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INTRODUCTION




CONTEXT AND HISTORY

With an estimated 37.2 trillion cells (1), the human body is under constant massive
cell division, which is prone to errors triggering therefore genetical mutations. Millions
of potential cancerous cells are then accidentally created throughout the lifespan of
an individual (2) leading to cancer in some cases. Among more than eight thousand
different diseases classified by WHO in International Classification of Diseases and Related
Health Problems, cancer jumped from the eighth to the second place between 1900
and 1940. Currently, cancer is still the second leading cause of mortality in the world
(3). It is estimated that one person out of three will suffer from this disease during their
lifetime, and about one in six deaths is attributed to cancer. The lethality of this disease
is mainly due to the malignant behavior of the cancer cells, exemplified by uncontrolled
proliferation and eventually spread throughout the body. Explanatory environmental
or genetic factors are complex to ascertain: lung cancer is predominantly caused by
smoking but five out of every six smokers will never get lung cancer (4). Therapeutic
efforts have been concentrated to target tumor cells and stop their proliferation, thereby
using generally non-specific treatments like chemotherapeutic agents or radiotherapy.
However, as the primary intention implies, chemotherapy is associated with various side
effects linked to the inhibition of any dividing cell, including hair loss, bowel issues or
skin problems. To minimize side effects, an alternative way to cure cancer is to target
the immune system with the recently developed immune checkpoint blockers by releasing
the cytotoxic power of T cells.

The idea that the immune system might play a role against the proliferation of cancer
cells is not new. In 1808, an attempt to immunize Louis XVIII against tumor cells with
breast cancer tissue extract resulted in a local inflammation and lymph node enlargement
(5). This first trial of a prophylactic vaccine was followed at the end of the 19™ century by
a therapeutic approach, consisting of the activation of the immune system against cancer.
William B. Coley injected streptococcal organisms, known as the Coley’s Mixed Bacterial
Toxins, into a patient with inoperable cancer in 1891 (6). The infection surrounding
the tumor triggered the immune system, which responded by attacking the tumor cells
and resulting as one of the first immunotherapy examples. Two decades later, in 1909,
one year after receiving the Nobel Prize for discovering treatment against syphilis, Paul
Ehrlich proposed a first version of the “immune surveillance” hypothesis (7), stating that
host defense may prevent neoplastic cells to develop into tumors. This concept of immune
surveillance was decades later further developed, by Lewis Thomas, Gross and Macfarlane
Burnett stating that the immune system can recognize and destroy transformed cells
before they grow into tumors (8, 9).

One of the main actors of the tumor immunity are the T cells, which present the ability
to kill tumor cells. Jacques Miller, born in Nice, France, discovered the T and B lymphocytes
in 1961 (10). In 1983, the T cell antigen receptor (TCR) was discovered (11, 12),
highlighting the specificity of T cells for a determined antigen. T cells recognize antigens




with their TCR, a complex of two protein chains. T cells are selected to not recognize self-
antigens (by thymic negative selection), presented by major histocompatibility complex
(MHC) molecules but to react strongly to non-self antigens. Both CD4* (helper T cells)
and CD8* T cells (cytotoxic T cells, CTLs) can recognize tumor cells expressing mutated
antigens, called neoantigens, which are not expressed by healthy tissues.

Steven Rosenberg and colleagues paved the path to use tumor infiltrating lymphocytes
(TILs) as an adoptive cell transfer therapy to treat cancer in 1986 (13). Briefly, during
this procedure, cancer patient's own lymphocytes, mainly CTLs, are expanded in vitro
and reinfused into the patient. TILs are reinvigorated and can recognize tumor cells
expressing neoantigens. However, specific inhibitory receptors can be expressed on
the membrane of tumor-specific T cells. Two well-known inhibitory receptors are PD-1
(Program cell Death-1) and CTLA-4 (Cytotoxic T-Lymphocyte-Associated protein 4), which
recognize their ligands, PD-L1 and CD80/86 respectively, expressed on either tumor cells
or other immune cells. By blocking the interactions of PD-1 (14) or CTLA-4 (15) with
their ligands using specific antibodies, cancer treatment was improved in experimental
mouse models. Years later, this so-called immune checkpoint blockade (ICB) received FDA
approval (CTLA-4 targeting in 2011, and PD-1 targeting in 2014) to be used as a cancer
immunotherapeutic approach, and was shown to be especially efficacious against cancers
with a high mutation load (16). This new treatment, which was originally based on
the discovery of PD-1 and CTLA-4 function in mice, resulted in the award of the Nobel
Prize in 2018, which underscores the importance of experimental in vivo mouse models
to enhance the immunotherapy of cancer in the medical field.

