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Interferon-a counteracts the angiogenic switch and reduces tumor cell proliferation in
a spontaneous model of prostatic cancer
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Interferon (IFN)-a is a cytokine with marked therapeutic activity
in transplantable tumor models, that is in part due to angiogenesis
inhibition. Aim of this study was to investigate the effects of IFN-a
during the early phases of tumor development in the transgenic
adenocarcinoma of the mouse prostate (TRAMP) model. To pro-
vide sustained IFN-a production, TRAMP mice were injected
intraperitoneally with lentiviral vectors. IFN-a administration re-
sulted in rapid and protracted upregulation of IFN-a-regulated
genes associated with antiangiogenic and antiproliferative func-
tions in the prostate of TRAMP mice, including guanylate-binding
protein 1 (GBP-1), IFI204 and CXCL10-11. These transcriptional
changes were accompanied by effects on the tumor vasculature,
including significant reduction of intraductal microvessel density
and increased pericyte coverage, and marked reduction of tumor
cell proliferation, without induction of tumor necrosis. Intriguingly,
GBP-1 and myxovirus resistance A, two IFN-regulated proteins,
were found expressed in �40% of human prostate cancer samples
analyzed, suggesting expression of endogenous IFN-a. Overall,
these findings demonstrate that IFN-a is able to counteract the
angiogenic switch and impairs tumor cell proliferation in preinva-
sive lesions. Since the angiogenic switch also marks progression of
human prostatic cancer, these results highlight the potential of
angiogenesis inhibitors for the development of chemoprevention
strategies in high-risk individuals.

Introduction

Naturally-occurring inhibitors of angiogenesis include, among other
factors, certain cytokines and chemokines that, in addition to their
effects on cells of the immune system, regulate some critical endo-
thelial cell (EC) functions (reviewed in ref. 1). Interferon (IFN)-a is
the prototype of antiangiogenic cytokines and this activity was first
noticed many years ago (2), and subsequently confirmed in different
transplantable tumor models (3–5). The effects of IFN-a on the vas-
culature have been mainly attributed to inhibition of basic fibroblast
growth factor (bFGF) production by tumor cells (6) or downregulation
of interleukin-8 and vascular endothelial growth factor (VEGF) gene

expression (7,8). Moreover, IFN-a has direct effects on EC, including
impairment of their proliferation and migration (4,5). Recently, the
gene expression profile induced by IFN-a in EC has been defined (9),
and it was found that several genes encoding negative regulators of
angiogenesis are upmodulated in EC, thus providing a potential am-
plification mechanism for this biological activity.

Class I IFNs have been shown to delay tumor growth in orthotopic
(10,11) and transplantable prostatic cancer models (12,13). Relatively
little is known about the biological activity of IFN-a during the early
steps of tumorigenesis; a previous study, however, showed increased
expression of IFN-c and its receptors in basal cells of the normal pros-
tate and in benign prostatic hyperplasia (14). We found it interesting to
expand this limited knowledge by using the transgenic adenocarcinoma
of the mouse prostate (TRAMP) model of prostatic cancer, a well-
characterized transgenic model (15), in which an angiogenic switch
has been shown to occur early during the course of the disease (16).

The angiogenic switch is a discrete event that can be triggered by
various signals including genetic mutations, hypoxia and other met-
abolic stress, mechanical stress and the immune/inflammatory re-
sponse, and it has been identified in several transgenic models of
cancer (17). Importantly, in patients this event appears to occur at
early stages of tumor progression, as indicated by studies of preinva-
sive lesions of prostatic (18) and breast cancer (19).

TRAMP mice express a SV40 T antigen (Tag) under control of the
minimal rat probasin promoter and display mild to severe hyperplasia
of the prostate epithelium, resembling prostatic intraepithelial neo-
plasia (PIN) by 6–12 weeks of age (15). The well-defined temporal
and spatial pattern of tumor progression in TRAMP offers a unique
window of opportunity for investigation of the effects of antiangio-
genic agents during the earliest molecular events of the disease, as
shown by several recent studies (20–22).

To determine IFN-a effects in this model, we delivered the IFN-a gene
by using lentiviral vectors, as a means to provide low level but chronic
release of the cytokine, and determined the transcriptional and morpho-
logic changes associated with IFN-a expression in the prostate of
TRAMP mice. Our findings indicate that inhibition of angiogenesis in
preinvasive lesions is feasible and could represent a form of prophylaxis
in patients at high risk of development of invasive prostatic cancer.

