohol (Research Genetics), fol-
lowed by enzymatic digestion with pepsin. Hybridization of the
probe was carried out for 80 minutes at 45°C, thenthe samples
were washed three times with 2x SSC for 2 minutes at 45°C.
The samples were incubated with alkaline phosphatase-
linked enhancer (Biomeda, Foster City, CA) for 1 minute and
finally incubated at 45°C for 40 minutes with chromogen
substrate FastRed (Research Genetics). A positive reaction
in this assay stained red. Control for endogenous alkaline
phosphatase included treatment of the samples in the
absence of biotinylated probe and use of chromagen in the
absence of any oligonucleotide probes. The integrity of the
mRNA in each sample was verified by using a poly d(T) 2o
probe. All specimens analyzed produced an intense histo-
chemical reaction, indicating that the mRNA was well
preserved. To avoid variabilities in probe concentration, all
specimens were stained in a single session for each probe.

Stained sections were examined in a Zeiss photomicro-
scope (Carl Zeiss, Thornwood, NY) equipped with a three-
chip charged coupled device (CCD) color camera (model
DXC-960 MD, Sony, Tokyo, Japan). The images were
analyzed using Optimas image analysis software, version
5.2 (Bothell, WA). Prescreening was done to determine the
range in staining intensity of the slides to be analyzed.
Images covering the range of staining intensities were
captured electronically, a color bar (montage) was created,
and a threshold value was set in the red, green, and blue
(RGB) mode of the color camera. All subsequent images
were quantified based on this threshold. The integrated OD of
the selected fields was determined based on its equivalence
to the mean log inverse gray scale value multiplied by the
area of the field. The samples were not counterstained, so the
OD was solely the product of the ISH reaction. Measured
areas of 1 mm? were located at the center or edge of the
tumor. In each area, cytoplasmic staining of 20 to 30 tumor
cells was measured, and the level of cytoplasmic staining/
area was quantified to derive an average value [41]. The
intensity of staining was compared by integrated OD of poly
d(T)2o and standardized by comparison with the integrated
OD of nonpathologic tissue, which was set at 100.

Vascular Density

Blood vessels in liver metastases of human colon cancer
were counted under a light microscope after immune
staining of sections with anti-CD31 antibodies [42]. Areas
containing the highest number of capillaries and small
venules were identified by scanning the tumor sections at
low power. After the areas of high vascular density were
identified, individual vessels were counted in x100 fields
(x10 objective and x10 ocular [0.739 mm?/field]). We
classified structures as vessels on the basis of criteria
described by Weidner et al. [43], so that observation of a
vessel lumen was not required.

Neoplasia e Vol. 3, No. 2, 2001
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Figure 1. Antiproliferative effects of IFN -« -2a against KM12L4 and KM12L4
IFN cells. Tumor cells (1x 10°) plated into 38-mm? wells were incubated in
medium containing different concentrations of IFN-« -2a. Cell proliferation
was determined by the MTT assay after 6 days of culture. The values are
mean+SEM of six wells. This graph represents one experiment of four.
*P<.05; **P<.001.

Immunofluorescence Double Staining for CD31/PECAM- 1
(Endothelial Cells) and TUNEL (Apoptotic Cells)

Frozen tissues were sectioned (8 to 10 yum), mounted
on positively charged slides, air-dried for 30 minutes, and
fixed for 5 minutes each in cold acetone, acetone +chloro-
form (1:1), and acetone. Samples were washed three
times with PBS, incubated with protein-blocking solution
containing 5% normal horse serum and 1% normal goat
serum in PBS for 20 minutes at room temperature, and
incubated with the appropriate dilution (1:400) of rat
monoclonal anti-mouse CD31 antibody (human cross-
reactive) over 18 hours at 4°C. After the samples were
rinsed four times for 3 minutes each with PBS, the slides
were incubated with the appropriate dilution (1:200) of
secondary goat anti-rat conjugated to Texas Red for 1
hour at room temperature in the dark. Samples were
washed twice with PBS containing 0.1% Brij and washed
with PBS for 5 minutes [33].

