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ABSTRACT

T cells in colorectal cancer (CRC) are associated with improved survival. However, checkpoint immu-
notherapies antagonizing the suppression of these cells are ineffective in the great majority of patients.
To better understand the immune cell regulation in CRC, we compared tumor-associated T lymphocytes
and macrophages to the immune cell infiltrate of normal mucosa. Human colorectal tumor specimen
and tumor-distant normal mucosa tissues of the same patients were collected. Phenotypes and func-
tionality of tissue-derived T cells and macrophages were characterized using immunohistochemistry,
RNA in situ hybridization, and multiparameter flow cytometry. CRC contained significantly higher
numbers of potentially immunosuppressive CD39 and Helios-expressing regulatory T cells in comparison
to normal mucosa. Surprisingly, we found a concomitant increase of pro-inflammatory IFNy -producing T
cells. PD-L1* stromal cells were decreased in the tumor tissue. Macrophages in the tumor compared to
tumor-distant normal tissue appear to have an altered phenotype, identified by HLA-DR, CD14, CX3CR1,
and CD64, and tolerogenic CD206* macrophages are quantitatively reduced. The prognostic effect of
these observed differences between distant mucosa and tumor tissue on the overall survival was
examined using gene expression data of 298 CRC patients. The combined gene expression of increased
FOXP3, IFNy, CD14, and decreased CD206 correlated with a poor prognosis in CRC patients. These data
reveal that the CRC microenvironment promotes the coexistence of seemingly antagonistic suppressive
and pro-inflammatory immune responses and might provide an explanation why a blockade of the PD1/
PD-L1 axis is ineffective in CRC. This should be taken into account when designing novel treatment
strategies.
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Introduction inhibitors such as the programmed cell death protein 1 (PD-
1) or its ligand PD-L1.* However, checkpoint inhibition was
not effective in most CRCs. Only the subpopulation of micro-
satellite instable (MSI) tumors benefit.”!® Thus, there is a
need to better understand the immunology of CRC to ade-
quately design immunotherapies for microsatellite stable col-
orectal cancers.

Most of the studies, which analyzed the immunological
microenvironment of tumors, compared the tumor-associated
immune infiltrate between different patients. As every tissue
has its own immunological requirements, a tumor has to
modulate the existing immunologic landscape of the original
tissue to prevent anti-tumor immune responses. Therefore, it
is necessary to understand CRC-induced changes in the
immune cell infiltrate in comparison to normal tissue. The
normal colorectal mucosa represents the barrier against the
luminal part of the intestine containing most of the bacteria
and other species colonizing the human body. Thus, the

Colorectal cancer (CRC) is one of the most commonly diag-
nosed cancer and the third most common cause of cancer
death.! Despite advances in surveillance, surgery, radio- and
chemotherapy, 40% of affected patients still cannot be cured.-
>? An improved molecular understanding of CRC and its
immune microenvironment might offer novel therapeutic
concepts to improve survival.

It has been established that the T cell infiltrate correlates
with a better prognosis in CRC.*> An immunoscore based on
T cells, memory and/or cytotoxic T cells, was shown to be
even superior to the TNM classification in predicting
prognosis,”® emphasizing the importance of a pro-inflamma-
tory immune cell infiltrate to fight malignant cells. The con-
cept prompted therapeutic strategies to counteract
immunosuppression in order to enhance or restore the poten-
tially blocked function of T cells to ablate tumor cells.” This
can be achieved by antibodies against immune checkpoint
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immune system has to defend potential microbial transloca-
tions, and, at the same time, maintain the homeostasis to
avoid exaggerated immune responses to ensure a non-
inflamed, functioning bowel wall. Intestinal-resident macro-
phages have been associated with mucosal tolerance by clear-
ing bacteria that transverse through the epithelial barrier and
anti-inflammatory cytokine production.'’ Macrophages are
highly heterogeneous and plastic cells acquiring pro- to anti-
inflammatory phenotypes. CRC compared to normal intestine
has a different composition of macrophage subtypes,'* possi-
bly due to macrophage plasticity. Conflicting data exist
whether macrophages and which subtype contribute to CRC
progression.”> "7

Lymphocytes also provide defense functions in order to
maintain the integrity of the epithelial barrier within the
healthy intestinal mucosa.'® These cells have an activated yet
resting manifestation'® and the memory phenotype is
enriched among T cells.'’ T cell proliferation in the intestinal
mucosa is limited by PD-L1 suggesting its role in mucosal
tolerance.”® CRC, in contrast, is characterized by high num-
bers of regulatory T cells.”"** This led to the assumption that
they contribute to immunosuppression within CRC by inhi-
biting the ability of cytotoxic T cells to produce IFNy.*?
However, it is still under debate whether those tumor-asso-
ciated Tregs are of prognostic impact and remain active in
CRC.2-25

