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GROWTH FACTORS, CYTOKINES, AND CELL CYCLE MOLECULES
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Interferon (IFN)-o and IFN-y are cytokines with potent immunomodulating and anti-tumor activities. It
is unknown which of the two IFNs may be more potent in the regulation of an anti-tumorigenic response
in colorectal carcinoma or whether both cytokines cooperate. We, therefore, established human myxo-
virus resistance protein A and human guanylate-binding protein-1 as markers for the differential
detection of IFN-a.— and IFN-y—driven tumor micromilieus, respectively. In vitro studies with different
cultures of tumor cells from colorectal carcinoma and stroma cells showed that the expression of
myxovirus resistance protein A was exclusively induced by IFN-a, whereas guanylate-binding protein-1
was strongly induced by IFN-y and only weakly by IFN-c. This expression pattern was used to distinguish
cell activation caused by the two cytokines in a clinical cohort of patients with colon carcinoma (n =
378). Patients with primary tumors expressing only guanylate-binding protein-1 exhibited the highest
cancer-specific 5-year survival (94.0%, P = 0.006) compared with those expressing both factors (90.3%,
P = 0.006), myxovirus resistance protein A alone (83.5%, P = 0.096), or none (72.8%). Our study
describes a successful proof-of-principle approach that complex cytokine interaction networks can be
dissected in human tissues and demonstrates that an IFN-y—driven tumor microenvironment exhibits a
superior prognostic effect compared with an IFN-a.—driven tumor microenvironment in colon carcinoma.

(Am J Pathol 2013, 183: 1897—1909; http://dx.doi.org/10.1016/j.ajpath.2013.08.025)

Colorectal cancer (CRC) is the third most common cancer in
men and the second most frequent cancer in women
worldwide, showing a wide geographical variation with
higher rates in industrialized countries." Most CRCs are
sporadic carcinomas.” Only a few CRC cases are of he-
reditary origin or arise in association with inflammatory
bowel disease.””

At the cell biological level, CRC is considered as an
interaction network of epithelial-derived tumor cells and
a stromal component with endothelial cells, fibroblasts,
and infiltrating immune cells. The intercellular in-
teractions are mediated by cytokines, growth factors, and
chemokines constituting the so-called tumor microenvi-
ronment. The tumor microenvironment influences tumor
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cell growth, differentiation, invasion, and survival, but is
also involved in the regulation of important stromal
reactions, including angiogenesis and inflammation.”
Angiogenesis plays an essential role in tumor progres-
sion and in invasion and metastasis.” Chronic inflam-
mation contributes to tumor initiation and progression,
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whereas acute inflammation is considered to counteract
tumor progression and tumor recurrence.”’ In CRC,
acute inflammation is characterized by the release of
several chemokines and different inflammatory cyto-
kines, such as interferon (IFN)-a, IFN-fB, and IFN-vy,
resulting in a T-helper type 1 (Th1) immune reaction.””
A Thl-dominated tumor micromilieu is strongly associ-
ated with a positive prognosis in CRC.” "

Interferons are inducible cytokines with antiviral and cell
growth regulatory effects as well as anti-tumor activities and
emerge as central coordinators of the tumor-immune system
interactions.'> The type II interferon, IFN-vy, targets the
maturation, differentiation, and activation of immune cells
and leads to an increased expression of major histocom-
patibility complex (MHC) class I and MHC class II mole-
cules.'*'* IFN-y is the hallmark of the Thl immune
response and affects the cancer immunoediting process.'”'°
In addition, it displays anti-proliferative, anti-angiogenic,
and pro-apoptotic effects by directly affecting both tumor
cells and cells of the desmoplastic stroma, including endo-
thelial cells.'*"’

IFN-a is a type I interferon and exerts its immunomo-
dulating and anti-tumor effects by increasing MHC class I
molecule expression and affecting the activation, prolifera-
tion, differentiation, and survival of different immune
cells."®"” Furthermore, IFN-o, has anti-angiogenic effects on
tumor endothelial cells by inhibiting the expression of pro-
angiogenic molecules, such as basic fibroblast growth factor
or vascular endothelial growth factor.””?' In vitro and
in vivo studies using exogenously administered or endoge-
nously expressed IFN-o, targeting several types of cancer,
confirmed its activity in cancer therapy.””*’ Its anti-tumor
effects have been ascribed predominantly to its effects on
hematopoietic-derived host cells and promotion of the
cancer immunoediting process.'>** In case of synchronous
expression of IFN-a and IFN-vy, controversial effects have
been reported.

The elucidation of potential differential and/or over-
lapping effects of IFN-a— versus IFN-y—driven tumor
microenvironments on prognosis in CRC requires specific
marker proteins that allow discriminating between the ac-
tivities of both cytokines on their target cells. The identifi-
cation and validation of biomarkers of cytokine activity in
human tissues is of increasing importance because the
clinical relevance of murine models specifically in
inflammation-associated diseases remains in discussion.”
The human myxovirus resistance protein A (MxA) is
among the major IFN-o—induced proteins,”**’ both in
human nonmalignant and malignant cells.” ' The
expression of human guanylate-binding protein-1 (GBP-1)
is strongly up-regulated by IFN-v in a variety of cells and is
associated with reduced angiogenesis in CRC tissues and
significantly prolonged cancer-specific 5-year survival of
the respective patients.''*** Herein, we established spe-
cific detection systems for both proteins and validated their
use as biomarkers for IFN-oo and IFN-y activation,
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respectively. By using these tools, we determined the dif-
ferential impact of IFN-a— and IFN-y—driven micromilieus
on the prognosis of patients with colon carcinoma.

