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BACKGROUND & AIMS: Advanced colorectal carcinoma (CRC)
is characterized by a high frequency of primary immune
evasion and refractoriness to immunotherapy. Given the
importance of interferon (IFN)-y in CRC immunosurveillance,
we investigated whether and how acquired IFN-vy resistance in
tumor cells would promote tumor growth, and whether IFN-y
sensitivity could be restored. METHODS: Spontaneous and
colitis-associated CRC development was induced in mice with a
specific IFN-y pathway inhibition in intestinal epithelial cells.
The influence of IFN-y pathway gene status and expression on

survival was assessed in patients with CRC. The mechanisms
underlying IFN-vy resistance were investigated in CRC cell lines.
RESULTS: The conditional knockout of the IFN-y receptor in
intestinal epithelial cells enhanced spontaneous and colitis-
associated colon tumorigenesis in mice, and the loss of
IFN-y receptor « (IFNyYRa) expression by tumor cells
predicted poor prognosis in patients with CRC. IFNyR«
expression was repressed in human CRC cells through
changes in N-glycosylation, which decreased protein stability
via proteasome-dependent degradation, inhibiting IFNyR-
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signaling. Downregulation of the bisecting N-acetylglucosa-
minyltransferase III (MGAT3) expression was associated with
IFN-vy resistance in all IFN-y-resistant cells, and highly
correlated with low IFNyRa expression in CRC tissues. Both
ectopic and pharmacological reconstitution of MGAT3
expression with all-trans retinoic acid increased bisecting N-
glycosylation, as well as IFNyRa protein stability and
signaling. CONCLUSIONS: Together, our results demonstrated
that tumor-associated changes in N-glycosylation destabilize
IFNYRq, causing IFN-y resistance in CRC. IFN-y sensitivity
could be reestablished through the increase in MGAT3
expression, notably via all-trans retinoic acid treatment,
providing new prospects for the treatment of immune-resistant
CRC.

Keywords: Colon Cancer; Immune Evasion; IFNGR1.

he primary host immune response is an important

determinant of the evolution of solid tumors. In
colorectal cancer (CRC), the infiltration of T helper 1 and
cytotoxic T cells correlates with an increased patient sur-
vival and the presence of an interferon (IFN)-y-driven
expression signature.”? The crucial role of IFN-y in tumor
immunosurveillance has been amply documented in pre-
clinical models.® IFN-y is secreted by immune cells, mostly
cytotoxic T cells, and can exert long-distance effects in the
tumor microenvironment, inducing a sustained IFN-vy
response in tumor cells.*” Tumor cell-specific effects of
[FN-v include the inhibition of cell proliferation, the in-
duction of cell death, and an increased immunogenicity.g'6
[FN-y binds the ubiquitously expressed IFN-y receptor
(IFNYR) a/@ complex and signals through the Janus ki-
nase/signal transducers and activators of transcription
(JAK/STAT) signaling pathway. Activation of STAT1 and
interferon regulatory factor 1 induces the transcription of
interferon-stimulated genes (ISGs).” In CRC, the expres-
sion of various ISGs has been associated with less
aggressive disease.” "

Tumor cells can develop strategies to escape detection
and destruction by immune cells. Metastatic CRC is char-
acterized by an increased immune resistance.’ Enhanced
expression of immune checkpoint molecules, such
as programmed death ligand 1, is infrequent in CRC.
Accordingly, immunotherapy with anti-programmed death
1 (anti-PD-1) antibodies only led to an objective response
in a small subgroup of microsatellite instable CRCs.**"?
This indicates that, in the large majority of CRCs, pri-
mary immune escape involves mechanisms other than
immune checkpoint activation. We previously observed
the selective loss of ISG expression in CRC tumor cells
compared with the stroma,’* suggesting that resistance to
[FN-vy might be involved in primary immune evasion of
CRC. This is supported by the fact that some colorectal cell
lines are insensitive to IFN-vy treatment.'*'® In addition,
the treatment of patients with CRC with IFN-y has yielded
a low response rate.'®'?

Inactivating frameshift mutations
been reported in CRC with microsatellite

of JAK1 have
instability
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

During tumor progression, colorectal carcinomas develop
intrinsic immune evasion. We investigated to which extent
a tumor cell acquired interferon-vy resistance participates
in tumor development.

NEW FINDINGS

Interferon-y receptor expression knockout in intestinal
tumor cells fosters colon tumorigenesis in mice. MGAT3/
GnT-lll-mediated bisecting N-glycosylation regulates
interferon-y receptor « protein stability and function,
modulating interferon-y sensitivity in colorectal cancer cells.

LIMITATIONS

A direct in-situ measure of interferon-y receptor a N-
glycosylation could not be performed because of
technical limitations.

CLINICAL RESEARCH RELEVANCE

Interferon-y receptor expression correlated with MGAT3/
GnT-lll expression and poor prognosis in patients with
colorectal cancer. Interferon-y receptor « downregulation
was more frequent than programmed death ligand 1
overexpression or JAK7/2 mutations, and might contribute
to refractoriness to checkpoint inhibitors in patients with
colorectal cancer. MGAT3 and interferon-y receptor «
expression can be increased in interferon-y-resistant
colorectal cancer cells by pharmacological treatment with
all-trans retinoic acid, providing new perspectives to
overcome primary immune evasion.

BASIC RESEARCH RELEVANCE

Our results demonstrated the importance of N-
glycosylation for the interferon-y response in cancer cells.
Defective N-glycosylation of interferon-y receptor « was
systematically observed in interferon-y-resistant colorectal
cancer cells, resulting in its proteasome-dependent
degradation. The downregulation of MGAT3/GnT-IlI
expression was consistently associated with interferon-vy
resistance in colorectal cancer cells, and bisecting
glycosylation catalyzed by MGAT3/GnT-lll was crucial for
the stability and function of interferon-y receptor «.
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(microsatellite instability-high, MSI)."?*° On the contrary,
microsatellite-stable (MSS) tumors, which represent 85% of
sporadic CRCs, show a much lower frequency of JAK1 mu-
tations.' ** Investigations of an association between CRC
prognosis and the absence of expression of either Stat-1 or
I[FNyRe, at the protein or messenger RNA (mRNA) levels,
have yielded contradictory results.'”**** Hence, in the large
majority of CRCs, the mechanisms of IFN-y resistance
remain poorly characterized. In the present study, we
investigated the mechanisms by which tumor cells inacti-
vate the IFN-y response, as well as the consequences of such
inactivation in terms of tumorigenesis, and whether it is
possible to restore IFN-y sensitivity in CRC tumor cells.

Materials and Methods

Mouse Models of Colon Carcinogenesis

Colitis-associated carcinogenesis was induced in 6- to 8-
week-old mice in 2 independent facilities using azoxymethane
(AOM) and dextran-sulfate sodium (DSS) with slight protocol
variations. Intraperitoneal injection of AOM was performed on
day 1 (Ifngr2#™: 10 mg/kg body weight; Ifngr24"“2: 12.5 mg/kg
body weight) and DSS-containing drinking water (Ifngr2?2¢: 2%;
Ifngr22™2; 2.5% DSS solution) was given for 5 (Ifngr24"“?) to 7
(Ifngr2°™%) days. DSS supplementation was repeated twice, sepa-
rated by 14 days of normal drinking water. Animals were killed
around day 80. Spontaneous colon carcinogenesis was evaluated in
Ifngr2*™2Apc; CPC mice or control mice (Ifngr2”**Apc; CPC). Mice
were killed at 5 months old. Colon length, tumor number, and
diameter were determined macroscopically, and the tumor load was
calculated as the cumulative tumor diameter in millimeters per
mouse.