Materials and methods

Patients data

The 31 primary samples analyzed in this study for guanylate-binding protein 1
(GBP-1) and MxA expression (Table I) were obtained from newly diagnosed
patients with prostatic cancer who underwent radical prostactectomy in the
Urology Section of the Department of Oncology and Surgical Sciences. In-
formed consent was obtained from all the patients who entered this study. No
patient referred history of reproductive or endocrine diseases. Hormonal ther-
apy was received by only four patients (samples 3, 21, 25 and 30) for 1–3
months prior to surgery.

Animal handling and tissue preparation

TRAMP mice, a gift from N.M.Greenberg, were bred in our animal facilities
under pathogen-free conditions. Animal care and treatments were conducted in
accordance with established guidelines and protocols that comply with na-
tional and international laws and policies (European Economic Community
Council Directive 86/609, OJ L 358, 12 December 1987). Six-weeks-old trans-
genic males were injected intraperitoneally with 1 lg of p24 equivalent of LV-
enhanced green fluorescent protein (EGFP), LV-IFN or a LV lacking any insert
(control); after reaching endpoint ages, portions of prostatic lobes were rapidly
frozen on dry ice and stored at �80�C,or fixed in 4% formaldehyde and
paraffin embedded.

Lentiviral vectors production

EGFP and murine IFN-a-encoding lentiviral vectors (LV-EGFP/LV-IFN)
were generated by transfection of 293T cells as described previously (23).

Abbreviations: bFGF, basic fibroblast growth factor; EC, endothelial cell;
EGFP, enhanced green fluorescent protein; GBP-1, guanylate-binding protein
1; hGBP-1, human guanylate-binding protein 1; IFN, interferon; LV, lentiviral
vectors; mAb, monoclonal antibody; MxA, myxovirus resistance A; PCR,
polymerase chain reaction; PIN, prostatic intraepithelial neoplasia; TRAMP,
transgenic adenocarcinoma of the mouse prostate; VEGF, vascular endothelial
growth factor.
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The same vector devoid of the insert was used as a control. Lentiviral vectors
were concentrated by ultracentrifugation in a Beckman centrifuge equipped
with a SW41 rotor at 50 000g at 4�C for 2 h and resuspended in phosphate-
buffered saline. The viral p24 antigen concentration was determined by human
immunodeficiency virus-1 p24 enzyme-linked immunosorbent assay (Innoge-
netics, Gent, Belgium). Mice received 1 lg of vector p24, corresponding to
1 � 108 transducing units of the EGFP-encoding LV.

Vector biodistribution studies by real-time polymerase chain reaction

Evaluation of transduction efficiency was performed as described previously
(23); briefly, genomic DNA was extracted from tumor cells or from various
mouse tissues, using the Easy-DNA kit (Invitrogen, Carlsbad, CA). The EGFP
copy number per microgram of genomic DNA was estimated in duplicate,
using the EGFP734p real-time polymerase chain reaction (PCR) assay as pre-
viously reported (24). To quantify EGFP, a reference curve was prepared by
amplifying serial dilutions of DNA extracted from a reference cell line, which
contains one EGFP copy per cell; the computerized tomography values of the
experimental samples were plotted against the reference curve and the EGFP
copy number was then estimated. Appropriate negative controls were included
in each experiment.

Reverse transcription–PCR and real-time PCR

Total RNA was isolated using the RNeasy mini kit (Qiagen, Hilden, Germany)
according to manufacturer’s instructions. Complementary DNA was synthesized
from 0.5 to 1 lg of total RNA using Superscript II first-strand system for reverse
transcription–PCR (Invitrogen). For real-time PCR analysis, the SYBR Green
qPCR SuperMix-UDG (Invitrogen) dye and Gene AMP 5700 Sequence Detec-
tion System (PE Biosystems, Foster City, CA) were used according to manufac-
turer’s instructions. Each sample was run in duplicate and experiments repeated
at least three times. For all genes evaluated, transcript levels were normalized
either to b-actin or glyceraldehyde-3-phosphate dehydrogenase, glucose-6-

phosphate dehydrogenase and retinitis pigmentosa II messenger RNA levels.
PCR efficiencies were always .95% and ,105%. Primers used for PCR anal-
ysis are reported in supplementary Table I (available at Carcinogenesis Online).

