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The evolution of cancer reflects intricate cellular and molecular
interactions of tumor cells with the tumor microenvironment.
Novel systems biology approaches are emerging to analyze the
complex interaction between tumors and host-immune
response in humans. The opposing host-protective and tumor-
promoting roles of the immune system reflect the disparate
effects of immunity on tumorigenesis. Global analysis of tumor
microenvironment showed that a strong adaptive immune
reaction within primary human tumors reduced the risk of
relapse events. Recent advances support the existence of
immunosurveillance in human cancer. The major role of the
intratumoral immune reaction could advance our
understanding of tumor evolution and have important
consequences in clinical practice.
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Advocacy for integrative cancer immunology

The tumor develops in a complex microenvironment
comprising fibroblasts, endothelial cells, blood vessels,
lymph vessels, immune cells, cytokines, chemokines, and
products of cellular metabolism. By its components, the
tumor microenvironment influences the growth of the
tumor and its capacity to progress and to form metastases.
In particular, the evolution of cancer reflects complex
cellular and molecular interactions of the tumor with the
immune system of the host [1°]. The characterization of
immune cells is continually being redefined and refined
into more specific functional groups, each with a specific
role to play in a response. Although the picture of the
immune system is becoming more and more complicated,
this research is filling important gaps in our knowledge of
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how the immune system functions. Two layers of
defense, the innate and the adaptive immunity assure
with high specificity the protection of the organism. The
adaptive immune cells also afford protection against re-
exposure to the same pathogen. Immune cells are tightly
linked together in a complex network of soluble factors

[2].

The staggering complexity of multifactorial diseases
such as cancer poses significant challenges to the de-
velopment of stratified or, in the longer term, personal-
ized therapies. The integrated analysis of diverse
datasets, as recently shown for the analysis of breast
cancer susceptibility [3], might circumvent these chal-
lenges and provide an enhanced understanding of com-
plex systems, such as the tumor microenvironment. As
first shown in §. cerevisiae and C. elegans, phenoclusters
provide information about both, the involvement of
markers in particular modules and the functional
relationships that might exist between them [4,5]. To
better understand the complexities of the immune
response within the tumor and the cross-talk between
its components, novel approaches are now needed.
Researchers have started to apply systems biology
approaches to the study of the immune system [6-8]
and bioinformatics resources are now emerging to aid
these types of analyses [9,10]. We developed a Gene
Ontology [11] based tool called ClueGO [9], which helps
us to improve the biological interpretation of our large-
scale data from the CRC tumor microenvironment. Data
integration and biomolecular network reconstruction are
powerful approaches that allowed us to uncover molecu-
lar mechanisms in colorectal cancer. A gene—gene corre-
lation network based on experimental data was
integrated with iz si/ico information (predictions [12],
biological role [11]). New hypotheses on the complex
interactions at the tumor site were formulated on the
basis of the network and further validated. The expres-
sion of specific chemokines and adhesion molecules were
found as being crucial for high densities of T-cell subsets
within the tumor [13°].

At this point, we are now reaching a level where we can
capture the dynamics of complex disease processes. The
power of integrative cancer immunology approaches will
allow us to have a comprehensive view of the immune
system’s evolution during tumor progression and will help
to understand the challenging issues of tumor develop-
ment and tumor recurrence. These tools and knowledge
can be used to prioritize the research and to give clues into
how we may therapeutically manipulate this system.
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Immunosurveillance despite inflammation

In the literature there is an apparent conflict between the
opposing host-protective and tumor-promoting roles of
the immune system. Although this dichotomous view
may facilitate the interpretation of data, maybe it is a
too simplistic approach. We propose that the host-pro-
tecting action and inflammation can be overlapping
immune responses, and that an orchestrated immune
response against a developing tumor will contain different
types of effector cells and molecules with co-existing
tumor-promoting and tumor-eradicating activities.

In some types of cancer, inflammatory conditions are
present before a malignant change occurs, while in others
an oncogenic change induces an inflammatory microen-
vironment that promotes the development of tumors
[14]. A strong association of chronic inflammation with
malignant diseases was observed in colon carcinogenesis
arising in individuals with inflammatory bowel disecases
[15]. On the contrary, infectious viral agents may influ-
ence the tumorigenesis. A human polyomavirus, JCV, isa
possible trigger in the chromosomal instability pathways
in CRC [16] where the expression of JCV T-Ag is
associated with a metastatic phenotype [17]. Some
mouse models of cancer have shown that the inflamma-
tory actions of the immune system can promote tumor
development and/or growth [15,18-20,21°,22°,23°]. At
the primary tumor site, inflammatory cytokines enhance
tumorigenic processes by upregulating mediators of
angiogenesis [24]. The connection between chronic
inflammation and tumor development has been
described and reviewed [15,18-20,21°,22°23°]. The
deleterious effects of chronic inflammation in the
outcome and progression of many tumors (i.e. gastric,
colorectal, head, and neck cancers) have also been
documented [15]. It is possible that inflammation
occurs before immunoediting to promote the transition
between pre-neoplasia and neoplasia. Thus, by using a
chemical carcinogenesis model of hepatocarcinoma,
it was shown that NF-kB function in hematopoietic
Kupffer cells promotes carcinogenesis, whereas NF-kB
function in hepatocytes inhibits carcinogenesis by
providing a survival signal [25]. It is also possible
that inflammation occurs during and after immunosur-
veillance, promoting the transition to the escape phase of
immunoediting [26].

