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The tumor microenvironment and Immunoscore are
critical determinants of dissemination to
distant metastasis
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Although distant metastases account for most of the deaths in cancer patients, fundamental questions regarding
mechanisms that promote or inhibit metastasis remain unanswered. We show the impact of mutations, genomic
instability, lymphatic and blood vascularization, and the immune contexture of the tumor microenvironment on
synchronous metastases in large cohorts of colorectal cancer patients. We observed large genetic heterogeneity
among primary tumors, but no major differences in chromosomal instability or key cancer-associated mutations.
Similar patterns of cancer-related gene expression levels were observed between patients. No cancer-associated
genes or pathways were associated with M stage. Instead, mutations of FBXW7 were associated with the absence
of metastasis and correlated with increased expression of T cell proliferation and antigen presentation functions.
Analyzing the tumor microenvironment, we observed two hallmarks of the metastatic process: decreased pres-
ence of lymphatic vessels and reduced immune cytotoxicity. These events could be the initiating factors driving
both synchronous and metachronous metastases. Our data demonstrate the protective impact of the Immuno-
score, a cytotoxic immune signature, and increased marginal lymphatic vessels, against the generation of distant

metastases, regardless of genomic instability.

INTRODUCTION

Metastasis is a major clinical issue in colorectal cancer (CRC), because
more than 90% of patients with synchronous metastases die within
5 years (I). An improved understanding of the processes leading to
tumor metastatic invasion and development is required to develop
novel treatment paradigms for patients with late-stage tumors. How-
ever, the extensive interactions between tumor cells, their microenvi-
ronment, and surrounding tissues during their dissemination have
complicated efforts to dissect the metastatic process (2, 3). Metastatic
tumor cells must successfully negotiate a series of complex steps, lead-
ing to their establishment in a foreign tissue environment. Many im-
portant genes and pathways implicated in malignant progression and
migration have been described (4). Genetic instability, gene expression
changes, and the resulting heterogeneity within the tumor cell popu-
lations have all been associated with the process of invasion and me-
tastasis (5). Whereas some current models consider metastasis to arise
from cell-autonomous alterations in the cancer cell genome, alterna-
tive views propose that metastatic traits are acquired through the ex-
posure of cancer cells to paracrine signals received within the tumor
microenvironment (2-4). The vast diversity of intratumoral immune
cell populations (6-14) and the often transient and elusive nature of
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paracrine signals have hindered the elucidation of the role of the tumor
microenvironment on the metastatic potential of cancer cells (10, 13).
Murine studies have shown that the immune system maintains circulat-
ing tumor cells in a state of dormancy, preventing distant metastases
(15-17), and may also promote in situ dormancy of tissue micrometas-
tases (I18). Evidence of this mechanism is supported in humans by our
previous data showing a major role of cytotoxic and memory T cells in
predicting survival of cancer patients (6, 19), including early-stage
cancer patients (20). Here, we analyzed mutations, genomic instability,
malignant cell-related gene expression, lymphatic vessel density (LVD),
blood vessel density (BVD), and the complex immune contexture of the
tumor microenvironment (6-10, 16, 21) on large cohorts of CRC pa-
tients (table S1). Our aim was to perform a comprehensive analysis of
both primary tumors and microenvironment factors in relation to the
presence of synchronous distant metastases.

RESULTS

Similar patterns of genomic alterations are found in CRC
patients with and without distant metastases

Mutations in 48 cancer driver- and cancer pathway-related genes
(table S2) were investigated using data from the Cancer Genome Atlas
(TCGA) (cohort 1) (22). In primary tumors from patients with (M1)
or without (M0) metastases, cancer genes showed a similar profile
(Fig. 1A and table S2) and frequency of mutation for each of the exons
tested (fig. S1A). These cancer genes were also analyzed in a second
cohort (cohort 2) using next-generation sequencing. Patients presented
with a mean of 4 + 2 mutations: APC, KRAS, BRAF, and TP53 were
mutated in 36.6, 41.5, 17, and 49.6% of the cohort, respectively. The
overall pattern of mutations detected in M1 and MO patients was highly
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Fig. 1. Mutations of known cancer genes in metastatic CRC patients. (A and B) Mutations of 48 cancer
genes (table S2) (A) and of 15 cancer pathways (table S3) (B) in CRC patients with (M1) or without (M0)
metastasis from cohorts 1 and 2. M1 patients and mutations are shown in black; nonmutated genes or path-
ways are in gray. Genes and pathways are sorted alphabetically. A pathway was considered mutated if at
least two of the associated genes were mutated. Fisher's exact test was used to compare mutations between
MO and M1. (C) Significantly differentially expressed genes (P < 0.05) in MO patients with or without FBXW7
mutation were investigated in cohort 1 (RNA-Seq) using CluePedia. From these genes, the 167 up-regulated
and 278 down-regulated genes having A > 5 were analyzed with ClueGO. Enriched pathways are shown as
nodes interconnected based on the k score. The color gradient shows the proportion of genes up-regulated
in FBXW7-mutated (red) and nonmutated (green) MO patients associated to each of the pathways. Equal
proportion is shown in gray. The size of the nodes shows the term significance (right-sided hypergeometric
test, Bonferroni step-down correction). (D) Up-regulated immune genes in FBXW7-mutated patients (C). Bar
charts represent means + SEM, and the median expression is shown in blue. Figure S1 extends Fig. 1.

men (24). Mutations in the other cancer
genes were not associated with the tumor
localization or with other clinical param-
eters as the extent of the tumor, lym-
phatic node invasion, and UICC-TNM
(International Union Against Cancer
tumor-node-metastasis) status (table S4).
None of these mutations, nor the sum of
the mutations from these genes, were sig-
nificantly associated with the disease-
specific survival of the patients, as illustrated
for BRAF (fig. S1C). FBXW7 mutations
were significantly more frequent in M0
patients in cohort 1, and data were vali-
dated in cohort 2. ClueGO (25) and
CluePedia (26) were used to find which
genes are up-regulated in MO patients with
or without FBXW7 mutations and which
is their biological role. Genes involved in
response to interferon-y, positive regula-
tion of T cell activation (IRF1, CXCL9,
CCL5, GNLY, GZMA, and NKG?7), and
major histocompatibility complex (MHC)
class II-related pathways (HLA-DMA,
HLA-DMB, HLA-DPA1, HLA-DPBI,
HLA-DRA, HLA-DRB6, and CD74) as
well as in the citric acid cycle or glycolysis-
related terms were up-regulated in FBXW7-
mutated patients (Fig. 1, C and D). In
comparison, MO patients without FBXW?7
mutation had up-regulated genes involved
in apoptosis, regulation of proteolysis, and
negative regulation of cell proliferation.
Next, the chromosomal instability (CIN)
of CRC tumors was analyzed using array
comparative genomic hybridization (aCGH).
Amplifications and deletions of the cancer
genes were compared between M0 and M1
patients (Fig. 2A). VHL and FBXW7 were
significantly deleted more often in M1 com-
pared to MO in cohorts 1 and 2, respective-
ly. Additionally, amplification and deletion
scores were calculated for every gene with-
in each cohort (described in Materials and
Methods). The genomic profiles of patients
from cohorts 1 and 2 were remarkably sim-
ilar (fig. S2). As expected, we identified mul-
tiple gains and losses of chromosomal regions
that have previously been reported in CRC,
including the gain of 8q and the loss of 8p
(27). The overall pattern of chromosome