Immunohistochemistry and immunofluorescence analysis

Four micrometer thick frozen or formalin-fixed paraffin-embedded tumor sec-
tion was rehydrated and processed for immunohistochemistry by standard
procedures. Tumor vessels were labeled with a rat anti-CD31 monoclonal
antibody (mAb) (Becton-Dickinson, San Jose, CA); GBP-1 and MxA expres-
sion were determined by using the rat anti-human guanylate-binding protein 1
(hGBP-1) mAb 1B1 (25) and the mouse anti-MxA mAb M134 (26), respec-
tively. Immunostaining was performed using the avidin–biotin–peroxidase
complex technique (Vector Laboratories, Burlingame, CA) and 3-3# diamino-
benzidine (Dako, Glostrup, Denmark) as chromogen, and the sections were
then lightly counterstained with Mayer’s hematoxylin. Parallel negative con-
trols obtained replacing primary antibodies with phosphate-buffered saline
were run in all cases. Intraductal microvessel density was quantified by screen-
ing the CD31-stained sections for the areas of highest vascularity; 10 repre-
sentative fields at magnification �400 for each tumor were counted.

For immunofluorescence analysis, 4 lm thick frozen tumor sections were
rehydrated and then incubated with a saturating solution consisting of 5% goat
serum, 1% bovine serum albumin, 0.1% Triton X in phosphate-buffered saline.
After saturation, slides were incubated with rabbit anti-Ki67 (Novocastra,
Newcastle Upon Tyne, UK), anti-cleaved Caspase 3 (Cell Signaling Technol-
ogies, Danvers, MA), anti-IFI204 (27), mouse anti-MxA, rat anti-F4/80 (Invi-
trogen) or biotinylated anti-CD45 (Becton-Dickinson), washed and incubated
with a goat anti-rabbit, anti-mouse or anti-rat Alexa Fluor 488/546 (Invitrogen)
secondary antibody or streptavidin Alexa Fluor 488 (Invitrogen) secondary
reagent. In a set of experiments, pericytes were stained with the rabbit anti-
NG2 Ab (1:100 dilution; Millipore Corporation, Billerica, MA) and vessels
with anti-CD31 mAb (Becton-Dickinson). To measure perfusion, mice were
injected intravenously with 50 ll per mouse of dextran 70-fluorescein isothio-
cyanate (Invitrogen; stock solution 360 lM) 5 min prior to be killed. To
identify hypoxic cells in the prostate of TRAMP mice, we used pimonidazole
hydrochloride (Hypoxyprobe-1; Chemicon International, Temecula, CA) that
was administered to mice intraperitoneally 1.5 h before killing at 100 mg/kg of
body weight in saline.

Nuclei were stained with TO-PRO-3 iodide (1:1000 dilution; Invitrogen) for
15 min, before washing and mounting of coverslips on glass slides for micros-
copy. Confocal laser scanning microscopy was carried out with a Zeiss LSM
510 microscope (Zeiss, Jena, Germany) using argon (488 nm) and helium–
neon (543–633 nm) laser sources. The number of fields analyzed varied be-
tween 4 and 8 per section, depending on tumor size; at least six sections for
each treatment were analyzed. Images were collected at original magnification
�200. Quantification of Ki67þ areas was carried out by calculating the per-
centage of the positive area in the entire tumor section by using Adobe Photo-
shop 6 software (Adobe Systems, San Jose, CA).

Statistical analysis

Results were expressed as mean value ± SD. Statistical analysis of data were
performed using Student’s t-test. To evaluate significant differences in the
count of Ki67þ areas and the correlation between GBP-1 and MxA immuno-
histochemistry results, Fisher’s exact test was carried out and P value calcu-
lated. In all tests run, differences were considered statistically significant when
P , 0.05 (two tail).

Results

Angiogenesis during tumorigenesis in the TRAMP model

To investigate the dynamics of vascular changes during tumorigene-
sis, TRAMP mice of different age and bearing tumors representative
of the different steps of tumor progression were killed and their
prostates analyzed to determine the intraductal microvessel density.
As shown in Figure 1A, non-transgenic prostate lacked intraductal
vessels; on the contrary, these vessels were found in early prostatic
tumors, and their number increased in well-differentiated and poorly-
differentiated carcinomas (Figure 1A). These morphological changes
were accompanied by a stepwise increase in VEGF expression by
week 8 of age, which marks the angiogenic switch in this tumor model
(16), and a progressive increase in bFGF expression levels at later
time points of analysis (Figure 1B).

