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Tumor Immunology and Tumor
Evolution: Intertwined Histories

Jéréme Galon'+* and Daniela Bruni?
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Figure 2. History of Cancer: from Pre-cancerous Lesions, to Primary Tumors, to Metastases

Immunity 52, January 14, 2020




Cancer immunotherapy comes of age

Ira Mellman', George Coukos? & Glenn Dranoft®
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Novel technologies and emerging
biomarkers for personalized cancer
immunotherapy

Jianda Yuan'", Priti S. Hegde”, Raphael Clynes®, Periklis G. Foukas®”, Alexandre Harari®, Thomas O. Kleen®,
Pia Kvistborg”, Cristina Maccalli®, Holden T. Maecker®, David B. Page'®, Harlan Robins'', Wenru Song'?,
Edward C. Stack'?, Ena Wang'?, Theresa L. Whiteside'®, Yingdong Zhao'®, Heinz Zwierzina'’,

Lisa H. Butterfield'® and Bernard A. Fox'"

N\

Novel immune monitoring assays for biomarker discovery and personalized cancer immunotherapy

Monitoring strategy Immunologically-unresponsive tumor Immunologically-responsive tumor
Whole exome sequencing Low mutational burden High mutational burden
Gene signature/patterns . activation signature 1 activation signature
- - 7 Treg/CD3 ratio . Treg/CD3 ratio
ERONcdo; modication . CD3 cells : CD3 cells
Poor general Robust general
Protein microamay antibody response antibody response
Low CD3 count High CD3 count
Bl T-cell receptor repertoire Low clonality High clonality
. effector cells + effector cells
Flow/Mass cytometry | TefffTreg ratio 1 TefffTreq ratio
S s | effector cells, 7 su ) |+ effector celis | suppressor
; wm1mmandmllﬁhaumtmmmls umm1mmmunuimmmmmw
Therapeutic strategy Vaccinatign , ablation, radigtherapy. chemothgrapy, Immune checkpoint blockadg thgrapies
oncolytic therapy, adaptive cellular therapy first and other immunotherapies first
Blood ( , Lymph Live Dying \Nave /al% Memory Immature Mature
Legend vessel ‘3 node tumor tumor Tcel @) Tcel dendritic cell dendritic cell

Fig. 1 High-throughput immune assessment for biomarker discovery and personalized cancer immunotherapy. Immunologically-ignorant and

immunologically-responsive tumors are dassified by the presence of immune cells in the tumor microenvironment. Potential biomarkers identified
from high-throughput techndlogies can further differentiate these tumors by the mutation load, gene/protein/antibody signature profile, phenotype
and function of immune cells, and can also provide clinical strategies for personalized cancer immunotherapies. The new and innovative technologies
that can be utilized to identify potential biomarkers include whole exome sequencing, gene signature, epigenetic modification, protein microarray, B/T
cell receptor repertoire, flow/mass cytometry and multicolor IHC. Arows indicate a decrease (|) or increase (1)

J

Yuan et al. Journal for ImmunoTherapy of Cancer (2016) 4:3



CANCER IMMUNOLOGY

The “cancer

iImmunogram”

Visualizing the state of
cancer-immune system
interactions may spur
personalized therapy

By Christian U. Blank,'? John B. Haanen,2
Antoni Ribas,* Ton N. Schumacher?

Tumor foreignness
Mutational load
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General immune status
Lymphocyte count

tumor metabolism Immune.
LDH, glucose utilization ~ cell infiltration
Intratumoral T cells

Absence of soluble inhibitors _—
IL-6, CRP Absence ;Bfr;ckpoim

The cancer immunogram. The radar plot depicts the seven parameters that characterize aspects of cancer-immune
interactions for which biomarkers have been identified or are plausible. Potential biomarkers for the different
parameters are shown initalics. Desirable states are located in blue; progressively undesirable states are shown inthe
red gradient. The black line connecting the data values for each parameter represents a plot for a single hypothetical
patient. In the case shown, it may be argued that single-agent PD-1 blockade, rather than combined PD-1and CTLA-4
blockade, could be a first treatment of choice. For details on this case and other hypothetical patient cases, see (2).