similar (table S2), confirming the results observed in cohort 1 (Fig. 1A).  alteration in the primary tumors from M1 and MO patients displayed high
None of the 48 major cancer genes were more frequently mutatedin M1  congruency (Fig. 2B). Amplifications of only 16 genes from chromosomes
patients. Similarly, no difference was found in the frequency of muta- 13 and 20 were found to be significantly overrepresented in M1 patients
tions for each target region tested (fig. S1A) or for the 15 cancer path-  compared to MO for both cohorts. In comparison, deletions of 339 genes
ways investigated (Fig. 1B and table S3). As previously described (23),  were significantly overrepresented in M1 compared to MO patients, with
BRAF mutations occurred more often in tumors of the right colon com-  most of these deletions located on chromosomes 8 and 18. Additional de-
pared to other colonic regions or rectum and affected more women than  leted genes were located in chromosomes 4, 10, 12, 13, and 22 (fig. S2B).
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Fig. 2. Genomic alterations in metastatic CRC
patients. (A) Amplifications (red) and deletions
(green) of 48 cancer genes in MO and M1 (black)
patients from cohorts 1 and 2. No aberrations are
shown in white. Genes showing different aberra-
tion profiles are highlighted. (B) aCGH profile in
MO0 and M1 patients. The frequency and the am-
plitude of the gain or loss of each gene were used
to calculate an amplification (red) or deletion
(green) score for MO and M1 patients. The X and
Y chromosomes were excluded. Fisher’s exact test
was applied. Functional analysis of the significantly
amplified (n = 16) or deleted (n = 339) genes using
ClueGO (C). Nodes represent enriched pathways
grouped based on shared genes and linked
based on the « score. The size of the node shows
the term significance (right-sided hypergeometric
test, Bonferroni step-down correction). (D) Distrib-
ution of the genes on pathways. The color gradi-
ent shows the proportion of amplified (red) and
deleted (green) genes associated to each path-
way. Equal proportion is shown in gray. (E) Copy
number heterogeneity matrix. Heat map with
percentage of genes having different amplifica-
tions and deletions among all genes with altera-
tion between two patients for all the patients
from cohort 2. Minimum and maximum difference
is shown with a rainbow color code. Patients com-
pared with themselves are shown in gray. The
number of amplifications, deletions, and total
aberrations is shown for each patient (left). The
counts are represented with a color gradient
ranging from dark blue (minimum = 0) to red
(maximum = 20,424). On the y axis, M1 patients
are shown in blue. Figure S2 extends Fig. 2.

ClueGO and CluePedia (25, 26) analysis
of the overrepresented amplified and deleted
genes (table S5) revealed the biological role of
these altered cancer genes (Fig. 2C). The ampli-
fied genes were associated with glucose transport,
transfer RNA (tRNA) processing, and regulation
of B cell proliferation (Fig. 2D), whereas deleted
genes were involved in immune-related path-
ways, defense response, angiogenesis, metabolic
processes, and morphogenesis. Specifically, there
was a significant increase in M1 patients with
deletions in members of the defensin family, cy-
totoxic proteins involved in host defense (fig.
S2C). Out of the significantly overrepresented
genes, only SMAD2 and SOX17 have been pre-
viously reported as cancer genes (table S6)
(28, 29). Although the genomic patterns across
the cohorts were similar, there were marked dif-
ferences at the individual level, where all tumors
harbored different sets of gains and losses. Genes
with copy number aberrations were compared
in all patient pairs, and the percentage of altered
genes was displayed in a copy number hetero-
geneity matrix (Fig. 2E). There was considera-
ble heterogeneity among tumors, and the mean
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number of genes amplified or deleted was
3920 and 2750 per patient, respectively.
The mean percentage of differential gene
alterations between two patients was 82%.
Remarkably, tumors from some individ-
uals, including M1 patients, showed no
evidence of CIN (fig. S2D). The maxi-
mum numbers of deletions or amplifica-
tions were observed in a total of only two
or eight patients, respectively (fig. S2E). The
copy number changes across the tumor ge-
nome were personalized for each patient.

Immune-related gene expression
discriminates patients with and
without distant metastases

The expression of the 48 cancer genes was
investigated in relation to the presence of
synchronous metastasis for cohort 1. Sur-
prisingly, most of the genes had similar
expression levels regardless of MO or M1
status, and only BRAF, EGFR, JAK2, and
SRC reached statistically significant dif-
ferences between M1 and MO patients
(Fig. 3A). To validate this observation, we
analyzed the cancer genes using Affymetrix
arrays in cohort 3 (Fig. 3B). Concordant
results were observed in both cohorts
1 and 3. JAK2 was the only gene differen-
tially expressed in both cohorts. Addition-
ally, the expression of cancer genes known
to be involved in metastasis process, tumor
progression, and WNT pathway (table S6)
was investigated in cohort 1. Surprisingly,
most of the metastasis-related genes had
similar expression levels regardless of MO
or M1 status, and only PTP4A3, PTPRC,
CXCR4, and VEGFA reached statistically
significant differences between M1 and
MO patients (fig. S3A). To validate this ob-
servation, we analyzed the tumor-related
genes using real-time quantitative poly-
merase chain reaction (GQPCR) in cohort 3.
The qPCR results confirmed the gene ex-
pression results from cohort 1 and showed
no difference in tumor-related gene expres-
sion between MO and M1 patients, except
for two genes: CSF1 and MMP? (fig. S3B).
The expression of JAK2, SMAD2, and
FZD1I was slightly decreased in tumors with
synchronous metastases, whereas DKK1
and TCF7 levels were increased. However,
these changes in expression levels did not
reach statistical significance. Equivalent
results were obtained for genes known
to be associated with the tumor progres-
sion as well as a larger panel of genes in-
volved in the WNT pathway (table S6)
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Fig. 3. Cancer-related gene expression in metastatic CRC patients. (A and B) Expression of cancer genes
measured with RNA-Seq in cohort 1 (A) and Affymetrix microarrays in cohort 3 (B). M1 patients are marked in
black. Minimum (Lo) and maximum (Hi) normalized expression scaling from —1 to 1 for both cohorts are
shown in blue and red, respectively. Genes significantly differentially expressed between M0 and M1 are
marked (*0.01 > P < 0.05, 0.05 > P < 1). (C) Significantly differentially expressed genes (P < 0.05) in M1 versus
MO were investigated in cohort 1 (RNA-Seq) using CluePedia (26). From these genes, the top up-regulated
(n=300) and down-regulated (n = 300) genes having the highest expression level difference between M1
and MO were analyzed with ClueGO. Enriched pathways and functions are shown as nodes interconnected
based on the k score. The color of the node shows the proportion of up-regulated (red) and down-regulated
(green) genes in M1 associated to each of the pathways. Equal proportion is shown in gray. The size of the
nodes shows the term significance (right-sided hypergeometric test, Bonferroni step-down correction).
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also analyzed by qPCR in cohort 3 (fig. S3, A
C and D). Strikingly, most genes had sim-
ilar expression in tumors with and with- '
out metastases and were therefore not U
considered to be associated with the pres- '
ence of metastasis.