HOW OUR IMMUNE CELLS PLAY A ROLE AGAINST CANCER

The application of new molecular and cellular technologies in the tumor immunology field
is a powerful instrument to further understand the interactions between our immune
system and cancer. Single-cell analysis that we and others have performed allowed us
to have an overall view on the main lineages of the immune system in cancer: dendritic
cells (DCs), macrophages, neutrophils, Natural Killer (NK) cells, T and B cells, and as well
have an in-depth view regarding the phenotype and function of these cells. All of them
are thought to play a unique role against cancer and all these immune cell subsets can be
detected by mass cytometry.

Neutrophils, a lineage of the innate immune system, are the first recruited where
danger signals are excreted into the tissue. The presence of neutrophils might be
linked to pro- or anti-tumorigenic effect and often to increased metastatic potential of
tumors (17). The chemokine products released by neutrophils could serve as enablers of
tumor cell migration through the extracellular matrix, helping them to migrate to new
metastatic sites (18).

After neutrophils have been recruited to the tissue, macrophages, from the innate
lineage, reside in tissue after travelling as monocytes in the blood. Macrophages

present such powerful phagocytic activity that they can clear approximately 200 billion
erythrocytes each day (almost 3 kg of iron and hemoglobin per year) (19), making them
strong candidates to engulf tumor cells and to present neoantigens. Pro-inflammatory
macrophages, M1-type, play a relevant role in the elimination of malignant cells.
The mechanisms by which macrophages can destroy tumor cells are similar to those that
kill infectious agents, essentially through the production of nitric oxide. On the contrary,
single-cell technologies frequently show the presence of M2-type macrophages in
the tumor microenvironment (TME), promoting tumor growth (20) by different effects,
such as stimulating angiogenesis via secretion of VEGF or inducing immunosuppression
of anti-tumor effector immune cells. The liberation of IL-10 or TGF-B by macrophages is
indeed impairing the activity of the T cells (21).

After the innate cell lineage components triggered an immune response, the adaptive
immune system is undergoing drastic changes. T cells represent the principal way of
cellular defense against cancer. Cytotoxic T lymphocytes (CTLs) perform surveillance by
recognizing and killing tumor cells expressing antigens (such as neoantigens from mutated
proteins) on their MHC-I receptors. The importance of CTLs in tumor immunity is such
that a classification of tumors based on the number of tumor infiltrating lymphocytes
(TILs) have been established and seemed to give reliable prognosis (22, 23). Clinically,
TILs are relevant for several reasons. For example, TILs can be used for adoptive cell
transfer therapy. In this treatment, lymphocytes are usually directly extracted from
tumors, expanded ex vivo with different interleukins including IL-2 and infused back
into the patient (24).

Major attention has also been given to the role of helper CD4* T cells. These cells
are implicated in orchestrating the tumor response (25), and co-targeting of CD4* T cells
might be required for efficient antitumor immunity. CD4* T cells can target tumor cells in
multiple manners, either directly by eliminating tumor cells through cytolytic mechanisms or
indirectly by modulating the TME and providing help to the CD8* T cells (26). Another type
of CD4* T cells, the regulatory T cells (Tregs), are considered to have an opposite (negative)
effect on tumor immunity. These cells, often characterized by the presence of FoxP3 and
CD25 (27) can inhibit the cytotoxic power of CTLs thereby enhancing tumor growth.

Antigen presenting cells (APC) such as dendritic cells (DCs) are crucial to prime tumor-
specific CTLs and helper CD4* T cells. During tumor cell death, the tumor cell debris
containing tumor-antigens is ingested by DCs, which subsequently present the tumor
antigens in both MHC-I and MHC-II molecules. The exogenous antigen uptake and
presentation by MHC-I is called cross-presentation and considered as a decisive property
of DCs to initiate tumor-specific CD8* T cell responses. DCs also need to express
costimulatory signals to provide additional signals needed for differentiation of naive
T cells (28). However, a major hurdle to mount effective tumor-specific T cell responses
is the lack of sufficient DC activation leading to insufficient display of neoantigens to
naive T cells (29), and the lack of upregulating co-stimulatory ligands such as CD80 or




CD86, the ligands of the primary T cell costimulatory receptor CD28, and members of
the TNF superfamily ligating the costimulatory TNFR family members (e.g. CD27, OX40
and 4-1BB) expressed by CD4+ and CD8* T cells.