TdT-mediated dUTP-biotin nick-end labeling (TUNEL)
was performed using a commercially available apoptosis
detection kit with the following modifications: samples were
fixed with 4% paraformaldehyde (methanol-free) for 10
minutes at room temperature, washed with PBS twice for 5
minutes, then incubated with 0.2% Triton X-100 for 15
minutes at room temperature. After two washes of 5
minutes each with PBS, the samples were incubated with
equilibration buffer (from kit) for 10 minutes at room
temperature. The equilibration buffer was drained, and
reaction buffer containing equilibration buffer, nucleotide
mix, and TdT enzyme was added to the tissue sections and
incubated in a humid atmosphere at 37°C for 1 hour in the
dark. The reaction was terminated by immersing the
samples in 2x SSC for 15 minutes. Samples were washed
three times for 5 minutes to remove unincorporated
fluorescein-dUTP. For quantification of endothelial cells,
the samples were incubated with 300 pg/ml of Hoechst
stain for 10 minutes at room temperature. Fluorescent
bleaching was minimized by treating the slides with an
enhancing reagent (Prolong solution). Immunofluores-
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cence microscopy was performed using a 40x objective
(Zeiss Plan-Neofluar) on an epifluorescence microscope
equipped with narrow bandpass excitation filters mounted
in a filter wheel (Ludl Electronic Products, Hawthorne, NY)
to individually select for green, red, and blue fluorescence.
Images were captured using a cooled CCD camera
(Photometrics, Tucson, AZ) and SmartCapture software
(Digital Scientific, Cambridge, England) on a Macintosh
computer. Images were further processed using Adobe
Photoshop software (Adobe Systems, Mountain View,
CA). Endothelial cells were identified by red fluorescence,
and DNA fragmentation was detected by localized green
and yellow fluorescence within the nucleus of apoptotic
cells. Quantification of apoptotic endothelial cells was
expressed as an average of the ratio of apoptotic
endothelial cells to total number of endothelial cells in 5
to 10 random 0.011-mm? fields at 400xmagnification. For
the quantification of total TUNEL expression, the number of
apoptotic events was counted in 10 random 0.159-mm?
fields at 100x magnification [33].

Statistical Analysis

The significance of the differences in the in vitro data was
analyzed by the unpaired Student’s ttest. The significance of
the differences in the in vivo data was analyzed by the
Mann—Whitney U test [44].

Results

Selection of Human Colon Cancer Cells for Resistance to
Antiproliferative Effects of Human IFN-« -2a

KM12L4 human colon cancer cells were incubated with
increasing concentrations of IFN-«-2a (specific activity,
6x10° IU/mg protein) (Hoffman-LaRoche, Nutley, NJ).
After 6 weeks, we isolated the KM12L4 IFN® line. The
KM12L4 IFNP cells resisted the antiproliferative effects of
IFN-«-2a at concentrations exceeding 10,000 U/ml (Figure
1). Regardless of antiproliferative activity, IFN-«-2a (at 100
U/ml) ] inhibited production of bFGF by both KM12L4 (IFN-
a—sensitive) and KM12L4 IFNP (IFN-a—resistant) cells
(44 +6% and 39+4%, respectively; P<.01).

Table 2. Systemic Administration of IFN-«-2a to Treat KM12L4 IFN® Liver
Metastasis in Nude Mice.

IFN-« Liver Metastasis Liver wt (g) SerumbFGF' Microvessel
Treatment” 10 4ian Range Mean+SD (pg/ml) Density?
Saline 38 3-100 24+0.4 482 73+4

1000 U 12 0-50 1.7+0.2 303 58+3
10,000 U 0 0-15%  1.4x01Y 1567 526"

*KM12L4 IFNR cells (1x10°) were injected into the spleen of nude mice.
Daily s.c. injections of saline or IFN-«-2a began on day 7. Mice were
euthanized on day 42.

"Determined by ELISA.

Microvessel density was determined by identifying tumor areas showing the
most intense CD-31 staining. Mean number of vessels + SD

$P<.001 versus control.