Patients

Tissue array. The cohort included patients (n = 416)
undergoing surgery at the Universitdtsklinikum Erlangen
from 1991 to 2001 with follow-up until 2006. Patient and
tumor characteristics are given in Supplementary Table 1.
Inclusion criteria of the patients were as follows: solitary
invasive colon carcinoma (invasion at least of the submu-
cosa) in Union for International Cancer Control stage II-IV,
localization >16 cm from the anal verge, no appendix car-
cinoma, no other previous or synchronous malignant tumor
except squamous and basal cell carcinoma of the skin and
carcinoma in situ of the cervix uteri, treatment by colon
resection with formal regional lymph node dissection, and
residual tumor classification RO (no residual tumor, clinical
and histopathological examination). Patients suffering from
hereditary CRC or inflammatory bowel disease, 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.

CRISPR-Cas9 Gene Editing

Single-guide RNAs were designed using Benchling (Biology
Software; 2017; retrieved from https://benchling.com). Cloning
was performed using the pSpCas9(BB)-2a-Puro (PX459) V2.0
vector (Addgene #62988) and pL-CRISPR.EFStRFP vector
(Addgene #57819), and confirmed by sequencing. HT-29 cells
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were transfected with the PX459 plasmid by Lipofectamine
2000 and, 24 hours later, were selected with puromycin for
another 72 hours. Afterward, single-cell expansion was per-
formed in a 96-well plate to grow clonal cells. HT-29 cells were
then transduced by viral particles generated from the transient
transfection of HEK293TN cells with 3 different plasmids
encoding VSV-G (pMD2.6, Addgene plasmid 12259), packaging
genes (psPAX2, Addgene plasmid 12260) and the pL-
CRISPR.EFS.tRFP plasmid. After 72 hours of transduction, the
cells were sorted by fluorescence-activated cell sorting for RFP-
positivity and single cells were seeded in 96-well plates for
further clonal expansion. The clones were screened for
knockout of the IFNyRa via Western blotting.

Results

Inhibition of the IFN-y Response in Intestinal
Epithelial Cells Promotes Tumorigenesis

To determine whether the specific loss of sensitivity to
IFN-v by tumor cells influences intestinal tumorigenesis, we
generated a mouse model with conditional deletion of the
IFN-y receptor beta chain (IFNyYRG encoded by Ifngr2) in
intestinal epithelial cells by crossing Ifngr2" mice with
Villin-Cre mice (Supplementary Figure 14). The resulting
Ifngr2#"5¢ mice showed a reduction in Ifngr2 mRNA
expression in colon tissue, and an absence of murine
IFNyR@ in colon epithelial cells while the protein was still
present in stromal cells (arrows), confirming the specificity
of the knockout (Figure 14 and B). Colon carcinogenesis was
induced in Ifngr24"¢ and Ifngr2’"" control mice by treat-
ment with AOM and DSS. Ifngr2#“ mice developed more
and larger tumors than Ifngr2™" control mice (Figure 1C-F).
This increase in tumorigenesis was not due to an increase in
inflammation because Ifngr24"5¢ mice treated solely with
DSS showed less colonic inflammation than control Ifngr2"
mice (Supplementary Figure 1B-E). These results could be
replicated independently in another mouse facility using an
independent strain (Ifngr24"5“2, Supplementary Figure 1F
and G). The conditional deletion of Ifngr2 in a sporadic CRC
mouse model (Apc;CPC mice, which spontaneously develop
colon tumors) similarly increased tumor number and load
compared with controls (Figure 1G and H). Hence, genetic
mouse models demonstrated that tumor cell intrinsic
resistance to IFN-y increases both colitis-associated and
spontaneous colon tumorigenesis.

Loss of IFNyR« Expression Correlates With
Decreased Disease-specific Survival in Patients
With CRC

The prognostic value of IFN-y pathway gene expression
was assessed in patients with CRC. The mRNA expression of
IFNGR1, but not IFNGR2, STAT1, JAK1, or JAK2, was associated
with disease-free survival in The Cancer Genome Atlas cohort
(Figure 1I and Supplementary Figure 2A4). These results were
confirmed using an independent cohort of patients with CRC,
where low [FNGRI mRNA expression correlated with a
reduced disease-specific survival (Figure 1J, Supplementary
Table 2). We also observed a modest reduction (less than 2-
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Figure 1. Absence of IFN-y-receptor expression in colon tumor cells promotes tumorigenesis in mice and correlates with poor
prognosis in patients with CRC. (A) Ifngr2 mRNA expression was measured by quantitative reverse transcription polymerase chain
reaction (QRT-PCR) in mouse colon tissue in triplicates. Results are given as mean + SD of 40-ACt (Clipgro-Ctgapan) Values. Two-
tailed unpaired Student t test was used for statistical evaluation (**P < .0001). (B) Representative micrographs of fluorescent im-
munostaining of IFNyR@ (green) in mouse colon tissues. Nuclei were stained with DRAQS (blue). Arrows point at stromal expression
of IFNyYRg in other\lee negative colon sections. Scale bar = 100 um. (C—F) Colitis-associated colon carcinogenesis was induced in
Ifngr24’E€ (n = 6) and control mice (n = 10) by AOM-DSS treatment. Endoscopic scoring (C, D) and macroscopic evaluation of tumor
number (E) and tumor load (F) are given. Bars represent means + SD (C, E, F). Two-tailed unpaired Student t test (C, P = .0014; F,
**P = .0006) or 2-tailed Mann-Whitney test (£, “*P =.0079) were used for statistical evaluation. (D) Representative endoscopic
pictures showing colonic tumors (turquoise dotted l/nes) (G and H) Spontaneous colon carcinogenesis was monitored in Apc;CPC
mice either heterozygous for fngr2 (control, Ifngre™", n = 4) or devoid of Ifngr2 in intestinal epithelial cells (fngr2“€2, n = 5). Two-
tailed unpaired Student t test was used for statlstlcal evaluation of differences in tumor number (G; *P = .0029) and tumor load (H;
P = .0022). () Kaplan-Meier disease-free survival curve of patients with CRC comparing the 30% highest IFNGR71 mRNA gene
expression samples (blue, n = 109) with the 30% lowest (red, n = 109; P = .028). (J) Prognostic value of IFNGR71 mRNA expression
for human patients with CRC (Polyprobe cohort, n = 410). Kaplan-Meier plots of disease-specific survival comparing the 25%
highest (red, n = 93) and the 25% lowest (blue, n = 93) expressing samples (P = .01138). (K) IFNGRT mRNA expression was
determined in triplicate by gRT-PCR in corresponding tumor and normal tissues (n = 28). Results are given as 40-ACt (Ctengri-
Ctgrpr374) (Mean + SD; Mann-Whitney test, P = .0041). (L) Disease-specific survival of patients with colon carcinoma with positive
(blue, n = 152) and negative (red, n = 158) tumor cell IFNyR« protein expression (Kaplan-Meier plot, P = .001).




396 Krug et al

fold) in IFNGR1 mRNA expression in CRC tissues compared
with matching patient normal tissues (Figure 1K,
Supplementary Table 3). We could confirm that mutations in
the IFN-y response pathway genes are rare in CRC
(Supplementary Figure 2B) and not related to disease-specific
survival (Supplementary Figure 2C).

