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Interferon y (IFN-y) has recently been implicated in cancer immunosurveillance. Among the most abundant proteins induced
by IFN-y are guanylate binding proteins (GBPs), which belong fo the superfamily of large GTPases and are widely expressed in var-
ious species. Here, we investigated whether the well-known human GBP-1 (hGBP-1), which has been shown to exert antiangio-
genic activities and was described as a prognostic marker in colorectal carcinomas, may contribute to an IFN-y-mediated
tumor defense. To this end, an IFN-independent, inducible hGBP-1 expression system was established in murine mammary carci-
noma (TS/A) cells, which were then fransplanted into syngeneic immune-competent Balb/c mice. Animals carrying TS/A cells
that had been given doxycycline for induction of hGBP-1 expression revealed a significantly reduced tumor growth compared
with mock-treated mice. Immunohistochemical analysis of the respective fumors demonstrated a tightly regulated, high-level
expression of hGBP-1. No signs of an enhanced immunosurveillance were observed by investigating the number of infilfrating B
and T cells. However, hemoglobin levels as well as the number of proliferating tumor cells were shown to be significantly reduced
in hGBP-1-expressing fumors. This finding corresponded to reduced amounts of vascular endothelial growth factor A (VEGF-A)
released by hGBP-1-expressing TS/A cells in vifro and reduced VEGF-A protein levels in the corresponding mammary tumors in
vivo. The results suggest that hGBP-1 may contribute to IFN-y-mediated antitumorigenic activities by inhibiting paracrine effects
of tumor cells on angiogenesis. Consequently, owing to these activities GBPs might be considered as potent members in an in-
nate, IFN-y-induced antitumoral defense system.
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INTRODUCTION

The type II interferon, interferon y
(IFN-y), has recently been implicated in
cancer immunosurveillance in addition
to its well-known function in promot-
ing host responses to microorganisms
(reviewed in [1]). According to a num-
ber of different experiments in mice,
IFN-y participates in immunoediting,
which describes the interaction of the
host’s immune system with emerging
tumors (2). Experimental data gener-
ated with IFN-y—insensitive mice,

deficient for either an IFN-y receptor
subunit or the respective signal trans-
duction pathway (3,4), indicated that in
wild-type mice endogenously produced
IFN-y not only promotes rejection of
transplantable tumors, but also pre-
vents development of primary tumors.
Although natural killer (NK) cells,

NK T cells and apoptosis-mediating lig-
ands such as TRAIL (tumor necrosis
factor-related apoptosis-inducing lig-
and) have been shown to be involved in
this process (2), the detailed cellular
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and molecular levels of the cancer-
eliminating phase still remain to be elu-
cidated. In this respect, Kundu and col-
leagues (5,6) previously reported
interleukin (IL)-10-induced antitumoral
activity in a mammary cancer mouse
model. Follow-up studies revealed a
substantial role of IFN-y in this process
(7). Interestingly, during these experi-
ments, the upregulation of two
IFN-y—inducible genes, mig-1 and gbp-1,
within the transplanted tumor cells was
demonstrated. Mig-1, the monokine in-
duced by IFN-y or CXCLY9, is known to
attract activated T and NK cells and
was recently shown to at least partially
contribute to the observed limited
metastasis within the investigated
tumor model (8). The role of the
IFN-y-induced guanylate binding pro-
tein (GBP), however, remained unclear.
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GBPs were originally identified in
human fibroblasts as the most abundant
proteins induced by IFN-y treatment (9).
The GBPs are part of a subfamily within
the protein superfamily of large GTPases
including dynamins and Mx proteins
(for a review see [10]). To date, 7 and 11
highly homologous GBPs with a relative
molecular mass of 65-71 kDa have been
identified in humans and mice, respec-
tively (11-13). Human GBP-1 (hGBP-1),
with respect to structure and function, is
the best-characterized member within
this family of proteins (14,15). Despite a
detailed knowledge of biochemical char-
acteristics, however, the biological func-
tions of GBPs remain obscure. Recent
studies focusing on hGBP-1 suggested
that the protein mediates the inhibitory
effects of inflammatory cytokines on
proliferation, migration and invasive-
ness of endothelial cells (16-19). The an-
tiangiogenic activity of hGBP-1 has been
recently demonstrated for colorectal car-
cinomas. In a study investigating more
than 380 tumor samples, it was shown
that tumors expressing hGBP-1 exhib-
ited reduced angiogenic activity, and
this was associated with a significantly
improved prognosis for the respective
patients (20). In addition, an effect on
proliferation of fibroblasts has been
demonstrated for murine GBP-2 (21).
These observations indicate that GBPs
can alter cell growth and are able to
modulate cellular interactions with their
environment.

Thus, in the present study, the effects
of hGBP-1 on tumor growth were in-
vestigated using an immune-competent
mouse model of mammary cancer. To
this aim, a tetracycline-regulated, IFN-
independent hGBP-1 expression system
was established in the highly malig-
nant mouse mammary cancer cell line
TS/ A, followed by generation of re-
spective tumors in syngeneic Balb/c
mice. The impact of hGBP-1 on tumor
cell proliferation, immune cell extrava-
sation and angiogenesis was analyzed,
revealing a highly significant tumor
growth-inhibiting effect of hGBP-1,
which appeared to be due to a defect in

angiogenesis rather than to enhanced
tumor immunosurveillance.

