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Definition of cancer

Tumor invasion
N-Stage

Early-metastasis
- (venous emboli)

Tumor progression M-Stage

Tumor grade differentiation
Tumor aggressiveness
(driver mutations, CIN, MSI, CIMP...)

-> Tumor recurrence

-> Tumor aggressiveness, progression, invasion and recurrence define early
and late stage cancers, and the severity of the disease



Novel paradigm

Immunoscore
“Hot” Tumor Immune contexture “Cold” Tumor

Tumor invasion
N-Stage

Early-metastasis
- (venous emboli)

Tumor progression M-Stage
Tumor grade differentiation
: -> Tumor recurrence
Tumor aggressiveness
(driver mutations, CIN, MSI, CIMP...) -> death

v Tumor progression, invasion and recurrence are dependent on pre-existing immunity and on
Immunoscore

v Pre-existing immunity is determining the fate and survival of the patient
v' Pre-existing immunity is determining the likelihood of response to immunotherapy



The Immune landscape and the importance of the
Immune contexture

Oncogenensis VELIPI+ Dissemination

Pre-cancer lesions

. & - P N+ Invasion

Progression T-stage

_ Recurrence
Prognosis Death Immunotherapy



Cancer is one of the most complex biological system of all

“The whole is greater than the sum of its parts”, Aristotle

-> Systems biology in human cancer



Tumor microenvironment
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The continuum of cancer immunosurveillance

Immunity

%1 The Continuum of Cancer Immunosurveillance:
Prognostic, Predictive, and Mechanistic Signatures

Sovct . 5 - - . 4 5%
S Jérdme Galon,"22" Helen K. Angell,"%? Davide Bedognetti,? and Francesco M. Marincola®*

. echanistic
. ostic M
Predictive Prog res signatures
ignatures sign
sig Immune-
0 Tumor growth slowed Tumor response
Re No recurrence regression respor
D intensity

Galon J et al. Immmunity 2013



The continuum of cancer immunosurveillance

Pre-cancerous Primary Metastasis
lesions Carcinoma

atee
* T3 ’
-_—
Mascaux C. ... Galon J. Pages F. ... Galon J. Angelova M. ... Galon J.

Nature 2019 Lancet 2018 Cell 2018



What is the importance of the pre-existing
immunity within tumors ? Does it matter ?

MacCarty WC, Mahle AE.
Relation of differentiation and lymphocytic infiltration to postoperative longevity in gastric carcinoma.
J Lab Clin Med 1921 ; 6:473.



Science A Novel Paradigm for Cancer

A AAAS

Type, Density, and Location of Immune
Cells Within Human Colorectal Tumors

Predict Clinical OQutcome

Jéréme Galon,**t Anne Costes Fatima Sanchez Cabo,” Amos Kirilowvsky,* Bernhard Mlecmk
Christine Lagorce- Pages Marie Tosohm Matthieu Camus,* Anne Berger,® Ph]hppe Wind,*
Franck Zinzindohoué,” Patrick Bruneval,® Paul-Henri Cugnenc,” Zlatko Trajanoski,”
Wolf-Herman Fridman,»” Franck Pagés™"{

29 SEPTEMBER 20046 WOL 313 SCIEMNCE  www.sciencemag.org

v' Gene expression profiling
v' Qualitative immune signature

} Inflammation

| } Adaptive
'- immunity

- - I } Immune

suppression

G
Survival

Quality

Optimized
Immunosign

The foundation a new
concept l

Immune contexture

v Immunohistochemistry (IHC)
v' Digital Pathology
v" Quantitative immune cell infiltration
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Digital quantification of immune cells CT Center
infiltrating tumors: Immunoscore
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Immunoscore: a novel paradigm for cancer

Science
AVAAAS

High Immunoscore .
I v" High Immunoscore

| v Inflammed tumors
1 v' Strong pre-existing adaptive
immunity

v Low Immunoscore
|$\/ Non-Inflammed tumors
v Weak/absent pre-existing adaptive

Disease-Free Survival

Low Immunoscore

10 immunity
Survival (years)