Gene expression analysis in whole tissue mRNA samples
is not systematically predictive of protein levels, nor does it
allow the specific evaluation of tumor cell-associated
expression. Therefore, we analyzed the protein expression
of the IFN-v receptor « chain (IFNyRa, encoded by IFNGR1)
by immunohistochemistry on a tumor tissue microarray
from a cohort of 416 patients with colon cancer (Figure 1L,
Supplementary Table 1). Overall, the quality criteria for
analysis were met in 310 of the 416 tumors. A loss of
I[FNyRa expression in tumor cells was observed in
approximately half of the cases (158 of 310), and was
associated with increased tumor size (x* test, P = .04),
lymph node invasion (XZ test, P < .0001), extramural
venous invasion (x” test, P < .0001), distant metastasis (x>
test, P = .019), and Union for International Cancer Control
stage (x? test, P < .0001). Furthermore, the absence of
IFNyRa expression in tumor cells (n = 158, 50.9%) corre-
lated with a shorter disease-specific survival (Figure 1L).

IFNyRa Expression Level and Pattern Correlate
With IFN-v Resistance in CRC Cells

To investigate whether IFNyR« loss correlates with IFN-
v resistance in CRC tumor cells, we examined the induction
of ISG expression and cell death by IFN-vy in human CRC cell
lines together with IFNyRa expression. Among the 11 cell
lines tested, 6 were resistant to IFN-y-induced cell death,
Statl phosphorylation and ISG expression (GBP1, IDOI,
CASP1) (Figure 24 and B, and Supplementary Figure 34 and
4B; resistant cell lines highlighted in red). In the other 5 cell
lines (in blue), the induction of cell death by IFN-y corre-
lated with Stat-1 phosphorylation and ISG expression at the
protein and mRNA levels (Figure 24 and B, and
Supplementary Figures 34 and 4B).

Four of 6 IFN-y-resistant cell lines (RKO, HCT116,
SW480, SW620) displayed a strong reduction in IFNyR«
mRNA and protein expression compared with the IFN-vy-
sensitive cell lines as shown by Western blotting, intracel-
lular and surface immunofluorescence staining, or flow
cytometry (Figure 2C-G, Supplementary Figures 3C, 44 and
B, and 5C). The 2 remaining resistant lines (DLD-1 and
Caco2) expressed IFNyRq, but the protein was detected
with a reduced apparent molecular weight (Figure 2C and
Supplementary Figure 3C). In these cells, intracellular
staining revealed a perinuclear accumulation of IFNyR«
(Figure 2D, arrows), associated with the Golgi apparatus
(GM130) but not with the endoplasmic reticulum (calnexin)
(Supplementary Figure 5D and E). The quantification of
Golgi-associated IFNyRa localization showed an increase in
DLD-1 (P < .0001) and Caco2 (P = .1124) cells compared
with HT-29 cells (Figure 2E). Although this finding was
indicative of some intracellular retention, the cell surface
expression of IFNyRa in both cell lines was similar to that in

Gastroenterology Vol. 164, Iss. 3

IFN-y-sensitive cells (Figure 2F and G, Supplementary
Figure 5B). Similar differences in the pattern of IFNyRa
expression were observed in CRC tissue extracts
(Supplementary Figure 4C), including both differences in
expression level and apparent molecular size shifts toward
lower molecular weight.

In contrast, mRNA and protein expression of the other
mediators of the IFN-y response (IFNGR2, STAT1, JAK1, and
JAK2) was observed in all cell lines except Caco-2. In the
latter, no STAT1 expression was detected at the protein
level, and JAKZ mRNA expression was reduced
(Supplementary Figures 3C and 4A4). Therefore, Caco-2 cells
were excluded from further functional tests with IFNyR«a
because of the presence of additional defects in the JAK-
STAT pathway. According to the data retrieved from the
Cancer Cell Line Encyclopedia, few mutations were found
for IFNGR1, IFNGR2, STAT1, JAK1, and JAKZ in the 11 cell
lines investigated, and they did not correlate with IFN-vy
resistance (Supplementary Table 4). Furthermore, inde-
pendent sequencing of IFNGRI mRNA from IFN-vy-resis-
tant cells showed no alteration, indicating that the IFNyR«
size shift observed in DLD-1 and Caco-2 cells was not due
to a truncating mutation or alternative splicing
(Supplementary Table 4). Of note, among the 11 CRC cell
lines investigated here, none harbored a frameshift JAK
mutation and only 1 resistant line (RKO) exhibited over-
expression of programmed death ligand 1 (PD-L1)
(Supplementary Figure 3B), which was not mutually
exclusive with down-regulated IFNyRa expression. Over-
all, these results suggested that defects in IFNyR«a
expression or post-translational maturation correlate with
IFN-v resistance in CRC cell lines, whereas other signaling
components of the pathway are either not or only
marginally involved.

IFNyRa Is Aberrantly Glycosylated in IFN-vy—
resistant CRC Cells

To determine whether epigenetic gene silencing may be
responsible for the downregulation of I[FNGR1 expression in
RKO, HCT116, SW480, and SW620 cells, cells were treated
with the DNA methylation inhibitor decitabine. Decitabine
treatment led to a modest but statistically significant in-
crease in IFNGRI mRNA expression in all 4 cell lines
(Figure 34), which was, however, not accompanied by an
increase at the protein level (Figure 3B).

The expression of IFNyYRa was then reconstituted by
transfection in RKO, HCT116, SW480, and SW620 cells to
explore whether this could restore the IFN-y response.
Although ectopic IFNyRa expression achieved by trans-
fection in RKO, HCT116, SW480, and SW620 cells yielded
protein levels comparable to those of the IFN-y-sensitive
control cells (Figure 3C), and increased IFNyR« expression
at the cell surface (Supplementary Figure 64), it failed to
restore the response to IFN-y (Figure 3D and
Supplementary Figure 6B). In addition, IFNyR« showed a
reduced apparent molecular weight (Figure 3C and D and
Supplementary Figure 6B and C) together with an intracel-
lular accumulation at the Golgi apparatus, similar to what
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was observed in DLD-1 and Caco2 cells (Figure 3E, arrows, +y-resistant lines, either endogenously or after ectopic
and Supplementary Figure 6D and E). The altered migratory — expression, suggested differences in N-glycosylation.?” This
pattern and Golgi retention of IFNyYR« observed in all IFN- was supported by the observation of a similar apparent
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molecular weight shift after ectopic expression of the
endothelial surface protein Endoglin in IFN-y-resistant, but
not in IFN-y-sensitive CRC cells (Supplementary Figure 6F).
To assess whether IFNyRa was differently glycosylated
in IFN-y-sensitive and -resistant cell lines, we used 2
endoglycosidases with different specificity, protein-N-
glycosidase F (PNGase-F) and endoglycosidase-H (Endo-H).
PNGase-F cleaves all N-glycans, whereas Endo-H specifically
removes high-mannose N-glycan chains (but not mature
complex N-glycans). PNGase-F treatment resulted in a shift
of IFNyRa band size to approximately 70 kDa in all cell lines
tested, indicating that the receptor undergoes N-glycosyla-
tion to some extent in both IFN-y-sensitive and IFN-y-
resistant cell lines (Figure 3F). In IFN-y-sensitive cells (HT-
29), IFNyRa was resistant to Endo-H digestion, indicating a
mature complex N-glycosylation (Figure 3F and G). In all IFN-
v-resistant CRC cell lines, IFNyYRa was highly sensitive to
Endo-H digestion, regardless of whether ectopically (RKO,
HCT116, SW480, SW620) or endogenously (DLD-1)
expressed, indicating the presence of high-mannose N-glycans
characteristic of an immature, low-complexity glycosylation.
Endogenously expressed IFNyYRa was then immunopre-
cipitated from HT-29 (IFN-y-sensitive) and DLD-1 (IFN-y-
resistant) cells, and its modification with complex N-glycans
was detected by Western blotting using the specific lectins
Phaseolus vulgaris erythroagglutinin (PHA-E) and Phaseolus
vulgaris phytohemagglutinin-L (PHA-L). Binding of both PHA-
E and PHA-L to IFNyRa was reduced in DLD-1 cells compared
with HT-29 cells, indicating a decreased complexity of IFNyR«
N-glycosylation in IFN-y-resistant cells (Figure 3H).