YP<.01 versus control.
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Figure 2. ISH and immunohistochemical (IHC) analyses of KM12L4 human colon cancer cells growing in the liver of control and IFN -« - 2a—treated nude mice.
KM12L4 cells (1x10°) were injected into the spleen of nude mice. Seven days later, groups of mice (n=10) received daily s.c. injections of saline (control) or
10,000 U of IFN -« - 2a. Treatment continued for 5 weeks. The mice were euthanized on day 42 and necropsied. The livers were resected, weighed, and processed
for ISH (top 2 rows) and IHC (bottom 2 rows). Note a significant decrease in reaction intensity for bFGF and MMP -9 in lesions of mice treated with daily s.c.

injections of IFN -« - 2a. Microvessel density directly correlated with expression of bFGF and MMP - 9.

Systemic Administration of IFN-«-2a as Therapy for Liver
Metastasis of Human Colon Cancer: Effect of Schedule

In the first set of in vivo experiments, we evaluated the
therapeutic efficacy of systemic administration of IFN-«-2a
against experimental liver metastasis established in nude
mice by intrasplenic injection of human KM12L4 colon cancer
cells [29]. We also determined whether the IFN-a-2a
treatment was associated with downregulation of proangio-
genic molecules and, therefore, decreased vascularization.

In the first experiment, 1x10% KM12L4 (IFN-sensitive)
cells were injected into the spleen of nude mice. Daily IFN-
«-2a therapy started on day 7 after tumor implantation.
Control mice received daily s.c. injections of saline. IFN-«-
2a was administered at a total weekly dose of 70,000 units,
as shown in Table 1: Groups of mice (n=10) received s.c.
injections of IFN-«-2a once weekly, twice weekly, or once
daily for 5 weeks. The mice were bled and serum was
collected for ELISA, and the animals were euthanized and

Table 3. /n Situ Hybridization and Immunohistochemical Analyses of Control and IFN-a-2a—Treated KM12L4 IFN"-Induced Liver Metastases.

IFN-a Treatment*  In Situ Hybridization® Immunohistochemical Assay Tumor Cells Endothelial Cells®
bFGF MMP-9 IL-8 VEGF bFGF MMP-9  IL-8 VEGF PCNA+ (%) TUNEL+ (%) CD-31/TUNEL (%)

Saline 113+7 111+£12  27+2 64+2 100+6 100+8 100£20 100+6 74+3 341 1.6+0.6

1000 U 89+13 1097 31+3 7416 83+12 72+6 111+30 90+£3 47+4 4.1+08 49+1.8

10,000 U 36+5Y  52+6* 26x1 75£3  53x4*  47x4* 109:16  83+7 35x5° 9.9+1.5% 23.2+7.7%

*KM12L4 IFNP cells (1x10°) were injected into the spleen of nude mice. Daily s.c. injections of saline or IFN-a-2a began on day 7. Mice were euthanized on day 42.
fISH and immunohistochemical analysis were performed on three livers from each treatment group. Image analysis was carried out on five areas of each section.
For image analysis of ISH, expression of each factor was normalized to expression of poly d(T) in the same area. For image analysis of immunohistochemical
characteristics, expression of each factor was compared to that of control sections assigned the value of 100.

iPercentage of dividing cells (PNCA+) and apoptotic cells (TUNEL+) was calculated by examining at least 100 nuclei/sample.

5CD-31 (Texas Red) and TUNEL (FITC green).

9P<.001 versus control.

#P<.01 versus control.

Neoplasia e Vol. 3, No. 2, 2001
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Figure 3. Immunohistochemical analyses of livers with tumors harvested from control and IFN-« -2a—treated mice. The sections were immunostained for
expression of PCNA (to show cell proliferation) and TUNEL (to show cell death). The sections were also stained with imunofluorescent anti— CD - 31 antibody and
TUNEL. A representative sample (x400) of this CD-31/TUNEL (fluorescent double - staining) is shown. Fluorescent red, CD-31-positive endothelial cells;
fluorescent green, TUNEL - positive cells; fluorescent yellow, TUNEL - positive endothelial cells.

Table 4. Induction of Apoptosis in Liver Endothelial Cells by IFN-«-2a.