On the contrary, the innate and adaptive immune systems
can protect the host against tumor development through
mechanisms of immunosurveillance [26,27°]. A series of
publications demonstrated, in mouse models, that
immune deficiencies were associated with the growth
and aggressiveness of tumors, and the immunoediting
concept was proposed [26,28%°]. These data were remi-
niscent of clinical observations of higher incidence of
cancers in immuno-depressed individuals [29]. In humans
the equilibrium process was mainly inferred from clinical

observations [30]. It was recently shown [31°°] that the
adaptive immune system of a naive mouse not only has
the ability to destroy tumor cells and to sculpture tumor
immunogenicity, but also can restrain the growth of
cancer for extended periods of time.

In fact, depending on the mouse models, inflammation
can be dominant over immunosurveillance or vice-versa.
Although mouse models are commonly used in tumor
immunology research, they have several characteristics
that limit their applicability to human disease. It is there-
fore essential to consider and to study human cancers
beyond mouse models.

Lessons from human cancer analysis

In contrast to infiltration of cells responsible for chronic
inflammation, the presence of high numbers of lympho-
cytes, especially T cells, has been reported as being of
good prognosis in many cancer types: melanoma, non-
Hodgkin lymphoma, non-small cell lung cancer, breast,
ovarian, head, neck, esophagus, urothelial, and colorectal
cancer [26,32,33°,34-38,39°,40]. Regulatory T cells
(Tregs) may modulate the immune function. However,
increased tumor T'regs have been associated with reduced
survival in ovarian cancer [41] and hepatocarcinoma [42]
or prolonged survival in colorectal cancer [43], head and
neck cancer [44], in lymphomas [45,46], as well as in
melanoma mouse model [47]. Our analysis in colorectal
cancer revealed that the host’s immune reaction might
influence the tumor dissemination from the early steps of
the metastatic process to established metastases in lymph
nodes and distant organs.

The presence of tumor emboli in lymphovascular and
perineural structures is considered as early steps of meta-
static invasion. We found an association between the
absence of emboli and an enhanced infiltration by
immune cells with increased mRNA expression of adap-
tive Tyl effector T-cell markers (CD8, T-bet, IRF-1,
IFN-gamma, Granulysin, and Granzyme-B). Large-scale
flow cytometric analysis of T-cell subpopulations infil-
trating colorectal cancer revealed a significant difference
between tumors with and without tumor emboli. Markers
of T'-cell migration, activation, and differentiation were
increased in colorectal cancer without signs of an early
metastatic invasion. These patients had significantly
increased T-cell subpopulations, from early-memory to
effector-memory CD8 T cells (7gn\), cells that may be
responsible for long-lasting protection against tumors.
Interestingly, a longer disease-free and overall survival
among patients with tumors containing a high density of
memory cells (CD45RO+) was shown compared to
patients whose tumors had a low density of such cells.
These data may outline the delayed antitumor activity of
Tenm through a systemic immunosurveillance, as Ty
decrease the incidence of relapse and strongly improve
patient’s survival [39°].
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The impact of immune responses and tumor escape on
metastasis and on patient prognosis is still poorly under-
stood. We investigate 77 sifu immune responses in human
colorectal cancer, according to metastatic lymph node or
distant organ invasion [48]. Non-metastatic patients pre-
sented significant correlations between cytotoxic and 7
subpopulations. These correlation profiles were absent in
tumors with low T-cell infiltrates and were altered in
metastatic patients with high T-cell infiltrates. Overall
investigation of the primary tumor microenvironment
allowed us to uncover four major intratumoral immune
profiles within primary tumors depending on the balance
between tumor escape and immune coordination: (i)
strong and coordinated cytotoxic Thl immune responses
(GNLY/IRF1I) without or (ii) with tumor angiogenesis
(VEGF), (iii) non-coordinate immune responses, and
(iv) weak (IL.o) immune reactions (immune ignorance?).
These distinct immune profiles are associated with sig-
nificant distinct cancer outcome (relapse risk).

The strongest prognostic factor for
recurrence and overall survival: the immune
contexture

Histopathological analysis of colorectal cancers shows that
many tumors are infiltrated in variable quantities by
inflammatory and lymphocytic cells. A closer look reveals
that the latter are not randomly distributed, but rather
seem to be organized as more or less dense infiltrations in
different regions, that is the center of the tumor (C'T) and
at the forefront region of the tumor within the colonic
mucosa, so called, the invasive margin (IM) of the tumor.
We have extensively analyzed the impact of the quantity,
the functional orientation and the location of the immune
cells in the tumor microenvironment. The quantification
of adaptive immune cell subpopulations within the tumor
revealed an interesting phenomenon. Although the total
number of 'T" cells, cytotoxic or memory cells was associ-
ated with good prognosis, their prognostic impact was
greatly improved by taking the tumor region also
into account. High infiltrates of memory T cells
(CD3/CD45RO0) or (CD8/CD45R0O) in CT and IM were
highly and significantly associated with very good
prognosis, both in terms of disease-free and overall
survival. Tumors with low memory T or memory-cytotoxic
"I" cells in both zones were associated with very bad clinical
outcome. Heterogenous (Hi-Lo or Lo-Hi) tumors were
intermediate, but rather of bad prognosis. These differ-
ences hold true for all T (tumor size) stages. The fact that it
is not only the overall quantity or even the functional
orientation, but also the location of the immune cells
that influences tumor recurrence supports the concept
that distinct cells with selective functions located in
different tumor regions may, play a crucial role in
controlling metastasis escape [49°°].

