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ABSTRACT ARTICLE HISTORY
Metastasis is the leading cause of cancer mortality. We have investigated the tumor microenvironment at Received 9 April 2021
all metastatic cascade steps (early-metastasic dissemination, synchronous metastasis, metachronous Revised 14 April 2021
metastasis) to delineate the impact of tumor and immune parameters to this process. Tumors with and ~ Accepted 15 April 2021

without signs of early metastasis invasion (venous-emboli, lymphatic-invasion, perineural-invasion, col- KEYWORDS
lectively, VELIPI) had similar levels of inflammatory and immunosuppressive molecules. Cancer mutations, T-cells; Immunoscore; clonal
gene expression levels or chromosomal instability did not significantly differ in primary tumors from evolution; dissemination;

patients with or without metastasis. In contrast, tumors without early metastasis invasion were highly metastasis; venous emboli;
infiltrated with Th1 and memory T cells and were associated with a good outcome. A cytotoxic immune tumor microenvironment;
signature, Immunoscore and increased lymphatic vessels at the invasive margin of tumors, protected prognosis; survival;
against the generation of distant metastases. The metastatic landscape was highly heterogeneous, each of immunity

the metastases of a patient bearing diverse tumor-cell clones and diverse immune-microenvironments.

The Immunoscore within a random metastasis significantly predicted major differences in patient’s

survival, and Immunoscore from the least immune-infiltrated metastasis was the most associated with

patient long-term survival. We proposed an alternative theory of tumor evolution, where an immune

selection model best-described tumor evolution in humans. Metachronous metastasis revealed that

immunoedited tumor clones are eliminated, while the immune privileged clones progress underlines

relationships between clonal seeding and immune surveillance and advances the understanding of cancer

evolution. A strong intratumoral immune infiltrate and Immunoscore prevent the metastatic invasion at

all its steps and it is associated with prolonged survival.

Importance of the immune contexture against Genomic data, using whole-genome sequencing of tumors,
metastatic spread did not reveal the selective pressures within the primary carci-
noma that has led to the formation of mutations associated
with progression into metastasis. Therefore, an appealing
hypothesis was that the selective pressure was related to the
microenvironment, especially to the immune response.

We addressed three major questions. First, which primary
tumor-related genes affect distant metastasis? Second, which
factors among blood and lymphatic vascularization and
immune reaction are associated with distant metastasis? And
third, is distant metastasis a cause or a consequence of an
alteration of such factors?

Integrative cancer immunology approaches allowed us to
have a comprehensive view of the tumor chromosomal
instability, gene expression pattern and of the immune system’s
evolution along with tumor dissemination to distant metasta-
sis. We perform a comprehensive analysis of both tumors and
microenvironment factors, including angiogenesis (blood and
lymphatic vessels) and many immune cell subpopulations, in
relation with synchronous distant metastasis. This represents
the most complete analysis of the tumor microenvironment in
human cancer.’

We analyzed three large independent cohorts of patients
with colorectal carcinoma (total of 570 patients). Our analysis
of the tumor-related gene expression and of chromosomal

Despite the major clinical importance of metastasis, the meta-
static process remains by large unclear. The tumor develops in
a complex microenvironment comprising fibroblasts, blood-
vessels, lymph-vessels, and many immune cell types. The
astounding complexity of multifactorial diseases such as cancer
poses significant challenges to the development of precision
therapies.