Materials and Methods

Cell Culture and Stimulation of Cells

Peripheral blood mononuclear cells (PBMCs) were sepa-
rated by density-gradient centrifugation (Pancoll; PAN
Biotech, Aidenbach, Germany) from leukapheresis products
obtained from healthy volunteers. Monocytes were sepa-
rated from PBMCs by countercurrent elutriation, as
described previously,”* and cultivated in RPMI 1640 me-
dium (PAA Laboratories, Pasching, Austria) supplemented
with 10% (v/v) fetal calf serum (FCS; Biochrom, Berlin,
Germany) and 2 mmol/L L-glutamine (PAA Laboratories).
CD4" and CD8™ T cells were enriched from PBMCs via a
negative isolation strategy using the CD4" and CD8"
T Cell Isolation Kit II (Miltenyi Biotec, Bergisch-Gladbach,
Germany), according to the manufacturer’s instructions.’
CD4" T cells and CD8™ T cells were mixed in a physio-
logical ratio before use and hereinafter referred to as T cells.
Primary human umbilical vein endothelial cells (HUVECs;
Lonza, Cologne, Germany) were cultivated in endothelial
basal medium 2 completed with supplement and growth
factors (Lonza). Primary normal human dermal fibroblasts
(NHDFs; Promocell, Heidelberg, Germany) were cultured
in Dulbecco’s modified Eagle’s medium (PAA Labora-
tories) supplemented with 10% (v/v) FCS (Biochrom) and 2
mmol/L. rL-glutamine (PAA Laboratories). The human
colorectal adenocarcinoma cell line HT29 (ATCC, Mana-
ssas, VA) was maintained in McCoy’s 5A (PAA Labora-
tories) supplemented with 10% FCS (Biochrom) and 2
mmol/L. L-glutamine (PAA Laboratories). The colorectal
carcinoma cell line T84 was cultivated in Dulbecco’s
modified Eagle’s medium/Ham’s (PAA Laboratories) with
5% FCS (Biochrom) and 2 mmol/L L-glutamine (PAA
Laboratories). All cells were cultured at 37°C in a humidi-
fied atmosphere with 5% CO, (T cells, monocytes,
HUVECs, HT29 cells, and T84 cells) or 85% CO,
(NHDF). All cells, except HUVECs, were maintained in
uncoated culture flasks (NUNC; Thermo Fisher Scientific,
Waltham, MA). Flasks for HUVEC cultivation were coated
for at least 2 hours with 1.5% bovine skin gelatin, type B
(Sigma Aldrich, Taufkirchen, Germany) in PBS (Bio-
chrom). All cells were monthly tested for mycoplasma
contamination using the MycoAlert Mycoplasma Detection
Kit (Lonza) and were, in all cases, negative. Before stimu-
lation, all cells were starved overnight in basal medium
containing 0.5% FCS, with the exception of purified T cells.
Subsequently, cells were stimulated with 100 U/mL re-
combinant IFN-a (PeproTech, Rocky Hill, NJ), 100 U/mL
recombinant IFN-y (Roche, Mannheim, Germany), or 100
U/mL recombinant IFN-o and 100 U/mL recombinant IFN-
v in combination in the same medium for 24 hours. All
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cytokines were diluted in PBS containing 0.1% (w/v)
bovine serum albumin (Sigma Aldrich). In all experiments,
PBS/0.1% bovine serum albumin was used as a control.

Patients

Experimental results are based on specimens and prospectively
collected data from patients with well-documented colorectal
carcinomas, who underwent surgery at the Department of Sur-
gery in the University Medical Center Erlangen (Erlangen,
Germany). For the pilot experiment, 33 colorectal carcinomas
with the Union for International Cancer Control stages (UICC)*
I'to IV and their corresponding healthy tissues were included for
the initial immunohistochemical (IHC) analysis (n = 25; stage I:
n =7, stagell: n = §, stage [ll: n = 6, stage [V: n = 4; cecum:
n = 3, ascending colon: n = 5, hepatic flexure: n = 2, trans-
verse colon: n = 1, sigmoid colon: n = 5, rectum: n = 9) and
in situ hybridization (n = 8; n = 2 per UICC stage I to IV;
ascending colon: n = 1, hepatic flexure: n = 1, transverse
colon: n = 1, sigmoid colon: n = 1, rectum: n = 4).

Patients included in the TMA underwent surgery from 1991
to 2001 at the Department of Surgery in the University Med-
ical Center Erlangen. All investigations were performed in
accordance with the Declaration of Helsinki. The median
follow-up was 10 years (range, 0 to 20 years). Patients and
tumor characteristics are given in Table 1. Inclusion criteria of
the patients were solitary invasive colon carcinoma (UICC
stage II to IV) without appendix carcinoma, no other syn-
chronous or previous malignant tumors (except squamous and
basal cell carcinomas of the skin and carcinoma in situ of the
cervix uteri), no familial adenomatous polyposis, no ulcerative
colitis, and no Crohn’s disease. Unfortunately, data on
Amsterdam or Bethesda criteria or microsatellite status were
not available for the whole study group. The tumor sites were
right colon (cecum and ascending colon), transverse colon and
flexures (hepatic flexure, transverse colon, and splenic
flexure), and left colon (descending colon and sigmoid colon).
The extent of surgery was determined by the localization of the
tumor and its potential lymphatic spread. Thus, patients with
tumors located between two drainage areas (transverse colon,
hepatic flexure, or splenic flexure) are treated with extended
hemicolectomies or subtotal colectomies with dissection of
two or more lymphatic drainage areas. The median number of
histologically examined lymph nodes was 33 (range: 4 to 117).
Only patients without neoadjuvant treatment and residual
tumor classification RO were included. Patients who died
postoperatively and patients with unknown tumor status (with
respect to local and distant recurrence) at the end of the study
were excluded. A total of 183 (48.4%) of 378 patients died; 89
patients (23.5%) of the 183 died of colon carcinoma and 195
(51.6%) of the 378 were alive at the time of compilation of this
article. General epidemiological data, clinical findings, treat-
ment, histopathological examination, and follow-up data were
collected prospectively. Detailed documentation of the histo-
pathological findings allowed classification of the carcinomas
in accordance with the seventh edition of the TNM
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Table 1  Patient and Tumor Characteristics of Colon Carcinoma
Patients Included in the TMA Analysis (n = 378)