These observations, confirmed in several independent
cohorts, change the paradigm of cancer prognosis at least
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for colorectal cancer. Indeed, natural adaptive immune
reaction influenced clinical outcome at all stages of the
disease. The immune reaction at tumor site determined
cancer evolution and clinical outcome regardless of the
local extent and spread of the tumor. A weak adaptive
immune reaction correlated with a very poor prognosis
even in patients with a minimal tumor invasion. Con-
versely, a high density of adaptive immune cells corre-
lated with a highly favorable prognosis whatever the local
extent of the tumor and the invasion of regional lymph
nodes. Beneficial 7z situ adaptive immune reaction was
not restricted to patients with minimal tumor invasion,
indicating that /z situ immunological forces may persist
along with tumor progression. Multivariate Cox analysis
revealed that the immune criteria remained the unique
parameter significantly associated with prognosis. The
histopathological staging system (T-stage, N-stage, and
tumor differentiation) did not present a significant pre-
dictive value anymore [49°°].

Thus, the adaptive immune reaction within the tumor
appeared to be the most important parameter predicting
the outcome after surgical treatment with curative intent
[49°°]. The combination of immune parameters associat-
ing the nature, the density, the functional orientation and
the location of immune cells within the tumor, defined as
‘immune contexture’ [50°,51], would all be essential to
accurately define the impact of the local host-immune
reaction in colorectal cancer. Compared to the immune
contexture, no immune marker and no tumor parameter
associated with survival has been reported to achieve a
similarly high level of significance in colorectal cancer.
The strength of the immune reaction identified in our
studies could advance our understanding of cancer
evolution and have important consequences in clinical
practice.

Global analysis of the intratumoral immune

reaction: a breakthrough for patient prognosis
Analysis of immune cell densities was performed in
regional lymph node metastases from Dukes’ stage C
colorectal cancer. In patients with or without adjuvant
radio/chemotherapy, the presence high numbers of CD8+
and CD45R0+ cells in regional lymph node correlated
with increased survival time [52]. Furthermore, sentinel
node from primary tumor and metastasis showed charac-
teristics of tumor-reactive lymphocytes [53]. However,
evaluation of T-cell subpopulations in lymph node is
difficult in routine. In early stage colorectal cancer patients
with no detectable lymph node or distant metastasis,
surgery alone is the state of the art. However, a significant
number of patients (20-25%) will have recurrence of their
disease indicating that they already had occult metastasis at
the time of curative surgery. There is presently no marker
to identify this group of patients that might benefit from
adjuvant therapy. We thus undertook a large study on 602
stage I-II patients from two independent cohorts to assess
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the importance of the immune pattern in the surgically
removed tumor and to predict their recurrence and overall
survival [54].

Each marker CD8+ and CD45RO+ in each tumor region
(CT/IM) predicted clinical outcome. We stratified the
patients according to an immune score based on the total
number of high densities (Hi) observed in the tumor (two
markers assessed in two tumor regions, C'T and IM).
Densities of CD45RO+ and CD8+ cells in tumor regions
classified the patients into four distinct prognostic groups
based on the presence of high density of each marker in
each tumor region. According to this criterion, 4%, 10%,
17%, 27%, and 42% of the patients were presented with
an immune score of (0)-Hi, (1)-Hi, (2)-Hi, (3)-Hi, and (4)-
Hi, respectively. The four groups were associated with
dramatic differences in disease-free, disease-specific, and
overall survival. Five years after diagnosis, only 4.8% (CI
0.6-8.8%) of patients with high densities of CD8+ plus
CD45RO+ cells had tumor recurrence and 86.2% (CI
79.4-93.6%) survived. By contrast, the tumor recurred
in 75% (CI 17-92.5%) of patients with low densities of
these cells and only 27.5% (CI 10.5-72%) survived. Multi-
variate analyses showed that the immune criteria had
independent effects on the rates of complete remission
and survival, and only the immune criteria and bowel
perforation presentation remained independent prognos-
tic factors whereas T-stage was no longer significant. We
thus propose that the intratumoral immune score, which
is a strong and reproducible prognostic factor, to be
included in clinical practice [54] (Figure 1).

A long-term memory against cancer?