Given the essential role of T cells and macrophages in
mucosal immunity and cancer, we reasoned that understand-
ing the CRC-related immune regulation requires a compre-
hensive analysis of both cell types in comparison to normal
tissue. We found that beside of an increase of regulatory T
cells, CRC is associated with increased levels of the immune
stimulatory cytokine IFNYy, but also with a down-regulation of
PD-L1. Analysis of macrophages revealed that CRC is char-
acterized by a reduction of tolerogenic macrophages. These
differences between normal and malignant tissue indicate a
status of immune-activation in the tumor, which includes
both pro- and anti-inflammatory features. The combination
of these immunological differences was associated with a
negative prognosis in the overall survival of CRC patients.

Results
Leukocyte subpopulations in CRC and normal mucosa

In order to determine the immunomodulatory effect of CRC,
we compared the immune infiltration of tumor samples to
that of tumor-distant normal mucosa from the same patients
using quantitative immunohistochemistry and flow cytometry
of tissue dissociates (Supplementary Fig. S1). Leukocytes, as
defined by the pan-leukocyte marker CD45, were located in
the lamina propria of the tumor-distant normal mucosa
(Figure 1A, upper row). Consequently, also leukocyte subpo-
pulations such as T cells (CD3"), granulocytes (CD66b"), and
macrophages (CD14", CD206") were found in the same layer.
Macrophages were the most abundant immune cells. The
staining of cancerous tissue illustrates that immune cells
accumulate mainly in the tumor stroma (Figure 1A, lower
row). Quantification of the IHC staining showed a decrease of

CD45 in tumor tissue compared to distant mucosa (Figure 1B,
first; for quantification strategy see Supplementary Fig. S2).
With respect to immune cell subpopulations, CD3 and CD14
expression were similar (Figure 1B, second and third), CD206
was less (Figure 1B, third), and CD66b was enriched in tumor
(Figure 1B, fourth) compared to normal tissue. These results
demonstrate a shift in the immune cell infiltration favoring
granulocytes and diminishing CD206" macrophages in the
tumor microenvironment of colorectal cancer. The overall
number of lymphocytes was unchanged. Given the essential
role of lymphocytes for the prognosis of CRC, we focused on
lymphocyte subpopulations next.

Differences in lymphocyte subpopulations in CRC
compared to tumor-distant mucosa

Tissue dissociates of 29 patients confirmed the unchanged
overall number of lymphocytes (Figure 2A; for gating strategy
see Supplementary Fig. S3). Investigating the relationship of
lymphocyte subtypes revealed that B cells (CD19") and CD8"
cells were reduced in CRC, leading to an increase of CD4"
cells and an increased CD4/CDS8 ratio in tumor tissue com-
pared to distant mucosa (Figure 2B and C). CD69 is the
earliest surface antigen expressed on T cells upon activation.*®
It was found to be expressed on the great majority of CD4"
and CD8" cells in tumor tissue as well as distant mucosa
(Figure 2D). However, there were significantly less CD8" T
cells in the tumor expressing CD69. This difference hints at a
change in the activation or function of T cells in CRC.

As we observed an increase in CD4" cells in malignant
tissue, we further focused on this subpopulation. Within the
CD4 positive cell fraction, we detected a significant increase of
Tregs in the tumor compared to distant mucosa, characterized
by an increase of CD127~ CD25" cells (Figure 3A). This result
could be confirmed by analyzing the intracellular FOXP3
protein level using flow cytometric analysis of tissue dissoci-
ates (Figure 3A) as well as by visualization of FOXP3 mRNA-
expressing cells in tissue sections using mRNA in situ hybri-
dization (RNAscope; Figure 3B). Functional immunosuppres-
sive Tregs are characterized by CD39 and Helios.””*® As we
found an increase in those markers in Tregs of our tumor
samples (Figure 3C), we suggest that CRC-associated Tregs
are potentially immunosuppressive (Figure 3C, for gating
strategy see Supplementary Fig. S4).

