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1. Résumé

Le but de ma thése a été d’approfondir nos connaissances immunologiques dans des patients atteints de
mélanomes en étendant nos recherches a trois types cellulaires moins étudiées dans ce cadre : les cellules

NK, les lymphocytes B et une population que nous avons baptisé cellules lymphoides orphelines.

Pendant mon premier projet, on a étudié les différents réles des cellules tueuses naturelles (NK) dans des
patients atteint d’'un mélanome avancé (stade IlI/I1V). Une analyse de régression multivariée Cox montre
que I'abondance des cellules NK CD56°" corréle négativement avec la survie globale, ainsi qu’avec la
présence de métastases distantes. Les cellules NK CD56"€" des patients expriment plus de CD11a, CD38
et CD95 en comparaison avec les cellules dérivées de donneurs sains. Ceci démontre que les cellules ont
un phénotype activé qui jouer un réle dans la régulation immunitaire des patients atteint d’'un mélanome.
Aprés stimulation in vitro des cellules NK CD56°€" des patients, nous mesurons une production moindre
de TNFa et de GMCSF en comparaison avec ces mémes cellules provenant de contrdles sains. En outre, la
production d’IFNy par les cellules NK CD56°€" corréle inversement avec la survie globale. Nos résultats
soulignent que I"abondance et la fonction des cellules NK CD56P"8" sont associées avec la survie des
patients atteint d’un mélanome, ce qui accentue le potentiel des sous-classes des cellules NK pour la

découverte des marqueurs biologiques et pour le ciblage thérapeutique.

Comme deuxieme projet, j’ai caractérisé les cellules B de patients atteints d’'un mélanome. Nos résultats
montrent que la réponse fonctionnelle des cellules B périphériques des patients traités par
immunothérapie est moins capable de produire du TNFa, de la LTa et de I'IL-10 en comparaison avec les
patients qui n’ont pas recu d’'immunothérapie. Les cellules B trouvées dans les patients qui ne répondent
pas a 'immunothérapie (Ipilimumab) produisent plus d’IL-6, de TNFa et d’IL-10 mais moins de GMCSF. De
plus, le niveau d’IL-6, de TNFa et d’IL-10 corrélent inversement avec la survie globale. Ceci montre que les
cellules B ont en méme temps un potentiel pro-inflammatoire et régulateur qui impacte négativement la
survie. Le séquencage de I’ARN des cellules B pures dérivées de I'environnement tumoral montre un
enrichissement des génes inflammatoires comme I'IL-6, I'lL-10 et la LTa. Un des genes le plus
significativement surexprimé est IDO. Globalement, notre recherche indique que les cellules B contribuent
a I'établissement et a la soutenance d’une réponse immunitaire pro-tumorale par la production de
cytokines en méme temps pro-inflammatoires et régulatrices. Les cellules B peuvent servir comme

nouvelles cibles et/ou marqueurs biologiques pour la thérapie.
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Pour mon troisieme projet, nous avons caractérisé une population de cellules, qui est jusqu’a maintenant
inconnue, nommé cellules lymphoides orphelines (CLOs). Elles constituent environ 0.2% des lymphocytes
périphériques. Les CLOs n’expriment aucun des marqueurs de lignées standards mais elles expriment
CD44, CD45, CD132 et pour une fraction de cellules, CD62L. La morphologie, analysée par I’Amnis Image
Stream, et I'analyse des composants principaux obtenus par séquencage d’ARN montre une population
homogene. En plus, le profil obtenu par séquencage d’ARN montre un phénotype proche, mais
suffisamment différents des cellules T et NK. Plus de recherches sont nécessaires pour établir la fonction

de ces cellules, leur distribution dans les tissus et le lien avec les autres cellules immunitaires.
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2. Summary

According to the World Health Organisation, cancer is the second leading cause of death in the world,
causing an estimated 9.6 million deaths in 2018. In the last decades, huge strides have been made into
new therapy avenues producing long lasting effects. Most of these immune-therapies focus on activating
cytotoxic T cells within the tumour-microenvironment. Within the tumour-microenvironment the tumour
cells as well as other types of immune cells like regulatory T cells and myeloid-derived suppressor cells can

suppress the function of the anti-tumour immune response.

We hypothesized that some of the still infrequently studied lymphocytes my also hamper anti-tumour T
cell responses. The aim of my thesis work was to determine whether NK cells, B cells and/or further non-
T lymphocyte populations may have immunosuppressive roles, and thus could be harmful for melanoma

patients.

During my first project, we studied the roles of peripheral NK cells in human late stage (Ill/IV) melanoma
patients. We found that the abundance of CD56"€" NK cells negatively correlate with overall patient
survival, together with distant metastases, in a multivariate cox regression analysis. The patients’ CD56°""
NK cells showed upregulation of CD11a, CD38 and CD95 as compared to healthy controls, pointing to an
activated phenotype as well as a possible immune regulatory role. After stimulation in vitro, CD56""€" NK
cells produced less TNFa and GMCSF in patients than controls. Our results emphasizing the potential of

NK cell subsets for biomarker discovery and future therapeutic targeting.

The characterisation of B cells in melanoma patients became the topic of my second project. Peripheral B
cells from patients not responding to immunotherapy (Ipilimumab) produced higher levels of IL-6, TNFa
and IL-10 but less GMCSF. Moreover, IL-6, TNFa and IL-10 levels also inversely correlate with overall
survival. RNA sequencing from sorted B cells from within the tumour micro-environment show an
enrichment in inflammatory genes, including expression of IL-6, IL-10 and LTa. One of the highest
overexpressed genes is IDO. Overall, our research suggests that B cells contribute to the pro-tumoural
immune response by producing both inflammatory and regulatory cytokines. B cells could thus be new

targets, and/or exploited as biomarkers for therapy.

During my third project we identified a so far unknown cell population which we termed Orphan Lymphoid
Cells (OLCs). They make up around 0.2% of human circulating lymphocytes. OLCs are negative for all major
lineage markers but express CD44, CD45, common y-chain (CD132) and partially CD62L. Morphological
analysis and principal component analysis by RNA sequencing shows a homogeneous population.
Moreover, RNA sequencing profiling shows a phenotype between T and NK cells while being distinctly
different. While these data establish the existence of a new lymphocyte population in humans, more work

is needed to clarify their functionality, tissue distribution and link to other immune cells.
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3. Résumé grande public

Il est estimé qu’en Europe 27 personnes sur 100 000 sont mortes d’un mélanome en 2018. De nouvelles
thérapies efficaces sont basées sur I'amplification de la réaction immunitaire contre le cancer. Pendant ma
these le but était d’approfondir notre connaissance dans le domaine de I'immunologie lors de cette

pathologie.

Pendant mon premier projet, nous avons étudié les différents réles des cellules tueuses naturelles (NK)
dans des patients atteints d’'un mélanome avancé. Nous avons trouvé que I'abondance d’un sous type de
cellules NK correle négativement avec la survie globale. Ce sous type de cellules NK des patients ont un
phénotype de cellules plus activées que les cellules des donneurs sains. Aprés stimulation, les cellules NK
dérivées de patients sont moins capables de produire des agents pro-inflammatoires. Nos résultats
soulignent que I'abondance et la fonction des cellules NK sont associées avec la survie des patients atteints
d’un mélanome, ce qui accentue le potentiel des sous-classes des cellules NK pour la découverte des

marqueurs biologiques et pour le ciblage thérapeutique.

La caractérisation des cellules B, un deuxiéme type de cellules immunitaire plus connu pour leur capacité
a produire des anticorps, dans les patients atteint d’'un mélanome est devenue le sujet mon deuxieme
projet. Nous avons montré que la réponse fonctionnelle des cellules B périphériques des patients ayant
recu un traitement par immunothérapie, sont moins capable de produire des agents pro-inflammatoires
et régulateurs en comparaison avec des patients qui n’ont pas recu I'immunothérapie. De plus, des
patients qui n’ont pas répondu a la thérapie immunitaire ont des cellules B qui sont plus actives. Le taux
de fonctionnalité corréle négativement avec la survie globale de ces patients. L’analyse des cellules B
dérivées de I'environnement tumoral montre un enrichissement des genes inflammatoires et régulateurs.
Nos recherches suggérent que les cellules B contribuent a I’établissement et a la soutenance d’une réponse
immunitaire pro-tumorale. Les cellules B peuvent servir comme nouvelles cibles et/ou marqueurs

biologiques pour la thérapie.

Lors de mon troisieme projet, nous avons caractérisé une population de cellules, qui est jusqu’a
maintenant inconnue, nommé cellules lymphoides orphelines (CLOs). Elles représentent environ 0.2% des
lymphocytes périphériques. Les CLOs n’expriment aucun des marqueurs de lignées standards mais elles
expriment CD44, CD45, CD132 et pour une fraction, CD62L. Nous avons pu établir que ces cellules ont un
profil proche des lymphocytes T et NK, mais avec des distinctions majeures. Plus de recherches sont
nécessaires pour établir la fonction de ces cellules, leur distribution dans les tissus et le lien avec les autres

cellules immunitaires.
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5. Abbreviations
ADCC

ALR
APC
BCR
Breg

C
CHILP
CLR
CMP
DAMP
DC
EILP
GMP
HSC
IDO

IFN

ILC
ITAM
ITIM
LMPP
LT HSC
LTi

MDSC
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Antibody-dependent cell cytotoxicity
AIM2-like receptor

Antigen presenting cell

B cell receptor

Regulatory B cell

Complement

common helper ILC progenitor

C-type lectin receptor

Clonogenic common myeloid progenitor
Danger associated molecular patterns
Dendritic cell

the early innate lymphoid progenitor
Granulocytes and macrophages progenitor cells
Hematopoietic stem cells

Indole amine 2,3 dioxygenase

Interferon

Interleukin

Innate lymphoid cell

Intracellular tyrosine-based activating motive
Intracellular tyrosine-based inhibitory motive
Lymphoid-primed multipotent progenitor
Long lived hematopoietic stem cells
Lymphoid tissue inducer cell

Myeloid-derived suppressor cell



MEP
MHC
MPP
NCR
NK cell
NLR
OLC
PAMP
PRR

RLR

SEREX

ST HSC
TAM
TCR
TGF
Th
TIL
TILN
TLR
TLS
TME
TNF
Treg

VEGF
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Megakaryocytes and erythrocytes
Major histocompatibility complex
Multipotent progenitor cells

Natural cytotoxicity receptor

Natural killer cell

NOD-like receptor

Orphan lymphoid cell

Pathogen associated molecular patterns
Pattern recognition receptors

RIG-I-like receptor

serological analysis of tumour antigens by recombinant cDNA
expression cloning

Short lived hematopoietic stem cells
Tumour-associated macrophages
T cell receptor

Transforming growth factor

T helper cell

Tumour-infiltrating lymphocytes
Tumour-infiltrated lymph nodes
Toll-like receptor

Tertiary lymphoid structures
Tumour micro-environment
Tumour necrosis factor
Regulatory T cell

Vaso-endothelial growth factors



olLP o lymphoid precursor
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6. General introduction

Every day our body encounters numerous pathogens and foreign agents. A human being is protected by a
first line of defence, barriers that physically protect us from the outside world. These first barriers between
the outside world and the inner body are amongst others the skin, the mucosa in the gastrointestinal tract
and the respiratory tract. Epithelial surfaces not only act as a physical barrier but also combat pathogens
with chemical and biological compounds . When a pathogen has succeeded to overcome these barriers,
the immune system of our body comes in action. It consists of a fast-acting component, the innate immune

system, and a slower acting component, the adaptive immune system. Both are tightly interrelated 2.

Immune cells are derived from long-term hematopoietic stem cells (HSC) which reside in the bone marrow.
Cells in the bloodstream have a defined half-life and thus need to be regularly replaced to ensure
homeostasis in the body. HSC consists of long lived (LT) and short lived (ST) HSC. LT HSC possess a broad
range of self-renewability capabilities. These capacities diminish with increasing lineage differentiation. ST
HSC give rise to a multipotent progenitor cells (MPP). They split into several lineages, the common myeloid
progenitor (CMP) giving rise to megakaryocyte and erythrocyte progenitor (MEP), as well as the
granulocyte and macrophage progenitor cells (GMP) and the lymphoid-primed multipotent progenitor
(LMPP) 3. The LMPP is able to give rise to the common lymphoid progenitor (CLP), the GMP and
granulocyte/macrophage T cell progenitor. A lot of the steps for full commitment to a lineage are still
unproven and up to debate 4. The LMPP also gives rise to the dendritic cell (DC) progenitor >. DCs can be
found all over the body and many subtypes exist. Differentiation can differ for different subtypes and take
place in different organs . The CLP gives rise to T and B cell progenitors as well as the common innate
lymphoid cell (ILC) progenitor. This common ILC progenitor in turn gives rise to natural killer (NK) and ILC

progenitor cells 7,

The innate immune system is the first line of defence once the physical barriers of the body have been

breached. This system responds rapidly and in a non-pathogen-specific way. Cells like NK cells, ILCs,
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neutrophils, basophils and macrophages are part of the innate immune system as well as soluble

molecules such as the complement system and anti-microbacterial peptides ®°.

Cells of the innate immune system do not recognize pathogen specific antigens, but danger signals *°.
These dangers signals can be certain structures or molecules derived from the pathogen (pathogen
associated molecular patterns (PAMP)) or signals derived from stressed or dying cells (danger associated
molecular patterns (DAMP)) 112, PAMPs are conserved structures expressed constitutively by pathogens
including lipopolysaccharide, lipoproteins, peptidoglycan and lipoteichoic acids, but also nucleic acids from
viral origin or viral coat proteins 134 These conserved structures are recognized by specialized receptors,
termed pattern recognition receptors (PRR) on immune cells. PRRs are found extra-and intracellularly *°.
PRRs can be divided into five different classes: Toll-like receptors (TLRs), NOD-like receptors (NLRs), RIG-I-
like receptors (RLRs), C-type lectin receptors (CLRs) and two AlIM2-like receptors (ALRs), which are absent
in melanoma?®. TLRs are expressed on members of both the innate and adaptive immunity as well as some
non-immune cells like fibroblasts. They are the most described PRRs family member. Ten receptors have
been identified in humans 7. The leucine rich repeats of the outer membrane are responsible for binding
and recognizing PAMPs. Upon ligation, a dimerization (hetero/homo) occurs, leading to the recruitment
of adaptor molecules to the intracellular signalling domain 8, Downstream signalling can be dependent or
independent of adaptor molecule MyD88. The downstream targets of this pathway are the transcription
factors NF-kB , AP-1 and IRFs resulting in inflammation and an anti-pathogen response °. TLR3/4 can also
interact directly or indirectly with the adaptor protein TRIF independent of MyD88, leading to type |

interferon production and a delayed activation of NF-kB %,

The complement (C) system plays a central role in the innate immune response, involving multiple
different molecules and cells. Its function consist of opsonisation, inflammation and lysis ?*. In humans,
complement molecules are mostly produced in the liver, however certain molecules can also be produced
by other cell types like monocytes, fibroblasts and epithelial cells. The complement system is organized in
a proteolytic cascade 2. Activation can occur in three different ways: via the classical, the alternative and
the lectin pathway. All pathways lead to the formation of a membrane attack complex, resulting in the
release of inflammatory proteins in the bloodstream. Consequentially, dilatation of blood vessels,

promotion of leukocyte adhesion and infiltration of these leukocytes in the tissues is promoted 102122,

Cells of the innate immune system comprise neutrophils, eosinophils, basophils, ILCs, NK, mast cells, DCs
and macrophages. Neutrophils, eosinophils, mast cells and basophils are also referred to more generally

as granulocytes and are important in inflammatory reactions. They develop completely in the bone
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marrow before migrating into the periphery 2?4, Granulocytes are known for their capability to release
granules upon activation. These granules can hold proteolytic enzymes, antimicrobial peptides or
cytotoxins 2>%¢. An added functionality of neutrophils and eosinophils is the formation of extracellular
traps. The cells explode when they die and thus release their DNA into the extracellular space, hence

trapping pathogens and exposing them to proteases /%,

DCs are the bridge between innate and adaptive immunity. They possess the capability to present antigens
to members of the adaptive immune system, in turn activating them. DCs are professional antigen
presenting cells (APC). They are found in tissues as well as lymphoid organs. DCs capture antigens within
the tissues where they reside or within the periphery and travel to the lymphoid organs to present them.