NK cells are cells belonging to the innate lineage but like T cells, NK cells can also kill
tumor cells. They can provide rapid cytolytic responses to infected or cancer cells. If tumor
cells have down-modulated their MHC-I on the cell-surface, the NK cells are activated due
to their receptors that are stimulated if MHC-I is deficient (30, 31). NK cells, as well as
the recently discovered Innate Lymphoid Cells type 1 (ILC1), react especially to (MHC-I
deficient) tumors (32), whereas ILC2 might enhance a pro-tumorigenic environment (33).
Similarly, y& T cells can play a role in cancer as their importance in cancer has recently
been reported, like in colorectal cancer (34) where their activated phenotype was most
exclusively found in mismatch-repaired-deficient cancer tissues. It was previously shown
that human peripheral blood y3 T cells express PD-1 and exhibit natural killer-like activity,
making these cells potential anti-PD-1-related-therapy targets (35).

Other immune cell subsets like B cells or eosinophils, basophils or myeloid derived
suppressor cells are also implicated in the cancer immune response but their role is not
further detailed in this thesis.

CANCER THERAPEUTIC STRATEGIES

Cells are often mutating and it is estimated that our body will carry respectively 8 million
stem cells containing one mutation on a cancer-associated gene (2). Our immune system
limits their development as described by the principles of immunoediting: Elimination,
Equilibrium and Escape (36-38). Briefly, the elimination phase is the immunosurveillance
where the immune system is killing efficiently tumor cells, followed by the equilibrium
phase. During the latter, tumor cells are mutating, and tumor variants acquire resistance
to elimination, entering the escape phase. During the escape phase, tumor cells grow
and expand, leading to malignancies. The tumor microenvironment has then acquired
a suppressive effect on the immune system. The immune system modulates this balance,
acting either as a tumor growth promoter or inhibitor (39). Interventional therapies
might be needed at this stage to reverse the pro-tumoral microenvironment. Oftentimes
this cannot be achieved by only debulking of tumor mass by surgery and/or radio- or
chemotherapy. These treatments are meant to target all dividing cells, not specific to
tumor cells and are often accompanied by severe side effects. Therefore, more specific
treatments, like immunotherapy, were developed to specifically modulate the tumor
microenvironment with the advantage to limit the side effects. Immunotherapy treatments
help the immune system to destroy cancer cells and stop cancer from spreading. There
are several types of immunotherapy, including adoptive T-cell therapy, cancer vaccines,
monoclonal antibodies and oncolytic virus therapy.

IMMUNOTHERAPY AND THE IMPORTANCE OF IMMUNE
CHECKPOINT BLOCKADE

Activating and inhibitory immune checkpoint molecules have an important regulatory
role in the immune system. They are expressed at the cell surface of immune cells and
their role is to maintain self-tolerance or to regulate the magnitude of immune responses
against microbes. Next to the natural role of these receptors and their ligands in regulating
the normal T cells immune response, these molecules are often dysregulated in cancer.
The expression is often higher or constitutive in the tumor microenvironment or in the tumor-
draining lymphoid organs (40-42) thereby suppressing an anti-cancer immune response.
As described above, the two best-defined inhibitory immune checkpoints are CTLA-4 and
PD-1, and the targeting of these molecules have been FDA-approved for treatment of many
cancers, for some tumor types even as first-line therapy. However, approximately 40%
(43, 44) of melanoma patients responds partially or completely to therapy.

PD-1 is mostly expressed on activated cells of the lymphoid lineage, like T lymphocytes
or NK cells (Figure 1). Its ligand, mainly PD-L1, is expressed on cancer cells but also on
subsets of the myeloid lineage like macrophages or dendritic cells (45). When PD-1ona T
cell recognizes its ligand PD-L1, the T cell activation signal is inhibited, preventing cytolysis
of the tumor (46). Blocking the PD-1/PD-L1 interaction with monoclonal antibodies could
thus unleash the cytotoxic power of those T cells towards tumor cells. CTLA-4 is also
mainly expressed on activated T cells. Initially, the ligands CD80/86 are expressed on
APCs and bind to the T cell costimulatory receptor CD28. Upon activation of the T cell,
CTLA-4 is upregulated, and then CD80/86 bind preferentially CTLA-4, thereby inhibiting
further T cell activation. CTLA-4 is also a key molecule for T_ to mediate suppression.
Monoclonal antibodies blocking CTLA-4 (anti-CTLA4 antibodies) have been designed to
specifically block the interaction between CTLA-4 and CD80/86, so that CD28 can still
bind to CD80/86, leading to a stronger T cell activation (47). Both PD-1 (14) and CTLA-4
(15) have been historically first studied in animal models. To allow a better clinical success
of immune checkpoint therapy, other targetable molecules have been tested such as
lymphocyte activation gene-3 (LAG-3). This cell-surface molecule expressed on helper T
cells and to a lower extent also on cytotoxic cells presents inhibitory functions, that are
distinct from PD-1 and CTLA-4 (48). Since LAG-3 is over-expressed on tumor-infiltrating
CD8* T cells in various tumor types, such as ovarian cancer, hepatocellular carcinoma,
renal cell carcinomas and other solid tumors (49, 50),this molecule might be a potential
target in cancer immunotherapy