We then examined the functionality of tissue-derived lym-
phocytes using ex vivo T cell receptor stimulation. This sti-
mulation revealed that significantly more tumor-derived
CD4" and CD8" cells produce IFNy compared to cells derived
from distant colorectal mucosa (Figure 4A; for gating strategy
see Supplementary Fig. S5). Next, we visualized the IFNy-
producing cells in situ using RNAscope, an improved
mRNA in situ hybridization method that is capable of sin-
gle-molecule nucleic acid detection, where each RNA signal
dot derives from a single mRNA molecule.” This allowed us
to count each mRNA molecule and assign it to the producer
cell, if combined with hematoxylin staining and/or IHC. IFNy
mRNA-positive cells were rarely detectable in distant mucosa
(Figure 4B) and if present, they expressed mostly only 1 IFNy
mRNA molecule per cell (Figure 4C). In contrast, we saw a
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Figure 1. Immune cell quantification in distant mucosa and tumor tissue.
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(A) Representative immunohistochemical stainings with antibodies against CD45 (leukocytes), CD3 (T cells), CD14 and CD206 (macrophages), and CD66b
(granulocytes) in distant mucosa and tumor tissue of the same patient. Magpnification: 20x, Scale bar: 100 um. (B) Quantification of CD45%, CD3*, CD14*, CD206",
and CD66b™ IHC stained tissues of the same 9 patients. Error bars show mean with SD; * p < 0.05, ** p < 0.01, *** p < 0.001

significantly increased number of IFNy mRNA-positive cells
in several tumor tissues with many cells expressing 2 and
more mRNAs per cell. About half of the IFNy mRNA is
produced by CD3" T cells in the tumor tissue and about
30% in distant mucosa (Figure 4D, left). Only about 20% of
CD8" cytotoxic T cells were responsible for the IFNy mRNA
expression in distant and tumor tissue (Figure 4D, right).
Thus, CD4" T cells are the main IFNy-producing T cells in
CRC. IFNy-expressing cells were observed also in close proxi-
mity to FOXP3" cells indicating that these cell types are not
mutually exclusive in the same microenvironment
(Figure 4E).

Next, we assessed the expression of PD-L1 in tissues by
IHC. Total PD-L1 expression was significantly higher in the
normal distant mucosa than in the tumor tissue (Figure 4F).
The PD-L1 expression was mostly attributed to spindle struc-
tures in the lamina propria (Supplemental Fig. 6), which are
presumably stromal cells. We could also detect membranous
expression of PD-L1 on some malignant cells in tumor tissues
and on few epithelial cells of distant mucosa (Supplemental
Fig. 6), but this had little influence on the total PD-L1 signal.

Taken together, these data reveal that the colorectal tumor
microenvironment manifested a reduction of cytotoxic CD8"
T cells plus an increase of potential immunosuppressive Tregs
compared to normal mucosa. At the same time the T cells of
the tumor are characterized by an elevated ability to produce
the immune stimulator IFNy. In addition, a decrease in the
PD-L1 signal indicates the concomitant presence of immuno-
suppressive and immune stimulatory signals.

Tumor-associated macrophages have an altered
phenotype compared to those of the tumor-distant
mucosa

Quantification of CD206 and CD14 IHC stained tissues
revealed that the number of CD206" cells was reduced in
tumor tissue as compared to distant mucosa, while CD14"
cells remained unchanged (Figure 1B). Nearly all CD206"
macrophages coexpressed CD163 (Supplementary Fig. S7A),
which are both regarded as markers for anti-inflammatory
and intestinal-resident tolerogenic macrophages.”® Thus, the
increased CD14/CD206 ratio observed in tumor tissue
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Figure 2. Lymphocyte subpopulations in distant mucosa and tumor tissue.

(A) Flow cytometric quantification of lymphocytes in tumor-distant mucosa and tumor tissue (n = 29). (B) B and T cells were quantified from the lymphocyte
population by CD19 (B cells, n = 14), CD4 (helper T cells, n = 29), and CD8 (cytotoxic T cells, n = 29). (C) Calculated CD4/CD8 cell ratio of the quantification shown in
B (left, n = 29) and of IHC stained CD4 and CD8 tissue sections of four of the flow cytometry analyzed patients (right, n = 4). (D) T cells were analyzed for CD69
expression in distant mucosa and tumor tissue by flow cytometry (n = 11). Error bars show mean with SD; * p < 0.05, ** p < 0.01, *** p < 0.001

suggests a shift towards an inflammatory microenvironment
(Figure 5A). This is supported by the observation that the
CD14/CD206 ratio correlated with the number of IFNy-pro-
ducing cells in the tumor tissue (Figure 5B). Intestinal-resi-
dent tolerogenic macrophages produce I1L10.>" However, we
were not able to detect CD206"1L10-expressing macrophages
by IHC, neither in the tumor nor in the distant mucosa
(Supplementary Fig. S7B). Although a few cells expressing
IL10 have been observed with close proximity to CD206, the
majority of these IL10" cells seem to be macrophage-neigh-
boring cells.