They can than promote either inflammation or central tolerance

. Many different subsets exist.
Conventional DCs (cDC) 1 in mice or CD141* DCs in human can be found in lymphoid as in non-lymphoid
tissues. They are strong interferon (IFN) Il producers *°. In both humans and mice cDC1s are proficient
cross-presenting cells, which means that they can present antigens taken up from the cytosol on major
histocompatibility complex (MHC) class | molecules in order to prime CD8 T cells. They are mostly efficient
in presenting antigens derived from dead cells 31. ¢DC2 in mice or CD1c* DCs in humans are present in
lymphoid tissues as well as the periphery. They are potent producers of interleukin (IL)-12 upon activation,

moreover they are also potent cross-presenting cells >31. Plasmacytoid DCs (pDCs) are specialized in

producing type | interferons and inducing anti-viral immune responses %2,

Macrophages are granular cells that can be tissue-resident or derived from monocytes upon inflammation.
Dependent upon external stimuli they will respond in a different way. Macrophages mostly activated by
TLR ligation, leading to IFNy signalling, are mainly associated with viral and bacterial inflammation. These
macrophages are most commonly called M1 macrophages. However, macrophages responding to
allergies, helminths and asthma are mostly associated with the production of type two cytokines like IL-4
and IL-13. They are important in the wound healing process. They are called M2 macrophages 3334, Rather

than being mutually exclusive, these states often (partly) co-exist °.

The group of innate lymphoid cells consists of ILCs and NK cells. They mirror the different subsets of T cells
but lack antigen-specific receptors. Beside NK cells, three groups of ILCs exists: ILC1, ILC2 and ILC3. These
subsets mirror the functions of CD4* T cells and NK cells mirror cytotoxic T cells 3. ILC1s express the
transcription factor T-bet and produce IFNy and tumour necrosis factor (TNF)a after stimulation with IL-
12 and IL-18. ILC2s produce IL-4 (in humans), IL-5, IL-13 and AREG after stimulation with IL-25, IL-33 and

TSLP and express GATA3 as transcription factor. Group 3 ILCs can be further subdivided into lymphoid
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tissue inducer (LTi) cells, natural cytotoxicity receptor (NCR)  and NCR* ILC3. They all express RORyT and
produce IL-17A/F (except NCR* ILC) and IL-22. The inducing cytokines are IL-23 and IL-1B %’. ILCs are
activated very early on in the immune response as a reaction to signals or cytokines expressed by tissue-
resident cells resulting in a strong amplification of the signal . NK cells are cytotoxic cells able to kill altered
self-cells like tumour and virally infected cells. The fate of a cell is based on the balance of ligation of
activation and inhibitory receptors. Inhibitory receptors recognize amongst others MHC | molecules.
Activating receptors recognize for example stress and viral inducible ligands (Figure 1) *. Moreover, they
are able to release large amounts of pro-inflammatory cytokines, like IFNy and TNFa when activated 3°.
Two different subsets of human NK cells exists, based on the expression level of CD56 (neural adhesion
molecule NCAM) and CD16 (low affinity Fc receptor). CD56&" cells express high amounts of CD56 and do
not express CD16. In the periphery they are a minor subset, around 5% of NK cells, but most prominent in
lymph nodes and tissues. They have a lower cytolytic capacity but are very potent cytokine producers.
CD56%™ cells on the other hand are also CD16 positive, they represent around 95% of NK cells in the

periphery. They are considered as the most mature and are potent killers “°.

NK cell tolerance NK cell activation

A B

(PeD P20

<+

P —]

Figure 1| NK cell activation or tolerance depends on the balance of inhibitory and activatory signals received. A. NK cell tolerance
occurs when more self-antigens (ligand) are present on the cell surface than activatory ligands. Leading to the NK cell
ignoring/tolerating this cell. B. NK cells become activated if no inhibitory ligands are present or if the number of activatory ligands
is higher than the number of inhibitory, leading to a net activatory signal in the NK cells 41

6.2.2.Adaptive immunity or acquired immunity
The innate immunity works fast but it is pathogen non-specific, the adaptive or acquired immunity needs

more time to generate a response. However, cells involved in this part of the immune system recognize
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antigens in a specific way and are capable of memory formation, meaning that upon a second encounter
of the same antigen, the response is faster and more vigorous *2. This specificity is made possible due to
the occurrence of gene rearrangements within the B and T cell receptors (BCR and TCR) during
development, leading to an enormous number of possibilities. A diversity of 108 B cell receptors and 10*°

a:B TCRs is estimated #*44,

T cells develop in the bone marrow but maturation takes place in the thymus. Due to the nature of the
TCR generation by gene rearrangement many TCRs have unwanted specificities, either recognizing a self-
antigen either being unable to interact with self-MHC. The thymus eliminates the former (negative
selection) and the latter (positive selection), thus assuring that the a:B TCRs of mature T cells are restricted

to self-MHC and are inefficient in recognizing self-peptides °.

T cells can be divided into two major subsets, based on the expression of CD4 or CD8. Both cell types
recognize antigens loaded on MHC molecules on APCs or target cells. The provenance of the antigens can
be self or non-self *6. MHC class | molecules present peptides of 8-10 amino acids, MHC class Il present
peptides with a length of 13-25 amino acids 4’8, Peptides loaded on MHC class | molecules are from
endogenous origin. They are degraded in the proteasome and represent the endoplasmic reticulum (ER)
of the cell. This allows the immune system to identify viral infected or tumour cells. CD8 or cytotoxic T cells
bind to MHC | #°. Since MHC | allows for the cell to convey its inner state, they are present on all cells. MHC
class Il molecules on the other hand are only expressed on APCs (macrophages, DCs and B cells) 6. MHC
II- peptide complexes interact with CD4 T cells. Antigens are taken up by APCs from the extracellular space,
processed and presented. However, cross-presentation can occur in some DCs, during this process
antigens from exogenous descent are presented to CD8 T cells on MHC | molecules. In this case the DCs
themselves do not need to be infected °°. T cell priming does not only involve TCR-peptide-MHC interaction
but also ligation of co-stimulatory molecules ®. IL-12 or type | interferons are important as a third 2.

Without these two additional signals T cells become anergic °*.

Cytotoxic T cells (CTL), characterized by the expression of CD8, kill their target by releasing lytic granules.
These granules contain among others perforins, a pore forming peptide and granzymes, a serine esterase.
Once granzymes reach the cytosol of the target cells, they trigger apoptotic cell death by activating

caspases .

CD4 or helper T cells can be further subdivided into a number of helper subsets and contain as well a

subset of regulatory cells. Dependent on the immunological situation, different effector cytokines are
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produced. These polarization states are defined by a master transcription factor and the cytokines
produced 4. Thl cells provide protection from intracellular pathogens and differentiation is mainly
induced by IL-12 and IFNy, produced by NK cells and other T cells . This leads to the activation of the
transcription factor T-bet and the production of IFNy °¢. T helper type 2 cells are important in helminth,
allergy and asthma responses. They are induced from naive cells by IL-4. This induces GATA-3 expression
and in turn production of IL-4 is established >”*%, A third polarization state of CD4 T cells is Th17. They are
induced by TGFB and IL-6, which induces the transcription factor RORyT. In turn Th17 cells produce IL-17,
they are potent inducers of tissue inflammation and have also been associated with auto-immune diseases
5960 Newer subsets include Th9 and Th22, both based on the cytokines they produce, IL-9 and IL-22 52, IL-
9 is induced by IL-4 and TGF and the activation of transcription factor PU.1. IL-9 seems to play a role in
helminth and allergic responses %2, Th22 cells produce IL-22 and TNFa, they can mostly been found in
the skin. They are induced by IL-23 and IL-1B in combination or not with IL-6 . Follicular helper T cells are
a separate subset of CD4 T cells that reside in the secondary lymphoid organs, they are necessary for B cell
activation and memory formation. Tr4 express the master regulator Bcl-6 ®*. A separate subset of helper T
cells exists that counteracts inflammation, they are termed regulatory T cells (Twg. The regulatory

cytokines produced are IL-10 and TGFpB, under the master transcription factor FoxP3 ©°.

B lymphocytes recognize antigens via their BCR, a membrane-bound antibody, and mainly characterized
by the expression of CD19, CD20, CD21, CD81 and BAFF-family receptors. They develop totally within the
bone marrow. Just as for T cells gene rearrangement takes place to ensure maximal diversity of receptors.
However, the possibility exists that some of these receptors recognise self-antigens. Negative selection
thus takes place to limit this option 6. Naive B cells can be activated in a T cell dependent or independent
manner. They express both IgM and IgD on the cell surface. T-cell independent activation leads to IgM
secretion, however, without T cell support no affinity maturation or class switching takes place. This
response is mostly polyspecifc and acts like a barrier between innate and adaptive immunity . Activation
of B cells with the help of T helper cells prompts a germinal centre reaction leading to not only highly
effective antibody secreting cells (plasma cells) but also memory formation. In order for memory cells to
be formed, activated B cells undergo somatic hypermutation leading to enhanced affinity BCRs and
induces class switching of the antibodies. The class of isotype depends on the type of immune response
needed ®. These switched memory cells express the marker CD27 but do no longer express IgD . An
unswitched type of memory B cells also exists, they have left the germinal centre after the hypermutation
but before the class switching, they thus still express IgD or IgM 7°. A subset that expresses neither IgD nor

CD27 exists within the periphery of humans, they also seem to belong to the memory compartment but
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are poorly characterized. Within this population a mixture of IgA, IgM or I1gG expressing B cells that have
undergone hypermutation 7272, The isotype of the antibody defines a lot its functionality. IgM is secreted
as a pentamer increasing the avidity of multi-epitope binding. IgD has a long hinge region allowing for the
ability to bind to low density antigens 7>74. This makes these isotypes very useful in early infections 7°. IgG
can be further subdivided into four classes IgG1-4. IgG3 having the greatest effector function, before 1gG1,
IgG2 and IgG4 "®. The distribution and the affinity for the Fc-receptors determines for the most part their
effector function 7. IgA is a mucosal antibody that can be excreted within the lumen 72, IgE is involved in

helminth immunity and allergy and are potent activators of mast cells 79,

Recently, a population of regulatory B cells (Bregs) has been described, in mice called B10 cells. Up to date
no markers have been described to characterize these cells specifically except for their function 8. Even
sequencing of IL-10 producing B cells did not lead to the identification of a specific transcription factor,
giving rise to the theory that these cells are primarily induced by the environment and do not represent a
separate lineage #. Regulatory B cells have been described to be able to inhibit numerous cell types like
CTL, CDA4 T cells, effector B cells, DCs and myeloid cells 1, Inhibition is induced via multiple mechanisms

including IL-10, 1L-35 or TGFR&.

Melanoma is a type of skin cancer that develops in melanocytes *2.

An estimated 144 new cases with 27 deaths per 100 000 inhabitants for both sexes was assessed in 2018
in Europe *3. In Switzerland 6.7% of all new cancer cases are malignant melanoma, it’s the fourth most
prevalent cancer type in men and women. 2% of all cancer deaths are attributed to melanoma (period

2011-2015) %.

Melanoma risk factors can be divided into environmental and genetic factors. They are multifactorial.
Almost 8-10% of patients have a family history of melanoma. People with a light complexion (light skin,
hair and eye colour) have a considerable higher risk of developing melanoma . The number of naevi
(common and atypical) was found to be a very important risk factor °. The most important environmental
risk factor is sun exposure, but also artificial UV exposure in tanning beds contributes %%, UV radiation is
able to induce DNA damage, when this damage is inadequately repaired, activation of oncogenes or

silencing of tumour suppressor genes can induce oncogenesis %1%,

19| Page



Early detection is very important in lowering the chances of disease severity. This is made possible by
localization of melanoma on the skin. A number of criteria were developed to be used by the public and
physicians, called ABCDE, which stands for Asymmetry, Border irregularity, Colour variegation, Diameter
> 6mm and Evolving 1°%. A histology report gives more clarification and should indicate the maximum
thickness (mm) (Breslow), mitotic rate, presence of ulceration, presence and extent of regression and
clearance of the surgical margins, as well as information on the anatomical site and the type of melanoma
(superficial spreading melanoma, lentigo maligna melanoma, acrolentiginous melanoma, nodular
melanoma, others). Mutational genotyping is recommended in case of metastatic disease 1°2. Melanomas
are staged, from | to IV with IV being the most advanced disease stage, based on the characteristics of

tumour, the nodes and the presence and location of metastases 1%,

Localized disease is treated by surgical removal of the tumour while respecting sufficient safety margins.
Radiotherapy can be considered in the case of inadequate resection margins. In the case of non-resectable
in-transit metastases other treatment options can be considered like infusion with Melphalan, a
chemotherapeutical agent. In the case of systemic metastatic disease, immunotherapy strategies like a-
CTLA-4 or a-PD-1 have shown good results as well as kinase inhibitors. A second line of treatment is

chemotherapy .

A cancer is not only made up of tumour cells but the environment also contains immune and stromal cells,
which we call the tumour micro-environment (TME) 1%, Cells of the immune system, adaptive and innate,
are able to recognize tumour cells. Tumour-specific antibodies have been found in patients, indicating a
successful B cell response %6197 Tumour-specific CD8 T cells can be found within the tumour as well as in
the periphery %1% Tumour-specific CTLs are able to lyse autologous tumour cells in vitro 1¥°, The antigens
recognized can be from mutated proteins, which are patient specific (neo-antigens), as well as specific to
the tissue of origin of the tumour, genes overexpressed in the tumour, of viral descent or cancer-germline
genes 111112 |n melanoma the presence of tumour-infiltrating lymphocytes (TILs) is a prognostic factor for
survival 113114 Especially the presence of T cells, both CD8 and CD4 T (mostly Th1) cells was found to
correlate with survival in multiple cancer types >, Additionally NK cells are able to kill tumour cells in

118120 For a successful anti-tumour response a lot of different steps need to take

vitro as well as in vivo
place in an efficient way. First of all, antigens (neo- or germline encoded) released by the tumour need to

be taken up for processing by DCs 12%122_ Uptake of antigens needs to be accompanied by additional pro-
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inflammatory signals like cytokines, TLR ligands from dying tumour cells, but also chemotherapeutical
agents are able to induce immunogenic cell death in order to avoid peripheral tolerance and the induction
of Tregs by APCs 1237125 For potent stimulation of T cells, presentation on the cell surface by class | or Il MHC
molecules needs to be accompanied by co-stimulatory molecules and cytokines, this last step takes
traditionally place in the lymph nodes 2. It can, however, also take place in so called tertiary lymphoid
structures (TLS), these structures form spontaneously within the tissue and have lymphoid properties, like
a distinct T and B cell zone '?’. Once the priming is complete the T cell needs to traffic back to the TME to
carry out their effector function 2. Killing the cancer cells will complete the circle since it leads to a
consecutive release of antigen (Figure 2). However, in cancer patients this circle does not work optimally,

at each of these steps things can go wrong.