Because no major differences were
found in cancer genes based on metastatic
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ulation; leukocyte-mediated cytotoxicity
and chemotaxis; T cell activation, prolifer-
ation, and costimulation; response to cy-
tokines; viral response; innate immunity;
and inflammation (Fig. 3C). Genes up-
regulated in M1 patients were involved
in translation, protein localization to the
endoplasmic reticulum, mRNA catabolic
process, and endocytosis. These findings
were validated in cohort 3 using DNA mi-
croarray data (fig. S4A).

This analysis performed in two inde-
pendent cohorts underlined the potential
importance of immune-related genes in
predicting the metastatic status of CRC
patients. Further investigation of immune-
related genes by real-time qPCR in cohort
3 confirmed that patients with metastases
had decreased expression of many im-
mune genes including those regulating
T helper 1 (Ty1) response, lymphocyte cy-
totoxicity, and activation, as well as MHC
class II-related genes (Fig. 4, A and B, and fig. S4B). The only other innate
immune gene reaching a statistically significant increase in metastatic pa-
tients was the macrophage marker CD68 (Fig. 4B). Patients without metas-
tasis had a significant increase in expression of Tyy1-related (IL12B, TBX21,
IFNG, CCR5, and STAT1I), immune cytotoxicity-related (GNLY, CD8A,
GZMA, GZMH, and GZMK), and MHC class II-related (HLA-DMA,
HLA-DMB, HLA-DOA, HLA-DOB, DPAI, and CD74) genes and
increased expression of ILI12RB2 and GZMB compared to patients hav-
ing metastases at the time of diagnosis. Remarkably, examination of
primary tumors of patients who developed metachronous metastases
years after diagnosis also showed decreased expression of the same im-
mune genes (Fig. 4B). Thus, in contrast to copy number patterns and
cancer gene expression, adaptive immune gene expression appears to
discriminate between patients with or without metastases.
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Fig. 4. Immune-related gene expression in metastatic CRC patients. (A) Expression of immune genes
-, and HLA-related) was investigated in cohort 1 (RNA-Seq). M1 patients are marked in black.
Minimum (Lo) and maximum (Hi) normalized expression scaling from —1 to 1 are shown in blue and red,
respectively. Genes significantly differentially expressed between M0 and M1 are marked (***P < 0.005,
**0,005 > P < 0.01, *0.01 > P < 0.05). (B) Expression of immune genes (cytotoxic-, Ty1-,
related) measured by qPCR in CRC patients from cohort 3. Bar charts represent the relative expression
compared to MO £ SEM. Patients without metastasis and with metachronous or synchronous metastasis
are shown in white, gray, and black, respectively. A parametric or nonparametric test was applied based on
Shapiro normality test (***P < 0.005, **0.005 > P < 0.01, *0.01 > P < 0.05).

HLA-, and innate-

LVD within the invasive margin and immune cytotoxicity is
decreased in patients with distant metastases

To determine the potential contribution of blood and lymphatic vascu-
lature to metastatic progression, we analyzed BVD and LVD in primary
CRC tumors using immunohistochemistry for cohorts 3 and 4 (Fig. 5A).
There was no significant difference in BVD between M0 and M1 pa-
tients (Fig. 5B), even when density was further defined by location in
the center (CT) or the invasive margin (IM) of the tumor (fig. S5A). In
contrast, the LVD was significantly decreased in patients with metastases
(Fig. 5B). This decrease in LVD was specific for the IM and not the CT
in primary tumors of metastatic patients (Fig. 5, C and D). Similar re-
sults for BVD and LVD were observed for cohort 4 (Fig. 5, E to G, and
fig. S5B). Additionally, the early metastatic invasion of tumor cells inside
lymphatic vessels was visualized (fig. S5C).
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Fig. 5. Blood vessel (BV) and lymphatic vessel (LV) density in metastatic CRC patients. (A and H)
Representative examples of blood vessel, lymphatic vessel, total T cell (CD3), T helper cell (CD4), Ty1 cell
(T-Bet), memory cell (CD45R0), cytotoxic cell (CD8, GZMB, CD57), NK cell (NKp46), macrophage (CD68), and
immature dendritic cell (CD1A) staining of a CRC tissue microarray (TMA). Antibodies to endoglin (ENG;
CD105) and podoplanin (PDPN) were used for blood and lymphatic vessels, respectively. The density
was recorded as um? of blood vessels/mm? of tissue and um? of lymphatic vessels/mm? of tissue using
a dedicated image analysis workstation (Spot Browser ALPHELYS). Bar charts represent means + SEM of
endothelial area of blood and lymphatic vessels in tumors from cohort 3 (B to D) and cohort 4 (E to G).
(B and E) Blood and lymphatic vessel density in MO and M1 patients. (C and F) Lymphatic vessel density
in the center of the tumor (CT; black). (D and G) Lymphatic vessel density in the invasive margin (IM; gray).
The density in MO and M1 is shown in white and black, respectively. A parametric or nonparametric test was
applied based on Shapiro normality test (***P < 0.005, **0.005 > P < 0.01, *0.01 > P < 0.05).