We previously performed a clinical study on human color-
ectal cancer showing that intratumoral effector-memory T-cells
may control the early steps of the metastatic process. We further
developed an analysis of the in situ immune reaction based on
the location of memory T cells within distinct tumor regions. We
showed that tumor recurrence and overall survival times were
dependent on the presence of cytotoxic and memory T cells
within the tumor." The type, density, quality and location of
immune cell within the tumor site predicted patients’ survival
better than the classical TNM system.'™ This led to the novel
concept of cancer immune contexture"” and to the development
of a consensus assay to measure the anti-tumor adaptive
immune response, called “Immunoscore.”*® We highlighted
the continuum of cancer immunosurveillance,! from pre-
cancer lesion,” to locally advanced,*® to metastasis.®
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Figure 1. Prevention of metastasis circle. Parameters associated with an absence of dissemination and absence of metastatic spread. Lymphatic vessels at the invasive
margin of the tumors, cytotoxicity within the core of the tumor, generation of a memory T-cell response, and high Immunoscore were associated with the generation of
a productive immune contexture preventing the dissemination of tumor clones through immunosurveillance and immunoediting process.

instability did not reveal factors over-expressed or amplified
implicated in tumor spread. In fact, each tumor had a unique,
different set of amplifications, deletions and a particular
tumor-related gene expression profile. No mutation in cancer-
associated genes or pathways were associated with M-stage.
Instead, mutations of FBXW?7 gene were associated with the
absence of metastasis (M0) and correlated with increased
expression antigen presentation related-genes and of T cell
proliferation.

In contrast, our comprehensive analysis of the tumor micro-
environment revealed the importance of the immune contex-
ture, lymphocyte cytotoxicity and of the lymphatic vessel
densities on the metastatic process. Our data show that distant
metastasis is a consequence rather than a cause of the decrease
of lymphatic vessels and lymphocyte cytotoxicity in colorectal
tumors, and that the immune response might be a major
determinant preventing the synchronous spread of tumor
cells to distant organs (Figure 1). Our comprehensive study
on large cohorts of patients provides a totally novel under-
standing of the metastatic process in human.

Parameters associated with early-metastatic
dissemination

Integrative analyses of the tumor microenvironment at all the
steps of the metastatic cascade, starting with the local tumor cell
invasion, the vasculature invasion, followed by the colonization
at the distal sites allowed us to draw a comprehensive view the
metastatic spread and to delineate the contribution of tumor and

immune parameters to this process. The early metastatic inva-
sion is recognized by the presence of the vascular emboli (VE),
lymphatic invasion (LI), and perineural invasion (PI). The
VELIPI-negative tumors were characterized by increased levels
of Thl effector cells, memory T cells and Immunoscore and
were associated with a good outcome. Such strong intratumoral
immune presence prevents the metastatic invasion, and it is
associated with prolonged survival. The main parameters asso-
ciated with dissemination to distant metastasis are in fact
immune and not tumor-related. Any of the known cancer-
associated genes or pathways were associated with the metastasis
and no significant differences in known cancer gene expression
levels, chromosomal instability, or key cancer-associated muta-
tions were observed. In contrast, the Immunoscore, a cytotoxic
immune signature, and increased marginal lymphatic vessels,
protected against the generation of distant metastases, regardless
of genomic instability.” The in situ T cell infiltrate can now be
quantified with the Tmmunoscore,” an immune-based assay that
is superior to the AJCC/UICC TNM classification for colorectal
cancer patients.’

The heterogeneous metastatic landscape, described as the
number and size of metastatic lesions, their mutational pattern
as well as their immune cell infiltrate, evolves under the
immune pressure that sculpts the evolution of its clones.
During metastatic progression, the immunoedited clones are
eliminated, while the immune privileged clones persist and
progress underlining relationships between clonal seeding
and immune surveillance. The immunoediting score was asso-
ciated with an active immune response, implying a predictive



potential for immunotherapy. Based on the evolvogram, we
have proposed a tumor clone development model, called par-
allel immune selection model, that, in contrast with existing
tumor-cell centric models, is linked to the intra-metastatic
immune microenvironment via the immunoediting process
(Figure 1.8

An evolutionary maps of metastasis that guides clinical
decisions require the investigation of primary tumors and
matched metastatic lesions, as well as of the immune micro-
environment, which sculpture their evolution.® The successes
of immunotherapies boosting natural T-cell response against
cancer have generated tremendous enthusiasm and combina-
tion immunotherapies will likely become in the future the
standard for cancer treatment.'’
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