We subsequently investigated the possible expression of endoge-
nous IFN-a at various phases of disease progression. Results, shown
in Figure 1C, indicate that several IFN-a-regulated transcripts,

Table I. Patterns of GBP-1 and MxA expression in human prostatic cancer

Sample Age Total
prostate-specific
antigen

Clinical
stage

Gleason
score

pT GBP-1 MxA

1 61 7.02 T2a 7 pT3a neg posa

2 58 7.28 T2a 9 pT3a neg n.d.
3 63 9.1 T2a 8 pT3b neg posa

4 57 5 T2a 7 pT3a neg posa

5 71 8.45 T2a 9 pT3b neg neg
6 61 7.2 T1c 7 pT3b neg neg
7 53 7 T1c 7 pT3a neg posb

8 47 13.6 T1c 7 pT3a neg neg
9 59 4.7 T1c 5 pT2a neg neg
10 68 4.1 T1c 6 pT3a neg neg
11 61 2 T2a 7 pT3a neg neg
12 64 4.7 T1c 7 pT2c neg neg
13 65 18 T1c 6 pT2c neg n.d.
14 56 1.8 T1a 5 pT2c neg n.d.
15 71 3.69 T1b 7 pT3a neg neg
16 60 6.43 T1c 7 pT3a neg n.d.
17 71 18.1 T1c 8 pT3b neg n.d.
18 69 13.75 T1c 8 pT3a neg n.d.
19 62 47.5 T1c 9 pT3b posb posa

20 71 6.46 T2a 8 pT3a posb neg
21 61 14.3 T1c 7 pT3b posb posb

22 51 18 T2b 7 pT3a posb posb

23 71 6.71 T2a 8 pT3a posb n.d.
24 72 4.5 T2a 7 pT2c posb posa

25 70 6.8 T1c 0 pT3a posa posa

26 76 4 T2a 7 pT3a posa neg
27 66 8.1 T1c 7 pT2c posa posa

28 64 35.2 T1c 7 pT3a posa posb

29 51 5.1 T2a 9 pT3a posa posb

30 54 10.9 T1c 7 pT3a posa posa

31 61 10.56 T1c 9 pT3b posa posb

Following immunohistochemistry analysis, GBP-1 expression was evaluated
by two independent pathologists in a blinded fashion.
aTumor and stroma GBP-1 expression; n.d., not done; neg, negative; pos,
positive.
bStromal GBP-1 expression.
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Fig. 1. Evaluation of angiogenesis during tumor progression in the TRAMP model. (A) Patterns of staining of microvessels and IMVD calculations. Left panel,
prostates from non-transgenic C57BL/6 mice (NT) or TRAMP mice bearing PIN, well-differentiated (WD) and poorly-differentiated (PD) carcinoma were
analyzed by CD31 immunohistochemistry (original magnification �200). Right panel, intraductal microvessel density (IMVD) values at different stages of tumor
progression. Four to six samples per each group were analyzed. Mean ± SD is shown. �P , 0.05; n.s., not significant. (B) Relative expression of VEGF and bFGF
was evaluated by quantitative PCR in the prostates of TRAMP mice of different age (from 5 to 33 weeks). Four samples per each group were analyzed. Mean ± SD
is shown. �P , 0.05. (C) Expression of IFN-a-regulated genes along tumor progression in TRAMP mice. Gene expression was analyzed by quantitative PCR in
prostate samples obtained from TRAMP mice at the time points indicated. Three to five samples per each group were analyzed. Mean ± SD is shown. �P , 0.05.
(D) Evaluation of the inflammatory infiltrate of TRAMP tumors by CD45 and F4/80 staining (green). Representative pictures of PIN, WD and PD tumors or of NT
prostate sample are shown (original magnification �200).
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Fig. 2. Vector distribution studies and evidence of IFN-a transcriptional effects in TRAMP mice. Six-weeks-old TRAMP mice (n 5 6) were injected
intraperitoneally with EGFP- or IFN-a-encoding lentiviral vectors (LV-EGFP and LV-IFN, respectively; 1 lg p24 equivalent per mouse). Tissues from treated and
control animals were analyzed by quantitative PCR at different time points. (A) Detection of vector sequences in TRAMP organs. The percentage of EGFPþ cells
was determined by quantitative PCR, 1 week after LV-EGFP injection. (B) Kinetics of mRNA IRF-7 expression in peripheral blood mononuclear cell (PBMC) (left
panel) and prostate (right panel) from TRAMP mice were analyzed 1, 3, 6 and 14 weeks after LV-IFN injection. PBMC and portions of prostatic lobes were
analyzed for the expression of IRF-7. Samples from TRAMP mice injected with the control vector were used as control (red line). Mean ± SD is shown. �P , 0.05.
(C) Expression of IFN-a-inducible transcripts in the prostate of TRAMP mice was analyzed 1, 3, 6 and 14 weeks after LV-IFN injection. The prostate from
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including CXCL-10, CXCL-11, GBP-1 and IFI204 are initially found
expressed at low levels and their levels rise with tumor progression.
Interestingly, leucocyte and macrophage infiltration dramatically in-
creased in advanced tumor stages compared with the initial lesions
(Figure 1D); production of endogenous IFNs by these inflammatory
cells could possibly explain the detection of IFN-regulated genes in
the late stages of the disease.