IFNyR«a Stability and Signaling Are Regulated by
N-glycosylation

In the next step, we investigated whether changes in N-
glycosylation were indeed able to affect IFNyRa function.
Treatment of IFN-y-sensitive HT-29 cells with the N-
glycosylation inhibitors tunicamycin and 2-deoxyglucose
induced a shift in the IFNyRa apparent molecular weight
and inhibited IFN-y signaling (Figure 44, Supplementary
Figure 7A-C). We then investigated whether a non-
glycosylated form of IFNyR« obtained by mutation of its 5
putative glycosylation sites®>*® (AG-IFNyR«) could signal in
response to IFN-y (Figure 4B). As recipient cells, we chose
N-glycosylation-competent HT-29 cells with a CRISPR-Cas9-
mediated knockout of IFNGR1 (IFNGR1-KO HT-29, clone sg
2.21) that exhibited a complete inhibition of IFNyR« protein
expression, IFN-y signaling, and ISG expression compared
with controls (NTC) (Figure 4C and Supplementary
Figure 8A4-C). Ectopic expression of wild-type IFNyRa in
IFNGR1-KO HT-29 cells resulted in electrophoretic migra-
tion at the expected molecular weight (~90 kDa), as well as
induction of pStat-1 phosphorylation, ISG expression,
membrane localization, and cell death upon treatment with
IFN-y (Figure 4D and Supplementary Figure 8D-H). In
contrast, ectopically expressed AG-IFNyRa was detected at
approximately 70 kDa by Western blot, below the molecular
weight of wild-type IFNyRa and similar to the PNGase-F-
treated fully deglycosylated receptor (Figure 4D). Contrary
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to wild-type IFNyRa, AG-IFNyRa had a strongly reduced
IFN-v response, both in pools of transduced cells and in
single clones (Figure 4D and Supplementary Figure 8D-G).
Furthermore, a dose-response analysis suggested that
ligand binding of AG-IFNyRa is impaired compared with
that of wild-type IFNyRa (Supplementary Figure 8F and G).

To determine whether immature N-glycosylation of
IFNyRa might increase protein degradation, we treated
RKO, HCT116, SW480, and SW620 cells with the protea-
some inhibitor MG132. MG132 induced a strong dose-
dependent increase in IFNyR« protein levels in all 4 IFN-
y-resistant cell lines (Figure 4E), which was, in comparison,
not observed in HT-29 cells (Supplementary Figure 8I). The
protein expression level of AG-IFNyRa was also enhanced
by treatment with MG132 (Figure 4F), confirming that N-
glycosylation defects can trigger proteasome-dependent
degradation of IFNyRa.

Reconstitution of MGAT3 Expression Rescues
IFNyRa N-glycosylation and Signaling

To determine which enzymes of the N-glycan synthesis
pathway might be responsible for the downregulation of
IFNyRa complex glycosylation in IFN-y-resistant CRC cells,
a quantitative reverse transcription polymerase chain re-
action array was performed (Figure 5A4). Multiple genes
displayed differential expression patterns between IFN-y-
sensitive and -resistant cells. MGAT3 (N-acetylglucosami-
nyltransferase III, or GnT-1II) was the only gene consistently
down-regulated in all IFN-y-resistant cells compared with
IFN-v-sensitive control cells (HT-29 and SW948; Figure 54,
arrow). MGAT3/GnT-IIl catalyzes the addition of (1,4-
linked GIcNAc on the central mannose of the trimannosyl
core of N-linked oligosaccharides, generating so-called
“bisected” N-glycans. The downregulation of MGAT3
expression in IFN-y-resistant cell lines was confirmed at the
mRNA and protein levels (Figure 5C and Supplementary
Figure 94 and B). In addition, the level of bisected N-gly-
cans detected by PHA-E lectin binding correlated with
MGAT3 expression, and was reduced in all [FN-y-resistant
cell lines (Figure 5B-D).

Therefore, we examined whether the modulation of
MGAT3 expression influences IFNyRa complex N-glyco-
sylation. Chinese hamster ovary (CHO) cells without
MGATS3 activity (Pro-5) or with an MGAT3 gain-of-function
mutant (Lec10B cells) were used to ectopically express the
IFNyRa protein.”’” Western blot analysis revealed an
increased apparent molecular weight and expression level
of IFNyRa in Lec10B CHO cells compared with control Pro-
5 CHO cells (Supplementary Figure 9C), suggesting that
MGAT3 activity increases IFNyRa bisected glycosylation
and protein levels. All-trans retinoic acid (ATRA) has been
shown to increase MGAT3 expression levels and to enhance
the addition of bisecting N-glycans to proteins in vitro.”® In
the IFN-y-resistant/MGAT3-low RKO cells, ATRA induced
a dose-dependent increase in MGAT3 and IFNyRa protein
expression (Supplementary Figure 9D; quantification of
[FNyRa: middle panel, and MGAT3: lower panel), accom-
panied by a higher IFNyRa molecular weight
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Figure 4. N-glycosylation regulates IFNyRa signaling and protein stability in IFN-y-resistant cells. GAPDH was used as
loading control for Western blots. (A) IFNyRa and ISG protein expression in HT-29 cells treated with tunicamycin or dimethyl
sulfoxide (DMSO) as control for 24 hours before stimulation with IFN-vy. (B) Schematic representation of the point mutations
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(Supplementary Figure 9D; middle panel; green: IFNyRa
upper band, gray: IFNyRa lower band), confirming that
MGAT3 promotes bisected glycosylation and stabilization
of the IFNyRa« protein.

The addition of bisecting N-glycans by MGAT3 has
been shown to reduce the affinity of cell surface proteins

to the galectin lattice, particularly to galectin-3.°
Consistent with this, the level of bisected N-glycans
observed on immunoprecipitated endogenous IFNyR«a
inversely correlated with galectin-3 binding (Figure 3H
and Supplementary Figure 9E), indicating that a reduced
MGAT3-dependent addition of bisecting N-glycans
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to IFNyR«a increases its association with the galectin
lattice.

To assess whether the restoration of MGAT3 expression
would improve IFNyRa signaling in IFN-y-resistant cells,
we stably expressed MGAT3 in IFN-y-resistant RKO cells,
resulting in a higher level of bisected N-glycans (Figure 64,
PHA-E). The increase in MGAT3 expression correlated in a
dose-dependent manner with an increase in IFNyRa protein
levels and a shift toward higher molecular weights as shown
in 2 independent clones (cl. 1 and 2) (Figure 6B). Most
importantly, responsiveness to IFN-y was restored in the
MGATS3-positive cells (cl. 2) compared with the RKO cells
transfected with the empty vector (Figure 6C-E).