Coordinated adaptive immune reaction (Immunoscore) more than tumor

invasion predicts clinical outcome Galon et al. Science 2006



Science A Novel Paradigm for Cancer

Multivariate Cox Analysis
Parameters HR P value
e T-stage 1.2 0.25
e N-stage 1.4 0.15
e Differentiation 1.1 0.84
e Immunoscore 1.9 0.00001
/ “Immune Contexture” . \
Cells ->  vType
Quantity ->  v'Density -> Immunoscore
Spatial -> vLocation

\_ Quality ->  vImmune functional orientation -> Immunosign -

Galon J et al. Science 2006



Essential role of the pre-existing immunity: The Immune contexture

Major immune categories of tumors

Absent Optimal
2 Immunoscore Low Immunoscore High Galon et al. Science 2006
Non-Inflamed Inflamed Galon etal. Cancer Res 2007
COLD HOT
Absent Altered Optimal
3 Immunoscore Low Immunoscore Int. Immunoscore High Galon et al. Science 2006

Non-Inflamed ':g"i‘rmed Camus & Galon Cancer Res 2009

Altered Altered |Optimal

4 Immunoscore Low | Immunoscore Int. Immunoscore Int. | Immunoscore High eGPt I e P\l s B Or T 1ol o 001

Non-Inflamed Exclusion Immuno Inflamed
COLD HOT

supressed




The Immunoscore as a New Possible Approach for the
Classification of Cancer

World Immunotherapy Council inaugural meeting (Feb 2012)

Support (moral) from the World Immunotherapy Council (WIC), and support from
societies including, EATI, BDA, CCIC, CIC, CRI, CIMT, CSCO, TIBT, DTIWP, ESCII, NIBIT,
JACI, NCV-network, PIVAC, ATTACK, TVACT...

Worldwide Immunoscore consortium (PI: J Galon)

(17 countries: >3000 Stage I/II/III Colon cancer patients)

1 = g

Canada USA

Immunoscore meetings :
Feb 2012, Italy
Dec 2012, Italy
Nov 2013, SITC, USA

China Dec 2013, Italy
. aFrance [T Jan 2014, Qatar
@ India N Jul 2014, Paris, France
Italy , Paris,
Japan " _ E Nov 2014, SITC, USA
Assay BE_ | Qatar i - Austria Nov 2015, SITC, USA
izati Australia C Germany Dec 2015, Italy
harmonization | Feb 2016, USCAP, USA

NAY
elgium Gk & 5% Sweden
Netherland Switzerland EE

=l

April 2016, USA

Nov 2016, SITC, USA
Dec 2016, Italy

Feb 2017, USCAP, USA
Dec 2017, Italy




International validation of the consensus Immunoscore for
the classification of colon cancer: a prognostic and accuracy

study

Franck Pageés, Bernhard Mlecnik, F!or" ; Mm‘!iot Gabriela Bindea, F(mg S’hu(‘)u Carlo Br'ful'fo Ah—?ssam:fmwg!i, Inti Zlobec, Tilman T Rau,

Gritzmann,

n, Eva Zauadoua Mlnhn! mGu jan ﬁpmck Lubos Pet UZ(:’”\(], oh:_m.!uv
rardo Botti, Fubmna Tarangeio Paolo Delrio, Gennaro Ci!iberto, M

Draqm fiorel Su' ;
Kiyotaka Okuno, nhlLOTonq(.e Norn,mkrﬁum Tomohlsa Furuham hhnoTaLcmma Kvoqoltoh Pmbhu ﬁParcl' HcmanqnuHVom

Birva Shah, Jayendrakumar B Patel, Kruti N Rajvik, Shashank ] Pandya, Shilin N Shukla, Yili Wang, Guanjun Zhang, Yutaka Kawakami,
Francesco M Marincola, Paolo A Ascierto, Daniel | Sargent*, Bernard A Fox, Jéréme Galon

Pages et al. The Lancet 2018



International validation of the consensus Immunoscore for the
classification of colon cancer:

irAEs: immune-related Adverse Effects.

irRC: immune-related Response Criteria
(Wolchock et al. Clin Can Res 2009).

irRECIST: immune-related Response Evaluation Criteria In Solid Tumor
(Wong et al. NETM 2017).