MATERIALS AND METHODS

Cells and Plasmids

The murine adenocarcinoma cell line
TS/ A, which was derived from a sponta-
neous mammary cancer of Balb/c mice
(22), was cultured in RPMI 1640 (Invitro-
gen Life Technologies, Carlsbad, CA,
USA) supplemented with 1% nonessen-
tial amino acids, 2 mmol/L glutamine
and 10% fetal bovine serum (FBS) (all In-
vitrogen Life Technologies). Cells were
maintained at 37°C with 5% CO, and
95% humidity. To establish an inducible
expression system, cells were transduced
with the murine leukemia virus (MLV)-
derived retroviral vector pLib-rtTA-M2-
IRES-TRSID-IRES-Puro’ containing a
tetracycline on/ off regulatory system
(23,24). The coding sequence of hGBP-1
was isolated from pMCV1.4 + GBP-1
(25) by restriction digestion with EcoRI
and inserted into the linearized tetracy-
cline response plasmid pUHD10.3 (24).
In addition, a SV40 promoter—driven
hygromycin selection cassette (24) was
inserted via the restriction sites Pcil and
Narl, finally giving rise to the inducible
expression vector pUHD10.3-GBP-Hyg
(pUHD-GBP). As a control, the plasmid
pUHD10.3-Hyg lacking the hGBP-1 en-
coding sequence (pUHD) was also gen-
erated. Stably transfected cell clones
and populations were selected by addi-
tion of hygromycin (200 pg/mL) and
puromyecin (10 ug/mL), respectively.
Expression of hGBP-1 was induced by
addition of 1-2.5 ug/mL doxycycline
(Sigma-Aldrich, St. Louis, MO, USA), a
tetracycline homolog.

Proliferation Assay

A population of TS/ A cells as well as
isolated single cell clones, stably trans-
fected with pUHD-GBP, and a popula-
tion of cells transfected with the control
vector pUHD were seeded in six-well
plates (duplicates) at a density of 1 x 10°
cells/well. The next day, 1 ug/mL (low-
level hGBP-1 expression) or 2.5 ug/mL
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(high-level hGBP-1 expression) doxycy-
cline was added to the cell culture me-
dium. For cells that were treated with
doxycycline for more than 24 h, fresh
doxycycline was added daily. Cells were
incubated for 24, 48, 72 and 96 h. At
these time points, cells were harvested,
and total cell numbers (cells/ well) were
determined by use of a CasyTT® cell
counter (Schirfe System, Reutlingen,
Germany). For determination of poten-
tial effects of hGBP-1 expression on pro-
liferation, cell numbers were compared
with cells that did not receive doxycy-
cline (nontreated control). Mean values +
SD were calculated from three indepen-
dent experiments.

Soft Agar Assay

To investigate tumorigenicity of TS/A
cells (nontransfected and transfected
with the control vector pUHD) in com-
parison to pUHD-GBP-transfected cell
clones (clones 14 and 18, mixed 1:1) in
vitro, growth in soft agar was evaluated.
To this end, the wells of a six-well plate
were coated with a solution of RPMI
1640/10% FBS containing 0.5% agar
(Difco, Detroit, MI, USA) as well as either
1 or 2.5 ug/mL doxycycline. Once this
layer was set, 2 x 10* cells/well (tripli-
cates) embedded in RPMI 1640/10%
FBS/0.3% agar containing either 1 or
2.5 ug/mL doxycycline were seeded on
top. Cells were allowed to grow for 8 d,
at which point they were stained with
0.005% crystal violet and the average
number of colonies determined by ana-
lyzing 10 different optical fields (Zeiss
Axiovert 200M, Carl Zeiss GmbH, Vi-
enna, Austria; magnification 100x). Mean
values and SD were calculated.

Western Blot Analysis

Proteins extracted from cells or tissues
were quantified by applying a modified
Lowry assay (Bio-Rad DC protein assay,
Bio-Rad Laboratories, Vienna, Austria)
using bovine serum albumin (Promega,
Mannheim, Germany) as a reference
standard. Equal amounts of protein were
then separated under reducing condi-
tions in 10% SDS-polyacrylamide gels



and transferred onto a Hybond-P poly-
vinyldifluoride (PVDF) membrane (GE
Healthcare Technologies, Vienna, Aus-
tria). Membranes were blocked for 1 h in
5% organic skim milk powder (Heiler
Cenovis, Radolfzell, Germany) dissolved
in phosphate-buffered saline (PBS)
(VWR International, West Chester, PA,
USA) containing 0.1% Tween-20 (Bio-
Rad). Detection of hGPP-1 was per-
formed as described (26). Briefly, mem-
branes were incubated for 1 h in
PBS/0.1% Tween-20/5% milk powder
containing a 1:500 diluted rat mono-
clonal anti-hGBP-1 antibody. Bound an-
tibody was detected by applying a
species-specific horseradish peroxidase
(HRP)-conjugated secondary antibody
(Dako Cytomation, Vienna, Austria) (di-
luted 1:10,000) followed by enhanced
chemiluminescence (GE Healthcare). For
staining of murine vascular endothelial
growth factor (VEGF), a rabbit poly-
clonal antiserum recognizing the differ-
ent variants of mouse and human
VEGE-A (Santa Cruz Biotechnology,
Heidelberg, Germany) was applied in a
dilution of 1:400. As an internal control
allowing evaluation of loaded protein
amounts, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was detected
using a monoclonal mouse anti-GAPDH
antibody (Millipore-Chemicon Interna-
tional, Vienna, Austria) (diluted
1:50,000). For quantification of protein
levels, linear exposures of blotted mem-
branes were scanned using a fluoroim-
ager (Storm 860; Amersham Biosciences
[GE Healthcare Europe, Freiburg, Ger-
many]), and bands were evaluated
applying the respective analysis soft-
ware (ImageQuant TL, GE Healthcare
Europe).