Science 352 (6286), 658-660.
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Elements of cancer immunity and
the cancer-immune set point

Daniel S. Chen' & Ira Mellman' 19 JANUARY 2017 | VOL 541 | NATURE | 321
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Turning up the heat on non-immunoreactive tumours

opportunities for clinical development

Maria Ochoa de Olza, Blanca Navarre Rodrigo, Stefan Zimmermann, George Coukos
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Figure 1: Immune phenotypes and their underlying mechanisms

Lancet Oncol 2020; 21: e419-30|



Turning up the heat on non-immunoreactive tumours:
opportunities for clinical development

Maria Ochoa de Olza, Blanca Navarre Rodrigo, Stefan Zimmermann, George Coukos
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The natural (spontaneou$ adaptive immuneresponsef cancer patients have beeshown
to influence their survival
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Ectopic lymphoid formations found in:
Achronic infections,

Aautoimmune diseases,

Achronic allograft rejection and
Asolid cancers

Table 1. Studies reporting the presence of tertiary lymphoid structures in human neoplasms

Studied

lung metastasis

Cancers Cellular comp of | hoid agreg LS cases Stage of the disease References
T cells (including CD4* T cells), mature DCs 32 patients | carcinoma in situ to grade Ill Belletal, 1999
T cells, B cells (GC B cells and naive B cells), FDCs 3 patients grade ll to lll Coronella et al, 2002
T cells, B cells, PCs, FDCs 4 patients ND Mzula et al, 2003
Breast carcinoma lymphocytes (hematoxylin counterstaining) 191 patients grade Il to Il Gobert et al, 2009
T cells, B cells, HEVs 146 patients grade [ tolll Martinet etal., 2011
T cells (Tfh, CD4+ T cells and few CD8* 70 patients deltoll Gu-Trantien
Tecells), B cells (GC B cells), FDCs paten gradelto etal, 2013
T cells, B cells, mature DCs, HEVs 146 patients gradeltolll Martinet etal,, 2013
T cells (including CD4* T cells, memory T cells, . .
few CD8* T cells), B cells, mature DCs 17 patients ND Suzuki etal, 2002
T cells, mature DCs 40 patients grade | to [V McMullen et al, 2010
Bergomas et
Colorectal carcinoma T cells, B cells, FDCs ND ND a1, 2011
T cells, B cells {including B cell precursors), FDCs 21 patients grade 0 to VA Coppola et al., 2011
T cells, B cells, HEVs 5 patients ND Martinet et al,, 2011
T cells, B cells, mature DCs 25 patients ND Remark etal, 2013
Colorectal carcinoma Miyagawa et
liver metastasis mature DCs 70 patients ND al., 2004
Colorectal i .
o orectalea rclnf)ma T cells, B cells, mature DCs 140 patients stage IV Remarket al, 2013
lung metastasis
T cells (including CD4* T cells and few CD8* T cells), . Dieu-Nosjean
h ' 74 patients tage Itoll
B cells {including GC B cells), mature DCs, FDCs patien stage etal, 2008
Lung carcinoma no NK cells 86 patients stage | tolll PI:tIO;g\;al et
T cells (including memory T cells and few 15 pati ™ de Chaisemartin
naive T cells), mature DCs, HEVs patients stagelto etal, 2011
T cells, B cells, HEVs 5 patients ND Martinet et al,, 2011
memory T cells, mature DCs 82 patients stage IA to llIA Ladanyi et al,, 2007
T cells {including CD4* and CD8* T cells,
" 21 patients st v M t al, 2012
rare FoxP3* cells), B cells, mature DCs patien age essina et al,
Mel
T cells, B cells, HEVs 18 patients ND Martinet etal,, 2012
T cells (including CD&* T cells), B cells (includ- .
ing AID* GC B cells), mature DCs, FDCs, HEV 29 patients stage |l to IV Cipponi et al, 2012
T cells, B cells {including naive B cells, AID* GC B cells, 18 patients | d Bombardieri
Mucosal-Associated marginal zone B cells, malignant B cells), FDCs patien ow grade etal, 2007
Lymphoid Tissue - -
lymphoma T cells, B cells {including naive B cells, AID* GC B cells, 20 patients ND Barone et al. 2008
marginal zone B cells, malignant B cells), FDCs pa N
Ovary carcinoma T cells, B cells, HEVs 18 patients ND Martinet etal,, 2011
Renal cell carcinoma T cells, B cells, mature DCs 24 patients ND Remarketal, 2013
Renal cell i .
enal cefl carcinoma T cells, B cells, mature DCs 52 patients stage IV Remarketal, 2013

Abbreviations: DC, dendritic cell, FDC, follicular DG, GC, germinal center; HEV, high endothelial venule; ND, not determined, 115, tertiary lymphoid

structure.
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= Local stimulation of CD8* T cells by mature DCs
* “Help” signal from CD4" T cells and B cells