Next, we determined whether intra-
tumoral immune cell density correlates
with the metastatic status. Intratumoral
infiltrate with total T cells (CD3), T helper
cells (CD4), Tyl cells (T-Bet), memory
cells (CD45RO0), cytotoxic cells (CDS,
GZMB, CD57), natural killer (NK) cells
(NKp46), macrophages (CD68), and im-
mature dendritic cells (CD1A) was inves-
tigated in cohorts 3 and 4 (Fig. 4H and
fig. S5, D and E). The density of CD3, CDS,
CD57, GZMB, CD45R0, and T-Bet lym-
phocytes was instead significantly de-
creased in both the CT (Fig. 6A) and the
IM of metastatic patients (Fig. 6B). This
discrepancy between metastatic and non-
metastatic patients was particularly no-
table for the cytotoxic molecule GZMB
(P <0.00001) (Fig. 6, A and B). These re-
sults were confirmed in cohort 3 (fig. S6,
A and B). Triple stainings [CD8/GZMB/
cytokeratin (CK) and NKp46/GZMB/CK]
illustrate most GZMB" cells being CDS8 cy-
totoxic cells (fig. S5, D to F). Macrophage
(CD68) density showed a significant de-
crease in the CT of metastatic patients.
In contrast, no significant differences
were observed with NK cells (NKp46) or
immature dendritic cells (CD1A) (Fig. 6,
A and B, and fig. S6).

Distant metastasis is a
consequence of decreased

PDPN* lymphatic vessels and
cytotoxic lymphocytes

The presence of metastasis is associ-
ated with major changes in the tumor
microenvironment and immune infiltrate;
however, it remains unclear whether the
development of metastases is a cause or
a consequence of a specific immune con-
texture (21). To explore this phenomenon,
we evaluated patients with signs of early-
distant metastatic invasion, as charac-
terized by perineural invasion (PI) or
vascular emboli (VE), for immune infil-
trates within the tumor. No significant
differences were found in cell densities
in the CT between patients with (PT")
or without (PI") perineural invasion
for CD3, CD8, CD57, T-Bet, CD45RO,
GZMB, CD68, CD1A, CD4, and NKp46
(Fig. 6C and fig. S6C). Similar results
were observed in the CT for patients with
(VE") or without (VE") vascular emboli
(Fig. 6E). In contrast, in the IM region,
PI" patients had a significant decrease
in density of CD3, CD8, CD45RO0, and
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Fig. 6. Immune cell density in meta-
static CRC patients. Inmune cell infiltrates
in patients from cohort 4 measured by TMA.
T cells (quantified with marker CD3), cyto-
toxic T cells (CD8, CD57, and GZMB), Ty1
cells (T-Bet), memory T cells (CD45R0), mac-
rophages (CD68), and immature dendritic
cells (CD1A) were quantified by immuno-
histochemistry. (A to F) The density was cal-
culated as the number of positive cells/mm?
of tissue in the center of the tumor (CT) (A, C,
and E) and in the invasive margin (IM) (B, D,
and F). Immune densities in patients with
(M1) or without metastasis (MO0) (A and B)
are shown in black and white, respectively.
Immune densities in MO patients with (PI*)
or without (PI") perineural invasion (C and D)
or having (VE™) or not (VE™) vascular emboli
(E and F) are shown in blue, light blue, or-
ange, and light orange, respectively. Bar
charts represent means + SEM immune den-
sity. A parametric or nonparametric test
was applied based on Shapiro normality test
(***P < 0.005, **0.005 > P < 0.01, *0.01 >
P < 0.05).

CD4 (Fig. 6D and fig. S6D) and a decrease
of CD57, T-Bet, and GZMB. VE" patients
had a significant decrease in density of
CD57 and decrease of T-Bet, CD3, CD8,
GZMB, and CD4 in the IM (Fig. 6F and
fig. S6D), suggesting changes in lympho-
cytic infiltration and function at the ear-
liest stages of metastatic progression.

The protective role of cytotoxic T cells
for CRC progression was investigated
using an endoscopic orthotopic tumor
model to which C57Bl/6 mice were ex-
posed. MC38 CRC mouse cell line was
injected endoscopically into the colonic
submucosa of C57Bl/6 mice with or with-
out CD8 depletion, and tumor growth
was monitored weekly (fig. S6F). The tu-
mor mass that formed in the intestinal wall
from injected tumor cells was continuous-
ly increasing in time (fig. S6G). Ortho-
topic MC38 tumors had a significantly
accelerated growth in CD8-depleted
C57Bl/6 mice, indicating an important
functional immune control in a CRC
mouse tumor model.

Hallmarks of the metastatic
process progression are the
combined decrease of PDPN*
lymphatic vessels and

immune cytotoxicity

Because both high lymphatic vessel and
cytotoxic lymphocyte densities appear to
be independent markers that significantly
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correlate with decreased metastatic poten-
tial, the combined analysis of LVD, BVD,
and immune cell densities was performed
to determine whether together these are
superior biomarkers of metastatic poten-
tial. The cumulative frequency pyramid
matrices were used to represent the fre-
quency of metastasis in groups of patients
based on location (CT and IM) of LVD,
BVD, and immune cell densities (Fig. 7A
and fig. S7). Whereas BVD had no effect
on metastasis, the combination of cyto-
toxic lymphocyte density from the CT
(GZMB-CT) and the LVD measured in
the IM (PDPN-IM) showed a significant
correlation to metastatic status (Fig. 7A).
Decreased densities of LVD-IM or GZMB-
CT were highly associated with metastatic
frequency from 9 to 31% and from 0 to 47%,
respectively (Fig. 7A). As an example, anal-
ysis of the cohort with low density (Lo) of
PDPN-IM and GZMB-CT (right bottom
quadrant) revealed that this combination
is associated with a high frequency of
synchronous metastasis. In contrast, only
8% of the patients with high (Hi) levels of
GZMB had metastases. The rate of me-
tastasis increased in a gradient ranging
from 8 to 49% in direct correlation with
decreasing GZMB density (Fig. 7A). Pa-
tients with low densities of GZMB and
PDPN (LoLo) were significantly overrep-
resented in M1 compared to MO patients
(Fig. 7B). Most importantly, patients with
GZMB and PDPN HiHi densities showed
a significant prolongation of OS (Fig. 7B).

The quantification of T cells and cy-
totoxic T cells (CD3 and CD8) in the CT
and IM of CRC tumors has been defined
as the Immunoscore (30). Immunoscore
stratifies patients based on immune cell
densities and locations in the primary tu-
mor on a scale of I0 to I4, where patients
with high densities of all markers in all lo-
cations are scored as I4 and patients with
low densities for all markers in all loca-
tions are I0. Immunoscore low (I0) tumors
were significantly overrepresented in M1
compared to MO patients (Fig. 7C). For
both M0 and M1 patients, a low (I0) or
intermediate (I int) Immunoscore was as-
sociated with a shorter OS compared to pa-

tients with a high Immunoscore (I4) (Fig. 7C). Thus, even among stage
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Fig. 7. The impact of the density of tumor microenvironment components on the metastasis. (A)
Cumulative frequency pyramids based on the frequency of the synchronous metastasis in patient groups with
different densities of cytotoxic (GZMB), blood (ENG), or lymphatic vessel (PDPN) markers from CT and IM (cohort
2). The top left and bottom right pyramid corners correspond to patients with high and low densities of both
markers, respectively. All patients (100%) are represented in the center of the pyramid. Metastasis frequency
(mean, 23%) is shown with a color gradient (blue, low to red, high). Mean metastasis rate within each lower
quadrant is shown. (B) Frequency of patient groups defined based on the high (Hi) or low (Lo) density of GZMB
in CT and PDPN in IM in MO and M1 (median P value cutoff): LoLo (gray), LoHi (green), HiLo (blue), HiHi (red).
Kaplan-Meier estimates of overall survival (OS) according to the GZMB-CT and PDPN-IM densities in MO and M1
patients (minimum P value cutoff). HiLo and LoHi groups were pooled (Het). (C) Frequency of Immunoscore
groups in MO and M1 (median P value cutoff). Immunoscore summarizes the high (Hi) density of CD3 and CD8
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DISCUSSION