Evidence of gene transfer in vivo and evaluation of IFN-a-mediated
biological effects

Initially, TRAMP mice received an EGFP-coding lentiviral vector and
vector biodistribution was investigated by quantitative PCR. As
shown in Figure 2A, vector DNA sequences were detected mainly
in the liver and the spleen of injected mice (range: 1.47–26.43% and
0.17–18.18%, respectively). The EGFP gene was also measured in the
prostate of TRAMP mice (range: 0.12–0.85%), at higher levels com-
pared with those detected in other tissues, including the peritoneum
and the lungs (Figure 2A). These findings indicate that the prostate of
TRAMP mice is also directly targeted by the lentiviral vector, albeit at
low levels compared with the liver and the spleen, organs that con-
ceivably represent the major source of transgene expression.

We then injected 6-weeks-old TRAMP mice with LV-IFN and an-
alyzed transgene expression. Expression levels of the IFN-a-inducible
interferon response factor (IRF)-7 gene, a sensitive indicator of IFN-a
expression in murine models (28), were significantly upregulated
(4- to 12-fold increase) in peripheral blood mononuclear cells from
IFN-a-treated mice compared with expression values measured in
control mice, upto 14 weeks after vector injection (Figure 2B). In
agreement with previous studies utilizing this lentiviral vector (23),
systemic IFN-a levels were very low (,12.5 pg/ml) and no IFN-a-
related toxicity was observed.

We then killed the mice at serial time points and analyzed expres-
sion of a panel of IFN-a-inducible genes previously identified by
microarray analysis of the IFN-a signature in EC (9). As shown in
Figure 2C, sustained upregulation of IRF-7, IFIT-1, IFI27, Mx1–2,
IFI204, CXCL10–11, GBP-1 and TNF-related apoptosis-inducing
ligand transcripts was measured in the prostate of IFN-treated mice
compared with controls at early time points of analysis. The expres-
sion of all these transcripts except IFI204 and Mx1–2 progressively
decreased by 14 weeks after vector injection. VEGF levels were not
substantially modified by IFN-a, whereas bFGF transcripts were
slightly but significantly reduced at 14 weeks after vector injection
compared with control TRAMP mice (Figure 2C). To study the effects
of IFN-a at protein level, sections of the prostate were stained with
antibodies to IFI204 or to Mx, two IFN-inducible genes that were
upregulated in the prostate of IFN-a-treated mice (Figure 2C); results
indicated a clear-cut difference in the intensity of IFI204 or Mx re-
activity between IFN-treated and control mice (Figure 2D), confirm-
ing the results from RNA analysis.

IFN-a gene transfer impairs angiogenesis and proliferation in tumors

The upregulation of the angiostatic chemokines CXCL10 and
CXCL11 along with the slight reduction in bFGF transcript levels
hinted at a possible effect of IFN-a on angiogenesis. To investigate
this, we performed staining with anti-CD31 of prostate sections ob-
tained 14 weeks after LV-IFN injection and calculated the intraductal
microvessel density. The intraductal capillary density in tumors of
treated mice was reduced to 50% of that seen in control tumors
(Figure 3A), indicating that treatment was attenuating the rate of
neovascularization, albeit it did not completely block the initial acti-
vation of angiogenesis. Moreover, evaluation of pericyte coverage by
staining with anti-NG2 Ab disclosed a significant difference between
IFN-a-treated and control animals (Figure 3B); the percentage of

pericyte coverage in IFN-a-treated TRAMP mice was higher than
in controls and similar to values found in non-transgenic age-matched
C57BL/6 mice, thus indicating that IFN-a was promoting vessel mat-
uration. Notably, expression of angiopoietin 1, an angiogenic factor
promoting vessel remodeling (29), was significantly increased in the
prostate of IFN-a-treated animals (Figure 3B), and it could contribute
to vessel normalization by this cytokine. Finally, most blood vessels in
these initial phase of tumorigenesis were perfused and IFN-a treat-
ment did not change these values (Figure 3C); in line with these
findings, hypoxic areas were ,5% in tumors from all groups, as
evaluated by pimonidazole staining (data not shown).