Value (n = 378) %
231:147 = 1.63 NA

Characteristics

Male:female ratio

Median/range age (years) 64.0/28-91 NA
MxA expression in the
desmoplastic stroma*
MxA-negative stromal cells 208 56.2
MxA-positive stromal cells 162 43.8
MxA-negative tumor cells 174 47.9
MxA-positive tumor cells 189 52.1
GBP-1 expression in the
desmoplastic stroma’
GBP-1—negative stromal cells 217 68.2
GBP-1—positive stromal cells 101 31.8
Tumor site
Right colon 97 25.7
Transverse colon and flexures 84 22.2
Left colon 197 52.1
Pathological stage (UICC 2009)
II 189 50.0
III 155 41.0
IV 34 9.0
pT category
pT2 26 6.8
pT3 303 80.2
pT4 49 13.0
pN category
pNO 198 52.4
pN1 107 28.3
pN2 73 19.3
Distant metastases
MO 344 91.0
M1 34 9.0
Histopathological grading
Low grade (G1/G,) 309 81.7
High grade (G3/G,) 69 18.3
Lymphatic venous invasion
LO 139 36.8
L1 239 63.2
Venous invasion
Vo 311 82.5
Vi 66 17.5
Postoperative treatment
No 304 80.6
Adjuvant chemotherapy 55 14.5
Adjuvant radiotherapy 1 0.3
Adjuvant chemoradiotherapy 7 1.9
Neoadjuvant chemotherapy before 10 2.7
resection of synchronous liver
metastases
Emergency presentation
No 335 88.6
Yes 43 11.4

*MxA expression in stromal and tumor cells was not determined in 8 and
15 patients, respectively.

1GBP-1 was not expressed in tumor cells. GBP-1 expression in stromal
cells was not determined in 60 patients.

Yenous invasion of one patient was unknown.

NA, not applicable; UICC, Union for International Cancer Control.
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classification of the UICC.*® Histopathological grading was in
accordance with the categories low and high, according to
World Health Organization recommendations.”’ Emergency
presentation was defined as the need for an urgent surgery
within 48 hours of admission.”®

Postoperative chemotherapy with 5-fluorouracil was
introduced in 1995 on a case-by-case basis. Sixty-five pa-
tients had postoperative chemotherapy (55 for adjuvant
treatment and 10 with stage IV in neoadjuvant intent after
primary tumor surgery before resection of liver metastases).
The low rate of adjuvant chemotherapy in stage III patients
(54/155) is also the result of participation in a randomized
trial comparing adjuvant chemotherapy with no chemo-
therapy in stage III colon carcinoma.’” In addition, eight
patients with sigmoid carcinomas received postoperative
radiotherapy (n = 1) or chemoradiotherapy (n = 7).

All patients were scheduled to be reviewed at 3-month in-
tervals for 2 years, and every 6 months thereafter, for a total of
5 years. Evaluations consisted of a thorough medical history,
physical examination, blood cell counts, and blood chemistry,
including carcinoembryonic antigen levels at every follow-up
visit. A follow-up schedule for abdominal ultrasonography,
computed tomographic scans of the abdomen and pelvis, and
chest X-rays was also applied at regular intervals. Histological
confirmation of suspected locoregional and distant relapse was
always attempted but not always possible. In this case, pro-
gressive radiological enlargement of the suspicious mass was
accepted as confirmatory. Isolated elevation of carcinoem-
bryonic antigen levels, liver function test elevations, or sus-
picious findings alone were not recorded as treatment failure.
After scheduled follow-up, at least vital status has been
checked annually through inquiries at the patients’ local
registration office. At the end of the study, 183 patients
(48.4%) had died (84 related to colon carcinoma, 5 post-
operative deaths after surgery for recurrence, 8 owing to other
malignancies, and 86 from other nonmalignant diseases).

TMA Data

The tissue microarrayer (Beecher Instruments, Sun Prairie,
WI) was used as follows: cores of 0.6-mm diameter were

punched from the donor blocks and positioned in a recipient
paraffin array block in smaller holes of 0.4 mm for best
adhesion of the samples to the array block. The design of the
TMA was described previously.'' In brief, the 14 paraffin
array blocks of the TMA were composed of three punch biopsy
specimens of the tumor center and three punch biopsy speci-
mens of the adjacent desmoplastic stroma. In total, 378 pa-
tients were available for staining and evaluation. Tumor and
stromal cells of each punch were evaluated by two indepen-
dent investigators (S.G. and U.S.) and were scored for number
of stained cells and staining intensity."' The final score was an
average value of the three punches of the tumor center and the
desmoplastic stroma. The evaluated punches of the tumor
center and desmoplastic stroma for tumor and stromal cells are
summarized in Table 2. Punches that were not evaluated
because of loss during the staining procedure or because of
lack of evaluable cell types are indicated as not applicable.

Immunofluorescence Staining

Immunofluorescence double staining of MXA in combination
with CD3, CD31, CD68, or vimentin on paraformaldehyde-
fixed, paraffin-embedded tissue sections required dewaxing
of the tissue sections (4 pwm) and rehydration before antigen
retrieval using Target Retrieval solution pH 9.0 for 20 mi-
nutes at 95°C (Dako, Hamburg, Germany). Staining proce-
dure was performed as previously described.”’ The mouse
monoclonal anti-human MxA antibody (IgG2a, clone M143)
was diluted 1:20 in 5% goat normal serum (Dianova,
Hamburg, Germany) and applied in combination with the
following: i) mouse monoclonal anti-cytokeratin antibody
(1:50, clone AEIL/AE3; IgGl, Diagnostic BioSystems,
Pleasanton, CA), ii) rabbit monoclonal anti-CD3 antibody
(1:50, clone SP7; Thermo Fisher Scientific), iii) mouse
monoclonal anti-CD31 antibody (1:10, IgG1, clone JC70A;
Dako), iv) mouse monoclonal anti-CD68 antibody (1:20,
1gG3, clone PG-M1; Dako), or v) mouse monoclonal anti-
vimentin antibody (1:200, IgM, clone VIM-13.2; Sigma
Aldrich). According to the numeration previously
mentioned, detection of the primary antibodies was
performed by adding as secondary antibodies (1:500;

Table 2  MxA Is Expressed in Stromal and Tumor Epithelial Cells of Colon Carcinoma
MxA expression [no. (%)] MxA expression [no. (%)]* No. not
Punch Cell type Negative Positive Category Low Intermediate High applicable’
Tumor center  Tumor cells 157 (47.6) 173 (52.4)  Cell number 32 (18.5) 70 (40.5) (41 0) 48
Expression intensity 45 (26.0) 81 (46.8) 7 (27.2)
Stromal cells 188 (53.3) 165 (46.7)  Cell number 37 (22.4) 99 (60.0) 9 (17.6) 25
Expression intensity 46 (27.9) 90 (54.5) 29 (17.6)
Desmoplastic ~ Tumor cells 174 (47.9) 189 (52.1)  Cell number 37 (19.6) 86 (45.5) 6 (34.9) 15
stroma Expression intensity 52 (27.5) 87 (46.0) 50 (26.5)
Stromal cells 208 (56.2) 162 (43.8)  Cell number 31 (19.1) 85 (52.5) 46 (28.4) 8
Expression intensity 40 (24.7) 92 (56.8) 0 (18.5)

*The relative percentage was calculated from MxA-positive patients.