We subsequently quantified the expression intensity of
various surface markers on macrophages by flow cytometry.
Intestinal macrophages derive from peripheral blood mono-
cytes and mature in response to stimuli of the intestinal
microenvironment towards an anti-inflammatory phenotype.-
** To mimic phenotypic alterations of CRC macrophages, we
polarized peripheral blood monocytes from healthy volunteers
towards a pro-inflammatory phenotype with IFNy and LPS

and compared them to IL4 anti-inflammatory polarized
macrophages. About two third of the macrophages remained
CD14" after polarization (Supplementary Fig. S8A). IFNy/
LPS-treated macrophages had lower HLA-DR and CD206
surface marker expressions (Supplementary Fig. S8B). Thus,
we analyzed CD14" macrophages from distant mucosa and
CRC tissues and grouped them into HLA-DR™CD2067,
HLA-DR™CD206, and HLA-DR™CD206" cells (Figure 5C;
Supplementary Fig. S9A). Within the gate of HLA-
DRMCD206" cells, cells of the tumor had lower HLA-DR
level (Figure 5C), but higher CD14 levels compared to their
non-tumorous distant mucosa counterpart (Figure 5D). The
number of CD206" macrophages was reduced in the tumor as
compared to the distant mucosa (Figure 1B), but the CD206
expression levels of tumor and distant mucosa macrophage
populations were unchanged (Figure 5E). CX3CR1 surface
expression levels were significantly reduced in the tumor-
derived macrophages (Figure 5F). As intestinal macrophages
change their morphology during maturation with increasing
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Figure 3. Tregs in distant mucosa and tumor tissue.

Treg analysis with flow cytometry (A, C) of distant mucosa and tumor tissue dissociates and FOXP3 mRNA-positive cell quantification on tissue sections (B) of the
same patients. (A) CD127°CD25" cells (Treg defined by surface markers, n = 10) and CD25"FOXP3™" cells (Treg defined by intracellular FOXP3 staining, n = 9) in
distant mucosa and tumor tissue gated on CD4" cells. (B) Photographs of FOXP3 mRNA (red) in distant mucosa (upper image) and tumor tissue (lower image) of the
same patient. Quantification of FOXP3* cells in distant mucosa and tumor sections of three patients (right). (C) CD39* (n = 10) and Helios* cells (n = 7) of CD25*
cells. Error bars show mean with SD; Magnification: 40x, Scale bar: 50 um; * p < 0.05, ** p < 0.01, *** p < 0.001

side scatter,”” we analyzed this parameter in our cell suspen-
sions. It was highest in the CD206" macrophages, and all
three tumor macrophage populations had significantly
increased SSC levels compared to the same populations in
distant mucosa (Figure 5G). CD64 was also gradually
increased on the cells from the tumor tissue, but not on
cells from the distant mucosa (Figure 5H).

These results indicate that CRC macrophages have an
altered phenotype compared to normal mucosal macrophages,
presumably because of an impaired maturation and polariza-
tion in the tumor, resulting in a more pro-inflammatory state.

Correlation with overall survival

The data shown above indicate that the tumor microenviron-
ment induces not only a change in number of infiltrating
immune cells, but also alters their phenotype compared to
the physiological environment of the healthy mucosa. We
observed Tregs with a potentially more suppressive character,
CD4'T lymphocytes in an active IFNy-producing state, and
macrophages shifted towards a higher CD14/CD206 ratio. In
order to estimate the potential effect of this tumor immune
cell composition on the disease progression in CRC patients,
we examined the mRNA expression data from The Cancer

Genome Atlas (TCGA) consortium.*® In line with our find-
ings, we defined a score in which expression levels of FOXP3,
IFNy, and CD14 contributed positively, whereas CD206
expression contributed negatively. We abbreviated this
mRNA signature as “FIM”.

To start with, we grouped the patient collective according
to the tumor stage, which is a routinely defined clinical para-
meter. FIM was similar in stage I to III CRCs, but it was
reduced in stage IV tumors (Figure 6A). The latter show a
decrease in lymphocyte densities and decreased gene expres-
sion of T helper 1 (Th1) responses.”* As CRCs are genetically
heterogeneous, we continued the analysis by categorizing the
expression data into the four consensus molecular subtypes.>
Tumors with high FIM values were preferentially classified as
CMSI1 (Figure 6B), which are tumors with Thl immune cells
and the majority of MSI tumors.”® In agreement with this,
MSI-H tumors have nearly exclusively high FIM values,
although high FIM values were also found in MSS and MSI-
L tumors (Figure 6C).