Besides improving immune checkpoint therapy by targeting inhibitory molecules,
currently many approaches are tested that are directed toward direct targeting stimulatory
receptors. In this respect, the co-stimulatory TNF receptor (TNFR) superfamily members,
and especially CD27, OX40 and 4-1BB, are promising new immunotherapeutic targets
(51, 52). CD27 is constitutively expressed on the majority of CD4 and CD8 T cells,
whereas OX40 and 4-1BB are upregulated on these cells upon activation. Whereas OX40




is most profoundly expressed by activated CD4* T cells, 4-1BB is higher expressed on
CD8* T cells. The expression of the ligands, however, are all strictly regulated in their
expression by APCs, and only transient expression has been observed after APC activation.
All these costimulatory TNFR-like molecules play important roles in the proliferation,
survival and differentiation of effector and memory T cells as exemplified by specific
blockade or activation. Especially, the studies in which monoclonal antibodies to CD27,
0OX40 and 4-1BB with agonistic properties were used gained attention in the tumor
immunotherapy field.

In most experimental tumor models, agonistic ligation of these TNFR-like molecules
resulted T-cell activation but eradication of established tumors depended highly on
the timing of administration and on combination with other therapies (53). Currently,
the effectivity of targeting the costimulatory TNFR superfamily members is being evaluated
in the clinic (54-56).

SINGLE-CELL TECHNOLOGIES: A HIGHLIGHT ON MASS
CYTOMETRY AND SC-RNA-SEQUENCING

Major breakthroughs related to the function and heterogeneity of the immune system
have been made possible through the apparition of novel single cell technologies.

On the proteomic level, flow cytometry has been existing for more than half a century
(57), to sort cell populations based on their phenotypes (58). Briefly, cells are stained with
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Figure 1. Presentation of immunotherapy effect in the tumor microenvironment.

fluorescent antibodies recognizing and binding specific extra or intra-cellular markers.
Cells are then analyzed with a flow cytometer, passing through multiple lasers able to
detect the fluorescent antibodies attached to each cell. Every single cell expressed different
markers according to their phenotypes, meaning that the combination of the markers
present at the cell surface defines a specific phenotype. The number of parameters or
markers used can reach approximately 14 markers with conventional instruments, but
the recent development of technologies based on full spectra increases this number
up to 30, without decreasing the analysis flowrate. In contrast to most immune cells,
tumor cells generally show a high auto-fluorescence background, which is difficult to
discriminate with marker-related-fluorescence.

A new technology, named mass cytometry, is based on metal isotopes and not on
fluorescence. This technique has revolutionized the way to analyze the immune system
without compensation required or fluorescence background (59). The number of metals
possibly extracted with a sufficient purity is currently set at 55, but the number of
channels available to receive a specific signal is theoretically over a 100. The use of many
more markers allows deeper surface phenotyping and also functional screening with
intracellular signaling of the immune system (60). Although mass cytometry presents an
unprecedented high resolution, there are still some challenges to overcome. The limit of
detection of the instrument is not sufficient enough for the detection of subtle expression
markers. The cell acquisition is more than 30 times slower (300 events/ sec in average)
compared to flow cytometry analyzers (10 000 events/ sec). Cells can be sorted at the end
of flow cytometry analysis for functional analysis, but this is impossible in mass cytometry,
where cells are burnt.

On the genomic side, single-cell technology has improved the analysis of biological
systems, via tumor genome sequencing (Navin et al., 2011; Vitak et al., 2017), tumor
clonality dynamic (61), chromatin accessibility (62) and even spatial positioning (63).
Whereas bulk RNA-sequencing measures the average expression analysis level for each
gene in a large population of cells, single-cell-RNA sequencing (sc-RNA-seq) measures
the expression analysis of each gene of every single cell of a sample, revealing heterogeneity
of cell populations. Sc-RNA-seq research was first used in a four-cell-stage blastomere (64).
At a larger scale, when used on e.g. the TME, it allows for example a deep genotyping of
every single cell present in the TME, allowing to genetically characterize different subsets
(65). The resolution of subset definition can be high enough to only focus on one lineage
of the immune subset, previously sorted. For example, analysis of NK cells based on sc-
RNA-seq have been performed (66) as well as on T cells (67).