Not applicable punches were not included in the calculation of relative percentages.
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Life Technologies, Darmstadt, Germany) for MxA a goat
anti-mouse Alexa546 IgG2a in combination with the
following: i) goat anti-mouse IgG1 Alexa488, ii) goat anti-
rabbit Alexa488, iii) goat anti-mouse IgGl Alexa488, iv)
goat anti-mouse IgG3 Alexa488, or v) goat anti-mouse IgM
Alexa488. The nuclei were counterstained with Draq5
(1:800; Cell Signaling Technology, Danvers, MA), and
slides were mounted with fluorescence medium (Dako).
Double staining was analyzed using a Leica SPE LSM
(Leica, Mannheim, Germany) equipped with the LAS-AF
software version 2.6.0.7266 (Leica).

IHC Staining

IHC staining for MxA and GBP-1 on paraformaldehyde-
fixed, paraffin-embedded tissue sections was performed as
described previously.'’~* Antigen retrieval was performed
as previously described. Human GBP-1 and human MxA
were detected with rat monoclonal anti—GBP-1 antibody
(clone 1B1,'7%3 1:300) and mouse monoclonal anti-MxA
antibody (clone M143,*"** 1:200), respectively. Mouse
IgG2a isotype control antibody (R&D Systems, Wiesbaden-
Nordenstadt, Germany) was used as an control for MxA in
corresponding concentrations. The staining was detected
using the ABC Vectastain Elite kit (Vector Laboratories,
Burlingame, CA) and NovaRed substrate (Vector Labora-
tories), according to the manufacturer’s instructions. Slides
were counterstained with Gill-Ill hematoxylin (Merck,
Darmstadt, Germany), dehydrated, and mounted with Vec-
taMount permanent mounting medium (Vector Labora-
tories). Sections were analyzed with a Leica DM6000 B or a
Leica Aristoplan microscope (Leica).

In Situ Hybridization with **S-Labeled Probes

Specimens were processed as described previously.*** As a
template for in vitro transcription, a specific sequence of MX1
(NM_002462.3, 395 to 1412 bp) was cloned in both di-
rections into a pcDNA4/myc-His B (Life Technologies)
expression vector. A T7 Polymerase (Agilent Technolo-
gies, Boblingen, Germany) was used for the transcription
of **S-labeled RNA hybridization probes in sense and
antisense directions. After autoradiography, sections were
stained with Gill-Ill hematoxylin (Merck) and eosin
(Sigma Aldrich). The slides were mounted using Pertex
(Medite, Burgdorf, Germany) and visualized at a Leica
DM6000 B or a Leica Aristoplan microscope (Leica)
coupled to a charge-coupled device live camera (Sony,
Berlin, Germany). The signals were analyzed in the bright
field (expression signals appear as black silver grains) and
in the dark field (light scattering by the silver grains pro-
duces white signals). As a negative control, hybridization
of the MX1 sense strand was used and the positive control
was performed using an antisense probe for ACTB
(NM_001101.3, 172 to 1127 bp) cloned in the same vector
as MXI.

The American Journal of Pathology m ajp.amjpathol.org

Western Blot Analysis

Preparation of cell extracts was performed as described pre-
viously.” Protein concentration was determined using the
detergent-compatible assay (Bio Rad, Munich, Germany).
Cell extracts (10 pg) were separated by electrophoresis on a
10% SDS-PAGE and subsequently analyzed by using
Western blot analysis, as previously described,”” with the
exception that membrane blocking was performed in PBS
containing 5% skim milk for 2 hours at room temperature.
The following primary antibodies were diluted in PBS/2.5%
skim milk: rat monoclonal anti—GBP-1 antibody (clone 1B1,
1:500), mouse monoclonal anti-MxA antibody (clone M 143,
1:1000), and mouse monoclonal anti—glyceraldehyde-3-
phosphate dehydrogenase antibody (MAB 374, 1:40,000;
Millipore, Schwalbach, Germany). Rabbit anti-rat and rabbit
anti-mouse IgG antibody coupled to horseradish peroxidase
(1:5000; Dako) were used as secondary antibodies. Protein
detection was performed using the enhanced chem-
iluminescence Western blot analysis detection system
(Thermo Fisher Scientific) and Rx-films (Fuji, Tokyo,
Japan).

Statistical Analysis

Statistical analysis of the TMA was performed as already
described using SPSS software, version 19.0 (IBM, Ehnin-
gen, Germany).'' The % analysis was used to compare
frequencies. The Kaplan-Meier method with log-rank test
was used to calculate and compare the rate of distant me-
tastases, cancer-specific survival, and locoregional recur-
rence. In cancer-specific survival, an event was defined as
death from colon carcinoma, because of either recurrence
(locoregional or distant) or postoperative death after reop-
eration. The cancer-specific survival is influenced by the
therapy of recurrence. The 95% CIs for univariate analysis
were calculated according to Greenwood.’® Multivariate
Cox regression analysis was performed to identify inde-
pendent prognostic factors. Factors that were found to be
significant in one of the univariate analysis were included in
the multivariate model. P values were considered to be
statistically significant when P < 0.05.