Blood HEV
CD62L/PNAd

A. Local recruitmen
f peripheral blood T

= Continuous recruitment and
activation of naive T cells in situ
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lymph node
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against tumor dissemination
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Long-term survival © Teel
after removal of the tumor @ B cell
Figure 1. Role of tertiary lymphoid structures in the initiation of local and systemic protective immune resp inst primary neoplastic lesions and

metastases. DC, dendritic cell; HEV, high endothelial venule; SLO, secondary lymphoid organ; TLS, tertiary lymphoid structure.
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Fig. 2. Kaplan-Meier curves for progression-free survival (PFS) of stage II1 NSCLC patients with positive or negative for CDE+ TIL
density (A) and PD-L1 expression (B). Kaplan-Meter curves for overall survival (O8) of stage 111 NSCLC patients with positive or
negative for CDE+ TIL density (C) and PD-L1 expression (D). PD-LI, programmed cell death-ligand 1; TIL, tumour-infiltrating
Iymphocyte; NSCLC, non-small cell lung cancer; HR, hazard ratio; CI, confidence interval.



PD-1 blockade induces responses by inhibiting
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Figure 1 | Immunohistochemical analysis of CD8" T cells in samples
obtained before and during pembrolizumab treatment. a, b, Examples of
CD8 expression in melanoma tumours serially biopsied before PD-1 blocking
treatment (Tx) and 20-60 days after treatment began (Days +20-60) from a
patient in the response (a) and progression (b) groups. Red line separates
tumour parenchyma (below line) and invasive margin (above line).
Magnification, % 20. ¢, d, CD8"-cell density at the tumour parenchyma and
invasive margin in samples from all responders (c¢; # = 13) and progressors
(d; n = 12) who received a biopsy before and during treatment. Filled circle
indicates complete response; open cirdle indicates partial response; triangle
indicates delayed response.
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Understanding the tumor immune
microenvironment (TIME) for effective therapy
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Fig. 2 | How tumor genotypes and phenotypes shape the TIME. a, Tumors are known to establish protumoral and immunosuppressive environments to
support their growth and promote immune evasion. Central to building an immunosuppressive TIME are oncogenes and aberrant signaling pathways that
lead to the production of cytokines and chemokines with potent effects. The tumar shown is representative of a spectrum of cancer types. In melanoma,
BRAFYE0E (green triangle) has been shown to induce constitutive WNT/B-catenin signaling, which in turn decreases production of CCL4, a chemokine
important for the recruitment of CON03+ DCs. Additionally, BRAF has been shown to induce expression of factors such as [L-10 and IL-1a, which

can induce tolerogenic forms of DC and cancer-associated fibroblasts (CAFs), respectively. Oncogenic KEASSY in PDAC leads to the secretion of GM-
C5F, corresponding to increased development of CO11b+ myeloid cells with reported immunosuppressive function. Deficiency in p53 in hepatic stellate
cells, a stromal population, leads to production of factors that polarize TAMs from the immunoactivating M1 phenotype to the immunosuppressive M2
phenotype. Interestingly, many tumors have been shown to secrete high levels of the monocyte/macrophage-promoting cytokine C5F-1.
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Fig. 2 | How tumor genotypes and phenotypes shape the TIME. a, Tumors are known to establish protumoral and immunosuppressive environments to
support their growth and promote immune evasion. Central to building an immunosuppressive TIME are oncogenes and aberrant signaling pathways that
lead to the production of cytokines and chemokines with potent effects. The tumar shown is representative of a spectrum of cancer types. In melanoma,
BRAFYE0E (green triangle) has been shown to induce constitutive WNT/B-catenin signaling, which in turn decreases production of CCL4, a chemokine
important for the recruitment of CON03+ DCs. Additionally, BRAF has been shown to induce expression of factors such as [L-10 and IL-1a, which

can induce tolerogenic forms of DC and cancer-associated fibroblasts (CAFs), respectively. Oncogenic KEASSY in PDAC leads to the secretion of GM-
C5F, corresponding to increased development of CO11b+ myeloid cells with reported immunosuppressive function. Deficiency in p53 in hepatic stellate
cells, a stromal population, leads to production of factors that polarize TAMs from the immunoactivating M1 phenotype to the immunosuppressive M2
phenotype. Interestingly, many tumors have been shown to secrete high levels of the monocyte/macrophage-promoting cytokine C5F-1.
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lead to the production of cytokines and chemokines with potent effects. The tumar shown is representative of a spectrum of cancer types. In melanoma,
BRAFYE0E (green triangle) has been shown to induce constitutive WNT/B-catenin signaling, which in turn decreases production of CCL4, a chemokine
important for the recruitment of CON03+ DCs. Additionally, BRAF has been shown to induce expression of factors such as [L-10 and IL-1a, which