Tumor Mouse Model

Cells (1 x 10°) of stably transfected /
infected TS/ A cells harboring either the
doxycycline-inducible expression vector
pUHD10.3-GBP-Hyg (cell clones 14 and
18, mixed 1:1) or the parental vector
pUHD10.3-Hyg (cell population), were
injected subcutaneously into the pectoral
mammary fat pad of female, 8-wk-old

Balb/c mice (40 animals per cell type)
(Jackson Laboratories, Bar Harbor, ME,
USA). All animals were implanted sub-
cutaneously with a microchip transpon-
der (BackHome; Virbac, Vienna, Austria)
for individual identification. At d 7 after
injection, mice were randomly distrib-
uted into two groups. One group
(treated) was injected intraperitoneally
with doxycycline at a concentration of
50 mg/kg body weight (27) every 12 h
for the first 72 h and every 24 h there-
after. The other group (nontreated) was
injected in the same way with physio-
logical saline solution (0.9% NaCl). Tu-
mors were measured three times a wk
in two dimensions, using a caliper, and
the tumor volume was calculated ac-
cording to the formula L x w x w/2.
Evaluation of tumor growth was per-
formed in a blinded manner, knowing
only the identification number but not
the group affiliation of the respective
animals. The experiment was stopped
17 d after onset of induction, when
tumor sizes exceeded 1500 mm?®. Mice
were killed by cervical dislocation and
dissected. Tumor tissue was frozen in
liquid nitrogen and stored at —80°C until
use or was fixed in 10% neutral buffered
formalin (Sigma-Aldrich) for histologi-
cal examination. Tumor growth in mice
was performed according to the rules
and regulations governing animal ex-
perimentation in Austria (BMBWK-
68.205/0126-BrGT/2005).

Statistical Analysis

Tumor growth rates (doubling times)
of individual animals in each experimen-
tal group were determined by nonlinear
regression analysis of the obtained
growth curves, shown as mean tumor
volumes + SEM. A two-tailed, unpaired
Student f test (GraphPad Prism® soft-
ware, GraphPad Software Inc., La Jolla,
CA, USA) was used to determine the sig-
nificance of differences between mean
tumor doubling times of two experimen-
tal groups (doxycycline-treated versus
nontreated control). The difference was
considered statistically significant when
P <0.05.
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Immunohistochemistry

Tumor samples fixed in 10% neutral
buffered formalin (Sigma-Aldrich) or zinc
fixative (BD Pharmingen, part of BD Bio-
sciences, Heidelberg, Germany) were em-
bedded in paraffin (Histo—Comp®;
Sanova, Vienna, Austria) using automatic
embedding equipment (Tissue Tek; Miles
Scientific, Vienna, Austria). Subsequently,
5-um sections were prepared, dewaxed in
xylol (ACM Handels, Vienna, Austria)
and rehydrated in a descending ethanol
series (100%, 96% and 70%). After antigen
retrieval by microwave pretreatment (3 x
7 min, 580 W) in target retrieval solution,
pH 9 (TRSY; Dako), slides were treated
with 7.5% hydrogen peroxide for 10 min
at room temperature to block endoge-
nous peroxidases. For staining of hGBP-1,
slides were incubated for 1 h with mono-
clonal rat anti-hGBP-1 (1:300) at room
temperature. Subsequently, sections were
incubated for 30 min with biotinylated
horse antirat IgG, followed by 30 min of
incubation with an avidin-biotin com-
plex (ABC kit; Vector Laboratories,
Burlingame, CA). The reaction was devel-
oped with 0.1% 3,3'-diaminobenzidine
(DAB) hydrochloride (Sigma-Aldrich) in
0.03% hydrogen peroxide and counter-
stained with Mayer’s hemalum (VWR
International). After dehydration for 2
min in ethanol (96% and 100%) and
2-min incubation in xylol, sections were
mounted in DPX mounting medium
(Sigma-Aldrich) and examined by light
microscopy (Zeiss Axiovert 200M). Stain-
ing for the mouse endothelial cell-
specific marker CD31 and the prolifera-
tion marker Ki-67 was performed on
zinc-fixed tissue sections (28,29) using
monoclonal rat antimouse CD31 (clone
MEC 13.3; Santa Cruz) diluted 1:250) and
rat antimouse Ki-67 antibodies (Tec-3;
Dako Cytomation) (diluted 1.50). Staining
was visualized using a species-specific
APAAP (alkaline phosphatase anti—
alkaline phosphatase) detection system
applying fuchsin (Dako Cytomation) as a
substrate. Sections were counterstained
with hematoxylin Gill-IIT (Merck, Darm-
stadt, Germany) and mounted. Quantita-
tive evaluation of proliferating cells
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within tumor sections (GBP*, n = 11;
GBP", n = 10) was performed using the
AxioVision version 1.4 software (Zeiss).
Therefore, sections were photographed
(Zeiss Axiovert 200M, magnification
100x) and aligned to consecutive sections
stained for hGBP-1 expression. The re-
spective tumor area was divided into in-
dividual squares to facilitate counting of
Ki-67—positive cells/100,000 pm? in re-
gions with high or low hGBP-1 expres-
sion. Subsequently, mean values and re-
spective SDs were calculated. Results
were statistically analyzed as described
above, applying either an unpaired Stu-
dent ¢ test or, if more than two groups
were compared, a one-way ANOVA.