To confirm the relevance of our results at the clinical
level, we investigated protein expression of MGAT3 and
[FNyRa in tumor tissues by immunohistochemistry. A
strong positive correlation between MGAT3 and IFNyR«
protein levels was observed in human CRC samples (Pear-
son r = .8215, P = .001), which supported our in vitro data
(Figure 6F and G and Supplementary Figure 9F).

Finally, we investigated whether the modulation of
bisected N-glycosylation might influence colon tumor
growth and checkpoint inhibitor therapy. Using a syngeneic
colon tumor mouse model, we observed that ATRA treat-
ment reduced tumor growth in 3 of 5 animals
(Supplementary Figure 104). The mean tumor diameter was
decreased by 28.5% in the ATRA-treated group after 30
days but did not reach statistical significance
(Supplementary Figure 10B and C, P = .0823). Anti-PD-1
treatment resulted in complete shrinkage of tumors within
2 weeks, and addition of ATRA reduced the half-life of anti-
PD-1 treatment from 3.141 to 1.617 day (Supplementary
Figure 10D). These results suggested that the addition of
ATRA might increase the efficacy of checkpoint inhibitor
treatment. Further investigations (eg, using lower anti-PD-1
concentrations) are needed to establish whether ATRA can
synergistically improve the efficacy of checkpoint inhibitors.

Discussion

In CRC, the development of an IFN-y-driven host anti-
tumor immune response positively influences patient sur-
vival.! However, the clinical benefit of IFN-y treatment or
second-generation immunotherapies, such as immune check-
point inhibitors, remains limited in CRC, suggesting that pri-
mary immune escape is a common event."® %21 Immune
evasion driven by frameshift mutations of JAK1/2 or PDL-1
overexpression, has been described in CRC in association
with the microsatellite instability-high subtype, which rep-
resents only 15% of sporadic CRCs."*"**" In agreement with
our results, both kinds of events remain rare in MSS CRCs, and
there is no clinical benefit for anti-PD1 treatment due to the
low frequency of PDL-1 overexpression.'”*"** In MSS CRCs,
up-regulated PDL-1 expression is even associated with high
PD-1-negative TIL infiltration, IFN-y production, and
improved survival.>’ Here we described an alternative
mechanism of immune evasion mediated by the loss of
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IFNyRa expression, which occurred more frequently than PD-
L1 overexpression or JAK mutations, and correlated with poor
survival in patients with CRC. Interestingly, the down-
regulation of Ifngrl in murine colon cancer cells resulted in
resistance to checkpoint inhibitor treatment (anti-PD-1) in a
syngeneic mouse model,*’ suggesting that the loss of IFNyRa
expression also contributes to the intrinsic resistance to
checkpoint inhibitor therapy in patients with MSS-CRC.

In our study, all [FN-y-resistant cells were also N-glyco-
sylation deficient. At the cellular level, we found that imma-
ture/lack of N-glycosylation of IFNyRa increased
proteasome-dependent degradation. IFNyRa harbors
several ubiquitin acceptor sites and undergoes endogenous
ubiquitin-dependent proteasomal degradation.*” This basal
proteasome-dependent protein turnover is not physiologi-
cally increased after ligand binding, but is enhanced on Toll-
like receptor engagement or in case of viral infection,* >*
supporting our results and suggesting that [FNyYRa expres-
sion is down-regulated under pathologic conditions. A similar
link between N-glycosylation status and proteasomal degra-
dation has been described for several transmembrane proteins
including the epidermal growth factor receptor and PDL-1.%>%°
At the molecular level, N-glycosylation-deficient IFNyRa« could
reach the cell surface, but its function was inhibited, in agreement
with radioligand binding assays showing that N-glycosylation of
IFNYR« is necessary for ligand binding, but does not affect
membrane transport.Z(’ Furthermore, we observed that
immaturely glycosylated IFNyRa had a much stronger affinity
for galectin-3 than the functional receptor, indicative of an
association with the galectin lattice that could impair ligand
accessibility.>”*®

In CRC cell lines, downregulation of MGAT3 expression
was systematically associated with IFN-v resistance. In
addition, MGAT3 expression correlated with IFNyR«a
expression in human CRC. The downregulation of MGAT3
expression along with the reduction of bisected N-glycans
are indeed commonly observed in CRC.>** The reconsti-
tution of MGAT3 expression after either transfection or by
treatment with ATRA was sufficient to increase both the
bisected N-glycan modification and the protein stability of
IFNYRa in IFN-y-resistant cells, restoring its signaling
ability. These results are supported by the fact that
manipulation of bisected N-glycan levels was previously
shown to regulate protein turnover, function, and mem-
brane subdomain localization of a number of trans-
membrane proteins, including the epidermal growth factor
receptor, IFNyR@, and E-cadherin.*®***? In the MC38
xenograft syngeneic tumor model, the downregulation of
Ifngrl in CRC cells induced resistance to anti-PD-1 treat-
ment,>! whereas treatment with ATRA resulted in a modest
inhibition of tumor growth when applied alone, and reduced
the half-life of the anti-PD-1 response by half. Although the
use of the MC38 xenograft tumor model to assess a syner-
gistic effect was limited by the very strong and rapid effect
of the anti-PD-1 treatment, our data suggested that ATRA
might improve the efficacy of checkpoint inhibitor treatment
in CRC. This is supported by reports showing that ATRA
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cooperates synergistically with IFN-v to induce apoptosis in
tumor cells,”® and enhances the effects of immunotherapy in
metastatic renal cell carcinoma and melanoma models.****
Further studies are warranted to assess the positive
impact of ATRA on the response to checkpoint inhibitor
therapy in CRC, notably in conditions of immune resistance.

Taken together, our study provides evidence for a new
pathway of immune escape in CRC involving decreased
bisecting N-glycosylation and degradation of IFNyRe. This
mechanism, more frequent than PD-L1 overexpression or
JAK1/2 mutations, might explain, at least partially, the low
response to IFN-y treatment or checkpoint inhibitors in
patients with CRC.°"*%?* The modulation of MGAT3 activity
represented a 1-step approach to restore sensitivity to IFN-
v, suggesting a new strategy to overcome primary immune
evasion and allow a broader use of immunotherapy in CRC,
for example through application of ATRA, a molecule
already included in the treatment of various solid cancers.*®

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j-gastro.2022.11.018.
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Supplementary Material and Methods

Transgenic Mice

All mice were housed in specific pathogen-free condi-
tions with a 12-hour light cycle and were routinely screened
for pathogens according to Federation for Laboratory Ani-
mal Science Associations guidelines. Animals had ad libitum
access to a standard diet and water.

Ifngr2*™ mice. C57BL/6] Ifngr2 floxed mice [Ifngr2"" 4]
were crossed with B6.SJL-Tg(Vil-cre)997Gum/] [Villin-Cre].?
Cre+ male mice were routinely used for breeding. For
experiments, sex- and age-matched animals were selected
and Ifngr2*'%¢ were co-housed with Ifngr2™" controls.

Ifngr2™¢2 mice. C57BL/6] Ifngr2 floxed mice
Ifngr2tm1atkOMPIWest & \yere crossed with B6.Cg-Tg(Vill-cre)
1000Gum/] [Villin-Cre].* Ifngr2tm1aKOMPIWET mijce  were
generated using C57B16 Agouti ES cell line Ifngr2tm1a(KOMP)
Wetsi generated in KOMP (The Knockout Mouse Project); Stock
Number: 057086-UCD;RRID:MMRRC_057086-UCD (https://
www.mmrrc.org/catalog/cellLineSDS.php?mmrrc_id=57086;
https://www.mousephenotype.org/data/alleles/MGI: 1076
54/tm1a%2528KOMP%2529Wtsi). After the deletion of
neo cassette using in vivo B-actin FLP deleter, an IFNgR2
floxed strain was established.