can induce tolerogenic forms of DC and cancer-associated fibroblasts (CAFs), respectively. Oncogenic KEASSY in PDAC leads to the secretion of GM-
C5F, corresponding to increased development of CO11b+ myeloid cells with reported immunosuppressive function. Deficiency in p53 in hepatic stellate
cells, a stromal population, leads to production of factors that polarize TAMs from the immunoactivating M1 phenotype to the immunosuppressive M2
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Fig. 3. CSF1 is expressed in human melanoma.
(A) Representative multiplexed fluorescence stain-
ing images of tumor tissue from one melanoma
patient (LAU1283) stained with 4',6-diamidino-2-
phenylindole (DAPI) (blue) and antibodies against
S100 (green) or CSF1 (red). The red square in the
upper panel indicates a region of interest that has
been magnified in the lower panels. Scale bar,
100 um. (B) Percentage of S100* melanoma cells
that are also CSF17 in primary melanomas (n = 4)
and melanoma metastases (n = 4) from the pa-
tients listed in table S1.Each data point represents
the average (means + SEM) of three to five images
per tumor area for each patient. 51 to S3 indicate
three individual specimens from patient LAU1283
(details are provided in table S1).

Meubert et al., 5ci. Transi. Med. 10, 2aan3311 (2018)

11 April 2018
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(A) Immunofluorescence analysis of primary tumors (N=3) and metastases (N=3) of cutaneous melanoma: for
= - details, see Table S1. Tumor sections were stained with antibodies specific for CSF1, CD8 or S100, and with
o L
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Fig. 2 | How tumor genotypes and phenotypes shape the TIME. a, Tumors are known to establish protumoral and immunosuppressive environments to
support their growth and promote immune evasion. Central to building an immunosuppressive TIME are oncogenes and aberrant signaling pathways that
lead to the production of cytokines and chemokines with potent effects. The tumar shown is representative of a spectrum of cancer types. In melanoma,
BRAFYE0E (green triangle) has been shown to induce constitutive WNT/B-catenin signaling, which in turn decreases production of CCL4, a chemokine
important for the recruitment of CON03+ DCs. Additionally, BRAF has been shown to induce expression of factors such as [L-10 and IL-1a, which

can induce tolerogenic forms of DC and cancer-associated fibroblasts (CAFs), respectively. Oncogenic KEASSY in PDAC leads to the secretion of GM-
C5F, corresponding to increased development of CO11b+ myeloid cells with reported immunosuppressive function. Deficiency in p53 in hepatic stellate
cells, a stromal population, leads to production of factors that polarize TAMs from the immunoactivating M1 phenotype to the immunosuppressive M2
phenotype. Interestingly, many tumors have been shown to secrete high levels of the monocyte/macrophage-promoting cytokine C5F-1.
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Fig. 2 | How tumor genotypes and phenotypes shape the TIME. a, Tumors are known to establish protumoral and immunosuppressive environments to
support their growth and promote immune evasion. Central to building an immunosuppressive TIME are oncogenes and aberrant signaling pathways that
lead to the production of cytokines and chemokines with potent effects. The tumar shown is representative of a spectrum of cancer types. In melanoma,
BRAFYE0E (green triangle) has been shown to induce constitutive WNT/B-catenin signaling, which in turn decreases production of CCL4, a chemokine
important for the recruitment of CON03+ DCs. Additionally, BRAF has been shown to induce expression of factors such as [L-10 and IL-1a, which

can induce tolerogenic forms of DC and cancer-associated fibroblasts (CAFs), respectively. Oncogenic KEASSY in PDAC leads to the secretion of GM-
C5F, corresponding to increased development of CO11b+ myeloid cells with reported immunosuppressive function. Deficiency in p53 in hepatic stellate
cells, a stromal population, leads to production of factors that polarize TAMs from the immunoactivating M1 phenotype to the immunosuppressive M2
phenotype. Interestingly, many tumors have been shown to secrete high levels of the monocyte/macrophage-promoting cytokine C5F-1. b, The mutational
landscape of tumors can profoundly affect the quality and character of the TIME. In CRC, there are four consensus molecular subtypes (CM51-4). CMS1is
defined by defects in DMA mismatch repair leading to microsatellite instability or hypermutation rates. Because of the abundance of possible necepitopes,
CTL infiltration is generally high, and CTLs display gene expression patterns indicative of an ongoing immune response. Patients with CMS1 tumors have
generally more favorable outcomes with checkpoint-blockade treatment than do patients with CM52-4. Although there are differences in the histological
and immunological character of CM52, 3 and 4 CRC subtypes, they are generally less immune infiltrated, as is suggestive of antigenically cold tumors.
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Definition and
Morphology biclogical Diagnostic relevance
relevance