For detection of B and T cells in tumor
sections, slides were dewaxed and hy-
drated as described above. Antigen re-
trieval was performed by boiling sam-
ples in citrate buffer pH 6.0 (3 x 5 min in
a microwave oven). As primary antibod-
ies, a rabbit monoclonal anti-CD3 (clone
SP7; Lab Vision-Neomarkers, Fremont,
CA, USA), diluted 1:50, and a rat mono-
clonal anti-CD45R /B220 (BD Pharmin-
gen), diluted 1:25, were used. Species-
specific secondary antibodies were
biotinylated (Dako Cytomation), and
antigen reaction was revealed with HRP-
conjugated streptavidin (Bio SPA, Milan,
Italy) and DAB as a substrate (Lab
Vision).

Positively stained cells in eight differ-
ent sections were counted blindly by
evaluating 10 different randomly chosen
optical fields at a magnification of 400x.
Results are given as mean values + SD.

Determination of Hemoglobin
Contents

To determine the level of perfusion in
explanted tumors (30), snap-frozen tis-
sue samples (TS/A-GBP + doxycycline,
n = 18; TS/ A-GBP - doxycycline and
TS/A-Hyg + doxycycline, n = 18) were
weighed and pulverized under liquid
nitrogen using a pestle and mortar.
Powdered tissue was suspended in
water for injection (100 uL/10 mg tis-
sue) and centrifuged at 16110g at 4°C for
5 min (Eppendorf centrifuge 5415R),

and total protein contents were deter-
mined for normalization as described
above. To quantify the hemoglobin con-
tent, 100 uL of the tumor suspension
was mixed with 900 uL Drabkin’s
reagent (Sigma-Aldrich) and incubated
in the dark at room temperature for 15
min. As a reference, human hemoglobin
(30-160 mg/mL) (Sigma-Aldrich) was
used. Absorbance was measured using a
spectrophotometer at 540 nm. Statistical
evaluation was performed by use of an
unpaired Student ¢ test as described
above.

VEGF-ELISA

For analysis of synthesis of murine
VEGE, tetracycline (Tet)-regulated TS/A
cells stably transfected with pUHD10.3-
hGBP-Hyg (cell clones 14 and 18) as well
as cells transfected with the control vec-
tor pUHD10.3-Hyg were seeded in dupli-
cates into six-well plates at a density of
1 x 10° cells/well. The next day, and daily
thereafter, either 1 or 2.5 ug/mL doxycy-
cline was added to the cell culture me-
dium (RPMI/5% FBS). Non—doxycycline-
treated cells were used as a control. All
cells were cultured for 96 h, after which
culture supernatants were harvested and
filtered (Millipore, 0.45 um), and the
amount of secreted VEGF-A was deter-
mined using the Quantikine Mouse
VEGF enzyme-linked immunosorbent
assay (ELISA) (R&D Systems, Minneapo-
lis, MN, USA), according to supplier’s
instructions. Samples were analyzed at
450 nm using an ELISA plate reader
(Tecan GENios; Tecan, Mannedorf, Aus-
tria). For normalization, cell numbers of
each sample were determined (CasyTT®;
Schirfe System, Reutlingen, Germany)
and protein measurements (pg/mL) cal-
culated according to 1 x 10° cells. Results
are given as mean values * SD.

RESULTS

Establishment and Characterization of
TS/A Mouse Mammary Tumor Cells
with Inducible hGBP-1 Expression

To generate an inducible hGBP-1-
expressing tumor cell line, the mouse
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mammary adenocarcinoma cell line

TS/ A was first transduced with an MLV-
derived retroviral vector encoding a
tetracycline (Tet) on/ off regulator system
(23,24). The resulting cell population was
subsequently transfected with the corre-
sponding Tet-responsive expression vec-
tor pUHD10.3-GBP-Hyg (pUHD-GBP),
giving rise to single cell clones which
were then tested for inducible hGBP-1
expression upon treatment with doxycy-
cline, a commonly used tetracycline de-
rivative. Western blot analysis was per-
formed to identify distinct cell clones,
showing a tightly regulated high-level
expression of hGBP-1 exclusively upon
doxycycline treatment (Figure 1A).