The FIM varied considerably within the different groups
showing overlaps between groups. This raised the question
about the relationship of FIM and patients’ survival. In a
univariate Cox regression analysis FIM and other clinico-
pathological features were analyzed, each separately, for their
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40x, Scale bar: 50 um. (D) Samples were stained for IFNy mRNA using RNAscope and co-stained for either CD3 or CD8 by IHC (the insert shows an example of a
CD8'INFy* cell). The graphs indicate the densities of IFNy™* cells in the respective tissue and show additionally how many of them are CD3™ (left, distant n = 5, tumor
n = 6) or CD8" (right, distant n = 4, tumor n = 6). (E) Tumor tissue section stained for FOXP3 mRNA (red) and IFNy mRNA (blue). Quantification of IFNy mRNA™ cells in
close proximity (max. 3 nuclei in between) to FOXP3™ cells (n = 3). All IFNy mRNA* cells are 100%. (F) IHC staining and quantification of PD-L1 in distant mucosa and
tumor tissue (n = 9). Magnification: 20x, scale bar: 100 pm. Error bars show mean with SD; * p < 0.05, ** p < 0.01, *** p < 0.001
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Figure 5. Characteristics of macrophages in distant mucosa and tumor tissue.

(A) IHC stainings for CD14 and CD206 were used to calculate the CD14/CD206 ratio in distant mucosa and tumor tissue sections. (B) The tumor CD14/CD206 ratio
was correlated with IFNy mRNA™ cells of the same patients (n = 8). (C—H) CD14" cells from distant mucosa and cancerous colorectal tissue of the same 11 patients
were analyzed with flow cytometry. These cells were further subdivided into HLA-DR™" and CD206~* cells. (C) Geometric mean fluorescence intensity (gMFI) values
of HLA-DR (C), CD14 (D), CD206 (E), CX3CR1 (F), SSC (G), and CD64 (H) of the subgroups are illustrated. Error bars show mean with SD; * p < 0.05, ** p < 0.01, ***

p < 0.001

influence on overall survival (Figure 6D). We included the
person neoplasm cancer status (patients “with tumor” or
“tumor free” at the date of last contact, i.e. the presence of a
remaining tumor or recurrence at the end of the observation
period), and several characteristics of the tumor at the begin
of the observation period: lymphatic invasion, histology
(mucinous versus non-mucinous adenocarcinomas), tumor
stage, tumor localization (left, right, and transverse and
unknown), consensus molecular subtypes, CD45 expression
(as marker for the overall immune cell infiltration), and FIM.
While the tumor stage and the person neoplasm status corre-
lated with the overall survival, we found no significant impact

of FIM alone. This was expected, because it is significantly
different among tumor stages, lowest in metastatic stage IV
tumors. Accordingly, it was also lower in patients with a
positive person neoplasm cancer status (Supplementary
Fig. S1I0A). Next, we investigated whether the FIM signature
provides additional information to the indicated clinicopatho-
logical features (i.e. if it allows a prediction of overall survival
independent of other variables). Therefore, we investigated
the prognostic value of FIM on overall survival in a multi-
variate Cox regression analysis, combined with an algorithm
for stepwise removal of prognostically irrelevant variables
from the multivariate Cox regression model (Supplementary
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Fig. S10C), based on the Akaike information criterion. Person
neoplasm cancer status (unfavorable) was still an independent
predictor in this model. Additionally, patients with a high
FIM had a significantly worse prognosis, indicating that also

FIM is an independent predictor for overall survival. Analyses
of each FIM parameter (FOXP3, IFNy, CD14, and CD206; for
histograms of frequencies see Supplementary Fig. S10B) alone
in multivariate models, with the same cofactors as above,



showed no significance (Supplementary Fig. S10D). Only the
evaluation of these markers together revealed a prognostic
impact, which points to a synergistic effect of these tumor
microenvironmental immune characteristics. Multivariate
analysis of FIM including CD66b is not a significant, inde-
pendent marker for overall survival (data not shown). Taken
together, these data confirm that the identified immunological
alterations in the tumor compared to the normal mucosa
create a distinct microenvironment that causes an unfavorable
outcome in a subpopulation of CRC patients.