Trafficking of
T cells to tumors
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(CTLs, cancer cells)

Release of @
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Figure 2| The cancer immunity cycle consists of seven distinct steps, including the release of cancer antigen at the tumour site,
uptake of these antigens by APCs and trafficking to the lymph nodes, priming of T cells, homing of activated T cells to the tumour
site, infiltration in the tumour and killing of the recognized tumour cells, which restarts the cycle with the release of antigens %°.

Dysfunctional T cells can disrupt the cancer-immunity cycle. After the induction of a strong inflammatory
response, multiple mechanisms are in place to limit unnecessary inflammation that could damage the body
130 Since tumours express self-antigens, a regulatory response is put in place, often strengthened by
molecules produced or ligands expressed on the surface of the tumour cells . T, can be found,

sometimes in high numbers within the TME, their presence is associated with bad prognosis. They are able
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to suppress T cell response by producing regulatory cytokines IL-10, transforming growth factor (TGF)-B
and express the inhibitory receptor CTLA-4 1327134 T, depletion was shown to retard tumour growth in
vivo 3. Moreover, immune checkpoint blockade antibodies against CTLA-4 could lead via antibody-
dependent cell cytotoxicity (ADCC) to the depletion of CTLA-4 expressing Tregs **6. DCs found in the TME are
often immature and tolerogenic **’. They can induce anergy in T cells or induce Tregs *8. Myeloid-derived
suppressor cells (MDSC) are cells from myeloid descent that did not differentiate further into DCs,
macrophages or granulocytes. They have potent immunosuppressive capacities, their mechanisms
include: production of nitric oxide, reactive oxygen species, indole amine 2,3 dioxygenase (IDO), IL-10 and
TGFB 3. The functionality of tumour associated macrophages (TAM) depends on the polarization. M1 type
macrophages are able to suppress tumour growth %, M2-like macrophages reside in hypoxic regions of
the tumour and suppress type | inflammatory responses by producing arginase-1, suppressive cytokines
like IL-10 and stimulate directly tumour progression by producing angiogenic factors like vaso-endothelial
growth factors (VEGF), metalloprotease (MMP)-9, due to the production of tissue remodelling factors
metastasis is favoured by M2-like TAMS #1714 New therapies are focusing on reprogramming TAMs to
support complementary therapies and improve efficacy #7148, A big part of the TME is made up of
fibroblasts, they exhibit great plasticity and are able to suppress immune responses and facilitate tumour
growth and metastasis ¥, Also tumour cells themselves produce immunosuppressive factors via a
conserved mechanism to limit tissue inflammation, like the expression of PD-L1 or IDO 2. They are also
able to downregulate MHC expression to avoid T but not NK cell recognition 3, All these factors interplay,

leading to the creation of an immunosuppressive TME (Figure 3).

Dysfunctional T cells are characterized by the expression of one or more inhibitory receptors like, PD-1,
CTLA-4, TIM-3, LAG-3, etc. 14 This state is defined by a effector-function impaired state, a condition first

155-157 Immunotherapy has taken advantage of the expression of

described in chronical viral infections
these inhibitory receptors by developing blocking antibodies 1°%. This strategy has led to durable response

in a number of cancer types and patients, especially antibodies targeting CTLA-4 and PD-1 are a big success

159,160
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| Preventing tumor growth |
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Figure 3| Several immunosuppressive mechanisms have been discovered within the tumour microenvironment. Ranging from
direct T cell expression by the tumour cells to the recruitment of immune suppressive cells like CAFs, Tregs and myeloid cells 6%,
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7. My PhD projects

According to the World Health Organisation, cancer is the second leading cause of death in the world,
causing an estimated 9.6 million deaths in 2018. Strategies to reduce this number are: diminishing risk
factors like smoking, alcohol use and unhealthy diet as well as early detection. There is a good chance for
acureif cancer is detected early and treated adequately. In the last decades, huge strides have been made
into new therapy avenues producing long lasting effects. Especially the development of immune
checkpoint blocking antibodies have been a big breakthrough, leading Science magazine to call cancer
immunotherapy the breakthrough of the year 2013. However, not all patients respond to immunotherapy
and it is more successful in some cancers than others. New avenues need thus to be explored.
Immunotherapy as we mostly know it today, is highly focussed on the role of cytotoxic T cells, however
they are not the only cells taking part in immune responses in the tumour microenvironment and

systemically.

In my thesis, | asked the question whether other types of lymphocytes impact on tumour growth and
clinical outcome of melanoma patients. My work was focused on three lymphocytic populations: NK cells,

B cells, and a novel not yet described type of human lymphocytes.

NK cells are innate cells that have an innate ability to kill tumour cells in vitro. They have been shown to
be important in immune surveillance. However, most information we have on the functionality of NK cells
comes from mouse models. Moreover, conflicting studies have reported that NK cells are both, tumour-
promoting and tumour-inhibiting. Therefore, my first project is focussed on the possible role of NK cells

and its subsets in the immune response to melanoma.

During my second project, we delved into the characterisation of B cells in melanoma patients, their
implications in tumour still being unclear. B cells have been described to have a dual role within the tumour
immune response, both pro-and anti-tumorigenic. We characterized B cells in the periphery and the

tumour microenvironment of patients before receiving treatment.

The object of these two first projects was to better understand the complexity of the immune response in
patients against melanoma in the hopes of advancing the knowledge leading to new therapeutic avenues

as well as biomarker discovery.

The third project was born out of the NK cell project. During the course of my PhD we stumbled upon an

undescribed immune population that comprises around 0.2% of lymphocytes within the PBMCs of healthy
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donors. We have termed these cells Orphan Lymphoid Cells (OLCs). During this project, the objective was

to characterize this novel cell population and to identify their molecular features.

Overall our goal was to further our knowledge about the immune system in health and disease, particularly

in cancer.
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8. Circulating CD56°"€" NK cells inversely correlate with survival of melanoma
patients

NK cells are important players in anti-intracellular pathogen immunity. Different subsets exists in different
tissues %2, NK cells have been shown to be particularly important in controlling infections of the herpes
virus family in patients with NK cell deficiencies 9. The expression of both inhibitory and activating
receptors results in tolerance towards healthy cells and activation upon the encounter of unhealthy cells.
Moreover, NK cells adapt highly to the environment in which they find themselves 1. NK cells do not only
contribute to immunity by killing target cells but also modulate responses. They are major producers of
the cytokines IFNy and TNFa, but also IL-10, GMCSF, GCSF and IL-3. Moreover, they have also been
reported to produce multiple chemokines like MCP-1 (CCL2), MIP1a (CCL3), MIP1B (CCL4), RANTES (CCL5),
lymphotactin (CCL5) and IL-8 (CXCL8) 4. During T cell priming, NK cells are an early source of IFNy, able to
induce a Th1 response . Early in infection cross-talks take place between DCs and NK cells. Mature DCs
promote NK cell activation by producing type I IFNs, IL-12 or TNFa. As a consequence, NK cells produce
TNFa and IFNy leading to a further maturation of DCs %¢. NK cells can also enhance cross-presentation.
Namely, during killing of target cells, antigens are released that can be presented to CTLs *’. Moreover,
NK cells participate in a process called DC-editing. During this process NK cells specifically kill immature
DCs and spare the mature ones. This mechanism ensures proper activation of T cells by DCs expressing

sufficient co-stimulatory molecules 16,

In humans, the two main subsets of NK cells are CD56°€" and CD569™ NK cells. It is thought that CD56"&"t
cells are the precursors of the cytotoxic CD56%™ NK cells. The former gain a CD56%™ signature upon
cytokine activation and possess longer telomeres than their more mature counterpart %°. NK cell
activation or tolerance is based on a balance of interactions between activating and inhibitory receptors
(Figure 4). Activating receptors could be receptors for soluble ligands like cytokines or receptors involved
in cell-to-cell contact. All NK cells express the common y chain. CD56°" express additionally IL-2Ra
whereas CD56™ express the lower affinity receptor IL-2Rp. The latter is able to bind both IL-2 and IL-15
170 A variety of receptors induces cytotoxicity upon ligation of NCRs, including NKp46, NKp30 and NKp44.
NKp46 and NKp30 are expressed at all activation stages. NKp46 has also been used as an NK cell specific

71 1t has been reported that NKp46 binds to hemagglutinin on virus-infected cells 2. NCR

marker
receptors transduce signals intracellularly via CD3{, FceRly and DAP12 3. One of the abilities of NK cells is

not only to recognise virally infected cells but also stressed cells. The receptor responsible for this
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recognition is NKG2D. The ligands on target cells are related to MHC | molecules, the MIC-A/B and ULBP1-
6 ligands '*°. Another activating receptor that is preferentially expressed on CD56%™ NK cells is the FcyRIIIA
(CD16) receptor that binds the Fc-portion of antibodies with low affinity and is important in inducing NK
cell mediated ADCC Y74, Many ligands for activating receptors are also expressed by normal and healthy
cells. However, mechanism need to be in place to ensure the absence of auto-reactivity }’>. The amount
of inhibitory ligands engaged counterbalances the activating receptors engaged. If this balance tips over
to activation due to too low inhibitory signals or overwhelming activating ligands, the NK cell will get
activated *1. MHC class | molecules are widely expressed and are one of the types of molecules recognised
by inhibitory receptors on NK cells. The recognition of MHC is ensured by a number of receptors: leukocyte
Ig-like receptor B1 (LILRB1), human killer Ig-like receptors (KIR) and NKG2A. These receptors are not
expressed by all NK cells but rather in a random fashion. Other inhibitory receptors include LAIR-1 and

KLRG1 ¢,

Activating receptors
Inhibitory receptors

Receptors Adaptors h KIR-L
NKp46 CD3L, FcRy h LILRB1
CD16 CD3E, FeRy CD94/NKG2A
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Figure 4| NK cells express a wide array of receptors, including activating receptors (green) and their corresponding adaptor
molecules, inhibitory receptors (red), chemotactic receptors (purple), cytokine receptors (black and adhesion receptors (blue). h
specifies only expression in humans, m in mice, no specification indicates expression in both humans and mice #*.
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Recent findings have demonstrated that NK are not only able to promote the immune response but are
also able to impair them. It was shown in a mouse model of LCMV infection that in the absence of NK cells
early in infection, CTL responses but not T helper responses were more potent and let to the clearance of
an otherwise chronic infection. This increased responses seem to depend on the co-stimulatory capacity
of DCs. In vitro DCs isolated from NK cell depleted mice were able to activate CD8 T cells better than DCs
from wild-type mice. This mechanisms is especially important in early infection 7. During MCMV infection,
it was shown in mice that NK cells can directly kill infected DCs limiting T cell immunity "8, Moreover,
during the bidirectional crosstalk between NK cells and DCs, NK cells also produce some IL-10, leading to
a negative regulation *”. It seems that the mechanism to improve DC presentation or limit it, is dependent
on the ratio of NK cells to DCs. A low ratio induces activation whereas a high ratio favours limitation of T
cell priming by DCs 8, During early infection, T cells undergo a rapid clonal expansion. NK cells are able to
kill these early activated T cells. Some of the NK cells receptors involved in this process have been
described and include NKG2D, DNAM-1, NKp46, 2B4, LFA and FasL 88 |ndirect regulation of T cells has
also been reported, NK cells produce IL-10 during chronic viral infection in mice thus limiting the immune
pathology 8. T cells are protected after type | interferon sensing, this leads to a downregulation of NK cell
ligands 8. This mechanisms seem to ensure that only fully activated T cells, having received the three
sighals for activation survive as well as limiting immune pathology 8. These mechanism seem particularly
important during early infection. However, NK cells also play a regulatory role during the later stages of
chronic infection, since depletion of NK cells after the peak of the CTL response led to an improvement

184,185 NK cells are thus able to shape the immune response in a multitude of ways (Figure 5).

NK cells are often seen as a positive factor in the anti-tumour immune response since their involvement
in immune surveillance has been shown multiple times!18-12018 NK cells are a valuable alternative to CTLs
for tumour killing. They do not require clonal selection and expansion, moreover they are safe to use in an
allogeneic setting for adoptive transfer. Furthermore, their important interactions with DCs are also
relevant in the TME. NK cells have been shown to produce CCL5 and XCL1 that attract cDC1, important for
the establishment of an anti-tumour immune response ¥, Also the trafficking of stimulatory DCs to the
TME is mediated by, among others, NK cells via the production of FLT3LG 8. Multiple ligands for activating
receptors are also expressed by tumour cells as reviewed by Vitale, et al. ¥, NK cells are indispensable in
the success of graft-versus-leukaemia by transfer of T cell-depleted, MHC haploid-identical, allogeneic,
hematopoietic stem cells. In this instance a mismatch between the KIRs of the donor and the MHC class |
expressed by the host cell can lead to NK cell activation based on the missing self-hypothesis. The success

of this therapy has sparked further interest into the development of NK cell based therapies like adoptive
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NK cell transfer, infusion of recombinant cytokines (IL-2/IL-15) to boost NK cell functionality and infusion
of chimeric antigen receptor (CAR) NK cells 1°°. NK cell infiltration was associated with a favourable disease
outcome in oesophageal carcinoma patients, head and neck squamous cell carcinoma patients, gastric

cancer, HCC patients and CRC patients *7194,
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Figure 5| NK cells influence the immune response in a both stimulatory (green) and inhibitory (red) manner. They are able to
induce APC maturation by producing IFNy. APC elimination can lead to the release of antigens for cross-presentation but also
limits the amount of DCs available for antigen-presentation. They are able to induce a Th1 response by producing IFNy and limit
the T cell response by producing IL-10. T cell killing occurs to ensure only persistence of fully activated T cells. Type | interferon
sensing by T cells protects them from NK cell mediated killing *%°.