ANALYSIS PIPELINE

Advanced flow and mass cytometers can generate highly complex data with up to 30
and 50 parameters, respectively. Conventional methods to analyze such data are implying
biased, subjective and time-consuming gating strategies (68). They are usually based on




the interpretation of numerous two-dimensional plots by selecting different positive or
negative populations with the help of markers historically defined by immunologists. This
so-called gating strategy, if applicable in a known and limited panel, is unfeasible to analyze
large data sets with many markers such as those we developed in our study; a 38-mouse-
marker panel and a 46-human-marker panel. To analyze the data, we used automatic
clustering techniques like Cytosplore (69), which are based on t-SNE (t-distributed
Stochastic Neighbor Embedding) (70) and HSNE algorithm (Hierarchical Stochastic
Neighbor Embedding) or FlowSOM (71). These clustering algorithms take all the markers
into account and reduce the high-dimensional data into a two-dimensional plot. Such
plots reflect the multidimensional relationship of the data and limit the intervention of
the users by avoiding the definition of manual gates, known to be a significant source
of variability (72). If these algorithms help the immunologists to define cell subsets in an
unbiased manner and decrease variability, they do not automatically highlight treatment-
related clusters and often do not offer a complete visualization of the data. An analyzing
tool combining an efficient clustering method together with a visualization process was
needed to automatically highlight immunological patterns between groups, leading to
the creation of Cytofast, reported in this thesis.

OUTLINE

In this thesis, the latest single-cell technologies were used to advance insight in the complex
immune responses to cancer raised by the variability of ICB immunotherapy.

The goal of this work is to improve current immunotherapy settings, by tailoring
treatment and understanding the underlying factors preventing ICB to effectively lead to
tumor regression. For this aim mass cytometry and software to properly analyze the complex
data was used. A novel software method to analyze the data in an efficient manner by
creating a tailored bioinformatic pipeline, named Cytofast was developed (Chapter 2). As
a proof of concept, Cytofast analysis was run. Their results were confirmed and also new
findings were discovered, reporting the usefulness of the new algorithm. The Cytofast
method was further improved and explained in a visualized protocol (Chapter 3), where it
was shown how PD-L1 treatment shaped the NK cell-tumor response at an early stage. Once
the methodology was completed, the complexity of ICB immunotherapy was investigated
(Chapter 4) and focused on the impact of PD-1/PD-L1 blockade. Extensive mass cytometry
experiments were performed and processed by Cytofast to better understand the effect
of PD-1 blockade on the immune response in the TME in order to improve this ICB.
Next, the systemic immunity upon effective immune checkpoint therapy (PD-1 blockade
combined with targeting direct T-cell costimulation) was studied in experimental models
using the combination of genomic tools like sc-RNA-seq and proteomic technologies
(Chapter 5). In Chapter 6 the impact of immunotherapy on the blood immune cells as an
important immunological compartment, as perceived in this thesis, was reviewed. Finally,
the main findings of this thesis are discussed in Chapter 7.

REFERENCES

1.

10.

11.

Bianconi E, Piovesan A, Facchin F, Beraudi A,
Casadei R, Frabetti F, et al. An estimation of
the number of cells in the human body. Annals
of Human Biology. 2013;40(6):463-71.

Jackson AL, Loeb LA. The mutation rate and
cancer. Genetics. 1998;148(4):1483-90.

Ferlay J, Soerjomataram |, Dikshit R, Eser
S, Mathers C, Rebelo M, et al. Cancer
incidence and mortality worldwide:
Sources, methods and major patterns in
GLOBOCAN 2012. International Journal of
Cancer. 2015;136(5):E359-E86.

Brennan P, Crispo A, Zaridze D, Szeszenia-
Dabrowska N, Rudnai P, Lissowska J, et al.
High Cumulative Risk of Lung Cancer Death
among Smokers and Nonsmokers in Central
and Eastern Europe. American Journal of
Epidemiology. 2006;164(12):1233-41.

Rosenberg SA. A new era of cancer
immunotherapy: converting theory
to  performance. CA  Cancer J
Clin. 1999;49(2):70-3, 65.

Coley WB. The treatment of malignant
tumors by repeated inoculations of erysipelas.
With a report of ten original cases. 1893. Clin
Orthop Relat Res. 1893(262):3-11.

Ehrlich P. Ueber den jetzigen Stand der
Karzinomforschung1908.

Burnet FM. The concept of immunological
surveillance. Prog Exp Tumor
Res. 1970;13:1-27.

Burnet M. Cancer—A Biological Approach. Il
Viruses Associated with Neoplastic Conditions
IV Practical Applications. 1957;1(5023):841-7.

Miller ~ JFAP.  Immunological ~ function  of
the thymus. The Lancet. 1961,;278(7205):748-9.