Results

MxA Expression Is Induced by IFN-o and GBP-1
Expression by IFN-y and IFN-a

To confirm the induction of MxA and GBP-1 by IFN-a and
IFN-v, different human cell lines and primary cells were
treated with these cytokines, single or in combinations.
Western blot analyses of the cell extracts showed that MxA
is expressed after induction with IFN-a but not after in-
duction with IFN-y and that MxA expression through IFN-a.
is not impaired by simultaneous presence of IFN-y in
freshly purified T cells and monocytes, primary endothelial
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cells (HUVECsS), primary NHDFs, and colorectal carcinoma
cell lines (HT29 and T84) (Figure 1). MxXxA was not
expressed in unstimulated cells with the exception of freshly
purified monocytes, in which a basal level of expression was
noted in untreated cells, which was not affected by IFN-y
treatment (Figure 1). GBP-1 was strongly induced on
treatment with IFN-vy in all cells analyzed (Figure 1). IFN-a
induced GBP-1 expression slightly in T cells, monocytes,
HUVECs, and NHDF cells (Figure 1). GBP-1 was
expressed at low levels in T cells, monocytes, and NHDF in
the absence of stimulation (Figure 1). Costimulation of the
cells with IFN-a and IFN-y did not significantly increase
the expression levels of GBP-1 compared with IFN-y alone
(Figure 1). In conclusion, MxA was selectively induced by
IFN-a, and GBP-1 strongly by IFN-vy and weakly by IFN-a.,
in different CRC stroma and tumor cells.

MxA and GBP-1 Are Expressed in CRC

Our group has previously described the staining of GBP-1
in CRC tissues'**"; however, MxA expression in CRC has
not yet been described. Therefore, sensitive and specific
THC detection of MxA was established in a pilot study using
primary colorectal carcinoma tissues and corresponding
tumor-free mucosa of patients, which were previously
shown to be positive for GBP-1 (n = 25). MxA was
strongly expressed in the tumor cells (n = 20) (Figure 2A)
and in cells of the desmoplastic stroma (n 25)
(Figure 2A). In contrast, GBP-1 was mainly detected in the
desmoplastic stroma (Figure 2A) and only rarely in the
tumor cells (n 2) (Figure 2A). Consecutive isotype-
specific control staining of tumor tissue showed no unspe-
cific reaction (Figure 2A). The adjacent healthy mucosa
tissue showed rare and only weak expression of MxA
(n = 9) and GBP-1 (n = 6). To determine the nature of the
MxA-expressing cells, double immunofluorescence staining
using cell type—specific markers was performed. Most of
the MxA-positive cells were found to be of tumor epithelial
origin (Supplemental Figure S1A). In addition, MxA
expression was detected in T lymphocytes (Supplemental

Figure S1B), endothelial cells (Supplemental Figure S1C),
monocytes/macrophages (Supplemental Figure S1D), and
fibroblasts (Supplemental Figure S1E) of the desmoplastic
stroma. The results on the detection of MxA protein were
confirmed at the RNA level by in situ hybridization (ISH) in
CRC tissues (n 8). ISH with a radiolabeled strand-
specific antisense RNA probe specific for MX/-mRNA
revealed signals in the tumor cells and in the stromal cells of
CRC tissues (Figure 2B), but not in the healthy mucosa
(Figure 2C). No unspecific signals were obtained with the
sense control probe in tumor tissue and healthy mucosa
(Figure 2, B and C). ISH results correlated well with ITHC
performed on consecutive CRC tissue sections (Figure 2B).
These results confirmed the specificity of the MxA staining
in CRC.

Stromal Expression of MxA and GBP-1 Is Associated
with an Increased Cancer-Specific 5-Year Survival and a
Decreased Rate of Distant Metastases in Patients with
Colon Carcinoma

A potential differential clinical impact of an IFN-a— and an
IFN-y—driven tumor microenvironment in colon carcinoma
was analyzed by IHC staining of MxA and GBP-1 in a large
cohort of well-characterized patients with colon carcinoma
using a TMA. Punches were obtained from two distinct
locations, the tumor center and the desmoplastic stroma.
The TMA was composed of formalin-fixed, paraffin-
embedded tissue punches of UICC stage II to IV colonic
carcinomas (n 378) with complete follow-up data
available for statistical analysis. Standard patient and tumor
characteristics of the cohort are given in Table 1. The 5-year
rate of distant metastases of all 378 patients was 26.3%
(Table 3). Of 378 patients, 102 developed distant metastases
at one or more sites, 96 of them within the first 5 years. The
5-year rate of locoregional recurrence was 6.4%, and the 5-
year overall survival was 75.4%. The 5-year cancer-specific
survival of all 378 patients was 81.5% (Table 4).

The evaluation criteria were classified into negative, low,
intermediate, and high, according to cell number and

T cells Monocytes HUVEC NHDF HT29 T84
- + - + - + - 4+ - + - 4 - 4+ - 4+ - + - 4+ - + - + IFN-a
Q___++__++__++__++__++__++IFN'Y
il | | || — == [ | | | | MxA
2l — - eme]| e — - - = | GBP-1
S I == = e[ = = = = = s
5*-"-.| [~ —enes  —ow ——oo | - | - - GBP-1
F=—d[ ][ =—==][===e]|[== < _] F = = —]caroH

Figure 1

MxA expression is induced by IFN-o. and GBP-1 expression by IFN-y and IFN-o. Western blot analysis of MxA and GBP-1 expression in cell lysates

of different cell types (T cells, monocytes, HUVECs, NHDFs, HT29 cells, and T84 cells). Cells were stimulated for 24 hours with 100 U/mL IFN-a, IFN-y, and IFN-
a,/IFN-y or were left untreated (control). MxA and GBP-1 expression levels are depicted once after short exposure time (short exp = 1 minute) and once after
long exposure time (long exp = 1 hour), respectively. Detection of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) shows that equal amounts of protein

were loaded.
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Bright field

Dark field

O

Bright field

Healthy mucosa

Dark field

Figure 2  MxA and GBP-1 are expressed in colorectal carcinoma. A: IHC
staining of MxA and GBP-1 (brown) in consecutive sections of CRC and
adjacent healthy mucosa. Isotype-specific control stainings were performed
on CRC tissue. In the MxA row, arrowheads indicate MxA-positive tumor
cells; arrow, MxA-positive stromal cells. In the GBP-1 row, arrows indicate
GBP-1—positive stromal cells; asterisk, tumor area. ISH on CRC tissue
sections (B) and on healthy mucosa (C) with Mx1-mRNA—specific antisense
and control sense probes. Signals appear in the bright field as black grains
and in the dark field as white grains and are indicated by arrows. Tumor
area is indicated by an asterisk. IHC staining of MxA was performed on
consecutive tissue sections. Scale bars: 100 um (A); 50 pm (B and C).