However, during previous research often NK cell non-specific markers are used like CD56 and CD57. In
solid cancers the efficacy of NK cell-mediated cytotoxicity remains unclear 8, Just as described for T cells,
NK cells can become exhausted within the TME. It was shown that NK cells isolated from human tumours
displayed impaired effector functions, characterized by a decrease in IFNy, granzyme B and perforin
production, lower degranulation capacity (as measured by CD107a) and an impaired killing capacity 19671%,
This functional exhaustion can co-incite with a downregulation of activation receptors like NKG2D, NCRs
and CD16 1%, Upregulation of the immune checkpoint PD-1 has also been reported 2®°, Not only activating
receptors are decreased, but also the upregulation of inhibitory receptors like NKG2A has been described
19% NKG2A blocking antibodies are able to reverse this exhaustion and increase the effector functionality

of both NK and T cells 2%, Research has also discovered a role for NK cells in the direct promotion of tumour

progression. NK cells are found in the peritumoural and stromal area of the tumour in NSCLC patients,
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displaying a decidual NK cell phenotype (CD565“P*™"€" CD16°) producing angiogenic factors like VEGF, PIGF
and IL-8 197202203t js thought that the presence of TGFB and hypoxia within the TME could lead to the
induction of a decidual phenotype derived from CD56""" NK cells 2°42%, The tumour employs additional
methods to escape NK cell killing, for example by expressing PD-L1 and producing IL-10 and PGE, 2%,
Moreover, tumour cells can shed soluble ligands for activating receptors NKp30 and NKG2D, which can
lead to their desensitization 2%’. The inhibitory ligand HLA-G is expressed and secreted by tumour cells,
upon interaction with NK cells via KIR2DL4, NK cells secrete pro-inflammatory and pro-angiogenic factors
208 Soluble HLA-G also modulates chemokine receptor expression and thus an alteration of trafficking to
the TME could take place 2. The interaction between NK cells and tumour cells are very complex and can

be both anti-as pro-tumoural (Figure 6).
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Figure 6| The interplay between NK cells and tumour cells as well as other cells of the TME is complex. NK cells can directly kill by
lysis or inhibit tumour progression by producing IFNy or TNFa. They can via those cytokine also induce T cell activation. However,
multiple mechanisms are in place to inhibit their functionality ranging from ligand shedding, inhibition by IL-10 and PGE; produced
by the tumour and TGFB and IL-10 produced by regulatory T cells, IL-10 by MDSCs or tryptophan catabolites produced by
fibroblasts. Ligation of PD-L1 on tumour or tumour-associated macrophages with PD-1 on NK cells can also lead to the attenuation
of their functionality 2°.
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In melanoma patients NK subsets (CD56°€" and CD56%™) frequencies have been described as either
unaltered or decreased in the blood of metastatic melanoma patients 21°212, Alterations in receptor
expression was reported, including lower expression levels of activation receptor NKG2D on CD56%™ NK
cells and increased KIR levels on CD56" cells, as well as an overall downregulation of NKp46 was
reported by others 21921 Functional assessments showed either impaired IFNy production and
degranulation as measured by CD107a expression or no changes in functionality 2121213 Thus making it
unclear what the role of NK cells is. Functionality was mostly assessed on total NK cell populations,
irrespective of the underlying subsets, they however differ substantially in their cytolytic and cytokine

producing capacities.

Our aim is to describe phenotypically and functionally NK cells and their subsets in the blood of melanoma
patients. We used a cohort of patients studied extensively in the lab included in a clinical trial
(ClinicalTrials.gov; Identifier: NCT00112229) and focussed on the time point before treatment in order to
have a better view on the inherent immune response. Using patient samples from this clinical trial gives
us the possibility to access a vast amount of clinical data and evaluate the parameters in relationship to

clinical outcome.
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This work is presented in an article published in March 2019 in the journal Scientific Reports.
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Circulating CD56P"9M NK cells
inversely correlate with survival of
melanoma patients
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HajerOuertatani-Sakouhi', Petra Baumgaertner' & Daniel E. Speiser™?

The roles of NK cells in human melanoma remain only partially understood. We characterized NK cells
from peripheral blood ex vivo by flow cytometry obtained from late stage (111/IV) melanoma patients.
Interestingly, we found that the abundance of CD56°9" NK cells negatively correlate with overall
patient survival, together with distant metastases, in a multivariate cox regression analysis. The
patients’ CD56P79" NK cells showed upregulation of CD11a, CD38 and CD95 as compared to healthy
controls, pointing to an activated phenotype as well as a possible immune regulatory role in melanoma
patients. After stimulation in vitro, CD569" NK cells produced less TNFo and GMCSF in patients than
controls. Furthermore, IFN~ production by the CD56" 9" NK cells correlated inversely with overall
survival. Our results highlight that abundance and function of CD56"9" NK cells are associated with
melanoma patient survival, emphasizing the potential of NK cell subsets for biomarker discovery and
future therapeutic targeting.

Melanoma is, next to squamous cell carcinoma and basal cell carcinoma, one of the three major types of skin
cancer'. Due to its highly metastatic potential, with metastases developing amongst others in lymph nodes, liver,
lung and brain, the mortality rate is highest for melanoma amongst the three skin cancer types, although being
the least frequent. While the number of people suffering from melanoma grows worldwide, the survival rates
of metastatic melanoma patients remain inadequate. Treatments with immune checkpoint blocking antibodies
such as Ipilimumab (anti-CTLA-4) and Nivolumab (anti-PD1) result in progressively increased rates of clini-
cal responses. However, many patients still do not respond to available therapies?. Mechanisms of response to
checkpoint blockade are not completely understood. Among other players, NK cells may potentially modulate
immunotherapy effects®.

NK cells are part of the innate immunity branch of the group of innate lymphoid cells (ILC)* They are
potent killers of virally infected as well as cancer cells without needing prior sensitizations®. Moreover, they are
potent cytokine producers®. In humans, NK cells can be divided into two main subsets, comprising the imma-
ture, poorly cytotoxic but cytokine-producing CD 562", and the mature, cytolytic, weakly cytokine-producing
CD564mCD16% NK cells. CD56"" NK cells only make up around 10% of NK cells in the periphery; they are,
however, the major subtype in tissues and second lymphoid organs’.

NK cells are often seen as a positive factor in the anti-tumour immune response since their involvement in
immune surveillance has been shown multiple times®-''. For example, in rag mice that lack an adaptive immune
system, the production of IFN~ by NK cells was found indispensable in the immune editing process'’. Additionally,
mice without natural killer cells are less able to reject several tumour cell lines, including B16 melanoma cells®.
Moreover, injection of pre-activated murine NK cells persisted within the tumour and they were able, in combi-
nation with radiotherapy, to significantly reduce the growth of primary tumours and metastases'. In melanoma
patients, NK cells have been studied in both the peripheral blood as well as in tissues, however they are yet insuf-
ficiently characterized and contradictory results have been found!!. Some investigators have reported unaltered
frequencies of CD56™%" and CD56%= subsets in blood of metastatic melanoma patients'**¢, whereas others have
found a decrease in both subsets'”. Moreover, peripheral NK cells appeared to have impaired IFN~ production and
degranulation'***. CD56%™ NK cells derived from blood expressed lower levels of the activation receptor NKG2D,

!Department of Fundamental Oncology, University of Lausanne, Epalinges, Switzerland. 2Department of Oncology,
University Hospital Center (CHUY), Lausanne, Switzerland. *Swiss Institute of Bioinformatics (SIB), Batiment
Génopode, Lausanne, Switzerland. Correspondence and requests for materials should be addressed to D.E.S. (email:
doc@dspeiser.ch)
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and CD56™# NK cells expressed higher levels of the inhibitory KIR receptor CD158b". Fregni et al. reported
decreased expression of the natural cytotoxicity receptor NKp46, in line with previous publications. However, they
reported no significant differences between patient and healthy controls in the production of IFN-~yand the degran-
ulation marker CD107a'%. NK cells are able to infiltrate primary tumours especially in the peritumoral area's. Tirosh
et al. characterized the tumour micro-environment (TME) in metastatic melanoma by single cell analysis and found
NK cells present in small numbers within the tumor'®. The presence of total NK cells in the TME was found to pos-
itively correlate with clinical outcome in patients with colorectal carcinoma, gastric carcinoma and non-squamous
lung carcinoma?®?2 Little information is available about NK cell phenotype and functionality in primary mela-
noma. One study showed that NK cells within tumour-infiltrating lymphocytes (TILs) are CD56"2MCD164™, a
phenotype that is also found in regulatory decidual NK cells'‘. Other studies have focused on the NK cell pheno-
type in tumour-infiltrated lymph nodes, reporting an enrichment of CD57+KIR*CD56%™ NK cells, which are very
efficient at killing autologous melanoma cell lines'’, suggesting a fully mature and effector phenotype. The ratio of
CD569mC D57+ to CD56MEMC D57+ seems to be biologically important and associated with survival in stage I11 mel-
anoma patients'”. Messaoudene et al. reported the presence ofactivated NK cells in tumour-infiltrated lymph nodes,
expressing higher levels of NKp46, NKG2D, NKp44, DNAM-1 and NKp30. Moreover, they found a population of
CD56"" NK cells expressing CD16 as well as other activation receptors and KIRs. This population could also be
found in lymph nodes adjacent to tumour-infiltrated lymph nodes but not in the blood®.

NK cell based therapies have not been successful in solid tumors?!. However, NK cells are associated with
durable responses after various therapies. NK cells are mediators of antibody-dependent cell cytotoxicity and have
been shown to interact with &-CTLA-4 antibody, whilst at the same time inducing NK cell maturation®’. A new
experimental therapy targeting both CD8 T cells and NK cells by blocking the NKG2A receptor has shown early
promising results in squamous cell carcinoma patients’. Interestingly, the frequency at baseline of CD56""#* NK
cells in blood of melanoma patients treated with Ipilimumab was negatively correlated with overall survival?.

Our goal was to characterize circulating NK cells and their subpopulations as well as their functionality in late stage
(III/IV) melanoma patients. We hypothesized that apart from a reduced anti-tumour function they could also play reg-
ulatory roles. We found that CD56°™ NK cells are negatively correlated with overall survival of the melanoma patients.
Therefore, we determined the phenotypic and functional characteristics of circulating CD56™ %" NK cells, improving
the basis for a better understanding of NK cell tumour biology and future optimization of cancer immunotherapy.

Results

The frequency of circulating CD565M NK cells correlates inversely with patient survival. We
studied 29 late stage (III/1V) melanoma patients?® included in a vaccine clinical trial, and focused on NK cells
before treatment start. PBMCs were analysed directly ex vivo by flow cytometry, using the gating strategy as
represented in Figure 1A. 1 patient was excluded due to technical issues. 13 healthy donors were included as
controls. We found no difference in the frequency of total NK cells as well as CD56"8", CD564mCD16* and
CD56%"CD16~ NK cells between patients and healthy donors (Fig. 1B). Interestingly, patients with high frequen-
cies or absolute numbers of CD56""# NK cells had significantly shorter overall survival than patients with low
frequencies or absolute numbers (Fig. 1C.D). We did not find a significant correlation between absolute numbers
of CD56M¢M and CD564CD 16+ NK cells, indicating that the negative correlation between overall survival and
the number of CD56°"¢M NK cells is not a result of corresponding low numbers of CD564MCD16+ NK cells
(Fig. 1D). Frequencies and numbers of peripheral CD56™#* NK cells did not only inversely correlate with overall
but also progression free survival (Fig. 1E). No significant correlation was observed between patient survival and
total NK cells, or CD564mCD16% or CD56™CD16~ NK cells (Fig. 1C). Frequencies of NK cells and their subsets
were similar in healthy donors and melanoma patients at stage [1l and IV (Suppl. Fig. 1A). Numbers of CD562™
NK cells does not significantly differ between stage I and IV patients (Suppl. Fig. 1B). Frequencies of CD56°78
NK cells are not significantly different between patients having received any previous treatment (chemo, radio
or immunotherapy) (Suppl. Fig. 1C-E). Since CD56!%" NK cells seem to be a prognostic factor for survival, we
decided to characterize them in more detail.

CD56b9M NI cells have an activated phenotype in patients. Patient and healthy control NK cells
were analysed for the expression levels of multiple NK cells markers, inhibitory and activating receptors as well
as activation markers by flow cytometry. As compared to healthy donors, circulating CD562"85 NK cells of mela-
noma patients showed elevated expression of CD'11a, CD38 and CD95, as measured directly ex vivo (Fig. 2A,B).
The observations were consistent after patients were stratified according to their disease status: stage IIl or IV
(Fig. 2C). We did not observe any difference in the expression levels of NKG2A, NKp46 or NKG2D (Fig. 2D),
and these markers were also consistently expressed in patients at different disease stages (Fig. 2E). We did not
observe expression of KLRG1, CD158b1,b2,j (a pan KIR marker) or CD57 (data not shown). Elevated expression
of CD11a, CD38 and CD95 indicates an activated phenotype. Moreover, CD38 is part of the adenosine pathway?®
adenosine is a immunoregulatory factor that promotes regulatory T cells and inhibits conventional T cell func-
tion®’. We found a trend for increased CD 38 expression on CD56"78% NK cells and the prevalence of regulatory
T cells (Fig. 2F). Despite the elevated expression of CD95 (FasR) we did not see evidence for increased apoptosis
of the CD56M8 NK cells as measured by Annexin V (Suppl. Fig. 2A). CD564mCD 16+ NK cells also seem to have
an activated phenotype as characterized by higher expression of CD11a, CD95 and NKG2D. They are less highly
differentiated than their counterpart in healthy donors as characterized by a lower frequency of CD57 expressing
cells (Suppl. Fig. 2B,C). Levels of NKp46, NKG24A, KLRG1, CD38, CD95 and CD158b1,b2,j on CD564mC D16t
NK cells were not found to be different between patients and healthy donors (Suppl. Fig. 2B). Finally, we found no
expression of PD-1 and CTLA-4 by either CD56°"#! or CD564™CD16% NK cells (data not shown).
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Figure 1. Frequencies of NK cells in melanoma patients and healthy controls. (A) Representative dot plots of
the gating strategy used. Lymphocytes were selected using forward (FSC) and side scatter (SSC), afterwards
doublets were gated out and live cells were selected. A series of negative selections was performed, first gating
out DCs, monocytes and B cells using a lineage cocktail, next T cells and ILCs were gated out using CD3 and
CD127. Total NK cells were positively selected using CD56 (total NK cells), this population can be further
divided into CD56Y81, CD564CD16% and CD564CD 16~ NK cells. (B) Histograms of the frequencies of total
NK cells, CD56Me, CD564MCD 167 and CD564MCD16~ NK cells, as measured by flow cytometry in PBMC
samples of 28 melanoma patients and 13 healthy donors. Frequencies of the patients with values lower than the
median are indicated in red, and those higher than the median are indicated in grey. (C) Kaplan-Meier curves
of overall survival, of patients with high (grey) vs. low (red) percentages of total NK cells, CD564CD16 +,
CD5364mCD16™ and CD56™#M NK cells, with the median as cut-off. (D} Absolute numbers of corresponding
CD564mCD16% and CD56™%#M NK cells represented in a xy-plot. Kaplan-Meier curves of overall survival with
high (grey) vs. low (red) numbers of CD36"#" NK cells, with the median as cut-off. E. Kaplan-Meier curves

of progression free survival with high (grey) and low (red) frequencies and absolute numbers of CD56"8" NK
cells with the median as cut-off. ns not significant, * p < 0.05, ** p < 0.01, *#¥* p < 0.001, **** p < 0.0001.
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Figure 2. Phenotypic characterization of CD56"2% NK cells by flow cytometry. (A) Representative histograms
of the expression level (Median Fluorescent Intensity, MFI) of CD11a, CD38 and CD95 on CD 56" NK cells.
The histograms show overlays; patient LAU975 (grey) and healthy donor 7 (black). (B) Summary histograms

of the expression levels (MFI) of CD11a, CD38 and CD95. (C) Distribution of the expressionlevels (MFI) of
CD11a, CD38 and CD95 from patients with late stage (III/IV) melanoma and healthy donors. (D) Summary
histograms of the expression levels (MFI) of NKp46, NKG2D and NKG2A. (E) Distribution of the expression
levels (MFI) of NKp46, NKG2D and NKG2A from patients with late stage (IITI/V) melanoma and healthy
donors. (F) Frequencies of regulatory T cells (CD25"FoxP3+CD127-) in the blood of melanoma patients before
vaccination (n=21) correlating with the expression levels of CD38 (MFI) on CD56"8" NK cells (n=21) from
the same patients. ns not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Pro-inflammatory cytokine and chemokine production is partially affected in CD56"19" NK
cells.  Since CD56" NK cells have an activated phenotype we wondered if they are also more capable of pro-
ducing cytokines and chemokines than NK cells from healthy donors. Previous publications have shown that NK
cells are able to produce an array of cytokines, including Th1, Th2 as well as regulatory cytokines®.. We used sam-
ples from 12 patients representing the whole patient population based on their frequencies of CD 568" NK cells
(Fig. 3A), and the same previously used 13 healthy donors as controls. We stimulated NK cells for 4 hours with PMA/
Tonomycin and analysed them by flow cytometry. ILCs were excluded by gating out CD127-positive cells. Previous
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Figure 3. Functional characterization of CD56"# NK cells after stimulation (4 hours) with PMA/lonomycin.
(A) Histogram of the frequencies of CD56ME NK cells in patients and healthy donors. Patients included

in subsequent functional experiments are indicated in red. (B) Representative dot plots of CCL4, IFN~,
GMCSF, CCL3 and TNF after 4 hours of PMA/Tonomycin stimulation, and of perforin and granzyme B
without stimulation of patient LAU627. (C) Histograms of IFN~ and CCL4 production (%) (CD56 82 NK
cells) in healthy donors and patients before and after stimulation. (D) Histograms of TNFey, GMCSF and
CCL3 production (%) {CD56"i8" NK cells) in healthy donors and patients before and after stimulation. (E)
Histograms of granzyme B and perforin (%) (CD56" " NK cells) in healthy donors and patients before
stimulation. ns not significant *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0,0001.

studies have reported decreased functionality of peripheral blood NK cells in melanoma patients'. We did not
detect any differences between the amounts of IFN~ or CCL4 produced by CD56"#" NK cells from patients and
healthy donors (Fig. 3B,C). In contrast, we found lower production of TNFo and GMCSF (and a trend for CCL3) in
patients as compared to healthy donors (Fig. 3B,D). We did not find differences for granzyme B and perforin expres-
sion before stimulation, suggesting similar cytolytic capacity (Fig. 3B,E). IFN~, GMCSF, perforin, granzyme B, CCL4
and NKp44 production by CD564mCD16" cells did not ditfer between patients and healthy donors. In turn, the
patients produced lower levels of TNFoand CCL3 (Suppl. Fig. 3A,B). Finally, we did not observe any production of
IL-10, IL-2, LTo, IL-4, IL-13, [L-22 and IL-5 in either subset (CD56"#" and CD564™CD16%) (data not shown). Even
though CD56"8" NK cells display an activated phenotype based on surface markers, they are not more functional
than healthy controls, they are even impaired in the production of a number of cytokines.