Ifngr22™2Apc; CPC mice. Ifngr2™m1a(KOMPIWEsi 4 mjce
were crossed with CPC;Apc mice (Apc®*/"**" x cDX2P 9.5-
NLS Cre).

Mouse Model of Acute Colitis

Colitis was induced by a single cycle of DSS treatment
(2% in drinking water for 7 days) in Ifngr2#“ mice and
respective Ifngr2”" controls. Animals were killed after 10
days.

Syngeneic Tumor Mouse Model

MC38 cells (2 x 10°) were injected into the right flank
of 8-week-old female C57BL/6 mice (Charles River). When
tumors reached a diameter of 3 mm, mice were treated with
vehicle (dimethyl sulfoxide), ATRA (15 mg/kg, intraperito-
neally, thrice weekly) and anti-PD-1 antibody (clone RMP1-
14, 250 ug/mouse, intraperitoneally, twice weekly), or both
for 3 weeks. Tumor diameter was monitored 3 times a week
with a caliper.

Mouse Endoscopy

Endoscopic examination was performed using a high-
resolution mini-endoscope (Karl-Storz) under anesthesia
(Isoflurane, 2%, 2 L/min, CP-Pharma). Inflammation and
tumor scoring (Endoscore) were performed according to
Becker et al.’

Patients

Polyprobe cohort. Patients (n = 410) with stage
Union for International Cancer Control I-IV CRC were
recruited prospectively between 2009 and 2012 in the
framework of the Polyprobe study. Exclusion criteria
included preoperative radiation or chemotherapy,

N-glycosylation-mediated IFN-v Resistance in Golorectal Cancer 406.e1

hereditary CRC (familial adenomatous polyposis, hereditary
nonpolyposis colorectal cancer), or inflammatory bowel
disease (Crohn’s disease, ulcerative colitis) and a resection
margin R > 1. An overview of the patient cohort is given in
Supplementary Table 2; patient data for tumor/normal
comparisons are summarized in Supplementary Table 3.

Cells, Plasmids, and Reagents

CRC cell lines. HT-29, T84, SW948, SW480, SW620,
RKO, HCT116, DLD-1, and Caco2 were purchased from
ATCC, CL-14 and LOVO cells from the DSMZ (Germany).
CHO Pro-5 and CHO LEC10B cell lines were a generous gift
from P. Stanley (Albert Einstein College of Medicine, New
York, NY).” HEK293TN cells were a kind gift from C. Pilar-
sky (Universitatsklinikum Erlangen, Germany). Cells were
cultured in the following media (all ThermoFischer Scien-
tific) and in the presence of fetal growth serum (FCS;
Merck): HT-29, HCT116 (McCoy’s medium+ 10% FCS);
LOVO, SW480, and DLD-1 cells (RPMI+10% FCS); T84 and
CL-14 (Dulbecco’s modified Eagle’s medium/F12 + 10%
FCS); RKO (minimum essential medium + 10% FCS); Caco?2
and HEK293TN (Dulbecco’s modified Eagle’s medium -+
10% FCS); SW620 and SW948 (L-15 + 10% FCS); CHO Pro-
5 and CHO LEC10B (Mem-alpha + 10% FCS). Cells were
maintained at 37°C with 0%, 5%, or 8.5% CO, and 95%
humidity and routinely tested for mycoplasma using the
MycoAlert Mycoplasma Detection Kit (Lonza). The plasmids
pMCV1.4(—) and pMCV2.2-Flag, which contains a gentamycin
resistance cassette, were obtained from Mologen. The com-
plementary DNA (cDNA) sequence of IFNGR1 (NM_000416.3)
was cloned in-frame into the pMCV1.4(—) using the Kpnl and
Xbal restriction site. The cDNA sequence of MGAT3
(NM_002409.5) was inserted in-frame into pMCV2.2-Flag
using the EcoRV and Mfel restriction site. Reagents used
were as follows: IFN-y (Cat. No. 11040596001, Roche Applied
Science), Decitabine (5-Aza-2’-deoxycytidine, A3656, Sigma-
Aldrich), MG132 (M7449, Sigma-Aldrich) Tunicamycin
(SML1287, Sigma-Aldrich), 2-Deoxy-D-glucose (2-DG, D6134,
Sigma-Aldrich), Puromycin (0204.4, Roth), G418 (SLLD5138,
Sigma-Aldrich), PNGaseF (P0704S) and Endo-H (P0702S)
(both New England Biolabs Inc), AOM (Sigma-Aldrich,
A5486), and DSS (MP Biomedicals, 02 16011090).

Immunofluorescent Staining

Murine colon tissues. Immunofluorescent staining
was carried out on formalin-fixed paraffin-embedded
(FFPE) mouse colon tissues. Antigen retrieval was per-
formed in target retrieval solution pH 9.0 (TRS9, Dako). The
following primary antibody was used for 1 hour at room
temperature (RT): rabbit polyclonal anti-mouse Ifngr2
(Pineda Antikorper Service; 1:500). AlexaFluor546-
conjugated goat anti-rabbit (both 1:500, Thermo Fisher
Scientific) was given for 45 minutes at RT.

Intracellular staining of cells. Cells were fixed for
15 minutes in 4% buffered paraformaldehyde and per-
meabilized in 0.1% Triton X-100 (both purchased at Sigma-
Aldrich). Immunocytochemistry was performed as previ-
ously described,® and the following antibodies were used
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for primary staining 5 hours at RT: anti-IFNyRa (sc-700,
1:2000, Santa Cruz Biotechnology), anti-GM130 (Clone 35,
1:1000, BD Biosciences), anti-Calnexin (sc-23954, 1:500,
Santa Cruz Biotechnology), anti-GnT-1II (A8134, 1:1000,
Abclonal). After washing, cells were incubated for 1 hour at
RT with the following secondary antibodies (1:500): Alexa
Fluor 488-conjugated goat anti-rabbit immunoglobulin (Ig)
G and Alexa Fluor 546-conjugated goat anti-mouse IgG
(both from Invitrogen).

Surface staining of cells. Cells were seeded 24 hours
before start of staining. After initial washing steps and
blocking, the primary antibodies (anti-IFNyRaq,sc-12755,
1:100) and Concanavalin A (1 pg/mL, Vector Laboratories)
were applied for 2 hours at 37 °C. The secondary antibody
Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:500) and
a streptavidin Alexa Fluor 546-conjugated were applied for
45 minutes at RT.

Lectin staining of cells. Cells were handled similar to
the other immunofluorescence stainings; however, instead
of a primary antibody, the biotinylated Phaseolus vulgaris
erythroagglutinin (PHA-E, 0.5 ug/mL, B-1125) was applied
for 2 hours at 37°C. After washing of the cells, a streptavidin
Alexa Fluor 546-conjugate was applied for 1 hour at RT.

Nuclei were stained with DRAQ5 (1:800, Cell Signaling
Technology) and slides were mounted with fluorescence
mounting medium (Dako). Pictures were taken with a laser-
scanning confocal microscope (TCS SPE, Leica Micro-
systems, equipped with LAS-LAF software). Single cell-
corrected fluorescence intensity was calculated as [inte-
grated intensity - (mean fluorescence of background x area
of selected cells)]/cell number in selected area.