expression level (Supplemental Figure S2). IFN-o.—induced
MxA was found to be expressed in approximately 50% of
the colon carcinoma samples in the tumor cells (52.4%
tumor center region and 52.1% desmoplastic stroma region)
(Table 2) and to a lesser extent in the stromal cells (46.7%
tumor center region and 43.8% desmoplastic stroma region)
(Table 2). Most MxA-positive cases exhibited an interme-
diate MxA expression concerning both cell number and
expression intensity independent of the cell type (Table 2).
The remaining MxA-positive cases were almost equally
distributed between low and high MxA expression
(Table 2). In both punches of the tumor center region and
the desmoplastic stroma region, high MxA expression was

The American Journal of Pathology m ajp.amjpathol.org

more frequently found in the tumor cells (2.33- or 1.23-fold,
respectively) compared with the stromal cells (Table 2).
MxA expression of neither tumor nor stromal cells was
correlated with classic clinicopathological parameters, such
as pN category or UICC stage (data not shown).

Interestingly, patients with MxA-positive stromal cells in
the desmoplastic stroma region (n = 162) (Figure 3A)
showed a significantly reduced 5-year rate of distant me-
tastases (univariate analysis: MxXA positive versus negative,
21.4% versus 30.8%; P = 0.040) (Table 3) and a signifi-
cantly increased cancer-specific 5-year survival (univariate
analysis: MxA positive versus negative, 86.7% versus
77.1%; P = 0.040) (Table 4) compared with MxA-negative
patients (n = 208) (Figure 3A). Despite the high expression
level of MxA in the tumor cells (previously described),
positive signals in this cell compartment did not exhibit
prognostic relevance for colon carcinoma (Supplemental
Figure S3).

The same TMA including punches of the tumor center
and desmoplastic stroma region with the identical cohort of
patients was analyzed for IFN-y—induced GBP-1 expres-
sion in a previous work.'' In the desmoplastic stroma re-
gion, GBP-1—positive stromal cells (n = 101) (Figure 3B)
were associated with a significant decrease in the 5-year rate
of distant metastases (univariate analysis: GBP-1 positive
versus negative, 15.5% versus 32.6%; P = 0.001) (Table 3)
and a significant increase in cancer-specific 5-year survival
(univariate analysis: GBP-1 positive versus negative, 91.6%
versus 76.8%; P = 0.001) (Table 4) compared with patients
not expressing GBP-1 (n = 217) (Figure 3B). Other well-
established prognostic factors, such as UICC stage, pT,
pN, or M category, lymph, and venous invasion did corre-
late with increased survival, confirming the representative
value of this study group (Tables 3 and 4). Multivariate Cox
regression analysis showed an increased hazard ratio for
both MxA (multivariate analysis: MxA-negative hazard ra-
tios, 1.4 and 1.5) (Tables 3 and 4, respectively) and GBP-1
(multivariate analysis: GBP-1—negative hazard ratios, 1.6
and 1.6) (Tables 3 and 4, respectively), but without statis-
tical significance.

IFN-y—Driven Intratumoral Microenvironment
Exhibits Superior Prognostic Effect Compared with
an IFN-a—Driven Microenvironment

The analyses of GBP-1 and MxA expression in the same
TMA with an identical patient cohort enabled us to compare
the impact of an IFN-o— and an IFN-y—driven tumor
microenvironment on the patients’ survival. Comparison of
MxA expression and GBP-1 expression in stromal cells of
the desmoplastic stroma region (n = 318) showed a sig-
nificant correlation between both markers (? analysis: P <
0.001).

No matter whether MXA was co-expressed or not, all
patients with GBP-1 expression in the primary tumors
exhibited a reduced 5-year rate of distant metastasis
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Table 3  Expression of MxA and GBP-1 in Desmoplastic Stromal Cells of the Stromal Region Is Associated with a Decreased 5-Year Rate of

Distant Metastases in Colon Carcinoma

Univariate analysis

Multivariate analysis

5-y rate of
distant 95% CI 95% CI

Characteristics n metastases (%) (%) P value n Hazard ratio (%) P value
All patients 378 26.3 21.8—30.8 317*
MxA expression (desmoplastic stroma)

MxA-positive stromal cells 162" 21.4 14.9-27.9 0.040 144 1.0

MxA-negative stromal cells 208" 30.8 24.3—37.3 173 1.4 0.9—2.3 0.105
GBP-1 expression (desmoplastic stroma)

GBP-1—positive stromal cells 101*  15.5 8.3—22.8 0.001 100 1.0

GBP-1—negative stromal cells 2178 326 26.3—38.9 217 1.6 0.9—-2.8 0.114
MxA and GBP-1 expression in the

desmoplastic stroma

GBP-1 positive/MxA negative 36 11.7 0.9—22.5 0.005°

GBP-1 positive/MxA positive 65 17.6 8.2—27.0 0.007°

GBP-1 negative/MxA positive 79 26.6 16.8—36.4 0.131°

GBP-1 negative/MxA negative 138 36.2 28.0—44.4
Tumor site

Right colon 97 28.5 22.0—35.0 0.248

Transverse colon and flexures 84 19.3 10.9—-27.7

Left colon 197 28.0 18.6—37.4
Pathological stage (UICC 2009)