Our results suggest that once human colorectal cancers
become clinically detectable, the adaptive immune
response plays a role in preventing tumor recurrence.
Despite immunoediting mechanisms, the beneficial
effect of the adaptive immunity may persist throughout
tumor progression (stages Il and III). Intratcumoral T cells
could modify tumor stroma or tumor cells in ways that
attenuate their metastatic potential. The absence of
microscopic evidence of early metastatic invasiveness
within lymphovascular vessels was strongly positively
correlated with high densities of intratumoral 7Ty An
appealing interpretation of these data is that even when a
tumor has already reached a clinical stage, efficient adap-
tive immune reaction can keep tumor emboli in check.
Since cancers present physiopathological characteristics
of chronic and evolutive diseases, it is not surprising to
observe differentiated memory T cell within tumors.
Strong adaptive immune reactions resulting in massive
recruitment and differentiation of T cells /n situ can
basically explain the strong prognostic value of CD45RO
marker. However, it could be hypothesized that Tgy cells
may not only illustrate global antitumoral immune
responses but may also be directly involved in the control
of cancer progression. The cytotoxic capability of T\

cells and their ability to produce cytokines may provide
them the relevant weapons to control tumor progression
and metastatic invasion at the primary tumor site. On the
contrary, the observation of high intratumoral immune
reaction in patients with advanced metastatic cancer
could indicate that the immune system is unable to
efficiently prevent metastatic dissemination. Thus other
antitumoral immune mechanisms may be implicated in
reduced relapse occurrence.

Because the primary tumor is removed by surgery, the
prognostic value associated with the host response in
colorectal cancer may reflect a quality of systemic effec-
tors for recognition and killing circulating cancer cells in
peripheral blood, peritoneal cavity, bone marrow, or
lymph nodes. Microsatellite instability (MSI) induced
tumor-specific carboxy-terminal frameshift peptides are
effectively recognized by tumor-infiltrating T cells that
showed cytotoxic activity against colorectal cancer cells
[55]. The 7ynm cell ability to ‘remember’ previously
encountered antigens leads to faster response to re-
exposure. Following a primary response to antigen, mem-
ory T cells disseminate and are maintained in the body for
long periods [56]. The prognostic significance of pre-
operative 'T-lymphocyte subsets and natural killer
(NK) cells in the peripheral blood of patients with color-
ectal carcinoma has been evaluated. Patients with higher
T cells, CD3+, CD4+/CD8+, and NK levels had longer
overall survival rates than those with lower cell levels [57].
As suggested in mice [58], the trafficking properties and
the long-lasting antitumor capacity of memory T cells
could result in long-term immunity in human colorectal
cancer.

It is suspected that metastatic invasion can lead to the
dissemination of tumoral foci that can remain in an
asymptomatic and non-detectable state of dormancy for
long periods of time before cancer re-emergence [59-61].
Control of cancer dormancy involves various mechanisms
like cellular dormancy (GO-G1 arrest), angiogenic dor-
mancy, and immunosurveillance [62]. Recently, Koebel
and colleagues demonstrated that stable lesions of trans-
formed immunogenic cells in mice were controlled by the
host’s adaptive immune system in a condition of ‘equi-
librium’ [31°°]. In these experiments, loss of either immu-
nocompetence or immunogenicity could lead to tumor
outgrowth. Based on these data it could be hypothesized
that human cancer relapse may arise either because of the
loss of the protective antitumoral immunity and/or the
‘awakening’ of dormant tumors. This could explain why
occult cancer can be transplanted from organ of a donor —
apparently cured from cancer — to a recipient [30] who is
at one and the same time naive to the transplanted tumor
cell antigens and under immunosuppressive treatment.

In this context, our data suggest that depending on the
strength  and localization of antitumoral immune
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Figure 1
(a) Optimal Immune Reaction (b) Altered Inmune Reaction
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In situ immune reaction and colorectal cancer. A proposed model of the mechanisms by which the immune system may control tumor dissemination
and influence clinical outcome. Panel a: Optimal immune reaction, with low risk of relapse and prolonged survival. Panel b: Altered immune reaction,
with high risk of relapse. The main observations supporting this model can be summarized as follows. (1) Patients were stratified according to an
immune score (IS) based on the total number of high densities (Hi) of CD45RO+ and CD8+ cells observed in the two tumor regions, the center (CT) and
the invasive margin (IM) of the tumor. Four distinct prognostic groups from (0)-Hi to (4)-Hi (IS-0 to I1S-4) were defined and IS-4 was associated the best
clinical outcome. (2) Correlation between a high density of effector-memory T cells (Tgy), of memory T cells (CD45RO+) and cytotoxic T cells (CD8+)
infiltrating colorectal cancer and the absence of lymphovascular and perineural invasion (VELIPI). Decreased Tgy were observed in patients with
metastasis. (3) Strong and coordinated cytotoxic Th1 immune responses (GNLY/IRF1) associated with low VEGF expression correlated with low risk of
relapse. (4) Chemokines (CX3C17, CXCL9, CXCL10) and adhesion molecules (MADCAM1, ICAM1, VCAMT1) correlated with increased densities of
intratumoral memory T cells, Th1 cells, and cytotoxic T cells. (5) A weak adaptive immune reaction is associated with a very poor prognosis even in
patients with minimal tumor invasion. (6) A high density of adaptive immune cells correlates with a favorable prognosis whatever the local extent of the
tumor and the invasion of regional lymph nodes. (7) The combined analysis of infiltrating T cells within tumor regions CT plus IM (Coordination CT/IM)
improves the accuracy of prediction of survival for the different patient groups compared with single-region analysis. (8) The histopathologic variables
(T-stage, N-stage, and tumor differentiation) are no longer informative for the evaluation of the clinical outcome when analyzed together with adaptive
immune variables.