Discussion

Comparing the immune cell infiltration of normal mucosa to
CRC revealed that immune cells adapt differentially to the
distinct tissue microenvironments. In malignant tissue, we
discovered an increased capacity of the immune cells to pro-
duce IFNy, but at the same time an increased number of
potentially immunosuppressive Tregs. With respect to the
myeloid compartment, we observed a decrease in tolerogenic
CD206" colonic macrophages in CRC compared to normal
mucosa. The observed differences in the local immune system
were able to predict an unfavorable outcome in a subpopula-
tion of CRC patients. Thus, our data indicate that pro- and
anti-inflammatory mediators promote progression of CRC.

In agreement with previous studies, we found that tumor
tissue induces a shift in the T cell infiltrate from CD8"
towards CD4" cells, with a doubling of regulatory T cells
compared to normal mucosa.”"*> We observed IFNy being
expressed in some CRC patients, but hardly in normal
mucosa. We used a novel RNA ISH method, which allowed
the quantification of IFNy mRNAs per cell in situ. The results
obtained by this technology are in accordance with observa-
tions described by Tosolini et al.’® They observed an increased
IFNy mRNA in homogenized CRC as compared to normal
tissue with real-time PCR. It has to be noted that not all IFNy
mRNA positive cells are CD3" T cells. The identity of the
remaining IFNy mRNA positive cells is unclear. Innate
immune cells, such as NK cells and macrophages, are also
able to produce IFNy.

The higher expression of IFNy in the tumor might result
from reduced PD-L17 cells as found in the normal distant
mucosa. This is supported by studies showing that PD-L1-
expressing stromal cells are able to suppress T cell activation,
proliferation and IFNy production in the normal mucosa
through PD-L1 dependent cell-contact interaction.”*?’
Similarly, PD-L1 was shown to be decreased in the inflamed
mucosa of Crohn’s disease patients with increased IFNy
levels.”® Induced colitis experiments in mice showed that
IFNy is one of the most highly induced mediators in the
inflamed gut.’® This indicates that IFNy is part of the
tumor-induced inflammatory response and fits the idea that
cancer is a chronic stimulus for the immune system. IFNy
production is generally assumed to improve patients’ prog-
nosis. IFNy-induced proteins and genes coding for a Thl
adaptive immunity, including IFNy, are beneficial for survival
and tumor recurrence in CRC patient, while deficiency of
IENy or its receptor promotes CRC development in
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mice.”**"** IFNy alone had no significant influence on the

patients’ outcome in our univariate analysis of the TCGA
data.

Interestingly, we found IFNy expression in the vicinity of
Tregs. It is tempting to speculate that IFNy has a direct effect
on those cells, as IFNy can induce Tregs.*> Accordingly, aside
of being a strong pro-inflammatory stimulus, at the same
time, IFNy might regulate the inflammatory environment by
provoking the generation of Tregs in tumor tissue. Whether
Tregs in CRC are a positive or negative prognostic factor is
controversial.”>**** In our study, FOXP3 alone had no prog-
nostic impact on overall survival.

Our observation that more CD4'CD25" cells than
CD4"CD25"FOXP3" cells exist could either be explained by
a prior finding showing that not all CD4"CD25" regulatory
cells express FOXP3*® or it might be a result of T cell activa-
tion, which could lead to a decrease of CD127 and an increase
of CD25.*” Additionally, tumor-derived Tregs express higher
levels of CD39 and Helios. An increased CD39 expression on
CRC-derived Tregs has been reported previously.*® CD39™
Tregs are able to maintain their suppressive ability even in an
inflammatory environment.”® Helios was identified as key
marker for activated Tregs with a more immunosuppressive
character compared to Helios™ Tregs.”” Accordingly, both
markers independently point towards a more immunosup-
pressive Treg phenotype in CRC. This matches the idea of
an inflammatory environment in the tumor, as Tregs with a
superior immunosuppressive capacity have been recently
reported in inflamed colon tissue.*’

Additionally, tumor T lymphocytes showed a reduced
expression of CD69. This marker is expressed by resident
memory T cells, promoting cell retention in the tissue.”*”'
CD69 might induce the production of TGF-p in colon tissue,-
>233 which is important for balancing the gut homeostasis and
avoiding colitis.>* Thus, although CD69 on T cells in the
tumor is still high, reduced CD69 levels might support a
pro-inflammatory environment.