To investigate potential effects of
hGBP-1 expression in vitro, single cell
clones as well as a population of TS/ A
cells stably transfected with pUHD-GBP
were analyzed for their proliferation
characteristics (Figure 1B). As a control,
cells stably transfected with the expres-
sion vector lacking the hGBP-1 encoding
sequence (pUHD) were analyzed. Cells
were either left untreated (data not
shown, 100% values) or incubated for 24
to 96 h with 1 or 2.5 ug/mL doxycycline.
Finally, cell numbers were determined
and calculated relative to untreated con-
trol cells (Figure 1B). The results show
that hGBP-1 expression does not affect
proliferation of the investigated cells in
vitro. Similarly, no effects of hGBP-1 ex-
pression were observed on the potential
of transfected TS/ A cells to form
colonies in soft agar (Figure 1C), indicat-
ing that hGBP-1 alters neither tumori-
genicity nor metastatic potential of these
cells.

hGBP-1 Expression Inhibits Growth of
TS/A Cell-Derived Tumors in Balb/c
Mice

After analysis of the growth charac-
teristics of the established stably trans-
fected TS/ A cells in vitro, two tightly
regulated cell clones that expressed high
levels of hGBP-1 upon doxycycline
treatment (see Figure 1A) were equally
mixed and injected subcutaneously into
the mammary fat pad of immune-



clonenr. 13 14 15 16 17 _18

dox — + — +— + — + —+ — +

e MW

GHGBP-1 | e - - - 67kba
Coomassie

160

B 3 T

§ 140
< 120 I I
5 T
; 100 = T i

80
3 T
g 60
£ 40
o
@ 20
© +dox 1pg 25pug 1pug 2.5pug 1pg 2.5pg 1pg 25pg
X .

time 24h 48h 72h 96 h

ETS/ApUHD *TS/A pUHD-GBP(pop) OTS/A pUHD-GBP(18)

1200

1000 —I»

600

400 -

number of colonies/well

200

TSIA TS/A pUHD TS/A pUHD-GBP

O-dox 01 ug dox ®2.5 ug dox

Figure 1. Characterization of TS/A mammary carcinoma cells inducibly expressing
hGBP-1. (A) Western Blot analysis of TS/A cell clones 13-18 harboring the Tet on/off
regulatory system and the vector pUHD10.3-GBP-Hyg, mediating tightly regulated, in-
ducible expression of hGBP-1 in response to doxycycline (+ dox). As a control for analy-
sis of equal amounts of protein, a Coomassie-stained SDS-polyacrylamide gel with the
respective samples is depicted (lower panel). (B) Analysis of proliferation characteristics
of pUHD10.3-GBP-transfected cells (cell population, gray bars; cell clone, white bars) in
comparison to pUHD10.3-Hyg-fransfected cells (black bars). Cell numbers (mean val-
ues + SD) from three independent experiments are shown in % relative to nontreated
(- dox) samples. (C) Soft agar assay. Nontransfected TS/A cells and TS/A cells trans-
fected with pUHD10.3-Hyg or the hGBP-1-encoding vector (pUHD10.3-GBP) were ano-
lyzed for their ability to form colonies in soft agar. Expression of hGBP-1 was induced by
addition of 1 (gray bars) or 2.5 (black bars) ug/mL doxycycline and the number of
colonies (mean values + SD) obtained by counting 10 different optical fields compared
with nonfreated samples (white bars).

competent syngeneic Balb/c mice to in-
vestigate the effects of hGBP-1 expres-
sion on TS/ A cell-derived tumors in
vivo. As a control, a population of cells

stably transfected with the vector
pUHD10.3-Hyg (pUHD) was also in-
jected. After 7 d, when tumor volumes
had reached 100 mm?®, mice were split

RESEARCH ARTICLE

into two groups (n = 20) and injected in-
traperitoneally with either doxycycline
(+ dox) or saline (- dox). Tumor growth
was regularly measured, and the experi-
ment was stopped when tumor volumes
exceeded 1500 mm”’. Mice that did not
develop tumors at the end of the experi-
ment (n = 4) or died of other causes
(n = 2) were excluded from the analyses.
Significantly reduced tumor growth
(P = 0.025) was shown in mice that were
injected with pUHD-GBP-transfected
cells and had been given doxycycline
compared with animals that were in-
jected with saline (Figure 2A). An
even more pronounced effect (P =
0.009) was observed when tumor
growth of hGBP-1-expressing cells
(TS/A pUHD-GBP + dox) was com-
pared with that of cells transfected with
the parental vector (see Figure 2A). Ap-
plication of doxycycline did not have
any effect on tumor growth as demon-
strated by equal growth rates of pUHD-
transfected cells in both doxycycline-
and saline-treated mice (see Figure 2A).
At the end of the experiment, animals
were killed, and tumors were excised
for further analyses. Expression of
hGBP-1 was shown by immunohisto-
chemical analyses of excised tumor tis-
sue using a monoclonal antibody spe-
cific for the human protein (26). All
tumors derived from doxycycline-
treated mice that had been injected with
pUHD-GBP-transfected TS/ A cells
showed strong expression of hGBP-1 in
tumor cells (Figure 2B, a and b). Tumors
derived from pUHD-GBP-transfected
TS/ A cells that had been treated with
saline, on the other hand, showed only
single tumor cells positively stained
for the presence of hGBP-1 protein (Fig-
ure 2B, ¢). No unspecific staining was
observed in tumors derived from pUHD-
transfected TS/ A cells (Figure 2B, d).