IV patients having distant metastases, Inmunoscore significantly iden- ~ Here, we addressed three major questions. First, are differences in
tifies patients with the longest OS (I4: 65% OS at 5 years). These data  tumor genotype and transcription profile associated with distant
show that high Immunoscore, LVD-IM, and GZMB-CT are significantly  metastases? Second, are microenvironmental factors, specifically
associated with the absence of metastases, and combining these param-  blood and lymphatic vascularization and immune phenotype, asso-
eters may allow for accurate prediction of synchronous metastasis. ciated with distant metastases? Last, are distant metastases a cause or
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a consequence of these differences in tumor cells, vascularization, or
immunity in the primary tumor?

Despite numerous studies, the metastatic process remains unclear,
although several hypotheses could be proposed. The first possibility is
that there is a defined tumor cell-intrinsic phenotype, which can be
detected in the bulk tumor that predisposes toward metastasis. This
hypothesis is not supported by our data, which showed a minimal im-
pact of primary tumor CIN, cancer-related mutations, and tumor-related
gene expression on the presence of metastases. The second hypothesis
is that only a small number of tumor cells are able to metastasize, and
their genomic alterations could not be detected. Here, integrative can-
cer immunology approaches allowed us to have a comprehensive view
of the tumor CIN, tumor gene mutation pattern, gene expression pat-
tern, and the immune system’s evolution with tumor dissemination to
distant metastasis. We perform a comprehensive analysis of both tu-
mors and microenvironment factors, including blood and lymphatic
vessels and many immune cell subpopulations, in relation with syn-
chronous distant metastasis. Strikingly, this comprehensive analysis
revealed that the main parameters associated with dissemination to
distant metastasis are immune-related and not tumor-related. A lim-
itation of the study relates to the possibility that rare cancer stem cells
may be in part responsible for metastasis invasion. The cancer stem cell
hypothesis posits that a distinct subset of specialized cells retains the
capacity to self-renew and continuously populates the tumor and the
metastasis. The technologies used here may not allow their detection.
However, major immune changes were demonstrated, emphasizing
the importance of the preexisting immunity, independently of the pos-
sible implication of cancer stem cells. Specific gene expression has been
reported in metastatic tumor cells from metastases in different cancer
types (29, 31), which may indicate the presence of cancer stem cells,
considered to be moderators of tumor progression and metastasis
(32). However, this hypothesis is contradicted by results showing the
genetic similarity between primary CRC and paired metastatic tumor
cells (5). Considerable genetic heterogeneity has also been observed
among cells capable of initiating metastasis (4), and it was reported that
primary tumors contain a mix of geographically distinct subclones before
clinical manifestation of metastatic disease (33, 34). The features of the
metastasis-promoting subclones have yet to be discerned with no con-
sistent genetic signature identified (33, 34), although some candidate
genes for CRC cancer stem cells have been proposed (35). Mutations
found in metastases were not specific because they were already pres-
ent in the matched primary carcinoma (5). Our study also shows a re-
markably similar mutation frequency pattern between patients with or
without metastases. Thus, it is unlikely that any of these mutations in
“cancer driver mutation” genes are particularly responsible for driving
metastasis.

No cancer-associated genes or pathways were associated with M
stage. Instead, mutations of FBXW?7 were associated with the absence
of metastasis. Recently, the analysis of 1519 CRC patients revealed that
in early-stage (I/IT) CRC patients, the mutant FBXW?7 was more com-
mon than the wild-type FBXW?7 (36). It was demonstrated that FBXW7
inhibits cancer metastasis in a non-cell-autonomous manner through
accumulation of NOTCH and consequent transcriptional activation
of Ccl2 (37). FBXW7 also attenuated inflammatory signaling by
down-regulating C/EBPS and its target gene Tlr4, and FBXW7 deple-
tion alone was sufficient to augment proinflammatory signaling in vivo
(38). Thus, through increased proinflammatory signaling, FBXW7 mu-
tation could increase T cell proliferation and antigen presentation

functions. This could be one of the mechanisms leading to increased
adaptive immunity and protection against metastasis.

In contrast to a model of cell-autonomous genomic alterations
driving metastasis, it has been proposed that metastatic traits are ac-
quired through exposure to paracrine signals received from the tumor
microenvironment (39). In pancreatic cancer, genomic data did not
reveal the selective pressures within the primary carcinoma that lead
to mutations resulting in dissemination of tumor cells (34). Therefore,
an appealing alternate hypothesis is that the selective pressure may oc-
cur in the microenvironment, in particular via the immune phenotype.

We have shown a strong association between intratumoral immune
cytotoxicity and the metastatic process. In addition, we have observed
a significant decrease in lymphocyte densities (CD3, GZMB, CD8, T-Bet,
CD57, and CD45RO) in the primary tumors of patients with metastases.
We further demonstrated the functional relevant antitumor cytotoxic
response using an endoscopic orthotopic mouse model. MC38 tumors
had a significantly accelerated growth in CD8-depleted C57Bl/6 mice in
comparison to wild-type mice. These results are in concordance with
previous reports, showing that in mice, the disruption of the Tyl re-
sponse was associated with increased metastatic disease, where cytotoxic
T lymphocytes were the major cell type preventing distant synchronous
metastases (40). We observed that high Immunoscore, high-density
LVD at the IM, and high density of cytotoxic cells (GZMB) correlated
with a decreased likelihood of metastasis (Fig. 6). The LVD in the IM
also correlated with the lymphocyte density in the CT and IM. These
lymphatic vessels may increase the immune response by facilitating the
transport of tumor antigens alone or via antigen-presenting cells to drain-
ing lymph nodes to initiate immune priming. Thus, a combined low den-
sity of lymphatic vessels and effector T lymphocytes may license tumor
cells to metastasize.