Tissue Microarray Staining

Antigen retrieval was performed in target retrieval so-
lution pH 9.0 (TRS9, Dako). Slides were incubated for 1 hour
with polyclonal rabbit anti-IFNyR« (1:1500; Santa Cruz; sc-
700) at RT. Subsequently, sections were incubated for 30
minutes with a Biotinylated Universal Antibody, followed by
30 minutes of incubation with VECTASTAIN Elite ABC Re-
agent (both Universal Elite ABC kit, Vector Laboratories). The
reaction was developed using the Vector NovaRED Substrate
Kit (Vector Laboratories) as peroxidase substrate. Slides
were counterstained with Mayer’s hemalum (VWR Interna-
tional), mounted in DPX mounting medium (Sigma-Aldrich)
and examined by light microscopy (DM6000, Leica Micro-
systems, equipped with LAS-LAF software).

Transfections

SW620, SW480, HCT116, and RKO cells were transiently
transfected with the plasmid pMCV1.4-IFNyR« using Lip-
ofectamine 2000 (Invitrogen) according to the manufac-
turer’s protocol. For the generation of stable RKO cells, this
cell line was transfected with the plasmid pMCV2.2-Flag-
MGAT3 or the corresponding empty vector and subse-
quently selected by addition of G418 (3,500 wg/mL).
Several independent single-cell clones were expanded per
construct. Reconstitution of the respective proteins was
confirmed by Western blot.
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Stable Transduction

Cells were stably transduced by viral particles generated
from transient transfection of HEK293TN cells with 3
different plasmids encoding VSV-g, murine leukemia virus
gag-pol genes and the retroviral vector pBABE-Puro
encoding human IFNyRe, the glycosylation-defective IFN-
yYRa (AG-IFNyRa), or the corresponding empty vector
(pBABE), following our previously published protocol.”

Western Blot Analysis

Quantification of proteins extracted from cells via RIPA
buffer was achieved by a modified Lowry assay (Bio-Rad DC
protein assay, Bio-Rad Laboratories GmbH) using bovine
serum albumin (B9002S, NEB) as a reference standard.
Unless otherwise indicated, 10 ug of total proteins were
loaded per lane into a 10% sodium dodecyl sulfate (SDS)-
polyacrylamide gel and separated under reducing condi-
tions, before being transferred to a polyvinylidene difluor-
ide membrane (T830.1, 0.45 mm, Roth) and detected as
described previously.” The following antibodies were used
for detection of the different proteins: anti-IFNyR« (sc-700,
1:10,000), anti-Stat1 (sc-345, 1:1000), anti-Caspase-1 (sc-
622, 1:200) (all Santa Cruz Biotechnology); anti-GBP-1
(clone 1B1, 1:500); anti-p-Statl (Y702, ab29045, Abcam,
1:1000); anti-IDO (D5J4E, 1:200), anti-Jak1 (6G4, 1:1000),
B2-microglobulin (D8P1H, 1:1000) (each from Cell
Signaling); anti-GnT-I1II (A8134, Abclonal, 1:1000); anti-
IFNyYRB (AF773, R&D Systems, 1:1000); anti-GAPDH
(MAB374, Merck, 1:40,000). A donkey anti-rabbit IgG anti-
body coupled to horseradish peroxidase (HRP), a rabbit
anti-rat-HRP antibody (Dako), and a rabbit anti-mouse-HRP
antibody (Dako) were used as secondary antibodies at the
dilution of 1:5000. Protein detection was performed using
the SuperSignal West Pico Plus chemiluminescent substrate
detection system (34578, ThermoFischer) and the Amer-
sham Imager600 (GE Healthcare). Ponceau staining or
GAPDH detection was used as loading control. Quantifica-
tion was done using the Fiji software." Signal intensity was
determined with the Fiji software and normalized as
indicated.

Immunoprecipitation

Cells were seeded into 10-cm culture dishes (Nunc) and
harvested by scraping in ice-cold immunoprecipitation lysis
buffer (20 mM Tris-HC], pH 7.5, 150 mM NacCl, 5 mM MgCl2,
1% IGEPAL, supplemented with 1 tablet of Complete Mini
EDTA-free protease inhibitor cocktail [Roche] per 10 mL).
Protein concentrations were determined using the previ-
ously mentioned DC assay (Bio-Rad Laboratories GmbH).
One milligram of lysates was pre-cleared via incubation
with 25 uL of protein G Plus-protein A agarose suspension
(Merck Millipore). For immunoprecipitation, 25 uL of pro-
tein G Plus-protein A agarose suspension was preincubated
with 2 ug of monoclonal IFNyR« antibody (sc-12755, clone
GIR94, Santa Cruz Biotechnology) for 30 minutes at RT and
subsequently incubated with pre-cleared lysates overnight
on an overhead rotator at 4°C. The next day, beads were
washed 5 times for 10 minutes with ice-cold
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immunoprecipitation lysis buffer on an overhead rotator.
After the final washing step, beads were centrifuged,
resuspended in 2 x Laemmli, and boiled for 10 minutes at
95°C. The immunoprecipitated lysates were then subjected
to Western blot analysis.

Lectin Blotting

For the detection of different glycan levels on total
protein extracts, equal amounts of cellular protein were
separated by SDS-polyacrylamide gel electrophoresis and
transferred to nitrocellulose membranes (Protran,
#1060002, GE Healthcare). Subsequently, a Ponceau stain-
ing (P7170, Sigma-Aldrich) was performed 30 minutes at
RT to assess equal loading. Depending on the lectin, the
membranes were then incubated with 5% milk in 1 x
phosphate-buffered saline-0.1% Tween (PBS-T) or 5%
bovine serum albumin in 1 x TBS-0.1% Tween (TBS-T)
overnight at 4 °C. After 3-times washing with PBS-T or TBS-
T, the following biotinylated lectins were applied for 10
minutes at RT: Concanavalin A (ConA, 0.25 ug/mL, B-1005),
Phaseolus vulgaris erythroagglutinin (PHA-E, 2.5 ug/mL, B-
1125), Phaseolus vulgaris leucoagglutinin (PHA-L, 2.5 ug/
mlL, B-1115), Sambucus nigra (Bark lectin (SNL, 1 ug/mL, B-
1305), and Aleuria aurantia lectin (AAL, 1 ug/mL, B-1395)
(all purchased from Vector Laboratories). After 3-times
washing with PBS-T or TBS-T, membranes were incubated
in 1 pug/mL HRP-streptavidin (Vector Laboratories) for 45
minutes at RT. The blots were washed 3 times with PBS-T
or TBS-T and subsequently developed using the previ-
ously mentioned reagents. Quantification was done using
the Image Quant TL software (GE Healthcare).

RNA Isolation

RNA was isolated from eukaryotic cells using the
RNeasy Mini Kit (Qiagen) according to the manufacturer’s
instructions, followed by DNA digestion (DNase, Ambion)
and Glycogen precipitation (Thermo Scientific). Concentra-
tion of RNA was determined with a Nanodrop 2000c
(PeqLab). RNA extraction from FFPE tissue sections was
carried out with a fully automated method based on silica-
coated iron oxide beads using the VERSANT Tissue Prepa-
ration Reagents Kit on Tissue Preparation System (Siemens
Healthcare Diagnostics). Total RNA was isolated from 10-
um-thick whole FFPE tissue sections of colon carcinoma
samples with a minimum tumor content of 30%.