Tumor Cell Proliferation Is Reduced in
High-Level hGBP-1-Expressing Tumors
To elucidate the cause of hGBP-1
expression—-associated reduced tumor
growth, the excised tissue was analyzed
for the presence of Ki-67, a common cellu-
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Figure 2. Effect of hGBP-1 expression on tumor growth in a syngeneic mammary carci-
noma mouse model. (A) Tumor growth was monitored in Balb/c mice injected with 1 x 10°
TS/A cells fransfected with either pUHD10.3-GBP (A, O) or the parental vector pUHD10.3-
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tfermined applying a Student f fest comparing the fumor doubling times of doxycycline-
freated versus nontreated animals. (B) hGBP-1-specific immunohistochemical analysis of
tumors derived from pUHD-GBP-transfected TS/A cells tfreated with doxycycline (a, b) or
saline (c). No unspecific staining was observed in fumors from doxycycline-treated ani-
malls that had been injected with TS/A cells harboring the control vector pUHD (d).

lar marker indicating cell proliferation
(31). To this end, hGBP-1-expressing (1 =
11) and nonexpressing (1 = 10) tumors
were immunohistochemically stained with

a specific antibody detecting murine Ki-67
(Figure 3A). The number of Ki-67—positive
cells was evaluated by analyzing at least
four different areas of a given section
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using the Zeiss AxioVision software (Fig-
ure 3A, area report). By this means, a sig-
nificantly (P = 0.0175) reduced number of
proliferating tumor cells /100,000 um* was
shown in hGBP-1-expressing tumors (Fig-
ure 3B). Analysis of consecutive sections
for hGBP-1 expression and Ki-67 (see Fig-
ure 3A) allowed an assignment of cell pro-
liferation with hGBP-1 expression. This
approach showed that inhibition of cell
proliferation is predominantly observed in
areas with high GBP-1 expression (see Fig-
ure 3B). In contrast, reduced cell prolifera-
tion was hardly observed in tissues with a
low level of hGBP-1 expression and was
not observed in tumors lacking hGBP-1
expression (see Figure 3B). Statistical eval-
uation comparing numbers of Ki-67—posi-
tive cells in high-level hGBP-1-expressing
areas to all other investigated samples re-
vealed a highly significant decrease (P <
0.0001) (see Figure 3B).

Inhibition of tumor cell proliferation as
a result of hGBP-1 expression, however,
was not encountered in the respective in
vitro studies (see Figure 1B). Thus, based
on previous reports showing that hGBP-
1 exerts antiangiogenic effects in vitro
and in vivo (17-19) and is robustly in-
duced by IFN-y, which in turn is impli-
cated in tumor immunosurveillance
(1,32), a possible contribution of these
processes was investigated.

hGBP-1-Mediated Tumor Growth
Inhibition Is Not due to a Specific
Immune Reaction

Because an IFN-y-stimulated immune
response has been previously implicated
in inhibition of mammary cancer
cell-derived tumor growth in Balb/c
mice (7,8), the hGBP-1-expressing TS/ A
cell-derived tumors generated in the
present study were analyzed for evi-
dence of immune stimulation by staining
tissue sections for the presence of the
cell-surface marker molecules CD3 and
B220, indicating infiltration of tumors
with T and B cells, respectively. CD3"
cells were detected in the periphery of
analyzed sections, predominantly in the
vicinity of larger vessels, whereas B220"
B cells were barely detectable (Figure 4,
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Figure 3. Evaluation of effects of hGBP-1 expression on tumor cell proliferation.

(A) Immunohistochemistry. Consecutive sections of hGBP-1-expressing (TS/A-GBP +
dox) and nonexpressing (TS/A-Hyg + dox) fumors were stained for expression of
hGBP-1 (a-hGBP-1, brown cytoplasmic staining) and murine Ki-67 (a-mKi-67, red nu-
clear staining). a cellular proliferation marker. Using the Zeiss AxioVision analysis soft-

ware, sections were divided into different areas correlating with a high level (a, b, d, e,

a. h, i) orlow level (c, f) hGBP-1 expression. (B) The number of Ki-67-positive TS/A cells
was calculated and expressed as mean values per 100.000 um?. Statistical analysis re-
vealed significant differences (P = 0.017) in the number of Ki-67-positive cells (mean
values + SD) in hGBP-1-expressing (fotal GBP*, n = 11) compared with nonexpressing
tfumors (fotal GBP~, n = 10). Highly significant differences (P < 0.0001, one-way ANOVA)
were observed when Ki-67-positive cell numbers were correlated with hGBP-1 expres-

sion levels.

inserts). Altogether, no significant differ-
ences in lymphocyte cell numbers were
observed in hGBP-1-expressing tumors
in comparison to the respective saline-
treated controls (see Figure 4). Moreover,
evaluation of hematoxylin/eosin-stained

sections did not reveal any signs of in-
flammation. Thus, these results indicate
that the observed growth reduction in
hGBP-1-expressing tumors in this syn-
geneic mouse model is not due to an ele-
vated immune response.
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Reduced Tumor Growth Corresponds
with Decreased Hemoglobin Contents
and Reduced VEGF-A Levels in vitro
and in vivo