II 189 11.8 7.1-16.5 <0.001 156 1.0

III 155 35.5 27.9—43.1 132 2.3 1.4—3.9 0.002

v 34 63.5 47.0—80.0 29 7.0 3.8—13.2 <0.001
pT category

pT2 26 11.5 —0.9—23.9 0.067

pT3 303 25.9 20.8—31.0

pT4 49 37.2 23.5—50.9
pN category

pNO 198 12.8 8.1-17.5 <0.001

pN1 107 25.4 17.2—33.6

pN2 73 63.9 52.5—75.3
Distant metastases

MO 344 22.7 18.2—27.2 <0.001

M1 34 63.5 47.0—80.0
Histopathological grading

Low grade (G1/G,) 309 24.6 19.7—29.5 0.024 262 1.0

High grade (Gs/G,) 69 34.5 23.1-54.9 55 1.7 1.0—2.8 0.065
Lymph venous invasion

Lo 139 16.9 10.4—23.4 0.002 111 1.0

L1 239 31.7 25.8—37.6 206 1.0 0.6—1.7 0.932
Venous invasion

Vo 3117 204 15.9—24.9 <0.001 257 1.0

V1 667  54.6 42.5—66.8 60 2.8 1.8—4.5 <0.001
Chemotherapy

No 305 24.7 19.8—29.6 0.270

Yes 72 32.4 21.4—43.4
Radiotherapy

No 370 26.4 21.9—30.9 0.860

Yes 8 25.0 —5.0—55.0
Emergency presentation

No 335 23.7 19.0—28.4 <0.001 283 1.0

Yes 43 49.2 33.3—65.1 34 1.3 0.7—2.4 0.368

Univariate and multivariate analysis concerning the 5-year rate of distant metastases are given. Multivariate analysis includes variables with significance

(P < 0.05) in one of the univariate analyses.
*GBP-1 expression of 60 patients was not determined; venous invasion of one patient was unknown.

TMxA expression of eight patients was not determined.
*GBP-1 expression of 60 patients was not determined.

5P values refer to Kaplan-Meier analysis against GBP-1/MxA double-negative patients.

Yvenous invasion of one patient was unknown.
UICC, Union for International Cancer Control.
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Table 4  Expression of MxA and GBP-1 in Desmoplastic Stromal Cells of the Stromal Region Is Associated with a Prolonged Cancer-Specific
5-Year Survival in Colon Carcinoma

Univariate analysis Multivariate analysis
Cancer-specific
5-y survival 95% 95%

Variable n (%) CI (%) P value n Hazard ratio CI (%) P value
All patients 378 81.5 77.6—85.4 317*
MxA expression (desmoplastic stroma)

MxA-positive stromal cells 162" 86.7 81.4—92.0 0.040 144 1.0

MxA-negative stromal cells 208" 7741 71.2—83.0 173 1.5 0.9—-2.5 0.084
GBP-1 expression (desmoplastic stroma)

GBP-1—positive stromal cells 101*  91.6 86.1-97.1 0.001 100 1.0

GBP-1—negative stromal cells 217 76.8 71.1-82.5 217 1.6 0.8—3.0 0.154
MxA and GBP-1 expression in the

desmoplastic stroma

GBP-1 positive/MxA negative 36 94.0 86.0—102.0 0.006°

GBP-1 positive/MxA positive 65  90.3 82.9-97.8 0.006°

GBP-1 negative/MxA positive 79 83.5 75.3—91.7 0.096°

GBP-1 negative/MxA negative 138 72.8 65.2—80.4
Tumor site

Right colon 97 82.3 76.8—87.8 0.381

Transverse colon and flexures 84 82.9 74.7-91.1

Left colon 197 78.3 69.7—86.9
Pathological stage (UICC 2009)

II 189 92.6 88.7—96.5 <0.001 156 1.0

III 155 74.5 67.6—81.4 132 2.5 1.4—4.4 0.002

v 34 54.7 37.7-71.8 29 4.8 2.4—9.7 <0.001
pT category

pT2 26 96.2 88.8—103.7 0.021

pT3 303 82.7 78.4—87.0

pT4 49 66.4 52.9—79.9
pN category

pNO 198 90.8 86.7—94.9 <0.001

pN1 107 85.9 79.2—92.6

pN2 73 50.0 38.2—61.8
Distant metastases

MO 344 84.2 80.3—88.1 <0.001

M1 34 54.7 37.7-71.8
Histopathological grading

Low grade (G1/G,) 309 82.8 78.5—87.1 0.108 262 1.0

High grade (Gs/G,) 69 75.6 65.2—86.0 55 1.7 0.9—2.9 0.089
Lymph venous invasion

Lo 139 88.4 82.9—93.9 0.003 111 1.0

L1 239 77.7 72.4—83.0 206 1.1 0.6—2.0 0.636
Venous invasion

Vo 3117 865 82.6—90.4 <0.001 257 1.0

V1 667 57.5 45.4—69.7 60 2.5 1.5—4.1 <0.001
Chemotherapy

No 305 82.8 78.5—87.1 0.362

Yes 72 76.0 66.0—86.0
Radiotherapy

No 370 81.4 77.3—85.5 0.976

Yes 8 87.5 64.6—110.4
Emergency presentation

No 335 84.2 80.3—88.1 <0.001 283 1.0

Yes 43 59.0 43.5—74.5 34 1.9 1.0-3.4 0.042

Univariate and multivariate analyses concerning the cancer-specific 5-year survival are given. Multivariate analysis includes variables with significance (P <
0.05) in one of the univariate analyses.

*GBP-1 expression of 60 patients was not determined; venous invasion of one patient was unknown.

TMxA expression of eight patients was not determined.

GBP-1 expression of 60 patients was not determined.

5P values refer to Kaplan-Meier analysis against GBP-1/MxA double-negative patients.

Yvenous invasion of one patient was unknown.