Multivariate analysis shows significant correlation of CD569" NK cells with overall patient sur-
vival. We used the clinical as well as phenotypical and functional data from our cohort to perform a univariate
Cox regression analysis for overall patient survival, with the aim to identify significant clinical and immunological
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Univariate Cox analysis Multivariate Cox analysis
95% CI for
beta HR HR Pvalue | beta | HR 95% CIfor HR | Pvalue
Age (years) —0.012 0.99 0.96-1 0.42
LDH (mgEq/1} —0.0025 1 0.99-1 0.59
Sex —0.17 084 | 033-22 0.73
Lymph node metastases —0.23 0.8 0.28-23 0.67
Satellite metastases 0.84 23 0.9-6 0.082
Distant metastases 11 31 0.97-6.5 0.031% | 1.077 | 2.937 | 1.028-8.393 0.044%
N stage 0.83 23 0.66-7.9 0.19
DTH —0.95 03% | 013-1.1 0.082
NED orED at study entry 0.92 25 0.97-6.5 0.059
Previous radiotherapy 0.096¢ 11 0.32-3.8 0.88
Previous chemotherapy —0.26 077 | 0.22-27 0.68
Previous immunotherapy 0.07¢ 11 0.42-2.8 0.88
Any previous therapy (Radio/Chemo/Immuno) | —0.016 098 | 0.39-25 0.97
MelanA+ CD8 (% CD&* T cells) —0.61 0.54 0.12-2.6 0.44
CD56%8% NK cells (% live lymphocytes) 2.9 18 24-140 0.005%** | 2,963 [ 19364 | 2.293-153-524 | 0.007**
CD11a (MFT) 13 37 0.049-280 0.56
NKp46 (MFT) 4.7 110 0.08-160000 | 0.2
NKG2D (MFI) 19 64 0.19-220 0.3
NKG2A (MFET) 2.7 14 0.07-2900 0.33
CD38 (MFI} 0.42 15 0.015-160 0.86
CD95 (MFI) 0.96 26 0.027-260 0.68
CD16 (% CD 56" NK cellsy 2.5 12 0.43-350 0.14
Granzyme B (% CD56" NK) 4.7 110 0.54-20000 | 0.083
Perforin (% CD56™is NK) 17 54 0.15-200 0.36
CCL4 (% CD 56" NK) -2 0.13 0.012-1.5 0.098
GMCSF (% CD56™8" NK) -2 0.14 |[0013-15 01
TFNA (% CDS56 2t NK) 43 72 1.1-4700 0.044%
CCL3 (% CD 562 NK) 071 2 0.038-11 0.41
TNFe (% CD56™H NK) 19 69 0.35-140 0.21

Table 1. Univariate and multivariate analysis of overall survival by the Cox proportional hazards method.
#p < 0.05, **p < 0.01, *#5p < 0.001, ¥*+¥p < 0.0001.

factors. One of the immunological parameters is the frequency of Melan-A specific CD87 T cells at baseline, as previ-
ously described?®. Interestingly, we found that presence of distant metastases, frequency of circulating CD56"#*NK
cells, and production of IFN~ by CD56"2h NK cells are inversely associated with overall patient survival (Table 1).
To test if these three parameters contribute individually to survival we performed a multivariate Cox regression anal-
ysis. Since we only had 11 paired samples for our functional analyses, we decided to not analyse the impact of IFN~y
production by CD56"8" NK cells any further. Our multivariate analysis showed that both, the presence of distant
metastases and the frequency of CD56"8" NK cells correlated significantly with survival (Table 1). A similar result
was obtained using absolute numbers of CD56"8" NK cells instead of frequencies (data not shown). The frequency
of CD56™81 NK cells was similar in patients with or without distant metastases (Suppl. Fig. 4). Together, our data
suggest that the fraction of circulating CD56"#NK cells may hold prognostic value in melanoma patients.

Discussion

New therapies focussing on blocking inhibitory receptors not only of CD8 T cells but also of NK cells have shown
clinical success®, supporting the notion that NK cells could have potentially important roles in future treatments.
However, their implications in solid cancers is not entirely clear®. We analysed NK cells from a cohort of 29
late stage (III/IV) melanoma patients included in a vaccine clinical trial. All analysis was performed on sam-
ples from before vaccine treatment. In patients and healthy donors we found similar frequencies of circulating
total NK cells as well as their subsets (CD56%"CD16" and CD56"#"), in line with previously published data'*!%.
CD56%CD16~ NK cells were found reduced in viremic HIV patients®. We did not find significant differences
between the frequencies of CD564™CD16~ NK cells in healthy controls and melanoma patients. In the literature,
NK cells are frequently associated with immune surveillance, often playing significant roles in tumour control*%
Interestingly, we found that higher frequencies and numbers of circulating CD56"# NK cells were associated
with reduced overall and progression free patient survival, whereas frequencies or numbers of either total NK
cells as well as CD563™(CD16% or CD167) cells did not correlate with survival. A similar finding was previously
reported by Tietze ef al. who showed that low CD56"" NK cell frequency at baseline is a good predictor of mel-
anoma patient survival after treatment with Ipilimumab®.
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Since CD56°™# NK cells adversely correlated with overall survival, we wondered if they possessed regulatory
characteristics or if they had any deficiencies in their anti-tumoural potential. Previous studies in melanoma
patients have shown decreased expression of NKp46 and NKG2D as well as an increased expression of NKp44 in
total NK cells'*!%. We did not observe differences in expression of NKp46 and NKG2D on CD 56" NK cells. We
found that CD56>"#" NK cells expressed higher levels of CD 38, CD11a and CD95, indicating that these cells were
activated. We did not, however find evidence for increased apoptosis. CD38 is an ADP ribosyl-cyclase, which has
been described to be involved in the production of adenosine, limiting CD4* T cell proliferation as well as induc-
ing regulatory T cells, mediated by CD56" 2" cells®. Indeed, we found that CD38 expression levels on CD56"788
NK cells correlated with the frequencies of peripheral regulatory T cells from the same patients. Furthermore,
CD11a was more strongly expressed on circulating CD 56" NK cells in patients than healthy donors. It is one of
the receptors (together with NKp46 and NKG2D) that could induce NK cell cytotoxicity directed towards antigen
specific, activated T cells; especially CD4™ T cells seem to be sensitive to NK cell lysis in a mouse model of LCMV
infection®. NK cell regulation of T cell function was shown during the priming phase’, and NK cell depletion
during a persistent LCMV infection also led to a positive therapeutic effect®”. Perforin was found to be the most
important mediator of T cell and NK cell mediated killing®.

Apart from expression of surface markers, we also determined the functionality of healthy donor and
patient-derived NK cells. We analysed the production of an array of cytokines and chemokines while making
sure that ILCs did not interfere with our analysis. Previously, ILCs have not been gated out when determining
cytokine production!®'s*". We found no differences in the amounts of CCL4 and IFN-~ produced by circulating
CD56 8 NK cells between patients and healthy donors. Unaffected production of IFN+y has been previously
reported®. We found decreased production of TNFa and GMCSF by CD56°"8* NK cells. Even though CD 5680
NK cells have a more activated phenotype in patients than healthy donors, they do not produce more cytokines.
They are even partially impaired. GMCSF and TNFw are both pro-inflammatory cytokines. GMCSF can act in
a paracrine manner and recruit neutrophils, monocytes and lymphocytes as well as enhance their functions. It
plays an important role in priming of T cells as well as the development of a Th1 response*’. In a phase II clinical
trial, the administration of GMCSF to late stage melanoma patients in combination with Ipilimumab proved to
be more efficient than Ipilimumab alone*!. TNFo is known for its direct effects on cancer cells and for shaping the
immune response®. It is also an essential cytokine for the process of antigen cross-presentation by DCs to CD8*
T cells*’. In a mouse melanoma model, mice deficient for MIP-1/f had increased tumour growth as well as a
higher incidence of metastases, also associated with lower local production of [FN~, TNFe and I11.-6%.

Univariate Cox regression analysis of multiple clinical and immunological parameters identified three signifi-
cant factors, namely the presence of distant metastases, the frequency of CD56™%24 NK cells and IFN~production
by CD56™#8 NK cells. [FN~yis usually seen as a positive mediator of the anti-tumour immune response. However,
it has been shown that IFN~yproduced by decidual NK cells has multiple immunoregulatory functions including
inhibition of Th17 cells*, as well as induction of angiogenesis and vessel remodeling®. The interaction between
decidual NK cells and monocytes leads to the induction of regulatory T cells as well as apoptosis of effector T
cells, dependent of the [FN~ pathway"”. The fact that distant metastases correlate with poor patient survival was
expected as this is well known; patients without vs. with distant metastases are in stage III vs. IV, respectively;
they have significantly different survival*®*. We did not observe a difference in CD56"#* NK cell frequencies
depending on the presence of distant metastases. Both are thus independent prognostic factors for overall sur-
vival of melanoma patients.

In primary tumours, NK cells are only present in low numbers, preferentially in the peritumoral area'’. In
lymph node metastases, NK cells can be found at similar frequencies as in healthy donor tissue, making up less
than 5% of CD45% cells®. Few specific markers exist to distinguish NK cell subsets in the TME'. As a result, it
is challenging to detect NK cell subsets in histologic material or based on computational approaches using tran-
scriptome data®. Moreover, NK cells display a certain degree of plasticity®’. Therefore our study was focused on
circulating NK cells, specifically on CD 56" and CD56% NK cells, their phenotype and functionality. Improved
detection methods and studies are required to determine their roles and functions in the TME.

Our data suggest that CD56"8" NK cells may have a negative effect on the anti-tumour response by inhibiting
T cell responses, via CD38, perforin, CD11a and IFN~. Onthe other hand they produce less GMCSF and TNFo,
cytokines important in establishing an anti-tumour response. However, due to the limited amount of patients
included in this study, these should be considered as preliminary findings and be confirmed in larger patient
cohorts, including early disease patients. The effects on the anti-tumour immune response of CD56°"8% NK cells
warrant also further mechanistic research. Our study provides evidence that the frequencies and absolute num-
bers of circulating CD56°"#" NK could be potential biomarkers in melanoma patients.