Strong arguments for introducing a "I" for Immune
intfo the classification of cancer: TNM-I



What are the parameters associated with the
dissemenation to distant metastasis? What is
driving metastasis ?




What are the mechanisms of early-metastatic
dissemenation ?

VELIPI: Venous Emboli, Lymphatic Invasion, Perineural Invasion




ORIGINAL ARTICLE

Effector Memory T Cells, Early Metastasis,

and Survival in Colorectal Cancer

Memory T cells, in particular, Tgy correlate with the absence of early-
metastatic invasion, and improved clinical outcome in colorectal carcinoma.

Pages F, et al. N Engl J Med. 2005
Pagés F & Galon J. N Engl J Med. 2006
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Is there an immune escape at the metastatic stage
?

Stage IV



Immunoscore in Stage IV metastatic

colon cancer




Metastasis analysis

One primary tumor

Colorectal cancer

e ¥

Multiple metastatic sites

Liver Metastasis Lung Metastasis

- L%

=T

N=603 metastases

-

Mlecnik et al. JINCI 2018

» Immunoscore within multiple metastases at different sites Van den Eynde M. et al. Cancer Cell 2018



Metastasis analysis

cer

Cancer Cell

The Link between the Multiverse of Immune

Microenvironments in Metastases and the Survival
of Colorectal Cancer Patients

Marc Van den Eynde,’->° Bernhard Mlecnik,?%° Gabriela Bindea,>° Tessa Fredriksen,? Sarah E. Church,?

Lucie Lafontaine,? Nacilla Haicheur,* Florence Marliot,?* Mihaela Angelova,” Angela Vasaturo,? Daniela Bruni,?

Anne Jouret-Mourin,” Pamela Baldin," Nicolas Huyghe,’ Karin Haustermans,*-° Annelies Debucquoy,® Eric Van Cutsem,”’
Jean-Francois Gigot,” Catherine Hubert," Alex Kartheuser," Christophe Remue,’ Daniel Léonard,’ Viia Valge-Archer,®
Franck Pageés,>* Jean-Pascal Machiels,” and Jérome Galon2"9"

» Immunoscore within multiple metastases at different sites

Van den Eynde et al. Cancer Cell 2018



ROC curves illustrating the predictive value of 1, 2, 3, 10 biopsies compared to
whole slide metastasis evaluation

Whole slide guantification of CD3" cells

PDLA1
= 1.0 —
= 08{ | .
) o B et “‘/
‘0 0.6 0.6 19},','.'?-5 05 0.75 1
5 -3 tiles” ©
n 04 1 04 4
i A 1 tile PDL1
3 { A Immunoscore
2] 027§ _Survival
prediction accuracy
0.0 0.0

00 02 04 06 08 10 00 02 04 06 08 10

1 - specificity

v" Immunoscore Biopsy is more reliable than PD-L1 expression
Van den Eynde M. et al. Cancer Cell 2018



What drives metastasis ?
What are the metastatic escape mechanisms ?

A Novel theory of cancer evolution ?



Current theories of cancer evolution

Models
LINEAR NEUTRAL BIG-BANG BRANCHED

Immune pressure from Darwinian selection
NO NO NO NO

» The 4 proposed theories of cancer evolution
» All theories are tumor cell-centric. None involves a role of the immune system.



Cell

Evolution of Metastases in Space and Time
under Immune Selection

Mihaela Angelova,’ Bernhard Mlecnik,'-> Angela Vasaturo,' Gabriela Bindea,’ Tessa Fredriksen,’ Lucie Lafontaine,’
Bénédicte Buttard,’ Erwan Morgand,' Daniela Bruni,” Anne Jouret-Mourin,® Catherine Hubert,® Alex Kartheuser,®

Yves Humblet,® Michele Ceccarelli,*-°* Najeeb Syed,® Francesco M. Marincola,”-® Davide Bedognetti,®:1°
Marc Van den Eynde,’-*° and Jéréme Galon'-11-*

Angelova M. et al. Cell 2018



What drives metastasis?
M8

a ———

Primary tumors

Synchronous metastases

|

Metachronous metastases

Lung

metasiases
..
o o

N

S O Liver
= u metastases 1
—
> P [ S— Metachronous metastases
o ') metastases 1
Metachronous metastases
Primary colorectal 1
~\ cancer -