responses elicited #z situ, distinct quantity (number of
clones) and quality (memory differentiation state) of

memory T cells may participate in the control of dis-
seminated distant occult tumors. During the equilibrium

memory T cells could be generated among the patients.
We analyzed the influence of pre-operative treatments on
the densities and distributions (Hi/LLo) of CD8+ and
CD45RO+ cells in tumor regions (CT and IM). Such
pre-operative treatments (radio-chemotherapy) is given
to patients with rectal cancer. No significant differences
were found between patient groups [54]. Before surgery,
resident memory T cells may actively reduce the
systemic mass of disseminating occult tumors. Following
resection of primary and secondary tumors, circulating

phase, both mechanisms may result in tipping the scale
toward immunosurveillance mechanisms against occult
tumor outgrowth, thus dramatically reducing relapse
occurrence and favoring patient survival.

Conclusions

Systems biology and biomolecular network reconstruc-
tion will be powerful approaches to uncover mechanisms
associated with tumor progression and tumor recurrence.
Integrative analyses evaluating the immune infiltrate in

www.sciencedirect.com

Current Opinion in Immunology 2010, 22:1-8

Please cite this article in press as: Bindea G, et al. Natural immunity to cancer in humans, Curr Opin Immunol (2010), doi:10.1016/j.c0i.2010.02.006



http://dx.doi.org/10.1016/j.coi.2010.02.006

COIMMU-832; NO. OF PAGES 8

6 Tumour Immunology

human cancers are of major importance. Compared to the
immune contexture, no tumor parameter associated with
survival has been reported to achieve a similarly high
level of significance in colorectal cancer. This suggests
that markers of the oncogenic process are closely associ-
ated with primary tumor extension and spreading.
Furthermore, the assessment of the tumor infiltration
by cytotoxic and memory T lymphocytes could reflect
a level of antitumor immunity shaped by multiple tumor
parameters, such as altered expression level of HLA
molecules [63] or tumor antigens [63], the identity of
specific mutational pathways (i.e. chromosomal instabil-
ity, deficiency of the DNA mismatch repair system, and
chromosome instability) [64], and microenvironmental
factors [65]. Altogether, the 77 situ adaptive immune
reaction could be the utmost point of convergence for
prognosis of colorectal cancer.

Acknowledgements

We acknowledge all the scientists who made contributions to the area of
research reviewed here that were not cited due to space constraints. The
work performed in our laboratory was supported by grants from the
Association pour la Recherche sur le Cancer (ARC), the National Cancer
Institute (INCa), the Canceropole Ile de France, Ville de Paris, Inserm, and
the European Commission (7FP, Geninca Consortium, grant number

202230).

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

e of special interest
ee Of outstanding interest

1. Finn OJ: Cancer immunology. N Engl J Med 2008,
e  358:2704-2715.
An updated and comprehensive review on cancer immunoediting.

2. Frankenstein Z, Alon U, Cohen IR: The immune-body cytokine
network defines a social architecture of cell interactions. Bio/
Direct 2006, 1:32.

3. Pujana MA, Han JD, Starita LM, Stevens KN, Tewari M, Ahn JS,
Rennert G, Moreno V, Kirchhoff T, Gold B et al.: Network
modeling links breast cancer susceptibility and centrosome
dysfunction. Nat Genet 2007, 39:1338-1349.

4. Boulton SJ, Gartner A, Reboul J, Vaglio P, Dyson N, Hill DE,
Vidal M: Combined functional genomic maps of the C. elegans
DNA damage response. Science 2002, 295:127-131.

5. Giaever G, Chu AM, NiL, Connelly C, Riles L, Veronneau S, Dow S,
Lucau-Danila A, Anderson K, Andre B et al.: Functional profiling
of the Saccharomyces cerevisiae genome. Nature 2002,
418:387-391.

6. Gilchrist M, Thorsson V, Li B, Rust AG, Korb M, Roach JC,
Kennedy K, Hai T, Bolouri H, Aderem A: Systems biology
approaches identify ATF3 as a negative regulator of Toll-like
receptor 4. Nature 2006, 441:173-178.

7. 0OdaK, Kitano H: A comprehensive map of the toll-like receptor
signaling network. Mol Syst Biol 2006, 2:0015.

8. Tegner J, Nilsson R, Bajic VB, Bjorkegren J, Ravasi T:
Systems biology of innate immunity. Cell Immunol 2006,
244:105-109.

9. Bindea G, Mlecnik B, Hackl H, Charoentong P, Tosolini M,
Kirilovsky A, Fridman WH, Pages F, Trajanoski Z, Galon J:
ClueGO: a Cytoscape plug-in to decipher functionally grouped
gene ontology and pathway annotation networks.
Bioinformatics 2009, 25:1091-1093.

10. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D,
Amin N, Schwikowski B, Ideker T: Cytoscape: a software
environment for integrated models of biomolecular interaction
networks. Genome Res 2003, 13:2498-2504.

11. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM,
Davis AP, Dolinski K, Dwight SS, Eppig JT et al.: Gene ontology:
tool for the unification of biology. The Gene Ontology
Consortium. Nat Genet 2000, 25:25-29.

12. von Mering C, Jensen LJ, Snel B, Hooper SD, Krupp M,
Foglierini M, Jouffre N, Huynen MA, Bork P: STRING: known and
predicted protein-protein associations, integrated and
transferred across organisms. Nucleic Acids Res 2005,
33:D433-D437.

13. Mlecnik B, Tosolini M, Charoentong P, Kirilovsky A, Bindea G,

. Berger A, Camus M, Gillard M, Bruneval P, Fridman WH et al.:
Biomolecular network reconstruction identifies T cell homing
factors associated with survival in colorectal cancer.
Gastroenterology 2009 Nov 10. [Epub ahead of print].

This paper describes systems biology approaches to analyze the com-

plex interaction between tumors and host-immune response in humans.

Using bioinformatics, we formulated hypotheses related to mechanisms

of lymphocyte chemo-attraction and validated them experimentally.

14. Mantovani A, Allavena P, Sica A, Balkwill F: Cancer-related
inflammation. Nature 2008, 454:436-444.

15. Coussens LM, Werb Z: Inflammation and cancer. Nature 2002,
420:860-867.

16. Niv Y, Goel A, Boland CR: JC virus and colorectal cancer: a
possible trigger in the chromosomal instability pathways. Curr
Opin Gastroenterol 2005, 21:85-89.

17. Link A, Shin SK, Nagasaka T, Balaguer F, Koi M, Jung B,
Boland CR, Goel A: JC virus mediates invasion and migration in
colorectal metastasis. PLoS One 2009, 4:e8146.

18. Balkwill F, Coussens LM: Cancer: an inflammatory link. Nature
2004, 431:405-406.

19. Balkwill F, Mantovani A: Inflammation and cancer: back to
Virchow? Lancet 2001, 357:539-545.

20. Karin M: Nuclear factor-kappaB in cancer development and
progression. Nature 2006, 441:431-436.

21. Karin M, Greten FR: NF-kappaB: linking inflammation and

e immunity to cancer development and progression. Nat Rev
Immunol 2005, 5:749-759.

A comprehensive review on inflammation and cancer.

22. de Visser KE, Korets LV, Coussens LM: De novo carcinogenesis

. promoted by chronic inflammation is B lymphocyte
dependent. Cancer Cell 2005, 7:411-423.

B and T cells deficiency in HPV16 transgenic mice attenuated innate

immune infiltration of pre-malignant skin, leading to decreased incidence

of carcinoma. The transfer of B cells or serum in these mice restored

chronic inflammation and tumor progression.

23. DeNardo DG, Barreto JB, Andreu P, Vasquez L, Tawfik D,

. Kolhatkar N, Coussens LM: CD4(+) T cells regulate pulmonary
metastasis of mammary carcinomas by enhancing protumor
properties of macrophages. Cancer Cell 2009, 16:91-102.

This study demonstrates a tumor-promoting role for TH2-CD4+ T lym-

phocytes that elicit protumor activities of tumor-associated macrophages

in the MMTV-PyMT model of mammary carcinogenesis.

24. Angelo LS, Kurzrock R: Vascular endothelial growth factor and
its relationship to inflammatory mediators. Clin Cancer Res
2007, 13:2825-2830.

25. Maeda S, Kamata H, Luo JL, Leffert H, Karin M: IKKbeta couples
hepatocyte death to cytokine-driven compensatory
proliferation that promotes chemical hepatocarcinogenesis.
Cell 2005, 121:977-990.

26. Dunn GP, Old LJ, Schreiber RD: The three Es of cancer
immunoediting. Annu Rev Immunol 2004, 22:329-360.

27. Smyth MJ, Dunn GP, Schreiber RD: Cancer immunosurveillance

e and immunoediting: the roles of immunity in suppressing
tumor development and shaping tumor immunogenicity. Adv
Immunol 2006, 90:1-50.

Current Opinion in Immunology 2010, 22:1-8

www.sciencedirect.com

Please cite this article in press as: Bindea G, et al. Natural immunity to cancer in humans, Curr Opin Immunol (2010), doi:10.1016/j.c0i.2010.02.006



http://dx.doi.org/10.1016/j.coi.2010.02.006

COIMMU-832; NO. OF PAGES 8

An updated and comprehensive review on cancer immunoediting.

28. Shankaran V, Ikeda H, Bruce AT, White JM, Swanson PE, Old LJ,

ee Schreiber RD: IFNgamma and lymphocytes prevent primary
tumour development and shape tumour immunogenicity.
Nature 2001, 410:1107-1111.

The landmark study defining cancer immunoediting.

29. Birkeland SA, Storm HH, Lamm LU, Barlow L, Blohme |,
Forsberg B, Eklund B, Fjeldborg O, Friedberg M, Frodin L et al.:
Cancer risk after renal transplantation in the Nordic countries,
1964-1986. Int J Cancer 1995, 60:183-189.

30. MacKie RM, Reid R, Junor B: Fatal melanoma transferred in a
donated kidney 16 years after melanoma surgery. N Engl J Med
2003, 348:567-568.