Quantitative Reverse-Transcription Polymerase
Chain Reaction

Quantitative reverse-transcription polymerase chain
reaction (QRT-PCR) was performed in triplicate using the
SuperScript III Platinum One-Step qRT-PCR kit with ROX
(Invitrogen, Life Technologies) according to the manufac-
turer’s instructions with a reverse-transcription time of 30
minutes at 50 °C. PCR reactions were run on a Stratagene/
Agilent MX3005P QPCR system (Agilent) using the Versandt
kPCR AD software (Siemens). Primers, probes (Euro-
gentech), and Tagman Assays (Qiagen) used are listed in
Supplementary Tables 5 and 6. For RNA isolated from FFPE
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tissue sections, the housekeeping gene RLP37A was first
measured in all extracted RNAs. Subsequently, the RNAs
were diluted with nuclease-free water to obtain a cycle
threshold (Ct) value of 24 for RPL37a. Diluted RNAs were
used for further measurement of IFNGR1. For RNA isolated
from cells, 20 ng of total RNA was used.

Glycosylation Array

Reverse transcription of cellular RNA was performed
using the RT? First Strand kit (Qiagen) according to the
manufacturer’s protocol. Afterward, the cDNA was analyzed
via the RT” Profiler Array for Human Glycosylation (PAHS-
046Z, Qiagen, optimized for a Stratagene3000xp qRT-PCR
machine). The obtained data were run through the Qiagen
GeneGlobe Analysis software for normalization with the
housekeeping genes GAPDH, HRPT1, and RPLPO. Gene
expression was calculated via 2-(dCT°"-Mean GOI CT) and
heatmaps were generated using the ComplexHeatmap Bio-
conductor/R package.11

Site-directed Mutagenesis

The plasmid pBABE-AG-IFNyR« was generated by consec-
utive site-directed mutagenesis according to the manufacturer’s
instructions (Quik Change XL Mutagenesis Kit, Stratagene, USA)
using the following primers: N38A_5- TCCTCAGTGCCTA-
CACCAACTGCTGTTACAATTGAATCCTATACC-3/, N79A_5'- TCA-
GAATGGATTGATGCCTGCATCGCTATTTCTCATCATTATTG-3/,
N86A_5'- CAATATTTCTCATCATTATTGTGCTATTTCTGATCATG-
TTGGTGATCC-3' , N179A 5" -CAATGTGTATGTGAGAATGGCCG-
GAAGTGAGATCCAG-3', N240A 5'- GTTTGTATTACCATTTTCGC-
TAGCAGTATAAAAGGTTCTCTTTGG-3'. Mutations in the IFNGR1
gene at the specific sites were confirmed by sequencing.

Omics Data Analysis

Genetic alterations of IFN-y signaling pathway
genes. Four datasets were selected for the analyses of the
genetic alterations in IFN-y signaling pathway genes using
cBioPortal (https://www.cbioportal.org/)]2‘13: the DFCI
dataset (619 colorectal cancers),"* the Colorectal Adeno-
carcinoma TCGA PanCancer dataset (n = 594),"° %' the
MSKCC dataset (1134 metastatic colorectal tumor/normal
pairs), and the MSK-IMPACT dataset (339 matched rectal
cancer tumor and tumoroid samples).”” This portal allows
for the visualization, analysis, and downloading of large-
scale cancer genomic datasets. The genomic alterations
included gene mutations and copy number variations
(GISTIC). An Oncoprint diagram and disease-specific sur-
vival curve were generated according to the online in-
structions of cBioPortal.

Survival analyses for mRNA expression of IFN-vy
signaling pathway genes. The GEPIA (Gene Expression
Profiling Interactive Analysis) portal was used to analyze
the impact of IFN-y signaling pathway genes mRNA
expression on survival of patients with CRC (http://gepia.
cancer-pku.cn/). GEPIA is an interactive web server
designed for analyzing the RNA sequencing expression data
of 9736 tumors and 8587 normal samples from The Cancer
Genome Atlas and the GTEx projects, using a standard
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processing pipeline.”* The relationship between disease-
free survival and IFN-y signaling pathway genes mRNA
expression in patients with colorectal cancer (COAD and
READ) was depicted by Kaplan-Meier plotting according to
the online instructions of GEPIA. Patients with CRC were
categorized into 2 groups corresponding to the 30% lowest
and the 30% highest expression values of IFN-vy signaling
pathway genes. Log-rank test results with P < .05 were
regarded as statistically significant.

Flow Cytometry

Cells were seeded in the bottom of a 6-well plate (Nunc)
and treated with IFN-v as indicated. Apoptosis was detected
72 hours after treatment using the FITC Annexin V
Apoptosis Detection kit I (BD Biosciences) according to the
manufacturer’s instructions. Flow cytometry was performed
using a FACSCalibur cytometer equipped with the Cell-
QuestPro software (BD Biosciences) or a FACSFortessa cy-
tometer equipped with the FACSDiva software (BD
Biosciences). Data analysis was done with the Flow]o soft-
ware (BD Biosciences). Cell death was determined as the
percentage of cells positive for FITC Annexin V and/or
propidium iodide. Cell death induction was calculated as the
difference (in %) between treated and untreated cells.

To determine surface expression of the IFNyRa protein
on CRC cell lines, the cells were washed twice with PBS and
incubated for 20 minutes at 4°C with primary antibody
(anti-IFNyRe, 1:200, sc-12755, mouse IgG2, Santa Cruz
Biotechnology) or corresponding isotype control (mouse
IgG2, MAB004, R&D Systems). After 2 additional washing
steps with PBS, a secondary antibody (Alex Fluor 488-
conjugated goat anti-mouse IgG, Invitrogen) was applied
for 20 minutes at 4°C in the dark. The staining was termi-
nated with 2 times PBS washing and the cells were analyzed
using the FACSCelesta cytometer and the FlowJo software
(BD Biosciences).

Statistics

Experimental data. In case of normally distributed
data, pairwise comparisons were statistically analyzed using
2-tailed, unpaired or paired Student t test. In case of non-
normally distributed data, 2-tailed Mann-Whitney U test
was used. Data correlation was assessed using the Pearson’s
correlation coefficient and test. The GraphPad Prism soft-
ware version 8.00 (GraphPad Software) was used for all
analyses. P values of less than .05 were considered signifi-
cant and error bars represent + standard deviation (SD) in
all graphs.

Clinical data. The Kaplan-Meier method was used to
calculate 5-year rates of disease-specific survival. Log-rank
test was used for comparisons of survival. Analyses were
performed using SPSS software version 24 (IBM) for the
tissue microarray and with the TranSMART platform
version 16.2 (24) for the Polyprobe cohort. A P value of less
than .05 was considered to be statistically significant. Fre-
quency distributions were compared using the x? test.
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Study Approval

Animal experiments performed with Ifngr24#¢ mice
were in accordance with German law and approved by the
Institutional Animal Care and Use Committee of the Uni-
versity of Erlangen and the Animal Experiment Committee
of the State Government of Lower Franconia, Wiirzburg,
Germany. Ifngr2? and Ifngr2#"E“?Apc; CPC mice were
approved for experiments by the Fox Chase Cancer Center
[ACUC, Philadelphia, PA. Syngeneic mouse models were
approved the Animal Experiment Committee of the State
Government of Sachsen-Anhalt, Magdeburg, Germany.

All studies including patients were approved by the
ethics committee of the University Hospital of Erlangen. All
participants were informed personally and provided written
informed consent for this study. Patients’ data were pseu-
donymized and all analyses were carried out in accordance
with the Helsinki declaration.
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