These antiangiogenic effects were accompanied by a dramatic re-
duction in proliferation of the epithelial prostatic cells, as evaluated
following staining with anti-Ki67 Ab (Figure 4A). Reduction of Ki67
staining was first noticed 3 weeks after LV-IFN administration and
persisted up to 14 weeks thereafter (Figure 4A). In contrast, the total
surface of areas of PIN or well-differentiated carcinoma were similar
in IFN-a-treated or control mice (40.9 ± 28.7 and 46.8 ± 28.1, respec-
tively). Apoptotic cells were detected following staining with anti-
caspase 3 mAb, but their numbers were low and comparable between
IFN-a-treated and control tumors (Figure 4B). Interestingly, expression
levels of cyclin D2, a regulator of the cell cycle involved in prostate
cancer progression (30), were significantly reduced in IFN-a-treated
mice compared with controls (Figure 4C) and this was accompanied by
concomitant upregulation of p16 expression, a key regulator of cyclin
D2 (31). Altogether, these findings indicate that cyclin D2 and p16
could in part mediate IFN-a antiproliferative effects in this model.

Expression of IFN-a-regulated proteins in human prostatic cancer

In view of the marked biological effects exerted by IFN-a in the
TRAMP model, we sought to investigate whether human prostatic
cancer might show expression of endogenous IFN-a. To this end,
we considered that hGBP-1 is among the most abundant cellular
proteins expressed in IFN-treated cells (32). Since murine GBP-1
transcript levels were increased in the prostate of TRAMP treated
with IFN-a, GBP-1 seemed to represent a suitable surrogate biomarker
to investigate endogenous IFN-a expression in human samples. By using
a mAb to hGBP-1, we found various patterns of hGBP-1 expression in
13 of 31 prostatic cancer samples analyzed (Figure 5A and Table I).
Intriguingly, hGBP-1þ tumor cells were found in seven samples and
focal stromal reactivity, involving ECs or infiltrating leucocytes, was
detected in further six samples (Figure 5A and Table I). In some
samples, also basal cells of some normal prostatic glands showed
hGBP-1 reactivity in the absence of inflammation (Figure 5A). There
was not any obvious correlation between hGBP-1 expression and
Gleason score, total prostate-specific antigen values, clinical or sur-
gical stage of the samples (Table I). MxA, another IFN-a-regulated
protein, was found expressed in 10 of 13 GBP-1þ samples and in four
of 10 GBP-1� samples. The overall good correlation between GBP-1
and MxA expression may indicate that endogenous IFN-a could drive
expression of these IFN-inducible proteins.

Discussion

Here, we describe the biological effects of IFN-a during the early
steps of prostate cancer progression. Our results strengthen the con-
clusions of previous studies, which have investigated this issue in
models of liver adenocarcinoma (33) and of pancreatic cancer (16).
Importantly, we observed that inhibition of angiogenesis represents
a hallmark of IFN-a activity in the TRAMP model. This was primarily
shown by marked reduction of the microvasculature in the prostate of
IFN-a-treated mice compared with controls and by an improvement in
the levels of pericyte coverage of microvessels. This finding may