Treatment* Liver Metastasis' Tumor Cells? Endothelial Cells®
Median Range PCNA+ (%) TUNEL+ (%) CD-31/TUNEL (%) Microvessel Density'“
Saline
7 0 0-3 59+4 4.6+0.8 2.0+£0.9 68+6
14 15 4-25 67+5 5.4+1.1 2715 79+11
21 17 2-50 66+3 3.8+0.6 54+2.6 81+4
IFN-a-2a
7 0 0-2 56+6 5.3%1.1 2.9+2.1 70+9
14 3 0-30* 57+3 41+12 12.1+3.9% 37 +4*
21 2 1-22% 39£2%* 1421 20.2+4.5% 296"

*KM12L4 IFNR cells (1x10°) were injected into the spleen of nude mice. Daily s.c. injections of saline or 10,000 U of IFN - o~ 2a began on day 7. Groups of mice
were euthanized after 7, 14, or 21 days of treatment. The livers were harvested for immunohistochemical assay.
The number of tumor foci was determined with the aid of a dissecting microscope.

*Percentages of dividing cells (PCNA+) and apoptotic cells (TUNEL+ ) were calculated by examining at least 100 nuclei/sample.

Slmmunohistochemical double - staining for CD-31 (red) and TUNEL (green).

IMicrovessel density was determined by identifying tumor areas with the most intense CD-31 staining. Mean number of vessels + SD.

#P<.001 versus control.
**P<.01 versus control.

Neoplasia e Vol. 3, No. 2, 2001
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Figure 4. Induction of apoptosis in liver endothelial cells. KM123L4 IFN 7 cells (1x 106 ) were injected into the spleen of nude mice. Seven days later, groups of mice
(n=10) received daily s.c. injections of saline (control) or 10,000 U of IFN-« -2a. Mice were euthanized after 7, 14, or 21 days of treatment. The livers were
processed for immunohistochemical evaluation. The sections were immunostained for expression of PCNA (to show cell proliferation) and TUNEL (to show cell
death). The sections were also stained with immunofluorescent anti—CD-31 antibody and TUNEL. A representative sample (x400) of this CD-31/TUNEL
(fluorescent double - staining ) is shown. Fluorescent red, CD - 31 —positive endothelial cells; fluorescent green, TUNEL - positive cells; fluorescent yellow, TUNEL -
positive endothelial cells.
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necropsied one day after the last daily s.c. injection (day 42
of the study). The livers with tumors were removed and
weighed. The data summarized in Table 1 demonstrated that
once weekly or twice weekly IFN-« treatment (70,000 or
35,000 units/dose, respectively) did not decrease the
incidence or weight of liver metastasis. However, daily
injections of IFN-«-2a (10,000 units/dose) significantly
decreased the incidence of liver metastasis as well as the
weight of the liver (P<.01). The inhibition of liver metastasis
correlated with a decrease in the level of bFGF in the serum
(P<.01) and a decrease in microvessel density (MVD) in
the metastatic lesions (P<.001).

In all subsequent studies, to distinguish between the
direct and indirect antiproliferative effects of IFN-«, we used
KM12L4 IFNF cells that are resistant to IFN-« or IFN-3
antiproliferative effects. Therapy began 7 days after tumor
cell implantation into the spleen. Control mice (n=10)
received daily s.c. injections of saline. IFN-« was adminis-
tered s.c. once per day at doses of 1000 or 10,000 U. The
mice were euthanized on day 42 of the study and
necropsied. The data summarized in Table 2 demonstrated
that, in mice injected daily with 10,000 units of IFN-«-2a, the
incidence of experimental liver metastasis was significantly
reduced from 10/10to 2/10. The median (range) number of
experimental metastases in control mice, 38 (3—100), was
reducedto 0 (0—15) (P<.001). The inhibition of metastasis
was associated with a significant reduction in the level of
bFGF in the serum (P<.01).

The growth inhibition of experimental liver metastases in
mice treated with daily injections of 10,000 U of IFN-«-2a
correlated with expression of bFGF and MMP-9 mRNA
(Figure 2 and Table 3). Specifically, the mRNA level (as
measured by intensity of ISH staining) for bFGF was
reduced from a mean of 113+7 in the control mice to 36+5
in mice receiving daily injections of 10,000 U of IFN-«-2a
(P<.001). For MMP-9, the mRNA intensity level was
reduced from a mean of 111+12 in control tumors to 52+6
in mice given daily injections of IFN-a-2a (P<.01). No
discernible differences in expression of IL-8 or VEGF mRNA
were found between the groups (Figure 2).