Acuto O, Meuer SC, Hodgdon JC,
Schlossman SF, Reinherz EL. Peptide
variability exists within alpha and beta
subunits of the T cell receptor for antigen.
J Exp Med. 1983;158(4):1368-73.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Reinherz EL, Meuer SC, Schlossman SF.
The delineation of antigen receptors
on human T Iymphocytes. Immunol
Today. 1983;4(1):5-8.

Rosenberg SA, Spiess P, Lafreniere R. A new
approach to the adoptive immunotherapy of
cancer with tumor-infiltrating lymphocytes.
Science. 1986;233(4770):1318-21.

Ishida Y, Agata Y, Shibahara K, Honjo
T. Induced expression of PD-1, a novel
member of the immunoglobulin gene
superfamily, upon programmed cell death.
EMBO J. 1992;11(11):3887-95.

LeachDR, KrummelMF, Allison JP.Enhancement
of Antitumor Immunity by CTLA-4 Blockade.
Science. 1996;271(5256):1734-6.

Wu X, Gu Z, Chen Y, Chen B, Chen W,
Weng L, et al. Application of PD-1 Blockade
in Cancer Immunotherapy. Comput Struct
Biotechnol J. 2019;17:661-74.

De Larco JE, Wuertz BR, Furcht LT.
The potential role of neutrophils in
promoting the metastatic phenotype of
tumors releasing interleukin-8. Clin Cancer
Res. 2004;10(15):4895-900.

Huh SJ, Liang S, Sharma A, Dong C,
Robertson GP.  Transiently entrapped

circulating tumor cells interact
with  neutrophils to facilitate lung
metastasis development. Cancer

Res. 2010;70(14):6071-82.

Mosser DM, Edwards JP. Exploring the full
spectrum of macrophage activation. Nature
reviews Immunology. 2008;8(12):958-69.

Mantovani A, Sozzani S, Locati M, Allavena
P, Sica A. Macrophage polarization: tumor-
associated macrophages as a paradigm for
polarized M2 mononuclear phagocytes.
Trends in Immunology. 2002;23(11):549-55.

Taylor A, Verhagen J, Blaser K, Akdis M, Akdis
CA. Mechanisms of immune suppression
by interleukin-10 and transforming growth




20

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

factor-beta: the role of T regulatory cells.
Immunology. 2006;117(4):433-42.

Galon J, Angell Helen K, Bedognetti D,
Marincola Francesco M. The Continuum of
Cancer Immunosurveillance: Prognostic,
Predictive, and Mechanistic Signatures.
Immunity. 2013;39(1):11-26.

Galon J, Costes A, Sanchez-Cabo F, Kirilovsky
A, Mlecnik B, Lagorce-Pages C, et al. Type,
density, and location of immune cells within
human colorectal tumors predict clinical
outcome. Science. 2006;313(5795):1960-4.

Rosenberg SA, Restifo NP. Adoptive cell
transfer as personalized immunotherapy for
human cancer. Science. 2015;348(6230):62-8.

Spitzer MH, Carmi Y, Reticker-Flynn NE,
Kwek SS, Madhireddy D, Martins MM,
et al. Systemic Immunity Is Required
for Effective Cancer Immunotherapy.
Cell. 2017;168(3):487-502 e15.

Borst J, Ahrends T, BXbata N, Melief CJM,
Kastenmuller W. CD4+ T cell help in cancer
immunology and immunotherapy. Nature
Reviews Immunology. 2018.

Corthay A. How do regulatory T
cells work? Scandinavian journal of
immunology. 2009;70(4):326-36.

Gardner A, Ruffell B.  Dendritic
Cells and Cancer Immunity. Trends
Immunol. 2016;37(12):855-65.

Gardner A, Ruffell B. Dendritic Cells
and Cancer Immunity. Trends in
Immunology. 2016;37(12):855-65.

Marcus A, Gowen BG, Thompson TW,
lannello A, Ardolino M, Deng W, et al.
Recognition of tumors by the innate
immune system and natural killer cells.
Adv Immunol. 2014;122:91-128.

Freeman AJ, Vervoort SJ, Ramsbottom
KM, Kelly MJ, Michie J, Pijpers L, et
al. Natural Killer Cells Suppress T Cell-
Associated Tumor Immune Evasion. Cell
Reports. 2019;28(11):2784-94.e5.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Vivier E, Artis D, Colonna M, Diefenbach A, Di
Santo JP, Eberl G, et al. Innate Lymphoid Cells:
10 Years On. Cell. 2018;174(5):1054-66.

Tumino N, Vacca P, Quatrini L, Munari
E, Moretta F Pelosi A, et al. Helper
Innate Lymphoid Cells in Human Tumors:
A Double-Edged Sword? Frontiers in
Immunology. 2020;10(3140).

de Vries NL, van Unen V, ljsselsteijn ME,
Abdelaal T, van der Breggen R, Farina
Sarasqueta A, et al. High-dimensional
cytometric analysis of colorectal cancer
reveals novel mediators of antitumour
immunity. Gut. 2020;69(4):691-703.