31. Koebel CM, Vermi W, Swann JB, Zerafa N, Rodig SJ, Old LJ,
ee  Smyth MJ, Schreiber RD: Adaptive immunity maintains occult
cancer in an equilibrium state. Nature 2007, 450:903-907.

The landmark study demonstrating the equilibrium phase of cancer.

32. Clemente CG, Mihm MC Jr, Bufalino R, Zurrida S, Collini P,
Cascinelli N: Prognostic value of tumor infiltrating lymphocytes
in the vertical growth phase of primary cutaneous melanoma.
Cancer 1996, 77:1303-1310.

33. Zhang L, Conejo-Garcia JR, Katsaros D, Gimotty PA,

. Massobrio M, Regnani G, Makrigiannakis A, Gray H, Schlienger K,
Liebman MN et al.: Intratumoral T cells, recurrence, and
survival in epithelial ovarian cancer. N Eng/ J Med 20083,
348:203-213.

This study conclusively shows the prognostic value of intratumoral T cells

in ovarian cancer.

34. Schumacher K, Haensch W, Roefzaad C, Schlag PM: Prognostic
significance of activated CD8(+) T cell infiltrations within
esophageal carcinomas. Cancer Res 2001, 61:3932-3936.

35. House AK, Watt AG: Survival and the immune response in
patients with carcinoma of the colorectum. Gut 1979,
20:868-874.

36. Svennevig JL, Lunde OC, Holter J, Bjorgsvik D: Lymphoid
infiltration and prognosis in colorectal carcinoma. Br J Cancer
1984, 49:375-377.

37. Jass JR: Lymphocytic infiltration and survival in rectal cancer.
J Clin Pathol 1986, 39:585-589.

38. Halvorsen TB, Seim E: Association between invasiveness,
inflammatory reaction, desmoplasia and survival in colorectal
cancer. J Clin Pathol 1989, 42:162-166.

39. Pages F, Berger A, Camus M, Sanchez-Cabo F, Costes A,

. Molidor R, Mlecnik B, Kirilovsky A, Nilsson M, Damotte D et al.:
Effector memory T cells, early metastasis, and survival in
colorectal cancer. N Engl J Med 2005, 353:2654-2666.

This study shows the relationship between intratumoral memory T cells

and the absence of tumor emboli in colorectal cancers.

40. Naito Y, Saito K, Shiiba K, Ohuchi A, Saigenji K, Nagura H,
Ohtani H: CD8+ T cells infiltrated within cancer cell nests as a
prognostic factor in human colorectal cancer. Cancer Res
1998, 58:3491-3494.

41. Curiel TJ, Coukos G, Zou L, Alvarez X, Cheng P, Mottram P,
Evdemon-Hogan M, Conejo-Garcia JR, Zhang L, Burow M et al.:
Specific recruitment of regulatory T cells in ovarian carcinoma
fosters immune privilege and predicts reduced survival. Nat
Med 2004, 10:942-949.

42. FuJ, XuD, Liu Z, Shi M, Zhao P, Fu B, Zhang Z, Yang H, Zhang H,
Zhou C et al.: Increased regulatory T cells correlate
with CD8 T-cell impairment and poor survival in
hepatocellular carcinoma patients. Gastroenterology 2007,
132:2328-2339.

43. Salama P, Phillips M, Grieu F, Morris M, Zeps N, Joseph D,
Platell C, lacopetta B: Tumor-infiltrating FOXP3+ T regulatory
cells show strong prognostic significance in colorectal
cancer. J Clin Oncol 2009, 27:186-192.

44. Badoual C, Hans S, Rodriguez J, Peyrard S, Klein C, Agueznay
Nel H, Mosseri V, Laccourreye O, Bruneval P, Fridman WH et al.:
Prognostic value of tumor-infiltrating CD4+ T-cell

Natural immunity to cancer in humans Bindea etal. 7

subpopulations in head and neck cancers. Clin Cancer Res
2006, 12:465-472.

45. Carreras J, Lopez-Guillermo A, Fox BC, Colomo L, Martinez A,
Roncador G, Montserrat E, Campo E, Banham AH: High numbers
of tumor-infiltrating FOXP3-positive regulatory T cells are
associated with improved overall survival in follicular
lymphoma. Blood 2006, 108:2957-2964.

46. Tzankov A, Meier C, Hirschmann P, Went P, Pileri SA, Dirnhofer S:
Correlation of high numbers of intratumoral FOXP3+
regulatory T cells with improved survival in germinal center-
like diffuse large B-cell lymphoma, follicular lymphoma and
classical Hodgkin’s lymphoma. Haematologica 2008,
93:193-200.

47. Kakinuma T, Nadiminti H, Lonsdorf AS, Murakami T, Perez BA,
Kobayashi H, Finkelstein SE, Pothiawala G, Belkaid Y, Hwang ST:
Small numbers of residual tumor cells at the site of primary
inoculation are critical for anti-tumor immunity following
challenge at a secondary location. Cancer Immunol Immunother
2007, 56:1119-1131.