Multi-Omics technologies

Tumor
Genetics

A

|

o

Tumor-gene
expression

Micro
environment

Chromosomal
Instability

TGC TG T acc

Mutations

' > 11 years



Mutational landscape across metastases
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v'  ExomeSeq deep analysis of all synchronous and metachronous metastases



Genomics of primary tumors and metastases
P210 P45 mx [ unknown

(OO T = W W e W[

Mutational load (Mb)

| T I TR [os[ .o s Mo

# Missense mutations (Mb)

| B | [ Jo.s[1.0 [l 5

# Silent mutations (Mb)

B[ o[ osillo

# Unique silent mutations (Mb)

B 'l W T T NN N R
Transitions/transversions ratio

L mm 0@ [ I -1 -2

# Drivers

H TS w Dl N NS W N B D e ollles

Inter—metastasis heterogeneity (SNV)

(T EE T DN N S DR B Eo [ o2 [ Josllos

Inter—-metastasis heterogeneity (CNA)

I I B By B [ | B2 ]3[4 s Ille

Ploidy

HE N EE N WO S o Wl

IL15 copy number

i

m EOEEas . | ETE T R VR o >5[ Jo.s[o 7Sl ol 25
# Immunogenic mutations
HE TN N | B | [ Josill1o
# Non-immunogenic mutations (Mb)
Y TN = ] | B || |[Jo-2[lo-+lllos
# Unique immunogenic mutations (Mb)
[T I b N B ||| T’EEE TTEN [ ]oo[T]200l300
# HLA binding peptides
BT B W N B BEE || TEEE I | Wo[ |so[ |1ooll1s0
# Strong binders
BTN N W N | o 25[Mlo-50[ Jo.7s[ 100
S NI B8 S8 TN RAT O 55238858882y eg mmunesdingser
E=EE=E=E=E=EQEE=ELLLS=E=E==E=E & =E=EE=E==E=EQg===E=====
=Es5==

v" Highly heterogeneous genomic patterns between metastases



Immunoediting of cancer cells Schreiber et al. Science 2011

| Genetic instability/tumor heterogeneity
Immune selection

Elimination Equilibrium Escape
refers to effective immune refers to the selection for  refers to the rapid proliferation
surveillance for clones that resistant clones (red) of resistant clones in the
express TSA immunocompetent host
Shankaran et al. Nature 2001 Koebel et al. Nature 2007 Matsushita et al. Nature 2012

Immunosurveillance RAG-/- STAT1-/- Immunoediting / Equilibrium Immunoediting / Escape



Tumor and microenvironment evolution: immunoediting in Human

Genetic evidence for immunoediting in tumors and tumor-intrinsic resistance to
cytolytic activity Rooney MS et al. Cell 2015

Demonstration of the existence of immunoediting in Human with genetic evidence for
missense and frameshift mutations Mlecnik B et al. Immunity 2016

Anti-PD1 immunotherapy induces changes in the mutational burden of tumors, with
loss of certain neoantigens, clonal T-cell expansion, and changes in immune
contexture (mechanistic signature) Riaz N et al. Cell 2017

First demonstration that Immunoscore and immunoediting in Human shape the
evolution of specific tumor clones. Darwinian selection of immune-escape variant

tumor clones throught parallel immune selection model.
Angelova M et al. Cell 2018



Observed compared to expected frameshift and missense
epitopes (immunogenic mutations) using ExomeSeq data

Genetic analysis of missense and frameshift immunogenic mutations (epitopes)

v

ExomeSeq

RNAseq

Mutations detection
Variant calling

HLA haplotypes prediction
Epitopes prediction

HLA / TCR peptide binding
prediction

Immunogenicity scores

Silent mutations

!

PanCancer rate (n=3659 Pts.)

!

Non-immunogenic mutations

!

Expected immunogenic mutations

!