We recently described mechanisms resulting in changes of specific
immune cell densities within the tumor and the importance of local
active lymphocyte proliferation, mediated by IL15, to prolong patient
survival (41). An integrative study of immune parameters revealed the
immune landscape in human CRC and the major hallmarks of the mi-
croenvironment associated with tumor progression within the primary
tumor (14, 42). The immunogenic neo-epitopes arising from passage
mutations have been recently characterized (43), and the relationship
between immunogenicity and immunophenotype was underlined (44).
Here, we characterized tumor and microenvironmental parameters as-
sociated with synchronous metastases, and compared them to early
metastatic events and the occurrence of metachronous metastases. We
have previously proposed the concept of a tumor immunosurveillance
continuum and the molecular continuum between prognostic, predic-
tive, and mechanistic immune signatures (45, 46). It is striking to ob-
serve the major impact of the host adaptive immune response on all
aspects of the metastatic process, including early metastatic invasion
and synchronous and metachronous metastasis.

We conclude that analysis of CRC tumor-related gene expression,
cancer driver mutations, and CIN did not reveal tumor factors over-
expressed, mutated, amplified, or implicated in metastatic invasion.
It appears that each tumor is unique and has a different set of amplifi-
cations, deletions, mutations, and personalized tumor-related gene
expression profile. This has also been observed previously using aCGH
analysis (27) or whole-genome sequencing (47). In contrast, our com-
prehensive analysis of the tumor microenvironment revealed the im-
portance of the immune contexture on the metastatic process. The
immune effector cells capable of controlling the micrometastatic and
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metastatic disease could be the point of convergence resulting from
multiple tumor alterations. Is the decrease in adaptive immunity and
lymphocyte cytotoxicity within primary tumors a consequence of the
presence of synchronous metastases, or rather its cause? Analysis of
primary tumors indicates that the cytotoxic/Ty1 immune response is
decreasing before the appearance of metastases, as illustrated by analysis
of key immune markers in VE" and PI" patients (Fig. 6). Furthermore,
this immune response was also decreased in patients who will develop
metachronous metastases, suggesting that immune alterations are an
early event in the promotion of the metastatic process. Overall, our data
show that distant metastasis is a consequence rather than a cause of the
decrease in lymphatic vessels and lymphocyte cytotoxicity seen in CRC
tumors, and that the immune phenotype is likely to be a major deter-
minant preventing the synchronous and metachronous spread of tumor
cells to distant organs. These results have important clinical implications
(48) including current clinical trials designed to enhance T lymphocyte
function (anti-CTLA4, anti-PD1, and anti-PDL1) and ultimately for
successfully treating patients with various cancers (49-52). Given the
success of anti-PD1 immunotherapy in metastatic patients with micro-
satellite instability (52), our data would argue that CRC patients at the
early stage may benefit the most from checkpoint T cell therapies, be-
cause they have a strong effector T cell response and more frequently
present a high Immunoscore. In particular, our study supports the use
of T cell-based immunotherapy at early-stage disease to prevent dis-
semination of tumor cells to develop distant metastases, and also sug-
gests that Inmunoscore and the immune analysis of the primary tumor
may help predict the presence and development of metastasis.

MATERIALS AND METHODS

Study design

The tumor microenvironment was investigated by different techniques
in four randomly selected cohorts of 838 CRC patients. Cohort 1 includes
CRC patients from the TCGA project (22). Cohorts 2 (n = 205), 3 (n =
109), and 4 (n = 415) include tissue sample material collected at the
Laennec-Hopital Européen Georges Pompidou Hospitals (Paris, France).
DNA was available for all patients from cohort 2. Gene expression was
tested using Affymetrix microarrays and low-density array (LDA) real-
time TagMan qPCR on samples from cohort 2. TMAs were constructed
for 107 samples from cohort 2 and for 415 samples from cohort 3.

A secure Web-based database, TME.db, was built for the manage-
ment of the patient data from cohorts 2, 3, and 4 (11). Ethical, legal, and
social implications were approved by ethical review board. Clinical
characteristics of the cohorts are described in table S1. The observation
time in the cohorts was the interval between diagnosis and last contact
(death or last follow-up). Data were censored at the last follow-up for
patients without relapse or death. Time to recurrence or disease-free
time was defined as the interval from the date of surgery to confirmed
tumor relapse date for relapsed patients, and from the date of surgery to
the date of last follow-up for disease-free patients.

Publicly available CRC data (TCGA project)

CRC data matrices were downloaded from the TCGA data portal
(https://tcga-data.nci.nih.gov/docs/publications/coadread_2012/) on
26 September 2012. Mutation and copy number alteration (GISTIC
marker file) data were used. Forty-eight somatic recurrently mutated
genes were investigated. Mutations of each gene and of each tested exon

were visualized in Genesis. Along the chromosomes, the frequency in
the cohort and the mean amplitude of the gain of each gene were used to
calculate an amplification score (SCORE = frequency x amplitude). In
the same way, a deletion score was calculated. Gene expression profiles
generated using RNA-Seq were integrated in the analysis. Additional
details on the TCGA data processing were previously described (22).

Statistical analysis

The ¢ test and the Wilcoxon-Mann-Whitney test were the parametric
and nonparametric tests used to identify markers with a significantly
different expression or cell density among patient groups. Fisher’s ex-
act test was used to identify overrepresented regions and genes with
aberrations. All tests were two-sided. P value less than 0.05 was considered
significant. All analyses were performed with the statistical software R im-
plemented as a statistical module in TME.db (53). Mutations, genomic
alterations, and gene expression levels were visualized using Genesis (54).

Cancer-related genes were investigated with lon Torrent
“Hotspot” regions frequently mutated in 50 human cancer genes were
investigated in cohort 2 (n = 214) using the Ion AmpliSeq Cancer
Hotspot Panel v2. Forty-eight of these genes that were tested in the
TCGA cohort were included in the analysis.