TRAMP mice injected with the control vector were used as control (red line). (D) Immunofluorescence analysis of MxA and IFI204 expression in the prostate of
TRAMP mice. One week after LV-IFN injection, sections of treated prostates were stained with an anti-MxA or anti-IFI204 (green) antibody followed by confocal
microscopy analysis. Original magnification: �200.
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Fig. 3. Antiangiogenic effects following IFN-a gene transfer in TRAMP tumors. (A) Reduction of the IMVD in IFN-a-treated TRAMP tumors. Groups of
6-weeks-old TRAMP mice (n 5 12) were injected with LV-IFN or the control vector. After 14 weeks, cryostatic sections of prostates were evaluated by CD31
immunohistochemistry and the IMVD was calculated. (B) Improvement of pericyte coverage in IFN-a-treated TRAMP mice. Tumor sections obtained 14 weeks
after vector injection were stained with anti-NG2 (green) and anti-CD31 (red) antibodies, followed by immunofluorescence analysis. Top panels, representative
images showing the different patterns of NG2 and CD31 staining in TRAMP tumors treated with LV-IFN or the control vector and in a prostate obtained from NT
mouse (original magnification: �200). Inset, �400 magnification of selected vessels. Bottom panels: Left, quantitative analysis of vessel maturation following
NG2 and CD31 staining (n 5 6 samples per group). Right, measurement of angiopoietin 1 levels by quantitative PCR in TRAMP tumors (n 5 5 samples per
group). Mean ± SD is shown; �P , 0.05. (C) Analysis of perfusion in IFN-a-treated compared with control tumors. Left panel, blood vessels were visualized by
anti-CD31 staining (red); perfused vessels were identified by Dextran 70-fluorescein isothiocyanate (FITC) (green). Original magnification: �200. Right panel,
quantification of microvessel perfusion (n 5 6 samples per group).
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indicate that IFN-a supports vessel maturation, a novel activity of
class I IFNs on the vasculature recently reported in xenograft tumor
models (34,35). Previously, IFN-a/b was used in the RIP-Tag pancre-

atic tumor model with the intent to prevent the angiogenic switch,
albeit in combination with other angiogenesis inhibitors (36) and
antiangiogenic effects were similar to those reported here.

Fig. 4. Effects of IFN-a gene transfer on proliferation and apoptosis in TRAMP tumors. (A) Analysis of cell proliferation by Ki67 staining. Left panels,
representative sections of early stage (3–6 weeks after treatment) or long term (14 weeks after treatment)-treated prostates incubated with an anti-Ki67 antibody
(green). Original magnification: �200. Right panels, quantitative analysis of Ki67þ cells (n 5 6–10 samples per group). (B) Analysis of apoptosis by activated
caspase-3 staining. Left panel, representative sections of prostates (14 weeks after treatment) were incubated with an anti-cleaved-caspase 3 antibody (green).
Original magnification: �200. Right panels, quantitative analysis of caspase 3þ cells (n 5 6–8 samples per group); n.s., not significant. (C) Expression levels of
cyclin D2 and p16 transcripts in prostates 3, 6 and 14 weeks after LV-IFN treatment. Prostates from TRAMP mice injected with the control vector were used as
control (red line). Mean ± SD is shown. �P , 0.05.
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How was the antiangiogenic effect generated? The angiogenic
switch in the TRAMP model has previously been attributed mainly
to VEGF (16), whose levels were, however, not affected by IFN-a (see
Figure 1C). Interestingly, a significant reduction in bFGF transcript
levels was measured in the prostate of treated animals, albeit only
14 weeks after treatment. Previous studies have shown that bFGF can
also contribute to the angiogenic switch, as indicated by expression of
bFGF both in PIN lesions and in advanced tumors (37). Moreover,
genetic inactivation of one bFGF allele resulted in increased survival
of TRAMP mice (38). Therefore, reduced bFGF levels could in part
explain the antiangiogenic effect observed, although we cannot rule
out that they could be secondary to reduction of the tumor mass, as
they were detected at late time points after IFN-a administration.

Interestingly, transcriptional analysis of prostatic samples from
IFN-a-treated TRAMP mice disclosed marked upregulation of several
negative regulators of angiogenesis, including the angiostatic chemo-
kines CXCL10-11 and GBP-1. Since the levels of these transcripts
increased at early time points following treatment, they could mediate
some of the vascular effects of IFN-a.

Besides these antiangiogenic effects, the other striking effect of
IFN-a in our study was reduction of PIN cell proliferation. Upmodu-
lation of genes endowed with antiproliferative functions, including
IFI204 and p16, along with downregulation of cyclin D2 levels,
may indicate that IFN-a directly inhibits PIN cell proliferation.
IFI204, a member of the IFI family, encodes for a 72 kDa phospho-
protein involved in the control of growth and differentiation, primarily
by binding and modulating the activity of transcription factors or their
regulators, such as the retinoblastoma tumor suppressor protein (39).
Moreover, p16 is a component of p16INK4A-Cdk4–6/cyclin D-reti-
noblastoma tumor suppressor protein-signaling pathways, which spe-
cifically binds to and inactivates CDK4/6, resulting in inactivation of
CDK2 (40). Notably, p21, often involved as modulator of IFN-a or
IFN-c antiproliferative effects in prostatic cancer cells (41), had only