Observed immunogenic mutations



Clonal dissemination — Parent/child-relationship

P210

Primary tumors

Synchronous meta

Metachronous meta

11 years

Metastasis
diameter [mm]

O <10

>=10-20
>=20-30
>=30

Localization
Primary tumor
I Colon, T4
Metastases
Liver
I Lung
Peritoneum

Metastases
| Synchronous
0 Metachronous

Immunoscore (1)
CD3/CD8

g ]
0o M1 12 13 14
M Not available

WS®HS

Time between surgeries
—— 3 Months

—— 6 Months

— 9 Months

— 1 Year

2 Years

|0 03/10
Surgery
1 08/10
[m}
s2 o1/11

-« Treatment
* FOLFOX-Bevacizumab (antiVEGF)
+ FOLFIRI-cetuximab (antiEGFR)
o Xeloda
0O FOLFIRI-Bevacizumab (antiVEGF)
A FOLFOX
v FOLFOX-Vectibix (antiEGFR)
= Remission (Disease-free)



Evolvogram of tumor clones

v Clonal evolution and cancer evolvogram

v" Non-recurrent clones are immunoedited. Progressing clones are immune privileged



Immune microenvironment

Immune cell densities (cells/mm?2)

CT IM CT IM

P210 P43 P210 P45 P210 P45 P210 P45
£ CD3 HS e e ennle, . E
E cD8 k el s £ O3 M oo n ol el il
7] [ TS S W
g Cosks — e oot ol il . 5 O - 1
L Immunoscore L.CD3 FOXP3 e o I TR
% Immunos;o;:l:j % FOXP3 KI67 l I |
= - Tre I I |
8 T-helper HS q‘%{ ’ I '
= CD45R0 = Ol s o o0 S
é CD45RO HS $ oy e = I I o
L TEMRA w  CKKI67
8 FOXP3 5 Tumor cell
E FOXP3 HS o _“.-h.-_-.‘-.__h-
£ D20 T KTl s o el .
= CD20 HS © o gl Tl e e O 0 o P e

S3885885URRENT? EEE%%E@S’BS@QR‘&”—’!“Q? S3EEEURENRR 5253833388§9=ﬁ?$"9$
295253355 03330, 23355 0 2335555395253355

E3E3330 L 2=5550 3333333
cee
3333 233

v Highly heterogeneous Immunomics patterns and immune cell infiltration
between metastases Angelova M. et al. Cell 2018



Immunoscore and Immunoediting within metastases

A H :
A 1
A 4 A 5 “~ A ®
B 0.9 - ™ I o
O e _____ ® e ® ____
« LoYes 1 HiYes
=% :
—_— 1 [ ]
= 06- : ®
@) 1
(D] 1 @
o -
c . ®
- 1
E 03] p=3e-19 :
£ ® P210 :
A P45 o Immunoediting
25 50 75
Immunoscore

v" For Immunoediting to occur, High-Immunoscore is necessary
v" Immunoscore is not sufficient, since High-Immunoscore may not show immunoediting



What drives metastasis?

Spatial mapping of the metastatic microenvironment

[le]\[e] +K|67+ HiNo +K|67+
s AN 4
® o0 o—=2_ o
I’ 25 ‘\
® 0 422umy
N A
I“ - D3
® *xk*

» Distance between CD3 + cells and tumor cells Ki67+ are associated with
Immunoscore and Immunoediting groups, and with metastasis recurrence.



What drives metastasis?

Immunoscore - Immunoediting

-
0
Z
0

Geyeroer coa(r)

Lo-No Hi-No Hi-Yes
= B N HiNo 2 l HiYes 2 :
2 Bs- OF:
5 8 - ffforo oo

= S 83
N & 7 /ﬂ“ . g
S S - 4¥0.14 —_Scrxmrcnin) & S - — é’:;*x:er"CDB(r )
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HiYes metastases had shorter average mutual neighbor distances between CD3* and

CK*Ki67* cells
HiYes metastases had on average 50% of the proliferating tumor cells in CT
surrounded by CD3* T-cells within a radius of 25um



Elimination of Immunoedited clones

-
o

o
o

© 0 ~NOoO kA WON=

Tumor clone immunoediting

-
= 0O

p=9.7E-08

o
o

000000000000

-
N

Elimihated Non—re.current Persi.stent
(>4yrs) (<4yrs)
Tumor clone status

v' Eliminated clones are immunoedited
v" Non-recurrent clones (<4 years) have a low immunoediting score
v' Persistent clones are immune privileged (not-immunoedited) Angelova M. et al. Cell 2018