Iwasaki M, Tanaka Y, Kobayashi H, Murata-
Hirai K, Miyabe H, Sugie T, et al. Expression
and function of PD-1 in human gammadelta
T cells that recognize phosphoantigens. Eur
JImmunol. 2011;41(2):345-55.

Dunn GP, Bruce AT, lkeda H, Old LJ,
Schreiber RD. Cancer immunoediting:
from immunosurveillance to tumor escape.
Nat Immunol. 2002;3(11):991-8.

Dunn GP, Old LJ, Schreiber RD.
The Immunobiology of Cancer
Immunosurveillance and Immunoediting.
Immunity. 2004;21(2):137-48.

Dunn GP, Old LJ, Schreiber RD. The Three Es
of Cancer Immunoediting. Annual Review
of Immunology. 2004;22(1):329-60.

Schreiber RD, Old LJ, Smyth MJ. Cancer
Immunoediting: Integrating Immunity’s
Rolesin Cancer Suppressionand Promotion.
Science. 2011,331(6024):1565-70.

Wagner J, Rapsomaniki MA, Cheuvrier S,
Anzeneder T, Langwieder C, Dykgers A,
et al. A Single-Cell Atlas of the Tumor
and Immune Ecosystem of Human Breast
Cancer. Cell. 2019.

Gonzalez VD, Samusik N, Chen TJ, Savig ES,
Aghaeepour N, Quigley DA, et al. Commonly
Occurring Cell Subsets in High-Grade Serous
Ovarian Tumors Identified by Single-Cell Mass
Cytometry. Cell Rep. 2018;22(7):1875-88.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Cheuvrier S, Levine JH, Zanotelli VRT, Silina
K, Schulz D, Bacac M, et al. An Immune
Atlas of Clear Cell Renal Cell Carcinoma.
Cell. 2017;169(4):736-49 e18.

Topalian SL, Hodi FS, Brahmer IR,
Gettinger SN, Smith DC, McDermott
DF, et al. Safety, activity, and immune
correlates of anti-PD-1 antibody in
cancer. The New England journal of
medicine. 2012;366(26):2443-54.

Wolchok JD, Kluger H, Callahan MK,
Postow MA, Rizvi NA, Lesokhin AM, et al.
Nivolumab plus ipilimumab in advanced
melanoma. The New England journal of
medicine. 2013;369(2):122-33.

Sharpe AH, Pauken KE. The diverse
functions of the PD1 inhibitory pathway.
Nat Rev Immunol. 2018;18(3):153-67.

OkazakiT, Honjo T. PD-1 and PD-1 ligands: from
discovery to clinical application. International
Immunology. 2007;19(7):813-24.

Sansom DM. CD28, CTLA-4 and their
ligands: who does what and to whom?
Immunology. 2000;101(2):169-77.

Goldberg MV, Drake CG. LAG-3 in Cancer
Immunotherapy. Curr Top Microbiol
Immunol. 2011;344:269-78.

Hemon P, Jean-Louis F, Ramgolam K, Brignone
C, Viguier M, Bachelez H, et al. MHC class Il
engagement by its ligand LAG-3 (CD223)
contributes  to  melanoma  resistance  to
apoptosis. J Immunol. 2011;186(9):5173-83.

Li FJ, Zhang Y, Jin GX, Yao L, Wu DQ.
Expression of LAG-3 is coincident with
the impaired effector function of HBV-
specific CD8(+) T cell in HCC patients.
Immunol Lett. 2013;150(1-2):116-22.

Borst J, Hendriks J, Xiao Y. CD27 and
CD70 in T cell and B cell activation. Curr
Opin Immunol. 2005;17(3):275-81.

Arens R, Tesselaar K, Baars PA, van
Schijndel GM, Hendriks J, Pals ST, et al.
Constitutive ~ CD27/CD70  interaction
induces expansion of effector-type T cells

53.

54.

55.

56.

57.

58.

59.

60.

and results in IFNgamma-mediated B cell
depletion. Immunity. 2001;15(5):801-12.

Bayat Mokhtari R, Homayouni TS, Baluch
N, Morgatskaya E, Kumar S, Das B, et al.
Combination therapy in combating cancer.
Oncotarget. 2017;8(23):38022-43.

Massarelli E, Lam VK, Parra ER, Rodriguez-
Canales J, Behrens C, Diao L, et al. High
OX-40 expression in the tumor immune
infiltrate is a favorable prognostic factor
of overall survival in non-small cell lung
cancer. Journal for ImmunoTherapy of
Cancer. 2019;7(1):351.