Aside of its potential role in activating pro- and anti-
inflammatory T cells, IFNy can also interact with macro-
phages inducing FcR for human monomeric IgGl (CD64)
on myeloid cells.”” This correlates with our data, as we
found IFNy expression in the tumor as well as CD64 on
tumor-associated macrophages increasingly expressed. This
is in line with the finding that IFNy-induced proteins are
expressed by macrophages within colorectal cancers.*’
Furthermore, CD14" intestinal macrophages from Crohn’s
disease were previously shown to enhance IFNy production
by T cells.”® The authors postulate that the intestinal inflam-
matory microenvironment in Crohn’s disease promotes an
abnormal differentiation of intestinal macrophages. This
might not only be true for IBD, but also for CRC, as suggested
by our data. Peripheral monocytes constantly enter the colon
to replenish the macrophage pool and these less mature CD14
high-expressing cells are heterogenous.’® In the normal
mucosa, we detected CD14-expressing macrophages with a
differential expression of HLA-DR and CD206, which are
similar to the previously described macrophage maturation
populations in mice and human small intestine.’***
Therefore, we assume that we have analyzed these maturation
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intermediates. CD14 high, HLA-DR low/intermediate and
CD163 low expressing cells were suggested to be less mature
cells similar to blood-derived CD14" monocytes.”>* In the
human small intestine, CD14 low expressing cells, coexpress
HLA-DR and CD163, which were suggested to be mature
macrophages, equivalents to CX3CR1 high expressing cells
in the mouse colon.”® CX3CR1 was shown to increase during
maturation in mouse models,”® but recent studies with human
intestinal macrophages revealed that it is decreased during
their development from inflammatory freshly invaded macro-
phages to tolerogenic resident macrophages.”’>*> We cannot
exclude that the increase in CX3CR1 expression on the more
mature CD206" macrophage population observed in our
study might have been influenced by macrophage extraction
from the tissue, because this marker is strongly influenced by
environmental factors, such as bacteria (Supplementary
Fig. S9B, C) and during culture.”” However, all other markers
were stably expressed on macrophages.

The number of macrophages after tissue disaggregation in
the flow cytometry analysis was lower compared to in situ
IHC analysis. Thus, we cannot exclude that the macrophage
yield was influenced by tissue digestion and processing result-
ing in a reduced macrophage recovery. However, the fact that
we have observed differences in CD206 and CD14 between
tumor and distant mucosa with IHC in situ supports our flow
cytometric conclusions.

In contrast to the tumor-distant mucosa, macrophages
from the tumor tissue showed decreased expression of HLA-
DR and CX3CR1, and higher CD14 and CD64 levels com-
pared to non-cancerous distant mucosa. This suggests an
altered maturation with a presumably immature, pro-inflam-
matory character of myeloid cells within the tumor as com-
pared to normal tissue. Similarly, it was shown that the
maturation process is arrested during inflammation in the
case of colitis where pro-inflammatory macrophages remain
CX3CR1™*° Qur data support the notion that tumor-asso-
ciated macrophages are part of an inflammatory process. This
is in line with data showing that colon cancer cell lines can
polarize monocytes towards a pro-inflammatory macrophage
phenotype.”®*

CD206" macrophages and PD-L1 maintain tissue home-
ostasis in normal tissue,”>**°" both are altered in the tumor.
Obviously, tumors have partially lost this tissue homeostasis
leading to a dysregulated pro-inflammatory tumor microen-
vironment. IFNy can promote both, pro-inflammatory
macrophages and immunosuppressive Tregs. Tregs appear to
counterbalance this otherwise pro-inflammatory tumor envir-
onment. Hence, pro-inflammatory stimuli might be the rea-
son for more robust anti-inflammatory immune mediators,
which both together predict an unfavorable outcome, as
indicted by FIM. Therefore, we suggest that the tumor micro-
environment induces a stimulation of both pathways that
goad each other into an abundant immunologic response,
which is incapable of tumor destruction.

Our findings suggest that interfering with the competing
pro- and anti-inflammatory components of the tumor
immune system might be a novel concept for therapeutic
interventions in CRC. Ablation of Tregs might be a reason-
able strategy to counteract their immunosuppressive effect in

CRC. A tissue Treg-depleting antibody has been recently
developed.®” Intervening with the abundance of IFNy in this
CRC phenotype might even be further beneficial in this set-
ting. Anti-inflammatory agents that target the immune cells,
in combination with routinely used chemotherapeutics might
be a new approach for these CRC patients. The reduced
expression of PD-L1 in the tumor stroma might explain why
targeting PD-L1 is of little use in CRC.”** Similarly, a poten-
tial anti-inflammatory CD206" macrophage-ablating therapy
could be inadequate, as those cells are already diminished.
Such a therapy could even promote tumor growth, as sug-
gested by our prognostic score. However, further studies are
needed to identify a suitable treatment strategy for these
patients. In view of that, we encourage the comparison of
normal and malignant tissue to get a broader understanding
of the cancer-associated immunology in order to design opti-
mal immunotherapeutic strategies for every cancer type.