Metastasis recurrence

Immunoediting Immunoscore
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v' Immunoediting and Immunoscore are associated with metachronous metastasis
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Spatial mapping of the metastatic microenvironment

Cumulative distribution function of nearest neighbors between CD3+ and PD-L1+

Immunoscore - Immunoediting
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HiNo metastases have a higher percentage of T cells (CD3*) that have the nearest PD-L1+

within a radius of 25um




Multivariate analysis of all genomics and immunomics parameters

First Multiple

Df  recurrence recurrences
Excluded variable AlC log(HR) AIC log(HR)
<none> 43 .3 124 Distaﬂce + Metastasis
CD3 to CK+KI67+ CD3:CK" KI&67 size
mutual neighbor 1 437 -22 1241 -1.6
distance (Hi)
Immunoscore
(>60%) 1 462 -31 1248 -1.8
Immunoediting 1 481 -3.1 133 1.9
(Low)
Meta Size (log) 1 459 2.5 1337 2.6 Immunoscore Immunoediting

v' Cox multivariate analysis revealed 4 parameters associated with metastatic dissemination:
v" Immunoscore, Immunoediting, the distance between CD3 T-cells and Ki67+ tumor cells, and the
size of the parent metastasis



Validation Study CRC Primary tumor recurrence (n=132 patients)

Immunoediting

e - _?—\—L Immunoediting
o< 8« _ I_‘ »
N N No Immunoediting
< _]p=0.0032 < _| p=0.019
S T T T 1 S T T T 1
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Predictive model Time (yean Time (year)
v < - Predictive model
o o< | Recurrence probability
~ = LOW
It = Nt
o _| p=1.9e-05
S | T | | me= High

0 1 2 3 4

. Time (year) o
» Immunoediting and Predictive model are predictive factors of recurrence.
Angelova M. et al. Cell 2018



Predictive model of dissemination

Post-model follow-up
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v" Model for cumulative probability of recurrence
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What drives metastasis? Conclusions

Immune escape mechanisms
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» Different escape mechanisms delineated by lack of adaptive immunity or immunoediting.

Angelova M. et al. Cell 2018



What drives metastasis? Conclusions (2)

Evolvogram under immune pressure

Unedited tumor clones

Immunoedited tumor clones
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Clonal evolution
» Multiverse of metastases evolution in space and time under immune selection

> Evolution of tumor clones is linked to the intra-metastatic immune contexture.
» Non-recurrent clones are immunoedited. Progressing clones are immune privileged.

Angelova M. et al. Cell 2018



What drives metastasis? Conclusions (3)
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> Parallel selection model describes tumor evolution during the metastatic process.

» Immunoediting and Immunoscore are predictive factors of metastasis recurrence.

» Distance between CD3 + cells and tumor cells Ki67+ and metastasis size are also

associated metastasis recurrence.

Angelova M. et al. Cell 2018



A Novel theory of cancer evolution

Models ‘

LINEAR NEUTRAL BIG-BANG BRANCHED SELECTION

Immune pressure from Darwinian selection

NO NO NO NO YES

» Parallel immune selection model
» Dynamic interaction of tumor-cells with immune-cells and Darwinian selection of immune

escape variant, with parallel evolution and multiverse of metastases.



Deciphering the tumor immune microenvironment:
Clinical implications

CD3
Tumor
“Cold” Tumor “Hot” Tumor
I0 14
Clinical implications l
Predictions Need T-cell priming Response to immunotherapies
Cancer vaccine (CTLA4, PD1, PDL1L, ...)

But it is not as simple since biology is complex and is not dichotomized in good & bad



Treating hot, altered and cold immune tumors with immunotherapy
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NATURE REVIEWS |

Approaches to treat immune hot,
altered and cold tumours with
combination immunotherapies

Jerome Galond» ™ and Daniela Bruni 2019
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Response to T cell checkpoint inhibition



Stratification of cancer based on the immune status

Tumor Molecular MSI-H MSSA MSS/CIMP.hi MSS MSS-CIMP.lo
Mutations
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Immune classification

-> Importance of having standardized immune Assays
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