Miller RE, Jones J, Le T, Whitmore
J, Boiani N, Gliniak B, et al. 4-1BB-
specific monoclonal antibody promotes
the generation of tumor-specific immune
responses by direct activation of CD8
T cells in a CD40-dependent manner. J
Immunol. 2002;169(4):1792-800.

Marigo |1, Zilio S, Desantis G, Mlecnik B,
Agnellini AH, Ugel S, et al. T Cell Cancer
Therapy Requires CD40-CD40L Activation
of Tumor Necrosis Factor and Inducible
Nitric-Oxide-Synthase-Producing Dendritic
Cells. Cancer Cell. 2016;30(3):377-90.

Fulwyler ~ MJ.  Electronic
of  biological cells by
Science. 1965;150(3698):910-1.

separation
volume.

Herzenberg LA, Sweet RG, Herzenberg
LA. Fluorescence-activated cell sorting.
Sci Am. 1976;234(3):108-17.

Bandura DR, Baranov VI, Ornatsky Ol,
Antonov A, Kinach R, Lou X, et al. Mass
Cytometry: Technique for Real Time Single
Cell Multitarget Immunoassay Based
on Inductively Coupled Plasma Time-
of-Flight Mass Spectrometry. Analytical
Chemistry. 2009;81(16):6813-22.

Levine JH, Simonds EF, Bendall SC, Davis
KL, Amir el AD, Tadmor MD, et al. Data-
Driven Phenotypic Dissection of AML
Reveals Progenitor-like Cells that Correlate
with Prognosis. Cell. 2015;162(1):184-97.

21



22

61.

62.

63.

64.

65.

66.

Yost KE, Satpathy AT, Wells DK, Qi Y,
Wang C, Kageyama R, et al. Clonal
replacement of tumor-specific T cells
following  PD-1 blockade.  Nature
Medicine. 2019;25(8):1251-9.

Clark SJ, Argelaguet R, Kapourani C-A,
Stubbs TM, Lee HJ, Alda-Catalinas C, et
al. scNMT-seq enables joint profiling of
chromatin accessibility DNA methylation
and transcription in single cells. Nature
Communications. 2018;9(1):781.

Moffitt JR, Bambah-Mukku D, Eichhorn
SW, Vaughn E, Shekhar K, Perez JD, et al.
Molecular, spatial, and functional single-
cell profiling of the hypothalamic preoptic
region. Science. 2018;362(6416).

Tang F, Barbacioru C, Wang Y, Nordman
E, Lee C, Xu N, et al. mRNA-Seq whole-
transcriptome analysis of a single cell.
Nature Methods. 2009;6(5):377-82.

Azizi E, Carr AJ, Plitas G, Cornish AE,
Konopacki C, Prabhakaran S, et al. Single-
Cell Map of Diverse Immune Phenotypes
in the Breast Tumor Microenvironment.
Cell. 2018;174(5):1293-308.e36.

Crinier A, Milpied P, Escaliere B, Piperoglou C,
Galluso J, Balsamo A, et al. High-Dimensional
Single-Cell Analysis Identifies Organ-Specific
Signatures and Conserved NK Cell Subsets in
Humans and Mice. Immunity. 2018.

67.

68.

69.

70.

71.

72.

Szabo PA, Levitin HM, Miron M,
Snyder ME, Senda T, Yuan J, et al.
Single-cell ~ transcriptomics of human
T cells reveals tissue and activation
signatures in health and disease. Nature
Communications. 2019;10(1):4706.

Mair F, Hartmann FJ, Mrdjen D, Tosevski
V, Krieg C, Becher B. The end of gating?
An introduction to automated analysis of
high dimensional cytometry data. Eur J
Immunol. 2016;46(1):34-43.

Hollt T, Pezzotti N, van Unen V, Koning F,
Eisemann E, Lelieveldt B, et al. Cytosplore:
Interactive Immune Cell Phenotyping for
Large Single-Cell Datasets. Comput Graph
Forum. 2016;35(3):171-80.

van der Maaten L, Hinton, G. Visualizing
Data using t-SNE. Journal of Machine
Learning Research. 2008.

Van Gassen S, Callebaut B, Van Helden MJ,
Lambrecht BN, Demeester P, Dhaene T, et al.
FlowSOM: Using self-organizing maps for
visualization and interpretation of cytometry
data. Cytometry A. 2015;87(7):636-45.

Maecker HT, Rinfret A, D'Souza P, Darden
J, Roig E, Landry C, et al. Standardization
of cytokine flow cytometry assays. BMC
Immunology. 2005;6(1):13.