Immunohistochemical analysis agreed with the results of
the ISH analyses (Figure 2). The intensities of bFGF and
MMP -9 immunostaining in liver metastases was significantly
reduced in mice given daily s.c. injections of 10,000 U of
IFN-«-2a. Specifically, MMP -9 intensity was reduced from
a mean of 100+8 in control mice to 47+4 in treated mice
(Figure 2; Table 3, P<.001), and bFGF intensity was
reduced from a mean of 100+6 in control mice to 53+4 in
treated mice (P<.01).

The inhibition of liver metastasis directly correlated with
microvessel density measured by staining with antibodies
against CD-31 (Figure 2, Table 2). The significant decrease
in MVD was associated with a significant decrease in PCNA -
positive tumor cells (Figure 3, Table 4) and a significant
increase in the number of TUNEL -positive apoptotic cells
(Figure 3, Table 4). The CD-31/TUNEL fluorescent
double-labeling technique revealed that many endothelial
cells in liver lesions treated with IFN-«-2a (10,000 U/day)
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were undergoing apoptosis (yellow reaction). The increase
from 1.6£0.6% of apoptotic endothelial cells in control mice
to 28.2+7.7% in IFN-«-2a-treated mice was highly
significant (P<.001) (Table 4).

Induction of Apoptosis in Hepatic Endothelial Cells Inhibits
Formation of Metastasis

The experiments described above demonstrated that
IFN-«-2a administered at the dose of 10,000 U/day
inhibited angiogenesis and growth of human colon cancer
metastases in the liver of nude mice. In the next set of
experiments, we determined whether liver metastases were
inhibited by apoptosis of endothelial cells that were induced
to divide by proangiogenic molecules released by the tumor
cells. Spleens of nude mice were injected with 1x10° viable
KM12L4 IFN® cells. Therapy with daily s.c. injections of
10,000 U of IFN-«-2a began 7 days later. Control mice
received daily injections of Hank’s balanced salt solution
(HBSS). Groups of mice were euthanized after 7, 14, and 21
days of therapy (days 14, 21, and 28 of the study). The
livers were removed, the number of experimental metas-
tases was recorded, and the livers were prepared for
immunohistochemical evaluation of dividing cells (PCNA),
apoptotic cells (TUNEL), and apoptotic endothelial cells
(CD-31/TUNEL). The immunohistochemical data is shown
in Figure 4 and summarized in Table 4.

In control mice, microvessel density and percentage of
dividing tumor cells, apoptotic tumor cells, and apoptotic
endothelial cells were similar throughout the study. In
contrast, in mice treated daily with 10,000 U of IFN-«-2a,
microvessel density within experimental metastases was
significantly reduced after 14 days of treatment (70+9
reduced to 29+4, P<.001). This decrease in microvessel
density directly correlated with an increase in percentage of
apoptotic endothelial cells (2.9+2.1 as compared with
20.2+4.5, P<.001). A significant decrease in dividing tumor
cells (PCNA-positive) and an increase in apoptotic tumor
cells (TUNEL-positive) occurred one week after the
induction of apoptosis in the tumor-associated endothelial
cells, suggesting that the induction of apoptosis in the
endothelial cells was an earlier event.

Discussion

Our results demonstrated that the systemic administration of
human IFN-«-2a to nude mice with liver metastasis of
human colon cancer inhibits angiogenesis associated with
apoptosis of endothelial cells, thereby inhibiting tumor
growth. Altering the time schedule and dose of administra-
tion influenced angiogenesis and the therapeutic outcome,
i.e., daily s.c. injections of IFN-«-2a at far below maximum
tolerated doses [16,17] produced maximal antiangiogenic
and antimetastatic effects; they achieved these by decreas-
ing the expression level of the proangiogenic molecules
bFGF and MMP-9 and by inducing apoptosis in endothelial
cells that supply the metastatic lesions. The therapy
mediated by IFN-« was independent of direct antiprolifera-
tive effects.
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The progressive growth of primary neoplasms and
metastases depends on angiogenesis [5—7], whereas the
extent of angiogenesis is determined by the balance
between proangiogenic and antiangiogenic molecules [45—
47]. The angiogenic properties of tumor cells can be
modulated by cytokines released by host cells into the tumor
microenvironment [48]. For example, orthotopic implanta-
tion of human renal cell carcinomas (HRCC) (into the
kidney of nude mice) allows the growth of hypervascular
lesions, whereas ectopic implantation (into the subcutis of
nude mice) does not; expression of bFGF by the tumor cells
and of IFN - 3 by the surrounding host stroma account for the
contrast [4].