Lymphocyte-predominant breast cancer (LPEC)
Working category to | Definitions vary across studies with

| describe tumors stromal TILs of 50—60% used as a
with “more threshold. LPBC can be used for
lymphocytes than predefined subgroup analyses and for
a tymor cells”. description of tumaors with a particularly

high immune infiltrate, however, keep in
mind that TILs are a continuous parameter
and the threshold for LPEC is still

arbitrary.
Stromal TILs
Indicator of Stromal TILs have been shown to be
increased predictive for increased response to
accumulation of neocadjuvant chemotherapy as well as
immune-cells in improved outcome after adjuvant
¥ tumor tissue chemotherapy. Based on current data,

this parameter is the best parameter for
characterization of TILs.

Intraturmoral TILs
TILs with direct Several studies have shown that
cell-cell contact with | intratumoral TILs and more difficult to
carcinoma cells, evaluate and do not provide additicnal
might be an predictive/prognostic information
indicator of direct compared to stromal TILs.
cell-based anti-
tumor effects.

Anrals of Oncodogy 00: 1-13, 2014
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Figure 4. Standardization and guidelines for

TILs assessment.
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CD3 or (D8 expression, intraepithelial CD8 TIL showed a more consistent
and stronger association with survival than CD3 TIL. Thus, CD8 staining
should be used as the standard for evaluation of intraepithelial TIL in
ovarian cancer specimens. Further, a significant difference was seen in
the HRs based on scoring method used to evaluate TIL While TIL scores
represent an underlying continuous variable, a standardized measure of
TIL positivity would facilitate future studies. Because significantly larger
HRs were noted in studies that used greater than zero cut-offs (e.g.,
3-10 cells/HPF) for a positive score, and 5 cells/HPF approximately repre-
sents the midpoint of those cut-off values, we propose that =5 CD8*
cells/200x HPF should be defined “TIL-positive” in ovarian tumors.
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Figure 4 The Immunoscore is a standardized approach to characterizing T-cell infiltration of surgical pathology tumor specimen. Left
panels: The border between the advancing tumor edge and normal tissue is annotated on a colorectal carcinoma specimen. A 500-pm
distance on either side of this border is designated the ‘invasive margin' (IM, vellow region). The remainder of the tumor is designated as
the ‘tumor core’ (TC, blue region). Upper right panels: Inmunochistochemistry for CD3 and CD8 is used to quantify cell densities for each of
these immune cell subsets in both the invasive margin and tumor core. Lower right panels: The density of each region is labeled *high’ or
‘low’ density for each marker. The mean percentile of the four immune parameters is calculated, resulting in a possible Immunoscore
ranging from 10 to 14, or three categories (Low, Intermediate, High). (Abbreviations: IM, invasive margin; TC, tumor core).
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Figure 1.

Pie chart represents current and possible can-
cer classification approaches. Tumors are cur-
rently classified based solely on tumor cell
characteristics (left). These include the AJCC/
UICC-TNM stratification system, tumor mor-
phology (i.e., grade of differentiation; tumor
budding; sidedness; location; venous emboli,
lymphatic invasion, perineural invasion-
VELIPI), tumor cell of origin, deregulated
molecular pathways, specific tumor signatures,
and mutational status. Despite the existence of
compelling evidence demonstrating the
strength of immune-based classifications (such
as that provided by the Immunoscore), current
cancer classification does not include any
immune parameter to date (right). CIN, chro-
mosomal instability; CMS, consensus molecular
subtypes; MSI, microsatellite instability.
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Fig. 1 Multiplexed Lymphocyte Assay in Ovarian Adenocarcinoma.
Representative TSA multiplex of CD3 (green), CD4 (red), CD8
(yellow), CD45RO (magenta), Cytokeratins (brown) and DAPI (blue)
in Ovarian Cancer. Multispectral imaging yields a composite image
where each marker-associated dye can be reliable separated for
accurate phenotypic and expression analyses