Materials and methods

Collection and processing of human colon mucosa and
tumor tissue

Tissues of untreated colorectal cancers and distant normal
mucosae were resected by a pathologist from the same surgi-
cal specimen. Tumor material as well as distant mucosa,
which was at least 5 cm distant from the tumor (example
shown in Supplementary Fig. S1A), were obtained from the
same patients. As colorectal adenocarcinomas originate from
epithelial cells of the mucosa and most of the immune cells
can be found in this layer (Supplementary Fig. S1B), we
focused only on the mucosa in all experiments. For patient
characteristics see Supplementary Table S2. The patients gave
their informed consent and sample collection was approved
by the ethical committee (EK Nr.: 1984/2014) of the Medical
University of Vienna. The fresh tissues were snap frozen and
stored at —80°C. They were cryosectioned on a Leica CM3050
cryostat (Leica Microsystems GmbH, Wetzlar, DE) at a thick-
ness of 10 pum. These sections were used for immunohisto-
chemistry (IHC) and RNA in situ hybridization. Fresh tissues
adjacent to IHC-stained sections were dissociated for flow
cytometric analysis (see Supplementary Methods for details).

Single-molecule RNA in situ hybridization

RNA in situ hybridization experiments were performed using
RNAscope®, an RNA in situ hybridization technique described
previously.” All reagents were purchased from Advanced Cell
Diagnostics (Newark, CA). Paired double-Z oligonucleotide
probes were designed against target RNA using custom soft-
ware. The following probes were used: Hs-IFNG, cat. no.
310501, NM_000619.2, 20 pairs, nt 80-1152; RNAscope®
Probe- Hs-FOXP3-C2, cat. no. 418471-C2, NM_014009.3, 20
pairs nt 568-1620. The RNAscope® 2.5 HD Reagent Kit and
RNAscope® 2.5 HD Duplex Assay (Advanced Cell
Diagnostics) were used according to the manufacturer’s
instructions. Fresh frozen tissue sections were prepared
according to manufacturer’s recommendations. Each sample
was quality controlled for RNA integrity with a probe specific



to the housekeeping gene PPIB. Negative control background
staining was evaluated using a probe specific to the bacterial
dapB gene. Slides were either washed in tap water and coun-
terstained with hematoxylin or washed in DPBS and immu-
nohistochemically doubled stained with CD3 or CD8. IHC
staining continued at the Bloxall step and was performed as
described in Supplementary Methods.

Statistical analysis

Untreated human distant mucosa and cancerous colon tissues
were collected chronologically. Every tissue piece was frozen
for IHC analysis. Tissue samples weighing more than 0.1 mg
were used for tissue dissociation and flow cytometric analysis.
P-values under 0.05 were considered statistically significant.
The two-tailed paired t-test was used for normally distributed
data, and the Wilcoxon matched-pairs signed-ranks test was
chosen as nonparametric test. Pearson’s correlation was used
to analyze the association between IFNy- producing cells and
the CD14/CD206 ratio. Normal distribution was analyzed
with the D’Agostino and Pearson omnibus normality test.
The statistical analyses were performed with GraphPad
Prism version 6.04.

Gene expression data from The Cancer Genome Atlas
(TCGA)* colorectal cancer tissues were downloaded using
R package TCGA2STAT v1.2%* together with corresponding
clinicopathologic and outcome data. Finally, expression data
of 298 samples were used (see Figure 6D for characteristics)
and normalized with limmas’ voomWithQualityWeights func-
tion employing cyclic loess normalization (R package limma
v3.34.9)%. Prior to this, reliably expressed genes were selected
with counts per million values above 0.1 in at least 95 of
samples, i.e. 16,577 genes. The consensus molecular subtypes-
> were determined using R-package CMSclassifier using
Entrez IDs as gene identifier and method “random forest”
(https://github.com/Sage-Bionetworks/CMSclassifier). ~ FIM
was calculated by summing the normalized log2 gene expres-
sion values according to this formula: expression (IFNy) + exp
(FOXP3) + exp (CD14) - exp (MRCI (= CD206)).

Significant differences of FIM according to clinicopathologic
characteristics were determined by one-way ANOVA tests.
Single and multiple Cox regression estimates were calculated
by the coxph function (R v3.4.3)%® and the final Cox regression
model selected based on Akaike Information Criteria (AIC)
using the stepAIC-function from R-package MASS v7.3-48.°
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