Methods

Melanoma patients. Blood was obtained from melanoma patients included in a phase I clinical trial
(Clinical Trials.gov; Identifier: NCT00112229) upon written informed consent. Eligibility criteria and study
design has been previously described?. The study was designed, approved and conducted according to relevant
regulatory standards approved by the Ethics Commission for Clinical Research of the Faculty of Medicine and
University of Lausanne (Lausanne, Switzerland), Swissmedic (Swiss Agency for Therapeutic Product) and the
Protocol Review Committee of the Ludwig Institute for Cancer Research (New York). The study was performed
at the Centre Hospitalier Universitaire Vaudois (CHUV) in Lausanne. All 29 stage ITI/IV melanoma patients were
included in the present study. Clinical details of all patients are assembled in Supplementary Table 1. Only sam-
ples from before the trial treatment were used in this study. Control PBMC from healthy donors where isolated
from blood donations obtained from the Blood Transfusion center. The cells were isolated by density gradient
centrifugation using Lymphoprep.
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Human cell preparation and flow cytometry. PBMCs were isolated from whole blood cells by
Lymphoprep (Axis-Shield) centrifugation gradient and cryopreserved inliquid nitrogen. Frozen PBMCs were
thawed in a water bath at 37 °C. They were stained immediately after thawing, first with antibodies directed
against surface markers. The following antibodies were used for the NK cell phenotyping: anti-CD11a (BD
Biosciences Cat# 347983, RRID:AB_400366), anti-PD-1 (BD Biosciences Cat# 557946, RRID:AB_647199),
anti-CD56 (BioLegend Cat# 318322, RRID:AB_893389), anti-CD16 (Beckman Coulter Cat# A33098, RRID:
AB_2728092), anti- NKp46 (BD Biosciences Cat#, RRID:AB_10894195), anti-NKG2D (BioLegend Cat# 320808,
RRID:AB_492962), anti-CD8 (BioLegend Cat# 300920, RRID:AB_528885), anti-CD3 (Beckman Coulter
Cat# A93687, RRID: AB 2728095), anti-CD127 (BioLegend Cat# 351310, RRID:AB_10960140), anti-CD14
(Beckman Coulter Cat# B01175, RRID: AB_2728099), anti-CD19 (Beckman Coulter Cat# A96418, RRID:
AB_2728101), anti-CD123 (BD Biosciences Cat# 563072, RRID: AB_2728102), anti-CD141 (BD Biosciences
Cat# 563298, RRID: AB_2728103), anti-KLRG1 (A488, clone 13F12F2, provided by H. Pircher), anti-CD158b
(Beckman Coulter Cat# IM2278U, RRID: AB_2728104), anti-NKG2A (Miltenyi Biotech Cat# 130-105-647,
RRID:AB_2655388), anti-CD57 (BD Biosciences Cat# 333169, RRID: AB_2728105), anti-CI38 (Thermo Fisher
Scientific Cat# 25-0389-42, RRID:AB_1724057), anti-CD95 (BioLegend Cat# 305612, RRID:AB_314550).
Secondly, a live/dead staining (LIVE/DEAD ™ Fixable Near-IR Dead Cell Thermo Fisher Scientific Cat#
L-34975) was performed. Cells were fixed at room temperature (RT) for 30 minutes (1% formaldehyde buffer).
Cells were washed and stained with anti-CTLA-4 (BD Biosciences Cat# 555855, RRID: AB_398615), in FACS
butfer with 0.1% saponin for 30 minutes at RT. The following antibodies were used for the NK cell function-
ality panel: anti-CD56 (BioLegend Cat# 318328, RRID:AB_11218798), anti-CD16 (BioLegend Cat# 302026,
RRID:AB_2278418), anti-CD3 (Thermo Fisher Scientific Cat# 47-0036-42, RRID:AB_10717514), anti-CD137
(BioLegend Cat# 309826, RRID:AB_2566260), anti-CD69 (BioLegend Cat# 310926, RRID:AB_2074956),
anti-NKp44 (BioLegend Cat# 325114, RRID:AB_2616752), anti-CD127 (BD Biosciences Cat# 563086, RRID:
AB_2728655), anti-CD 14 (Beckman Coulter Cat# B01175, RRID: AB_2728099), anti-CD19 (Beckman Coulter
Cat# A96418, RRID: AB_2728101). Then a live/dead staining (LIVE/DEAD™ Fixable Aqua Dead Cell Stain
Thermo Fisher Scientific Cat# L34965) was performed. Depending on the sample/panel, PBMCs were washed
with Annexin V binding buffer (BD Biosciences) and stained for Annexin V (BD Biosciences Cat# 556419, RRID:
AB_2665412). Cells were fixed at RT during 30 minutes (FoxP3 intracellular staining kit, eBioscience). Cells were
washed and stained with; anti- TNFf} (Thermo Fisher Scientific Cat# BMS105F], RRID:AB_10598519), anti-IFN~
(BioLegend Cat# 506804, RRID:AB_315454), anti-GMCSF (BioLegend Cat# 502310, RRID:AB_11150231),
anti-IL-22 (R and D Systems Cat# IC7821P, RRID:AB 495011), anti-CCL4 (Thermo Fisher Scientific Cat#
46-7540-42, RRID:AB 2573845), anti-1L-13 (BD Biosciences Cat# 561162, RRID:AB_10642588), anti-perforin
(BioLegend Cat# 308104, RRID:AB_314702), anti-IL-4 (BioLegend Cat# 500810, RRID:AB_315129),
anti-granzyme B (Thermo Fisher Scientific Cat# GRB17, RRID:AB_2536540), anti-TNFo (BioLegend Cat#
502926, RRID:AB_2204081), anti-CCL3 (Miltenyi Biotech Cat# 130-103-631, RRID:AB_2651378) and anti-IL-5
(BD Biosciences Cat# 554396, RRID:AB_398548) in FoxP3 intracellular staining kit permeabilisation buffer (eBi-
oscience) for 30 minutes at RT. CD4 regulatory T cells in patients PBMCs were identified ex vivo by staining
with the following antibodies at the surface: anti-CD3 PerCP (BD Biosciences Cat# 345766, RRID:AB_2783791),
anti-CD4 PE-Cy7 (Biosciences Cat# 348809, RRID: AB 2783789), anti-CD25 PE (BD Biosciences Cat# 341011,
RRID: AB_2783790), anti-CD 127 Pacific Blue (¢Bioscience Cat# 57-1278-73, AB_657602). Then a live/dead
staining (LIVE/DEAD™ Fixable Aqua Dead Cell Stain Thermo Fisher Scientific Cat# L34965) was performed.
The FoxP'3 staining were performed after Fixation and Permeabilization using the FoxP3 intracellular stain-
ing kit permeabilisation buffer (eBioscience) using anti-FoxP3-FITC (eBioscience Cat# 11-5773-82, RRID:
AB_11076963). Melan-A specific T cells were identified using tetramers as previously described?. In short:
enriched CD8* T cells were incubated with phycoerythrin-labeled HLA-A*0201/Melan-A/MART-1 A27L pep-
tide26-35 (ELAGIGILTV) tetramers (1 pg ml~*, 60 min, 4°C) and then with antibodies (30 min, 4°C).

Data were acquired on a Gallios (Beckman Coulter) and LSR-IT™ Flow Cytometer (BD Bioscience) and ana-
lysed using FlowJo 10.4.2 (TreeStar).

{n vitro stimulation. PBMCs were isolated from whole blood and cryopreserved in liquid nitrogen. Frozen
PBMCs were thawed in a water bath at 37 °C. Cells were kept at 37 °C overnight in 20U/ml human recombi-
nant IL-2 (Proleukin) and RPMI (Gibeo) with 10% FCS (Gibeo). Cells were stimulated for 4 hours with 1 pg/ml
Phorbol 12-Myristate 13- Acetate (PMA) (Sigma Aldrich) and 0.25 ug/ml Ionomycin, (Sigma Aldrich). 10 pg/ml
of Brefeldin A (Sigma Aldrich) and 2nM Monensin (Sigma Aldrich) were added to all conditions, as well as to the
control conditions at the start of the stimulation.

Statistics and analysis. Significance of single comparisons was assessed using the Mann-Whitney test,
multiple comparisons were analysed using a two-way ANOVA or with a Kruskal- Wallis test, using the GraphPad
Prism 8 software. Overall survival (OS) was defined as the time between enrolment in the phase I clinical trial
and latest follow-up or death. Progression-free survival (PFS) was defined as the time between clinical trial enrol-
ment and relapse or progression of disease, based on whether the patient had no evidence of disease or evidence
of disease at study entry, respectively. Apart from the clinical parameters, our data did not follow a normal dis-
tribution but a log distribution and was therefore log-transformed before statistical testing. The significance of
Kaplan-Meier survival analysis was assessed by the Log-rank test (Prism 8). Cox proportional hazards model was
used to test association with survival. Predictors were selected for multivariate regression based on results from
univariate analyses, inclusion was based on statistical significance. Survival analysis was performed using the
survival R package®.
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Data Availability
All data generated or analysed during this study are included in this published article (and its Supplementary
Information Files).
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Supplementary Figure 1: Distribution of total NK cells, CD56"€", CD569™CD16* and CD569™CD16™ NK cells
in different clinical conditions. A. Distribution of NK cell frequencies and their subsets (%) from patients
with late stage (Ill/IV) melanoma and healthy donors. B. Distribution of the absolute numbers of CD56°""
NK cells in stage lll and stage IV melanoma patients. C,D,E. Distribution of total NK cells, CD56°"€",
CD569mCD16* and CD569™CD16™ NK cells (%) in relation to previous chemotherapy (C), radiotherapy (D) or
immunotherapy (E). ns not significant, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Supplementary Figure 2: Phenotypical characterization by flow cytometry of NK cells. A. Annexin V
expression levels on CD56°€" NK cells in patients and healthy donors before and after activation
(PMA/lonomycin, 4 hours) B. Expression levels (MFI) of CD11a, NKG2D, CD95, NKp46 and CD38 on
CD569mCD16* NK cells. C: Summary histograms of the expression (%) of CD57, CD158b1,b2,j, KLRG1 and
NKG2A on CD569™CD16* NK cells. ns not significant, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Supplementary Figure 3: Functional characterization of CD569™CD16* NK cells by flow cytometry. A.
Histograms of TNFa, GMCSF, CCL3, CCL4 and IFNy production (%) (CD56%™CD16%) as well as the expression
level of NKp44 (%) in healthy donors and patients before and after stimulation (4h PMA/lonomycin). B.
Histograms of the expression levels of granzyme B and perforin by CD569™CD16* NK cells. ns not
significant, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Supplementary Figure 4: CD56"&" NK cells (%) from melanoma patients with or without distant
metastases. ns not significant, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Supplementary Table 1: Clinical characteristics of the 29 late stage (11l/IV) melanoma patients included in this study

Diagnosis Status at study entry Study outcome
Patient Sex Age Melanoma TNM Stage Breslow Clark Age TNM Stage Disease Previous Study entry Death os’ Relapse PFS’
typet status® treatment® date (1=yes/ (1=yes/
0=no) 0=no)
LAU M 24 SSM pT2aN1bMO 1B 1.40 \Y 33 pT2aN2cMO 1B NED IFNa adjuvant, 09.03.2005 1 50.6 1 25.2
205 Immuno-therapy (a)
LAU M 60 SSM pT3aNOMO A 1.50 1 69 pT3aN3M1b \ ED Immuno-therapy 30.06.2003 0 75.5 1 3.2
321 (b), Chemo-
immuno-therapy (c)
LAU M 29 SSM pT3aN1bMO 1B 2.38 \Y, 33 pT3aN1lbMib v NED Immuno-therapy (d)  28.07.2003 1 11.9 1 3.6
371
LAU F 29 SSM pT3aNOMO 1A 2.50 \Y, 37 pT3aN3MO0 nc ED Immuno-therapy (b)  16.09.2004 1 11.8 1 25
392
LAU F 27 NM pT3aNOMO 1A 1.90 \Y 33 pT3aN2cMilc v ED Radiotherapy, 15.09.2003 1 30.8 1 15.2
444 Immuno-therapy (e)
LAU F 69 NM pT4aNOMO 1B 8.00 \ 74 pT4aN2cMO 1B ED IFNa adjuvant, 26.05.2003 1 35.5 1 14
618 Chemo-immuno-
therapy (c)

LAU M 49 SSM pT3bN1laMO 1B 2.23 \Y, 51 pT3bN2bM1b v ED NA 19.05.2003 1 15.2 1 3.4
627
LAU M 64 UK pT2aNOMO 1B 1.60 \Y, 70 pT2aN3MO0 nc NED Radiotherapy, 25.10.2004 0 153. 0 153.
648 Immuno-therapy (e) 7 7
LAU F 22 NM pT2bNOMO A 1.72 v 25 pT2bNOM1c v NED NA 16.08.2004 1 14.8 1 21
660
LAU M 34 SSM pT1aNOMO 1A 0.70 I 38 pT1aN3MO0 nc ED IFNa adjuvant, 14.10.2003 1 455 1 1.9
672 Immuno-therapy (f),

Chemo-immuno-
therapy (c)
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LAU F 70 UK pT3bNOMO 1B 2.50 \Y 71 pT3bN3MO lnc NED Chemo-immuno- 24.09.2003 140. 2.9
701 therapy (c) 6
LAU F 64 UK pTXNOMO UK UK UK 67 pTXN3MO lnc ED Chemo-immuno- 08.11.2004 44.1 3.8
706 therapy (c),

Immuno-therapy (a)
LAU M 55 UK pT3aNOMO 1A 2.44 11l 58 pT3aN2bMO 1B NED NA 09.05.2003 61.2 7.3
818
LAU F 52 SSM pT3aNOMO 1A 2.70 \Y 54 pT3aN1bMO 1B NED Radiotherapy 08.03.2006 15.1 15
936
LAU F 20 oM pT2aNOMO 1B 6.80 UK 28 pT2aN1bMO 1B NED Radiotherapy 26.01.2004 168. 23.8
944 0
LAU F 60 NM pT2bN1aMO 1B 1.60 1] 60 pT2bN1aMO 1B NED NA 02.09.2004 129. 129.
972 3 3
LAU M 51 NM pT4aN1bMO B 12.00 \Y 52 pT4N1bMO 1B NED NA 11.04.2005 7.5 4.2
975
LAU M 55 SSM pT3bN3MO Inc 3.00 \Y 56 pT3bN3MO nc NED NA 25.04.2005 25.1 8.8
1013
LAU M 75 SSM pT2aNOMla \Y 1.20 1] 75 pT2aNOMla v NED NA 03.03.2005 50.7 8.9
1015
LAU F 28 NM pT3bN2bMO nc 3.80 \% 28 pT3bN2bMO lnc NED NA 25.04.2005 22.0 1.4
1017
LAU M 69 NM pT2bN2bMO 1B 1.49 \% 69 pT2bN2bMO 1B NED NA 11.07.2005 19.8 8.8
1022
LAU M 47 SSM pT2aN2bMO 1B 1.35 1-1v 47 pT2aN2bMO 1B NED NA 15.08.2005 117. 51.8
1034 2
LAU M 68 NM pT3aN2bMO 1B 3.10 \Y 69 pT3aN2bMO 1B ED NA 20.02.2006 21.0 3.8
1090
LAU M 36 SSM pT2aN1laMO A 1.35 \Y 36 pT2aN1aMO 1A NED NA 21.03.2006 106. 106.
1106 8 8
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LAU M 52 SSM pT3NOMO I 2.50 v 66 pT3N3MO e NED Chemotherapy (g)  29.06.2006 1 17.0 9.4
1129
LAU M 68 NeM pT3aNOMO  IIA 0.60 v 72 pT3aNOMib v NED NA 19.09.2006 1 29.4 8.9
1144
LAU M 51 UK pTxNxMla v UK UK 52  pTxNxMila v NED NA 16.10.2006 0 56.6 56.6
1164
LAU F 68 ALM pT3bN2MO B 4.00 v 68  pT3bN2MO B NED NA 05.06.2007 0 38.9 10.9
1189
LAU M 46 SSM pT3bNOMO 1B 4.00 v 48 pT3bN1bMO  IIIC NED Radiotherapy 11.10.2007 0 90.8 15.8
1264

*The melanoma type is shown: ALM: acral lentiginous melanoma, NM: nodular melanoma, NeM: nevoid melanoma, OM: ocular melanoma, SSM:

superficial spreading melanoma

UK: unknown.

#The disease status before the start of the vaccination trial is presented: NED: no evidence of disease; ED: evidence of disease.

®Previous therapies are listed: All patients underwent surgery.

a: PA0/ELA cancer vaccine study: Melan-A 26-35 (A27L) analogue peptide (ELA)+ P40 adjuvant

b: LUDWIG 96-010 cancer vaccine study: Melan-A 26-35 (A27L) analogue peptide (ELA)+ FluMa 58-66 peptide + low dose rhlL-2+ SB AS-2

c: Isolated limb perfusion with Melphalan+IFNy+TNFa

d: LUDWIG 98-009 cancer vaccine study: Melan-A 26-35 (A27L) analogue peptide (ELA)+FluMa 58-66 peptide + SB AS-2

e: LUDWIG 96-010 cancer vaccine study: Melan-A 26-35 (A27L) analogue peptide (ELA)+ FluMa 58-66 peptide + low dose rhiL-2+ Montanide ISA-
51

f: LUDWIG 96-010 cancer vaccine study: Melan-A 26-35 (A27L) analogue peptide (ELA)+ FluMa 58-66 peptide + Montanide ISA-51

g: Cisplatine+ Dacarbazine+ Methotrexate

NA (not applicable) means no systemic treatment was administered before the start of the vaccination trial.

The study outcome with overall survival (OS) and progression-free survival (PFS) is displayed. * Interval from the start of vaccination protocol to
event (in months)
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Our research identifies a possible biomarker for metastatic melanoma. We and others reported that
CD568" NK cells inversely correlate with overall survival 24, In the case of Tietze, et al. patients were
included in a clinical trial receiving Ipilimumab (a-CTLA-4 antibody). However, patient numbers are very

low in both case, 29 and 23 respectively. So these results need to be confirmed using larger cohorts.

It remains unclear if there is any link between the functionality of NK cells in the periphery and those
present within the TME. However, serious questions have been raised about the relevance of NK cells
within the TME as limited tissue infiltration has been reported in a number of cancer types like melanomas,
hepatocellular carcinoma, breast cancer, renal cancer and colon cancers 2**72Y7, |n two out of three of these
studies NK cells were characterized as CD56* by immunohistochemistry. However, CD56 is not exclusively
expressed in NK cells. Moreover, these techniques haven’t allowed for the differentiation between
CD56"8" and CD56%™ NK cells. Other techniques like using RNA signatures to study TCGA data have not
yielded any results yet, due to the difficulties of designing gene signatures of NK cell populations as well
as their plasticity in tissues. Recent studies have shown a tissue signature in spleen compared to blood of
humans %2, However, single cell RNA sequencing might provide a solution. Multiple single cell analysis in
melanoma have shown clustering of cells identified as NK cells 2822, However, these have not been

studied in detail.