Genomic DNA from 214 patients has been extracted from frozen
tumor biopsies using QIAmp DNA Mini kit (Qiagen) or, if frozen
samples were not available, from two 5-um-thick formalin-fixed,
paraffin-embedded (FFPE) slides using QTAmp DNA FFPE kit (Qiagen).
Quantity of double-strand DNA has been evaluated using qubit 2.0
fluorometer (Invitrogen, Life Technologies), and 10 ng (or 20 ng if FFPE)
of extracted DNA was amplified using Ion AmpliSeq Cancer Hotspot
Panel v2 (Ion Torrent, Life Technologies) according to the manufac-
turer’s protocol. Briefly, hotspot regions of 50 oncogenes or tumor sup-
pressor genes were amplified using a panel of 207 primer pairs in 17
cycles of PCR (20 cycles for FFPE samples). Amplicons were then di-
gested with FuPa reagent, and samples were separately barcoded with
Ion Xpress Barcodes. Ion AmpliSeq Adapters were then added to each
sample. DNA banks were then purified using Agencourt AMPure XP
Reagent (Beckman Coulter). Purified libraries obtained were ampli-
fied using Platinum PCR SuperMix High Fidelity enzyme and purified
again with the Agencourt process, following the manufacturer’s instruc-
tions (Ion AmpliSeq Library kit 2.0, Ion Torrent, Life Technologies).
Quality and quantity of each library have been evaluated with High
Sensitivity DNA Chip (Agilent Technologies). Patients were then mixed,
and libraries obtained were amplified and enriched using the Ion
OneTouch 2 system (Ion PGM Template OT2 200, Life Technologies).
Sequencing was performed with the Ion Torrent PGM system using Ion
316 or Ion 318 chip and the Ion PGM Sequencing 200 Kit v2 in a 520-cycle
run. Runs were aligned using Variant Caller (v4.2.1.0) plug-in com-
pared to Hgl9 database, and results were analyzed using Alamut
2.4.1 software (Interactive Biosoftware).

Array comparative genomic hybridization

Samples were homogenized (ceramic beads and FastPrep-24, MP
Biomedicals) in 430 pl of a lysis buffer [1 M tris-0.5 M EDTA (pH 8),
20% SDS, proteinase K] and incubated overnight at 37°C. Genomic
DNA was extracted by phenol-chloroform extraction and ethanol pre-
cipitation. Genomic DNA was resuspended in 200 pl of highly pure
water. Concentrations were evaluated by optical density measure-
ment. Samples were labeled using a BioPrime Array CGH Genomic

www.ScienceTranslationalMedicine.org 24 February 2016 Vol 8 Issue 327 327ra26 10

9107 ‘0¢ 3sn3ny uo /310" Tewaduards wys//:diy woij papeojumog


https://tcga-data.nci.nih.gov/docs/publications/coadread_2012/
http://stm.sciencemag.org/

RESEARCH ARTICLE

Labeling Kit according to the manufacturer’s instructions (Invitrogen).
Test DNA and reference DNA (500 ng) (Promega) were differentially
labeled with dCTP-Cy5 and dCTP-Cy3, respectively (GE Healthcare).
aCGH was carried out using a whole-genome oligonucleotide micro-
array platform (Human Genome CGH 44B Microarray Kit, Agilent
Technologies). This array consists of ~43,000 60-mer oligonucleotide
probes with a spatial resolution of 43 kb. Samples were labeled with
the BioPrime Array CGH Genomic Labeling System (Invitrogen) accord-
ing to the manufacturer’s instructions. Further steps were performed
according to the manufacturer’s protocol (version 6.0). Slides were
scanned using a microarray scanner (G2505B), and images were ana-
lyzed using CGH Analytics software 3.4.40 (both from Agilent Technol-
ogies) with the statistical algorithm ADM-2 (sensitivity threshold was
6.0). Along the chromosomes, the frequency in the cohort and the mean
amplitude of the gain of each gene were used to calculate an amplifi-
cation score (SCORE = frequency x amplitude). In the same way, a de-
letion score was calculated.

Affymetrix GeneChip analysis

The tissue sample material was snap-frozen within 15 min after surgery
and stored in liquid nitrogen. Frozen tumor specimens were randomly
selected for RNA extraction. The total RNA was isolated by homogeni-
zation with the RNeasy Isolation kit (Qiagen). A bioanalyzer (Agilent
Technologies) was used to evaluate the integrity and the quantity of the
RNA. From this RNA, 105 Affymetrix gene chips were performed on
the HG-U133A Plus platform using the HG-U133A GeneChip 3’ IVT
Express Kit. The raw data were normalized using the GCRMA algorithm.
Finally, the log, intensities of the gene expression data were used for
further analysis.

LDA real-time TagMan qPCR analysis

Tissue sample material was snap-frozen within 15 min after surgery
and stored in liquid nitrogen. From this material, frozen tumor speci-
mens were randomly selected for RNA extraction. The total RNA was
isolated by homogenization with the RNeasy Isolation kit (Qiagen). A
bioanalyzer (Agilent Technologies) was used to evaluate the integrity
and the quantity of the RNA. The analyzed RNA samples were all from
different patients. Genes representative for the tumor microenviron-
ment were selected for real-time TagMan analysis. The experiments
were all performed according to the manufacturer’s instructions (Ap-
plied Biosystems). The quantitative real-time TagMan qPCR analysis
was performed using LDAs and the 7900HT Fast Real-Time PCR Sys-
tem (Applied Biosystems). As internal control, 18S ribosomal RNA
primers and probes were used. The data were analyzed using the SDS
software v2.2 (Applied Biosystems) and TME.db statistical module.

TMA immunohistochemistry analysis

TMA from the center (CT) and invasive margin (IM) of colorectal
tumors were constructed (6). Assessment of the invasive margin area
was performed on standard paraffin sections and was based on the his-
tomorphological variance of the tissue. The invasive margin was defined
as a region centered on the border separating the host tissue from ma-
lignant glands, with an extent of 1 mm. TMA sections were incubated
(60 min at room temperature) with monoclonal antibodies against CD3
(SP7), CD4 (Ventana, catalog no. 7904423, clone SP35), CD8 (4B11),
CD57 (NK1), T-Bet, CD45RO (OPD4), GZMB (NeoMarkers, catalog
no. MS-1799-SO, mouse anti-human IgG2a, clone GrB-7), NKp46
(R&D Systems, catalog no. MAB1850, mouse anti-human IgG2b, clone

195394), CD68 (PGM-1), CD1A (Ab-5), ENG (CD105), PDPN (D2-40),
CK (AE1AE3), and CK8 (NeoMarkers). EnVision+ system (enzyme-
conjugated polymer backbone coupled to secondary antibodies) and
DAB-chromogen were applied (Dako). Double stainings were revealed
with phosphate-conjugated secondary antibodies and Fast Blue chro-
mogen. For single stainings, tissue sections were counterstained with
Harris hematoxylin. Isotype-matched mouse monoclonal antibodies
were used as negative controls. Triple fluorescence stainings were ob-
tained using PerkinElmer Opal kit. Slides were analyzed using an image
analysis workstation (Spot Browser, ALPHELYS). Polychromatic high-
resolution spot images (740 x 540 pixel, 1.181 um per pixel resolution)
were obtained (magnification, x200). The density was recorded as the
number of positive cells per unit tissue surface area.