UICC, Union for International Cancer Control.
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(univariate analysis: GBP-1 positive/MxA negative, 11.7%;
GBP-1 positive/MxA positive, 17.6%) (Table 3) and a
significantly improved cancer-specific 5-year survival (uni-
variate analysis: GBP-1 positive/MxA negative, 94%; GBP-
1 positive/MxA positive, 90.3%) (Table 4) compared with
double-negative patients (Figure 4). Patients expressing
exclusively MxA and not GBP-1, which indicates selective
IFN-a. activity in the absence of IFN-v, also exhibited a
lower 5-year rate of distant metastases of 26.6% (univariate
analysis: GBP-1 negative/MxA positive) (Table 3) and an
improved cancer-specific 5-year survival of 83.5% (uni-
variate analysis: GBP-1 negative/MxA positive) (Table 4)
compared with double-negative patients, but this difference
was not statistically significant (Figure 4). In accordance
with the differences in survival, the rate of distant metas-
tases of GBP-1—positive patients was reduced compared
with MxA-positive patients (5.0% versus 10.0%)
(Supplemental Table S1). Moreover, the distribution of the
target organs involved was different between both patient
groups. In MxA-positive patients, relatively higher fre-
quencies of liver and lung involvement were observed
compared with patients with GBP-1—positive tumors (GBP-1
positive: liver, 36.8%; lung, 10.5%; versus MxA positive:
liver, 50.0%; lung, 17.4%) (Supplemental Table S1). In
contrast, metastases to peritoneum and distant lymph nodes
were more often observed in GBP-1—positive patients than in
MxA-positive patients (GBP-1 positive: peritoneum, 5.3%;
distant lymph nodes, 21.1%; versus MXA positive:
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peritoneum, 2.2%; distant lymph nodes, 6.5%) (Supplemental
Table S1).

Altogether, these results revealed that an IFN-y—driven
tumor microenvironment exerts a superior effect on pa-
tients’ survival and outcome in colon carcinoma compared
with microenvironments driven by IFN-o or without an
IFN-associated immune reaction.

Discussion

The aim of the present study was to investigate a potential
differential impact of IFN-a— and IFN-y—driven tumor
microenvironments/immune reactions on the prognosis of
patients with colon carcinoma. To comprehensively char-
acterize the tumor microenvironment, our specific focus was
not on the detection of the cytokines but on the detection of
target cells that were exposed to and activated by the two
different cytokines in the tissue. Therefore, we examined the
expression of two specific marker proteins, human MxA and
human GBP-1, in a large cohort of patients with colon
carcinoma (n = 378). In agreement with previous results,
GBP-1 was strongly induced in most cells by IFN-y and
only slightly by IFN-a (Figure 1),>*** whereas MxA was
specifically induced by IFN-o (Figure 1).*?” Because of
their expression patterns, the two selected markers allowed
us to clearly discriminate between IFN-o— and IFN-y—
driven immune reactions in the tissues. The detection of
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MxA indicates IFN-a activity, the detection of GBP-1 in the
absence of MxA indicates IFN-y activity, and the simulta-
neous presence of MxA and GBP-1 is associated with a
microenvironment defined by simultaneous activity of both
interferons.

Previously, we demonstrated that GBP-1 expression in
the primary tumors is associated with an improved prog-
nosis of patients with CRC."" Herein, we showed that MxA
expression in colon carcinoma is also associated with a
significantly increased cancer-specific 5-year survival and a
decreased 5-year rate of distant metastases in MxA-positive
patients with colon carcinoma.

Interestingly, MxA-expressing tumor cells in colon car-
cinoma were not associated with a significant impact on the
clinical prognosis, whereas MxA expression in the desmo-
plastic stroma was associated with a significantly improved
prognosis of the respective patients (Figure 3). This might
be explained by the fact that IFN-a exerts its immunomo-
dulating and anti-tumoral effects mainly on hematopoietic-
derived host cells and, thereby, promotes the cancer
immunoediting processes.'>** Endogenously produced
IFN-o acts early during the development of the antitumor
response and induces mainly dendritic cells to activate naive
CD8™" T cells.!” Moreover, IFN-g, is described to have an
influence on the motility and migration of T cells.”

The single and combined analysis of the expression of MxA
and GBP-1 revealed that expression of MxA was associated
with an improved prognosis of patients with colon carcinoma.
This indicated that an IFN-o—driven intratumoral immune
reaction has a positive effect. However, prognosis of patients
was further improved in patients expressing GBP-1 in the
primary lesions, in agreement with previous results.'' GBP-1
alone cannot be used to differentiate between IFN-a and IFN-
Y activation, suggesting that the improved prognosis may be
the result of cooperative activity of both cytokines. However,
in patients expressing only GBP-1 and not MxA, compared
with those co-expressing both markers, the prognosis was
further improved, but not in a statistically significant manner.
There was no statistically significant difference regarding the
clinicopathological criteria between these two groups. This
clearly demonstrated the following: i) the IFN-y—driven
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immune reaction caused the GBP-1—associated improvement
of prognosis, ii) this immune reaction has a superior prognostic
effect compared with the IFN-a—driven immune reaction, and
iii) an IFN-y— and IFN-o—driven immune reaction does not
exert a significant cooperative effect. Accordingly, patients
with only an [FN-y—driven immune reaction tended to exhibit
a better prognosis compared with those in whom both cyto-
kines were active.

In the literature, the effects of IFN-a on IFN-y expression
are discussed controversially and their simultaneous pres-
ence has been reported to cause agonistic and antagonistic
effects. In favor of a positive cooperation, IFN-a and IFN-y
exert cooperative anti-proliferative and pro-apoptotic activ-
ities on tumor cells in vitro and in vivo in a mouse
model.’*>! In addition, IFN-a can promote Thl differenti-
ation by increasing IFN-y production and the numbers of
IFN-y—producing natural killer and T cells.”” ~® Agonistic
activity has been observed by showing that IFN-a is able to
suppress IFN-y production through inhibition of IL-12
production”’”® by competing for STAT1 molecules’”*"
and by inducing STAT] inhibitors.®’ Our findings suggest
that the latter mechanisms may be partly operative in CRC.

The role of IFN-v in cancer immunosurveillance is well
described and includes, in tumor cells, inhibition of prolif-
eration, migration, and invasion and induction of
apoptosis‘”; at the stromal cell level, it includes modulation
of immune cell activity'® and inhibition of angiogenesis."’

In conclusion, our data demonstrate, for the first time to our
knowledge, the superior prognostic impact of an IFN-y—
driven tumor microenvironment in direct comparison to an
IFN-a—driven microenvironment. Moreover, the results pre-
sent a successful proof-of-principle approach that complex
cytokine interaction networks can be functionally dissected in
human tissues with great relevance for the determination of the
prognosis of patients.
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