We found that CD56€" NK in the periphery of melanoma patients have an altered functionality. They
produce lower levels of TNFa and GMCSF. Further questions remain how or if these changes have any
impact on tumour killing and/or interactions with other immune cells. We additionally found that NK cells
from melanoma patients express higher levels of CD11a, CD95 and CD38. CD56&" NK cells have been
shown to inhibit CD4 T cell proliferation via the adenosine pathway #2!. CD73 another member of the
adenosine pathway has already been shown to play an important tumour-promoting role in melanoma

222223 The role of CD38 on NK cells might be an interesting avenue to pursue as a possible therapy.

Overall, our data suggests that CD56°€" NK cells may have a negative effect on the anti-tumour response
or could be used as a potential biomarker as our study provides evidence that the frequency and absolute

numbers of CD56°€" NK cells inversely correlate with overall survival.
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9. Characterisation of immune-modulating B cells in late stage melanoma patients

Since the ‘80s multiple antibody types directed against tumour antigens have been discovered, indicating
that B cells recognize and respond to tumour development 22%2%, Since then new techniques have been
developed to detect autoantibodies either in the serum via the SEREX method (serological analysis of
tumour antigens by recombinant cDNA expression cloning) or the mini-array displaying distinct tumour-
associated recombinant antigens 22228, The presence or absence of tumour antigen-specific antibodies
has been used as a diagnostic marker in a number of cancers. A panel of antigens (p53, c-myc, HER2, NY-
ESO-1, BRCA1, BRCA2 and MUC1) were used to fish out antibodies from the sera of early breast cancer
patients as well as patients with ductal carcinoma in situ. A response to one of the antigens was reported
in 64 and 45% respectively 2%, A similar panel of antigens (p53, c- myc, HER2, NY-ESO-1, CAGE, MUC1 and
GBUA4-5) was used in patients with non-small cell lung cancer and small cell lung cancer. Antibody specific
response could be measured in 76% of the patients 23°, Years before cancer induction antibodies directed
against nuclear antigens, like p53 could be found in high risk patients, like people working/living in an
asbestos environment or patients with liver cirrhosis or chronic hepatitis 222232, However, autoantibodies
do not only have value as diagnostic but also prognostic markers. The presence of antibodies against
tumour antigens, has been associated in some cases with a poor prognosis. For examples a-NY-ESO-1 titers
in hormone refractory prostate cancer 233, Moreover, the titer seems to correlate with the size of the
tumour mass in different tumour types 23*. Titers of anti-nuclear antibodies were associated with bad
prognosis in breast cancer and gastric cancer 23>26, Other examples are the presence of a-laminin
antibodies in breast cancer, a-p53 antibodies in breast, gastric, colon cancer, NSCLC, oral cancer 237238 A
positive correlation between antibody titers and prognosis has been found in prostate carcinoma (CTSP-
1), hepatocellular carcinoma (p53), non-small cell lung cancer (antineural, MUC1, ANA), colon carcinoma
(cardiolipin, tropomyosin, ds-DNA, MUC5AC), CLL (laminin receptor), CML (CML66), glioblastoma (GLEA3,
PHF3), ovarian cancer (MUC1), gastric cancer (Thomsen-Friedenreich, MUC1), small cell lung cancer (SOX

group B, ZIC2), Hodgkin lymphoma (carbo-anhydrase 1) and breast cancer (CEA, endostatin) 2397253,

In 1979 Wood et al. reported that the sera of some patients produced cytotoxicity in vitro against allogenic
cells %, An antibody derived from peripheral B cells from a melanoma patients was able to induce ADCC
in vitro %, ADCC is mediated by the binding of immunoglobulins to Fc Receptors. Four groups of FcR exists,
classified based on their affinity for IgG, function and distribution. FcyRl and FcyRIll have a pro-

inflammatory function mediated by intracellular tyrosine-based activating motives (ITAMs). Ligation
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triggers ADCC by NK cells as well as cytokine release, oxidative burst and phagocytosis by macrophages on
top of degranulation of mast cells. On the other hand, ligation of FcyRIl inhibits these inflammatory
response via tyrosine-based inhibitory motifs (ITIM) signalling. This receptors play thus a central role in
determining the direction of the immune response 2°°, Terminal glycans on terminal Fc part of IgG
determine a lot their binding capacity. For example, terminal galactose residues promote binding to Clq
complement factor, whereas the absence of fructose increases ADCC by improved binding %728,
Siacylated immunoglobulins are able to bind to APCs and induce the upregulation of FcyRIl. This
glycosylation pattern was found on a part of the NY-ESO-1 specific antibodies in the circulation of

melanoma patients %*°. Immunoglobulins can also be carriers for latent TGF 2°°,

Class switched antibodies are not only present in the circulation but can also be found within the TME.
Within the skin lesions of melanoma mRNA profiles indicate the presence of maturated B cells and
antibody response as indicated by class switching, shorter CDR3 regions, clonal expansion as well as
distinct repertoire in healthy and malignant skin 2%, In breast cancer IgG and IgA antibodies have been
found in the TME 252, |gA isotypes were also observed in TLS in cutaneous melanoma, normally this isotype
is only found in lymph nodes draining the mucosal tissues 2%3. Class-switching to IgA expressing cells is
induced by TGFB suggesting the presence of an immunosuppressive microenvironment %4, IgA* B cells
have been shown to produce IL-10 in liver cancer and thus directly suppress CTL responses 2%°. Another
anti-inflammatory antibody is 1gG4. Class switching to I1gG4 is induced by a Th2 environment. It has poor
FcR and complement binding. It has been reported in melanoma that B cells from melanoma lesions
produced higher proportions of IgG4 than B cells from healthy counterparts. IgG4 antibodies not only lack
effector functions but also compete with 1gG1 for FcR binding %°. Some IgG4 expressing B cells have also
been shown to produce IL-10 &. Immunoglobulins can not only have a suppressive role but can also be
important in the establishment of a chronically inflamed environment. Sustained inflammation is one of
the emerging hall marks of cancer as described by Hanahan and Weinberg. Immune cells can provide in
these settings growth, pro-angiogenic and survival factors as well as facilitate metastasis 2°’. Immune
complexes, which are the association of immunoglobulins with complement, deposited within the tumour
have been shown to be the result of leaky vasculature 2°8. Tumorigenesis is halted in a model of squamous
cell carcinoma upon the absence of B and T cells. Transfer of B cells or serum from tumour-bearing mice

t 2%°. It was shown that accumulation of autoantibodies in the stroma

restores tumour developmen
interacts with resident and recruited myeloid cells via FcyR. This interaction leads to an array of responses
from the innate immune compartment leading to tissue remodelling, angiogenesis, recruitment of

leukocytes as a final results leading to squamous carcinogenesis 27°,
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B cells are able to infiltrate the tumour in multiple types of cancer 227>, Their presence within the TME
has been associated with a both favourable and poor prognosis in melanoma 276729, Mostly, favourable
prognosis are related to the presence of B cells in TLS 28, TLS are lymphoid like structures with distinct B
and T cells zones that can be found outside the lymphoid tissues 22, The presence of TLS itself are
associated with a favourable prognosis, these areas are important in generating effector and memory T
cells within the tissues. In the B cells zones a germinal centre is present for memory generation of B cells
and class switching %3284, In patients with lung cancer or melanoma all stages of B cells were observed,
naive, memory B cells, class switching and plasma cells 26328 B cells are in this capacity not only able to
produce antigen but can also act as APCs 2%, Activated B cells were able in vitro to present antigens from
melanoma lysates to T cells and efficiently activate them 2%, Higher clonality of CD4" T cells was observed
in lung cancer patients that had TLS present in the tumour with B cells continuously presenting antigens
287 B cells are able to cross-present peptides on a class | MHC from a 30-mer peptides derived from the
NY-ESO-1 antigen to CTL in vitro ?®. In high-grade ovarian cancer, B cells were found in close proximity to
CD8T cells, moreover they express MHC class | and Il as well as co-stimulatory molecules CD40, CD80 and
CD86. The combination of B and T cell presence correlates with survival 273, It is thus important to consider

the spatial repartition of B cells within the TME when considering their function.

In 1982 it became clear that B cells can also have a tumour promoting role. In a mice experiment, B cells
were depleted using a chronic administration of an a-IgM antibody. This depletion led to a lower tumour
incidence #°, In a more recent study, Inoue et al. showed that splenic cells from wild type or B cell knock
out mice co-cultured with irradiated tumour cell lines showed impaired production of IFNy production by
CD8 T and NK cells in the presence of B cells. In vivo experiments showed a similar results. The tumour
promoting role of B cells was associated with their IL-10 production 2*°. In a carcinogenesis mouse model
it was shown that in the absence of the cytokine TNFa derived by B cells, CTLs produce more IFNy and B
cells produce less IL-10 ?°1. In a 4T1 breast cancer model it was reported that metastasis was dependent
on a subset of B cells, regulatory B cells (CD19* CD25"&" CD69"&") which were able to induce Tregs in a TGFB-
dependent manner #. The same group was also able to show that regulatory B cells have an important
role in educating MDSCs. This educational process is also TGFB dependent °1. It was shown that tumour
cells are able to induce regulatory B cell formation, through the metabolite 5-lipoxygenase 2°2. Tumours
can also have a long distance effect on B cells via exosomes. It has been shown by Pucci, et al. that tumour-
derived extracellular vesicles interacts with B cells within the lymph nodes. As a consequence, B cells
produced more immunoglobulins that induces in turn cancer growth. Transfer of sera to another mouse,

accelerated tumour progression 2%,
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In humans, a partial depletion of B cells using Rituximab in patients with colorectal cancer let to a reduction
in tumour burden in 50% of patients at the end of the treatment 4. Different types of Bregs have been
found in different types of cancer 2. In gastric cancer, IL-10 producing B cells expressing high levels of
CD24 and CD38. Depletion of Bregs from the PBMCs increased the secretion of IFNy by Th cells in vitro.
Moreover, they were able to induce Tregs via TGFB 2. In patients with tongue squamous cell carcinoma
double staining for IL-10 and CD19 showed double expression within the TME. Tongue squamous cell
carcinoma cell lines were able to induce Biegs. This induction was blocked by an a-CD40L antibody. Bregs
derived in vitro were able to induce Tregs independent of IL-10. The ratio of regulatory cells (B or T cells)
compared to the whole population (B or T) correlated with overall survival of the patients . Patients with
hepatocellular carcinoma had more regulatory B cells in the circulation and in the evasive margins of the
tumour. Regulatory B cells in the periphery correlated with clinical parameters like staging, venous
infiltration and tumour multiplicity. When transferred into SCID mice, Bregs Were able to promote tumour
progression independent of T 2°’. Additional mechanisms have been described apart from IL-10 and
TGFB. It was reported that regulatory B cells from the PBMCs from patients with invasive carcinoma of the
breast expressed a high level of PD-L1. A positive correlation was found between PD-L1* Bregs and Tregs. An
inverse correlation exists between PD-L1* B.egs and CTL 2%, Resistance to BRAF inhibitors is fairly common
in melanoma. It was shown that melanoma cells produce the growth factor FGF-2. This in turn interacts
with tumour-infiltrating B cells via FGR3. It activates them to produce IGF1, but also IL1, VEGF and
PDGFA/B. Growth factor IGF1 has a feedback effect on melanoma cells, leading to an upregulation of FGR3
on melanoma cells, a positive feedback loop is thus instated where FGF2 produced by melanoma cells can

act on themselves. This leads to a more heterogeneous population 2%,

B cells have a dual role in tumour immunity. They can promote anti-tumour response via the presentation
of antigens or by inducing ADCC. The tumour promoting roles of B cells can be either direct or indirect and
are very complex (Figure 7). B cells can be a potential target to improve current treatment or find new

avenues to treat patients that do not benefit from the current strategies 2.
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Figure 7|B cells can interact in multiple ways with the tumour and other immune cells within the TME. (1) Cancer-immune
complexes (CIC) can act over a long distance and interact with FcR on cells from the myeloid compartment at the TME. (2) Type Il
cytokines produced by Th cells at the TME induce a type two polarization in those myeloid cells. (3) B cells can interact and activate
myeloid cells in an FcR independent manner via cytokine production. (4) Myeloid cells are able to produce pro-tumoural factors
that are pro-metastatic, pro-invasive, pro-angiogenic and pro-survival. (5) Myeloid cells limit CTL activation and tumour cell killing
in the TME. (6) B cells produce pro-survival, pro-proliferative and pro-metastatic factors at the TME. (7) Tumour cells can induce
regulatory B cells or pro-tumoural B cells via excreted factors. (8) Tumour cells recruit myeloid cells to the TME 3%,
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The role of B cells in the response to human melanoma is still unclear. Especially the role of B cells within
the tumour micro-environment is poorly documented. Most studies have used CD19 or CD20 antibodies
in immunohistochemistry, whereas phenotype and functionality of B cells remain mostly unknown. We
decided to phenotypically and functionally characterize B cells within the periphery and the TME by using
flow cytometry and RNA sequencing in melanoma patients before treatment. We screened patients
enrolled in clinical studies including vaccination and immunotherapy trials and aimed at determining

eventual correlations with clinical outcome.

Our goal is to advance the knowledge on the role of B cells in melanoma patients.
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Blood was obtained from melanoma patients included in three different clinical trials. Two of them were
interventional and registered on ClinicalTrials.gov as follows: NCT00112229 and NCT00306566). One study
was observational with EC number: 400/11. Patients were enrolled upon written informed consent.
Eligibility criteria and study design has been previously described 3°13%%, The study was designed, approved
and conducted according to relevant regulatory standards approved by the Ethics Commission for Clinical
Research of the Faculty of Medicine and University of Lausanne (Lausanne, Switzerland), Swissmedic
(Swiss Agency for Therapeutic Product) and the Protocol Review Committee of the Ludwig Institute for
Cancer Research (New York). Only baseline samples from before the trial treatment were used in this
study. Control PBMCs from healthy donors where isolated from blood donations obtained from the Blood

Transfusion Centre.

Human melanoma tissue specimens used for RNA sequencing analysis were collected in the framework of
the research protocol 87/06 approved by the Ethics Committee for Clinical Research of the Faculty of

Biology and Medicine of the University of Lausanne.

Patient or healthy donor PBMCs were isolated from whole blood cells by Lymphoprep (Axis-Shield)
centrifugation gradient and cryopreserved in liquid nitrogen. Frozen PBMCs were thawed in a water bath
at 37°C. Cells were kept, for resting, overnight at 37°C and 5% CO; in RPMI (Gibco), 10% FSC (Gibco) and
100U/ml IL-2 (Proleukin). Cells were than stimulated with 3 pug/ml CpG 7909 (PF-3512676) which was
provided by Pfizer and Coley Pharmaceutical Group, Wellesley MA, for 14 hours after which 50ng/ml PMA
(Sigma-Aldrich) and 500ng/ml lonomycin (Thermo Fischer) was added. After another two hours 2nM
Monensin (Sigma-Aldrich) and 10pg/ml Brefeldin A (Sigma-Aldrich) were added for another 4 hours.
Control samples were kept in RPMI, 10% FSC Monensin and Brefeldin A were added at the same time point

as their stimulated counterpart.