Finally, to investigate vascularization
in TS/ A cell-derived tumors, correspon-
ding tumor sections were stained for ex-
pression of hGBP-1 and murine CD31, a
molecular marker of endothelial cells
(33). By this means, all tumors were
shown to be well vascularized with few
necrotic areas (Figure 5A). Quantitative
analyses, which were performed to eval-
uate microvessel densities in hGBP-
expressing tumors compared with non-
expressing tumors, did not reveal any
statistically significant differences (data
not shown). To determine the qualitative
capacity of the newly formed tumor ves-
sels to supply the respective tissue with
oxygen and nutrients, the amount of he-
moglobin was determined in tumors
with and without hGBP-1 expression
(Figure 5B). This well-established
method is applied to quantify the actual
state of perfusion within a given tumor
tissue (34,35). For each group of tumors,
18 samples were analyzed. Interestingly,
a significantly lower amount of hemo-
globin was determined in tumor sam-
ples expressing hGBP-1 in comparison to
nonexpressing tumors (P = 0.0032), indi-
cating that hGBP-1 expression in tumor
cells may impair their capabilities to
promote tissue vascularization. Thus, to
address potential indirect effects of
hGBP-1 on angiogenesis, VEGF release
from hGBP-1-expressing and nonex-
pressing tumor cells was determined by
application of an ELISA specific for the
detection of murine VEGF-A. Two inde-
pendent cell clones (14 and 18) were in-
vestigated and showed a 20-60% de-
crease of secreted VEGF-A when hGBP-1
expression was induced by doxycycline
(Figure 6A). In comparison, mock-
transfected cells (TS/ A pUHD) under
the applied conditions showed a 5-25%
reduced release of VEGF-A. To investi-
gate the VEGF-A protein levels in corre-
sponding mammary tumors, 12 different
samples, derived from animals trans-
planted with pUHD-GBP-transfected
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Figure 4. Quantification of fumor infiltration. Sections of TS/A-pUHD10.3-GBP-derived tu-
mors from four different animals that had been treated with doxycycline (TS/A-GBP + dox)
or saline (TS/A-GBP - dox) were analyzed by immunohistochemistry for the presence of
CD3* T cells or B220* B cells. In both experiments, 10 different optical fields were evalu-
ated. Results are indicated as mean values + SD. No statistically significant differences
were observed. Examples of successful staining are shown (inserts).

TS/ A cells that were treated with either
doxycycline or saline, were subjected to
quantitative Western blot analysis (Fig-
ure 6B). After normalization to loaded
protein amounts as reflected by GAPDH-
specific staining, VEGF-A protein levels
in hGBP-expressing tumors in average
were shown to be significantly lower

(P = 0.0286) than in the respective mock-
treated controls (see Figure 6B). This re-
sult indicates that hGBP-1 may inhibit
VEGTF-A release from tumor cells, which
may in turn result in decreased tumor
vascularization and inhibition of tumor
cell proliferation in vivo.

DISCUSSION

IEN-y coordinates diverse cellular pro-
grams through transcriptional regulation
of immunologically relevant genes. Mul-
tiple cellular effects of IFN-y have been
described, including upregulation of
pathogen recognition, antigen processing
and presentation, immune modulation
and leukocyte trafficking, and induction
of the antiviral state as well as inhibition
of cellular proliferation and effects on

apoptosis (36). The latter effects have
been implicated in the more recently ac-
knowledged antitumoral activities of
IFN-y, in addition to an IFN-y-mediated
tumor angiostasis and initiation of anti-
tumoral innate and adoptive immune
responses (1). Within the broad spec-
trum of IFN-y—induced genes, those en-
coding GBPs are among the most abun-
dant. In humans, hGBP-1 is the major
IFN-y—induced protein (32,37). Initial ob-
servations indicated an antiviral activity
(38) of this molecule; however, within the
last few years a major role of hGBP-1 in
the regulation of endothelial cell function
has been demonstrated. Thus, hGBP-1
was shown to inhibit proliferation (17)
and migration (19) as well as capillary
formation and invasiveness (16) of en-
dothelial cells and is required to transfer
the antiangiogenic activities of inflamma-
tory cytokines such as IFN-y, IL-1 and
tumor necrosis factor (TNF)-a. onto en-
dothelial cells (16,17,19). In addition, re-
cent evidence is accumulating showing
that hGBP-1 is involved in antitumoral
response processes. In a study involving
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388 patients with colorectal carcinomas
(20), robust hGBP-1 expression was de-
tected in 30% of the tumors in endothe-
lial cells and monocytes of the desmo-
plastic stroma. Most interestingly, this
finding was associated with a reduced
tumor angiogenesis and a highly signifi-
cantly improved prognosis for the pa-
tients (20). Although GBPs from other
species, mice in particular, are less well
studied with respect to their biological
function, an antitumorigenic activity of
murine GBP-1 has been recently sug-
gested by a significant upregulation of
the respective gene in prostate tumors,
which regressed during IFN-a therapy
(39). This finding corresponds to previ-
ous work implicating IFN-y-induced
murine GBP-1 in the regression of mam-
mary carcinomas in a Balb/c-derived
tumor mouse model (7). Moreover, an
antiproliferative effect of IFN-y has been
described for normal human mammary
epithelial cells, and interestingly, mam-
mary cancer cell lines with missing or
reduced GBP-1 expression have been
demonstrated to be resistant to IFN-y—
induced growth arrest (40).