marginal changes in this model (data not shown). These events even-
tually prevent phosphorylation of retinoblastoma tumor suppressor
protein, leading to a stable cell cycle arrest. Nevertheless, evaluation
of the antiproliferative effect of IFN-a in vitro on a panel of six
TRAMP-derived tumor cell lines indicated minimal inhibition of cell
proliferation (data not shown), thus suggesting that indirect antipro-
liferative effects could be at hand. Indirect proliferation control mech-
anisms could be mediated by stromal cells, including fibroblasts or
EC. Indeed, physiological angiogenesis has been implied in the con-
trol of tissue mass in the normal prostate (42) and it is known that
tumor-associated fibroblasts can modulate the tumorigenic potential
of prostate epithelial cells (43). In any case, as the role of stromal cells
in the control of tumor cell proliferation in the TRAMP model is
unknown, this hypothesis remains speculative.

Class I IFNs have an established role in regulating the innate and
adaptive arms of the immune system. Indeed, type I IFNs activate
dendritic cells, upregulate the expression of major histocomptability
complex class I molecules, promote the priming and survival of
T cells, enhance humoral immunity and increase the cytotoxic activ-
ities of natural killer cells and CD8þ T cells (44). In the TRAMP
model, natural killer activity was increased in splenocytes from
IFN-a-treated TRAMP mice (not shown), albeit we did not observe
increased lymphocyte infiltration—including CD4þ, CD8þ or natural
killer cells—in IFN-a-treated prostates compared with controls (data
not shown). Thus, immune-mediated mechanisms are not probably
to contribute significantly to the reduction of cell proliferation and
the antiangiogenic effects observed in preinvasive lesions.

To investigate the clinical relevance of our findings, we looked at
the possible expression of IFN-inducible proteins (GBP-1 and MxA)
in human samples of prostatic cancer. Limited information was avail-
able concerning GBP-1 expression in human cancer (45), although it
is well recognized that GBP-1 expression is increased in areas of
inflammation, which are often encountered in tumors (25,46,47). In

Fig. 5. Patterns of GBP-1 expression in human prostatic cancer. Representative patterns of GBP-1, MxA and CD34 staining in human prostatic cancer samples by
immunohistochemistry. GBP1þ or MxAþ cells were found either in the stroma (including ECs, basal cells or inflammatory cells) or in the tumor. Two samples
negative for GBP-1 staining are also shown. Original magnification: �400.
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our series, we confirmed this but also found GBP-1 expressed in areas
without apparent signs of inflammation, including GBP-1þ tumor
epithelial cells and basal cells in normal glandular structures. Pre-
viously, GBP-1 expression in vivo was almost exclusively associated
with EC, where it may exert a specific function in response to class I
IFNs and other inflammatory cytokines (25,47–49).

Whether GBP-1 expression in prostatic cancer is driven by endog-
enous IFN-a is currently unknown. In any case, the finding that �70%
of the GBP-1þ samples coexpressed MxA protein, suggests that their
expression could be induced by endogenous IFN-a. Moreover, anal-
ysis of microarray data from public sources (50) indicated coordinated
expression of GBP-1 and other IFN-a-regulated genes in prostatic
cancer (data not shown), thus supporting this hypothesis. Intriguingly,
a similar phenomenon has recently been observed in �32% of co-
lorectal cancer samples (45) and this has been attributed to a Th-1-like
immune response to tumor antigens. The limited number of samples
analyzed in our study did not allow to draw any conclusion about the
impact of the IFN signature on survival. In any case, assessment of
expression of IFN-a-regulated genes by immunohistochemical anal-
ysis, as we have done here, will allow to conduct analysis of larger
sample sets and this will help to ascertain the prognostic relevance of
the IFN signature in prostatic cancer.

Finally, the description of the biological effects of IFN-a in the
TRAMP model may have translational implications. In fact, about
one-quarter of all prostate cancers occurs in family clusters and
�9% can be attributed to hereditary prostate cancer with linkage to
several prostate cancer susceptibility loci (51). Since the angiogenic
switch has also been identified in human PIN (18), as well as in other
preinvasive lesions (19), the recognition that this event can be con-
trasted by IFN-a will contribute to the development of prophylactic
therapies based on IFN-a or other antiangiogenic drugs in high-risk
individuals.

Supplementary material

Supplementary Table I can be found at http://carcin.oxfordjournals.
org/
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