48. Camus M, Tosolini M, Mlecnik B, Pages F, Kirilovsky A, Berger A,
Costes A, Bindea G, Charoentong P, Bruneval P et al.:
Coordination of intratumoral immune reaction and human
colorectal cancer recurrence. Cancer Res 2009, 69:2685-2693.

49. Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B,

ee |agorce-Pages C, Tosolini M, Camus M, Berger A, Wind P et al.:
Type, density, and location of immune cells within human
colorectal tumors predict clinical outcome. Science 2006,
313:1960-1964.

The landmark study showing that the type, the density, and location of

adaptive immune cell infiltrates within tumors are better predictors of

patient survival than current histopathological staging of colorectal can-

cers.

50. Galon J, Fridman WH, Pages F: The adaptive immunologic

e microenvironment in colorectal cancer: a novel perspective.
Cancer Res 2007, 67:1883-1886.

A comprehensive review describing the immune contexture.

51. Pages F, Galon J, Fridman WH: The essential role of the in situ
immune reaction in human colorectal cancer. J Leukoc Biol
2008, 84:981-987.

52. Oberg A, Samii S, Stenling R, Lindmark G: Different
occurrence of CD8+, CD45R0+, and CD68+ immune cells in
regional lymph node metastases from colorectal cancer as
potential prognostic predictors. Int J Colorectal Dis 2002,
17:25-29.

53. Dahl K, Karlsson M, Marits P, Hoffstedt A, Winqvist O, Thorn M:
Metinel node - the first lymph node draining a metastasis -
contains tumor-reactive lymphocytes. Ann Surg Oncol 2008,
15:1454-1463.

54. PagesF, Kirilovsky A, Mlecnik B, Asslaber M, Tosolini M, Bindea G,
Lagorce C, Wind P, Marliot F, Bruneval P et al.: The in situ
cytotoxic and memory T cells predict outcome in early-stage
colorectal cancer patients. J Clin Oncol 2009, 27:5944-5951.

55. Schwitalle Y, Kloor M, Eiermann S, Linnebacher M, Kienle P,
Knaebel HP, Tariverdian M, Benner A, von Knebel Doeberitz M:
Immune response against frameshift-induced neopeptides in
HNPCC patients and healthy HNPCC mutation carriers.
Gastroenterology 2008, 134:988-997.

56. Sallusto F, Geginat J, Lanzavecchia A: Central memory and
effector memory T cell subsets: function, generation, and
maintenance. Annu Rev Immunol 2004, 22:745-763.

57. Qiu H, Xiao-dun W, Zhi-Wei Z, Gong C, Guo-Qiang W, Li-Yi Z,
Yuan-Fang L, Rajiv-Prasad K: The prognostic significance of
peripheral T-lymphocyte subsets and natural killer cells in
patients with colorectal cancer. Hepatogastroenterology 2009,
56:1310-1315.

58. Xiang R, Lode HN, Gillies SD, Reisfeld RA: T cell memory against
colon carcinoma is long-lived in the absence of antigen. J
Immunol 1999, 163:3676-3683.

59. Croker AK, Allan AL: Cancer stem cells: implications for the
progression and treatment of metastatic disease. J Cell Mol
Med 2008, 12:374-390.

www.sciencedirect.com

Current Opinion in Immunology 2010, 22:1-8

Please cite this article in press as: Bindea G, et al. Natural immunity to cancer in humans, Curr Opin Immunol (2010), doi:10.1016/j.c0i.2010.02.006



http://dx.doi.org/10.1016/j.coi.2010.02.006

COIMMU-832; NO. OF PAGES 8

8

Tumour Immunology

60. Uhr JW, Marches R: Dormancy in a model of murine B cell

61.

lymphoma. Semin Cancer Biol 2001, 11:277-283.

Vessella RL, Pantel K, Mohla S: Tumor cell dormancy: an NCI
workshop report. Cancer Biol Ther 2007, 6:1496-1504.

62. Aguirre-Ghiso JA: Models, mechanisms and clinical

evidence for cancer dormancy. Nat Rev Cancer 2007,
7:834-846.

63.

64.

65.

Dalerba P, Maccalli C, Casati C, Castelli C, Parmiani G:
Immunology and immunotherapy of colorectal cancer. Crit Rev
Oncol Hematol 2003, 46:33-57.

Haydon AM, Jass JR: Emerging pathways in colorectal-cancer
development. Lancet Oncol 2002, 3:83-88.

Liotta LA, Kohn EC: The microenvironment of the tumour-host
interface. Nature 2001, 411:375-379.

C

urrent Opinion in Immunology 2010, 22:1-8

www.sciencedirect.com

Please cite this article in press as: Bindea G, et al. Natural immunity to cancer in humans, Curr Opin Immunol (2010), doi:10.1016/j.c0i.2010.02.006



http://dx.doi.org/10.1016/j.coi.2010.02.006

	Natural immunity to cancer in humans
	Advocacy for integrative cancer immunology
	Immunosurveillance despite inflammation
	Lessons from human cancer analysis
	The strongest prognostic factor for recurrence and overall survival: the immune contexture
	Global analysis of the intratumoral immune reaction: a breakthrough for patient prognosis
	A long-term memory against cancer?
	Conclusions
	References and recommended reading
	Acknowledgements