In the present study, using an in-
ducible, IFN-y-independent expression
system, we could demonstrate that
hGBP-1 significantly inhibits the growth
of highly malignant TS/ A mammary car-
cinoma cells in syngeneic immune-com-
petent Balb/c mice in vivo. In light of pre-
vious data described above, this finding
might suggest concordant functions of
murine and human GBP-1. The hGBP-1-
mediated antitumorigenic effect in this
model was associated with reduced
tumor cell proliferation, as demonstrated
by a significantly decreased number of
Ki-67—positive cells in TS/ A cell-derived
tumors expressing high levels of hGBP-1
(see Figure 3B). Because hGBP-1 expres-
sion in vitro affected neither tumor cell
proliferation nor tumorigenicity (see Fig-
ure 1B, C), the effects observed in vivo
are most likely due to more indirect,
paracrine effects. In this respect, effects
resulting from interactions of tumor cells
with the surrounding stroma or potential
immune reactions are of particular inter-
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Figure 5. Analysis of tumor angiogenesis. (A) Immunohistochemistry. Consecutive sections of
hGBP-1-expressing (TS/A-GBP + dox) and nonexpressing (TS/A-Hyg + dox, TS/A-GBP - dox)
tumors were stained for the presence of hGBP-1 (a-hGBP-1, brown cytoplasmic staining)
and CD31 (a-mCD31), a specific marker of endothelial cells (red staining). (B) Biochemical
determination of hemoglobin contents. The amount of hemoglobin, normalized to fotal
protein amounts, was determined in frozen tissue (n = 18) of hGBP-1-expressing (TS/A-GBP*)
and nonexpressing (TS/A-GBP™) tumors. Stafistical significance (P = 0.0032) of the encoun-
tered differences was shown by applying an unpaired Student f test.
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est. The immune response in the present
study was investigated at the T- and
B-cell level. Evaluation of immunohisto-
chemical analyses revealed neither signs
of inflammation nor elevated levels of
infiltrating lymphocytes (see Figure 4).
Interestingly, analysis of tumor angiogen-
esis revealed significantly reduced con-
centrations of hemoglobin in tumors
expressing hGBP-1 compared with non-
expressing samples (see Figure 5B). Be-
cause microvessel density was not af-
fected (data not shown), however, this
result indicates that quality rather than
quantity of tumor vasculature might be
impaired. Unlike normal blood vessels,
tumor vessels are often immature and of
irregular shape and diameter, and reveal
an increased permeability. This may result
in an increased interstitial fluid pressure
and decreased perfusion (41,42). One of
the major molecules regulating blood ves-
sel formation and function is VEGF-A. It
controls proliferation, survival and migra-
tion of endothelial cells as well as angio-
genic sprouting (43). By analyzing the re-
lease of VEGF-A from hGBP-1-expressing
TS/ A cells in vitro (see Figure 6A), a
marked decrease (up to 60%) was ob-
served in comparison to nonexpressing
cells. The slight decrease (5-25%) ob-
served in mock-treated TS/ A cells lack-
ing the hGBP-1 expression construct
might reflect reduced cellular metabolic
activities under the applied conditions.
Quantitative analysis of VEGF-A protein
levels in tumor samples by means of
Western blotting (see Figure 6B) consis-
tently revealed a significantly reduced
amount of VEGF-A in hGBP-1-expressing
tumors compared with mock-treated con-
trols. Significantly lower hemoglobin lev-
els, indicating less tissue perfusion in ac-
cordance with a significantly reduced
tumor cell proliferation, as observed in
hGBP-1 expressing tumors, suggests that
an hGBP-1-mediated decrease in VEGF-
A synthesis may account for reduced an-
giogenesis and tumor growth in vivo. The
underlying detailed mechanisms and
how IFN-mediated effects might add to
this antitumorigenic activity will be the
subject of further investigations.
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Figure 6. Effect of hGBP-1 expression on VEGF-A synthesis. (A) The Tet-regulated hGBP-1-ex-
pressing TS/A cell clones 14 and 18, which were used for generation of subcutaneous tu-
mors in Balb/c mice, were analyzed for VEGF-A synthesis applying a mouse-specific ELISA.
As a conftrol, cells harboring the parental vector pUHD were used. Cells (duplicates) were
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dox). Corresponding cell extracts were analyzed for hGBP-1 expression by Western blotting
(insert). (B) Quantitative Western blot analysis of VEGF-A in TS/A cell-derived tumor sam-
ples. Frozen tissue samples (n = 6) of tumors grown in mice that had received doxycycline
for induction of hGBP-1 expression (TS/A-GBP*) or were injected with saline (TS/A-GBP™)
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In summary, we have demonstrated
that hGBP-1 may significantly contribute
to an antitumoral response reaction of the
host. Although the ectopic high-level ex-
pression in the present study might not
reflect a physiological situation, recent re-
ports have demonstrated hGBP-1 expres-
sion in human prostate cancers in stroma
(including endothelial and inflammatory
cells), as well as in tumor cells (39). Simi-
lar findings were obtained analyzing
samples of human cholangiocellular carci-
nomas (our unpublished data). The mech-
anisms underlying this antitumorigenic
effect may include autocrine processes
affecting cell proliferation, but also
paracrine activities affecting the expres-
sion and release of protumorigenic fac-
tors such as VEGE. Thus, owing to these
activities, GBPs may represent potent
members of an innate, [IFN-y—induced an-
titumoral defense system.
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