This inverse correlation between expression of bFGF and
IFN - 5 was also found in human colon cancer cells growing in
the cecal wall or subcutis of nude mice [28,49]. IFN-«a and
IFN- 3 have been shown to downregulate the steady-state
mRNA expression and protein production of bFGF by a
mechanism that is independent of antiproliferative activity
[12—-17], and our data showing that IFN-«-2a can inhibit
production of bFGF in KM12L4 IFNF cells (resistant to the
antiproliferative effects of IFN-«a) are in good agreement
with these findings.

Immunohistochemical analyses revealed that IFN-«-2a
administration produced a significant decrease in the
number of tumor-associated blood vessels in the tumor
specimens of mice. This decrease could be attributed to the
well-known effect of IFN -« on expression of bFGF, MMP -9,
and IL-8 by tumor cells, and to the fact that angiogenesis
induced by colon carcinomas is associated with production of
bFGF, VEGF, IL-8, and MMP-9 [8,9,19,28,50]. These
angiogenic molecules regulate endothelial cell migration,
division, degradation of the extracellular matrix, tube forma-
tion, and survival [51,52]. Our immunohistochemical ana-
lyses of tumor specimens clearly showed that daily treatment
with IFN -« -2a decreased expression of bFGF and MMP -9
in the liver metastases. Recent findings by others suggested
that bFGF can act as a survival factor for immature blood-
vessel endothelial cells and that VEGF can protect endothe-
lial cells from apoptosis induced by cytostasis [53—56].
Because bFGF is expressed at higher levels on the leading
edge of a tumor (as compared with the center), its
downregulation may well be responsible for the inability of
dividing endothelial cells to survive.

IFN-« has been widely used alone and in combination
with other agents to treat a variety of neoplasms, including
colon cancer. The response rate has been modest, and the
optimal treatment schedule has yet to be determined [57—
63]. In most trials, IFN-« was used as an antiproliferative
agent and therefore was used at maximum tolerated doses
(5-50 million units/m?), given two to three times per week,
with response rates ranging from 5% to 20% [64].
Pharmacokinetic studies concluded that 1 hour after an IV
injection of 6 million units of IFN-«, serum levels drop to <8
units/ml [64,65]. These concentrations are too low to inhibit
expression of MMPs [16—19] or bFGF [12,16,17]: To
produce antiangiogenic effects, IFN-« or IFN-3 must be
administered chronically [16,17]. For example, chronic

administration of IFN-«a has produced regression of life-
threatening hemangiomas of infancy, especially when given
at a low dose (3 MU/m? s.c. daily) over a period of 9 to 12
months [66—68]. Moreover, daily administration of IFN-«-
2a to a child with a rapidly growing giant-cell tumor inhibited
the expression of bFGF, suppressed angiogenesis, and
induced involution of the large lesion [69].

Our current findings agree with those of our previous
report [16] that the antiangiogenic activity of IFN-« requires
the maintenance of low levels, which can be achieved by
daily administration. Kinetic analysis of liver metastases in
mice given daily s.c. injections of IFN-«-2a revealed that
apoptosis of tumor-associated endothelial cells was
detected 7 days before apoptosis of tumor cells, suggesting
that the inhibition of tumor cell division and growth of liver
metastases was primarily due to apoptosis of tumor-
associated endothelial cells. The fact that the metastases
were produced by KM12L4 IFN® cells also supports this
conclusion.

In summary, daily subcutaneous administration of 10,000
units of IFN-«-2a downregulated the expression of bFGF
and MMP-9 in KM12L4 IFNR cells growing in the liver of
nude mice. The inhibition of proangiogenic molecules
correlated with apoptosis of metastasis-associated blood
vessels. These data suggest that optimization of IFN -« dose
and schedule may be beneficial in therapy for colon cancer
metastasis to the liver.
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