Multiplex staining and multispectral imaging

Triple fluorescence stainings were obtained using PerkinElmer Opal
kit. The slides were deparaftinized in Clearene and rehydrated in eth-
anol. Antigen retrieval was performed in Target Antigen Retrieval
Solution pH 9.0 (Dako) using microwave incubation (MWT). Primary
mouse antibodies for granzyme B (GrzB) (1:100) were incubated for
1 hour in a humidified chamber at room temperature followed by detec-
tion using the Anti-Mouse EnVision System HRP Labelled Polymer
(Dako). Visualization of GrzB was accomplished using Opal 520 TSA Plus
(1:50), after which the slides were placed in Target Antigen Retrieval Solu-
tion pH 9.0 and heated using MWT. In a serial fashion, the slides were then
incubated with primary mouse antibodies for CD8 (1:100) or NKp46
(1:200) for 1 hour in a humidified chamber at room temperature, fol-
lowed by detection using the Anti-Mouse EnVision System HRP La-
belled Polymer. CD8 and NKp46 were visualized using Opal 670 TSA
Plus (1:50). The slides were again placed in Target Antigen Retrieval
Solution pH 9.0, subjected to MWT, and then incubated with primary
mouse antibodies to CK (1:150) for 1 hour in a humidified chamber at
room temperature, followed by detection using the Anti-Mouse EnVision
System HRP Labelled Polymer. CK was then visualized using Opal
570 TSA Plus (1:50), and the slides were placed in Target Antigen Re-
trieval Solution pH 9.0 for MWT. Nuclei were subsequently stained
with 4',6-diamidino-2-phenylindole solution, and the sections were
coverslipped using Vectashield HardSet mounting media. With the
Opal method, three mouse primary antibodies were sequentially ap-
plied to a single slide. The slides were scanned using Mantra System
(PerkinElmer), which captured the fluorescent spectra at 20-nm wave-
length intervals from 420 to 720 nm with identical exposure times, and
combined to create a single stack image. Images of single-stained tissues
and unstained tissue were used to extract the spectrum of each fluoro-
phore and of tissue autofluorescence, respectively, and to establish a
spectral library required for multispectral unmixing, which was per-
formed by using InForm image analysis software (PerkinElmer).

Cumulative frequency pyramid matrix

Markers were analyzed in pairs in relation to the metastasis status.
For each analyzed marker, 2% of the patients with the highest density
were taken and then categorized by incrementing by the next 2% of
patients with the highest density until it reaches 100% of the patients.
Fifty groups were obtained for each marker at the end of this process.
The same method was done starting by the 2% of patients, with the
lowest density incrementing by the next 2% of patients with the lowest
density. The frequency of metastasis was measured for each possible
combination of two markers. For each combination, four matrices
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were obtained. The first is a combination of groups of patients with
the highest density of two markers (High/High), the second is a com-
bination of patients with the highest density for one marker and with
the lowest density for the second maker (High/Low), the third is a
combination of patients with the lowest density for one marker and
with the highest density for the second maker (Low/High), and the
last is a combination of groups of patients with the lowest density of
two markers (Low/Low) as illustrated in fig. S7. The four matrices
were put together to form only one. This allowed us to visualize a
continuous process dependent on the density of the markers.

Mouse endoscopy and orthotopic tumor injection model
Mice were anesthetized using isoflurane, and endoscopy was per-
formed. Endoscopic injection of tumor cells was previously described
(14). For endoscopic injection of tumor cells, a polythene tube (outer
diameter, 0.96 mm; inner diameter, 0.58 mm; Smiths Medical Interna-
tional Ltd.) was equipped with a 20-gauge needle (Becton Dickinson).
The tube with the needle was inserted into the working channel of the
endoscope. Before insertion of the endoscope into the colon of mice, the
needle was positioned inside the working channel to avoid damage of
the colonic mucosa. After insertion of the endoscope, the needle was
pushed out of the working channel under endoscopic control. The tip
of the needle was then carefully inserted through the mucosa into the
submucosa, and a total volume of 50-pl cell suspension (number of cells
as detailed in the respective figure legends) was injected slowly into the
submucosa. During subsequent weeks, tumor growth was analyzed at
indicated time points using endoscopy.

ClueGO and CluePedia functional analysis

To investigate genes differentially expressed in patient groups defined
on the basis of the M stage and/or FBXW7 mutation, we used ClueGO
(25), and CluePedia (26) Cytoscape (55) apps that we have developed.
The expression of the genes was compared between M0 and M1 patient
groups and in MO patients with or without FBXW?7 mutation using
CluePedia. The biological role of the significantly differentially ex-
pressed genes having the highest expression difference in these clinical
groups was further investigated in ClueGO. ClueGO presents enriched
pathways within a network, interconnected based on the k score. The size of
the nodes shows the term significance after Bonferroni correction. Two
visualization styles were used. Pathways were associated in functional
groups based on shared genes. Then, the proportion of the genes from
the Hi and Lo clusters compared in this analysis was visualized on the
same network. Gene Ontology (GO) (56), KEGG (57), Reactome (58),
and WikiPathway data (59) were used for the analysis. Terms found in
the GO interval of 3 to 8, with at least three genes from the initial list
representing a minimum of 4%, were selected. Fusion was applied to
reduce the redundancy. The Organic algorithm that determines the
node positions based on their connectivity was used for organizing
the networks.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/8/327/327ra26/DC1

Fig. S1. Mutations of cancer genes in metastatic (M1) and nonmetastatic (M0) CRC patients.
Fig. S2. Genomic alterations in MO and M1 CRC patients and their functional impact.

Fig. S3. Expression of genes known to be involved in metastasis, tumor progression, and WNT
pathway in patients with (M1) or without (M0) metastasis.

Fig. S4. Immune gene expression in tumors from MO and M1 patients.

Fig. S5. Blood and lymphatic vessels (BV, LV) in patients with (M1) or without (M0) metastasis.
Fig. S6. Intratumoral immune density in MO and M1 patients.

Fig. S7. The impact of the tumor microenvironment components on metastasis.

Table S1. Clinical characteristic of the cohorts investigated.

Table S2. Forty-eight cancer-related genes tested for mutations shown in Fig. 1A.

Table S3. Association of central mutations in CRC and with clinical parameters.

Table S4. Fifteen cancer-related pathways shown in Fig. 1B.

Table S5. Amplified and deleted genes in MO and M1 patients from cohorts 1 and 2.

Table S6. Genes involved in metastasis, tumor progression, and WNT pathway.
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Editor's Summary

Managing metastasis

Because of the poor prognosis of metastatic cancer, it is critical to determine exactly how
different factors contribute to cancer spread. Mlecnik ef al. examined the impact of tumor-intrinsic,
microenvironmental, and immunological factors on tumor metastasis in colorectal cancer patients. They
found that decreased presence of lymphatic vessels and reduced immune cytotoxicity were more
strongly associated with the metastatic process than tumor-intrinsic factors such as chromosomal
instability or cancer-associated mutations. These data support testing the Immunoscore as a biomarker
to predict metastasis and guide therapy.
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