The first step in the staining for flow cytometry analysis is the blocking of the Fc-receptor to avoid
unspecific staining using an Fc-blocking reagent (Miltenyi, 130-059-901). The following antibodies were
used for the phenotyping and functional characterization of B cells from PBMCS: CD4 (BD Bioscience,
562970), CD8 (Biolegend, 344732), CD14 (Beckman Coulter, B01175), CD19 (Biolegend, 302208), CD27
(eBioscience, 61-0279-42), IgD (BD Bioscience, 555778), CD95 (Biolegend, 305606), CD126 (IL6-R) (BD
Bioscience, 551850), PD-1 (Biolegend, 329920), T-bet (BD Bioscience, 562467), IL-2 (BD Bioscience,
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554565), IL-4 (Biolegend, 500810), IL-5 (BD Pharmigen, 554396), IL-6 (Biolegend, 501106), IL-13 (BD
Pharmigen, 561162), IL-17A (Biolegend, 512308), IFNy (BD Pharmigen, 557844), TNFa (BD Pharmigen,
557996) and LTa (Invitrogen, BMS105FI).

After staining with extracellular antibodies a live/dead staining (LIVE/DEAD™ Fixable Near-IR Dead Cell
Thermo Fisher Scientific Cat# L-34975) was performed. Cells were fixed at RT during 30 minutes (FoxP3
intracellular staining kit, eBioscience). Intracellular staining was performed at RT during 30 minutes in
FoxP3 intracellular staining kit permeabilisation buffer (eBioscience). Cells were acquired using the Gallios

flow cytometer (Beckman Coulter) and analysed using FlowJo 10.4.2 (FlowJo LCC).

Tumour-specific T cells from tumour-infiltrated lymph nodes (TILN) were prepared after finely mincing
surgery specimens to yield a single cell suspension, which was cryopreserved on the same day as the
surgery was performed. Cell sorting by flow cytometry was performed in collaboration with Laure Tillé
(Gregory Verdeil, UNIL, Lausanne). In short, cells were thawed and rested overnight in RPMI and FCS. B
cells were sorted based on the expression of CD19 (Beckman Coulter, A96418) using the Astrios (BD
Bioscience). Cells were sorted directly into RNA later (Invitrogen, AM720) to conserve RNA upon
cryopreservation. RNA was extracted using the RNeasy Plus Micro kit (Qiagen, 74034) following the
manufacturer’s protocol. Quality of RNA was tested using a fragment analyser (Advanced Analytical). Total
RNA from all samples used for sequencing had an RQN > 7. Libraries were obtained using the Clontech
SMART-Seq v4 (Takara). Single read (100bp) was performed using an lllumina HiSeq 2500 sequencer
(lumina). These last two steps were performed at the Lausanne Genomics Technologies Facility (UNIL,

Lausanne).

RNA-sequence quantification was performed using Kallisto 3%, In brief, target transcript sequences were
obtained from ENSEMBLE (GRCh38.p12), and the abundance of transcripts was quantified using Kallisto
0.44.0 with sequence-based bias correction. All other parameters were set to default when running
Kallisto. Kallisto's transcript-level estimates were further summarized at the gene-level using tximport
1.8.0 from Bioconductor 3%, For downstream analysis, lowly abundant genes were filtered out and
differential expression analysis was performed using DESeq2 1.22.0 from Bioconductor 3%, Significant
genes were identified using FDR<0.1. Gene Set Enrichment Analysis (GSEA) was performed using fgsea
1.8.0 package from Bioconductor with fold change estimates as gene-level statistic 3%/, Prior to GSEA,
ENSEMBL gene ids were converted to human gene symbols using biomaRt 2.38.0 from Bioconductor 3%, If

a gene symbol was associated with more than one ENSEMBL id, the ENSEMBL id with maximum variation
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was selected using the collapseRows functionality within the WGCNA R package 3%. Signaling pathways
analyzed by GSEA were obtained from the Hallmark gene sets of the MSigDB 31°, Heatmap was generated
using the pheatmap R Package 3!, with clustering distance and method set to Euclidean and ward.D2,
respectively. RNA sequencing analysis was performed by Sina Nassiri (Prof. Daniel Speiser, UNIL,

Lausanne).

Significance of single comparisons was assessed using the Mann—Whitney test, multiple comparisons a
Kruskal-Wallis test, using the GraphPad Prism 8 software. Overall survival (OS) was defined as the time
between enrolment in the clinical trial and latest follow-up or death. The significance of Kaplan-Meier

survival analysis was assessed by the Log-rank test (Prism 8).
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For the characterisation of B cell populations we used samples from patients from three different clinical
trials. All samples were from the baseline time point, so none of the patients received any treatment at
the time of sampling. One study included only early stage melanoma patients (stage I-1l) who received
virus-like particles for vaccination 3%, In a second study late stage melanoma patients (stage Ill-IV) were
recruited into a vaccination trial using short Melan-A peptide and adjuvants to induce an immune response
301 'In the third and last trial patients received immunotherapy under the form of an a-CTLA-4 blocking

303

antibody

Carpenter, et al., found a decrease in the memory compartment (CD27* B cells) in metastatic melanoma
patients in the blood 32, We however did not find a significant difference between memory cells either
switched (IgD") or unswitched (IgD*) memory B cells (Figure 8A). Moreover, we did not find any differences

between the frequencies of circulating B cells or naive B cells (Figure 8A).

Not much is known about the functionality of B cells in cancer patients apart from antibody production
even though B cells are also known for their potent production of cytokines 313. We found that B cells
produce IL-2, GMCSF, TNFa, LTa, IL-6 and IL-10 (Figure 8B,C). We did not find any significant differences
between cytokine production in patients and healthy donor controls (Figure 8B,C). We did not observe any

production of IL-4, IL-5, IL-13, IL-17A or IFNy (data not shown).

We observed a big range in the degree of cytokine production by B cells from melanoma patients. We
decided to look into more detail into the clinical parameters that set these patients apart. Interestingly, B
cells from stage llI/IV melanoma patients produce less IL-2, TNFa and LTa than stage I/l patients (Figure
9A). These results show a partial impairment in B cell functionality from late stage patients (stage IlI/IV).
Moreover, we found a deficiency in the functionality of patients having received previous immunotherapy.
B cells from patients having received previous immunotherapy are less able to produce TNFa, LTa and IL-
10 (Figure 9B). Immunotherapy includes mostly vaccinations with peptides as well as cytokines. An
overview of the previous immunotherapy can be found in Table 1. Radiotherapy and chemotherapy had

minor effects on the production of cytokines (Figure 9C,D).
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Figure 8| Frequencies and functionalities of peripheral B cells. A. Frequencies of circulating B cells and its subsets including naive,
unswitched memory and switched memory B cells from healthy donors (n=27) and melanoma patients (n=51). B. Representative
dot plots from a healthy donor of cytokine production by B cells. C. Summary of the cytokine production by B cells from healthy
controls (n=15/26) and melanoma patients (n=37/31) after CpG and PMA/lonomycin stimulation. ns not significant, * p<0.05, **
p<0.01, *** p<0.001, **** p<0.0001.
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Figure 9| Distribution of cytokine production by B cells (IL-2, GMCSF, TNFa, LTa, IL-6 and IL-10) in different clinical conditions. A.
Distribution of cytokines produced by B cells from patients in stage I/Il, Il and IV. B,C,D. Distribution cytokine production by B cells
in melanoma patients in relation to previous immunotherapy (IT) (B), radiotherapy (RT) (C), chemotherapy (CT) (D). ns not
significant, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Table 1| Detailed information about the patients that received previous immunotherapy as well as the type of immunotherapy

received.

Patient Immunotherapy

LAU 205 P40/ELA cancer vaccine study: Melan-A 26-35 (A27L) analogue peptide (ELA)+ P40 adjuvant

LAU 321 LUDWIG 96-010 cancer vaccine study: Melan-A 26-35 (A27L) analogue peptide (ELA)+ FluMa 58-66 peptide +
low dose rhiL-2+ SB AS-2
Isolated limb perfusion with Melphalan+IFNy+TNFa

LAU 371 LUDWIG 98-009 cancer vaccine study: Melan-A 26-35 (A27L) analogue peptide (ELA)+FluMa 58-66 peptide +
SB AS-2

LAU 392 LUDWIG 96-010 cancer vaccine study: Melan-A 26-35 (A27L) analogue peptide (ELA)+ FluMa 58-66 peptide +
low dose rhlL-2+ SB AS-2

LAU 444 LUDWIG 96-010 cancer vaccine study: Melan-A 26-35 (A27L) analogue peptide (ELA)+ FluMa 58-66 peptide +
low dose rhiL-2+ Montanide ISA-51

LAU 618 Isolated limb perfusion with Melphalan+IFNy+TNFa

LAU 648 LUDWIG 96-010 cancer vaccine study: Melan-A 26-35 (A27L) analogue peptide (ELA)+ FluMa 58-66 peptide +
low dose rhiL-2+ Montanide ISA-51

LAU 672 LUDWIG 96-010 cancer vaccine study: Melan-A 26-35 (A27L) analogue peptide (ELA)+ FluMa 58-66 peptide +
Montanide ISA-51
Isolated limb perfusion with Melphalan+IFNy+TNFa

LAU 701 Isolated limb perfusion with Melphalan+IFNy+TNFa

LAU 706 Isolated limb perfusion with Melphalan+IFNy+TNFa
P40/ELA cancer vaccine study: Melan-A 26-35 (A27L) analogue peptide (ELA)+ P40 adjuvant

LAU 518 Vaccinations with long NY-ESO-1 long-peptide and Montanide with CpG adjuvant

LAU 1131 VLP vaccination with Melan-A analogue peptide and Montanide

LAU 1394 Vaccinations with Melan-A ELA+ Melan-A EAA+ MAGE-A10+ NY-ESO-1 long-peptide and Montanide adjuvant

LAU 1397 Vaccinations with Melan-A ELA+ Melan-A EAA+ MAGE-A10+ NY-ESO-1 long-peptide and Montanide adjuvant

Vaccinations with Melan-A ELA+ sLAG-3 long-peptide and Montanide adjuvant

66| Page



Due to the heterogeneity in patients, we decided to focus on the patients treated with the checkpoint
blocker Ipilimumab (a-CTLA-4). These are patients with the most advanced disease, mostly stage IV with
substantial disease burden. B cells from patients produced more GMCSF than B cells from healthy donors.
We did not see any differences between the production of IL-2, IL-6, IL-10, TNFa and LTa (Figure 10A). At
a phenotypical level, we also observe higher expression of IL-6R and FasR and the transcription factor T-
bet. We did not observe any differences between PD-1 expression on B cells from patients and healthy
controls (Figure 10B). T-bet has been shown to be expressed in pathological B cells driving a lupus-like

disease in mice 34,

Patients recruited in this clinical trial had an extensive follow-up, up to 7 years. The advantage of an
Ipilimumab treatment is that significant numbers of patients had clear clinical responses, allowing the
comparison of responders with non-responders. We found that B cells from non-responders produce more
TNFa, IL-6 and IL-10, but less GMCSF (Figure 10C). This suggests that cytokine producing B cells are more
potent in non-responders. None of the phenotypical markers was differentially expressed between
responders and non-responders (data not shown). Interestingly, we found that IL-6, TNFa and IL-10 levels
negatively correlate with overall survival (Figure 10D). This seems to indicate that both inflammatory and
regulatory B cells have negative effects on patient prognosis. From our analysis it was impossible to

determine if these are separate populations or a single multifunctional population of B cells.

The research presented above gives us an indication about the phenotype and the functionality of B cells
within the periphery, but we do not know if this is reflected within the TME. To our knowledge, sorted B
cells from the TME have not been sequenced to this date. We decided to sequence B cells from melanoma
metastases (n=5), and corresponding B cells from the PBMCs (n=5). The data analysis was performed in

collaboration with Sina Nassiri (Prof. Speiser lab, UNIL, Lausanne).

Visualization of significantly differentially expressed genes (FDR=0.1) of B cells from TILs compared to B
cells from healthy donors in a heatmap shows that B cells cluster together based on their anatomical
localization (Figure 11A). This indicates a stronger tissue signature than a patient signature. 131 genes are
differentially expressed based on a false discovery rate of 0.1. The highest differentially expressed gene is
the transcription factor SOX5. SOX5 is expressed during the later stages of B cell maturation when the

proliferation capacity is reduced 31°. Other genes in the top 30 include an interferon response gene (IFIT5),
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immunoregulatory molecules (IDO1) and IgA heavy constant alpha 2 (Figure 11B). A top thirty genes based
on a the highest positive log, of the fold change between TILs and PBMCs shows as well some of the same
genes like SOX5, IDO1, IgA heavy constant alpha 2 and Immunoglobulin Lambda Variable 8-61, as well as
some immune-related genes like CXCL11, CD86, Interferon Regulatory Factor 6 (IRF6) and Interleukin 4
Induced 1 (IL4l11) (Figure 11C). Gene enrichment analysis (GSEA) shows the presence of some important
hallmarks, like Myc targets, interferon response as well as the inflammatory response and IL-6 signalling

(Figure 11D).

There is evidence that B cells from the TILs are activated as can be seen from increased CD86 expression
as well as the enrichment in inflammatory response genes and IL-6 signalling genes. The role of IL-6
produced by B cells may play an important role as well. We found that patients that do not respond to
Ipilimumab treatment possess peripheral B cells that produce higher levels of IL-6. Moreover, high levels
of IL-6 producing B cells inversely correlates with overall survival. Inflammatory genes are enriched in B

cells from TILs, one of the hits within the GSEA enrichment is IL-6.
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Figure 10| Association of phenotypical and functional characteristics with clinical parameters of Ipilimumab. A. Cytokine
production (%) in patients (n=14) and healthy donor controls (n=15/26). B. Phenotypical characteristics including T-bet (%) CD95
or FasR (%), IL-6R (%) and PD-1 (%) in patients (n=14) and healthy donor controls (n=15). C. Differentiation of patients into
responders (n=6) and non-responders (n=8) to treatment and their associated cytokine production. D. Overall survival (log rank
test) based on the median production of IL-6, TNFa and IL-10 in B cells from late stage melanoma patients. ns not significant, *
p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Figure 11| RNA sequencing of sorted B cells from melanoma metastatic lymph nodes and sorted B cells from the periphery from
corresponding patients. A. A pairwise comparison represented in a heatmap of significantly differentially expressed genes
comparing TlLs and peripheral B cells with an FDR of 0.1. The heatmap is based on the z-score, red indicating negative and blue
positive values. B. Top 30 differentially expressed genes, list based on adjusted p-values. C. Top 30 differentially expressed genes
based on the biggest log, of the fold change. C. Hallmarks enriched in B cells from TILs compared to PBMCs, enrichment was
analysed using a pre-ranked list using GSEA with a nominal p < 0.05 and FDR < 0.1.
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Different roles for B cells have been described especially in mouse tumour models, with pro-inflammatory
as well as regulatory features 3%, However, the role of B cells in cancer patients is less described 316, We
found that although B cell frequencies and subsets did not differ between patients and healthy donors,
patients who received previous immunotherapy, mostly under the form of a peptide vaccination and
adjuvants showed reduced production of TNFa, LTa and IL-10 as compared to patients not having received
previous immunotherapy. Moreover, it seems that B cells become less functional with disease progression

as indicated by stage.

These results made us focus on patients enrolled in a clinical trial receiving Ipilimumab (a-CTLA-4). Not
much research has been performed trying to elucidate the role of B cells in clinical responses to checkpoint
blockade. We focussed on the baseline time point in order to study characteristics of B cells driven by the

disease.

We found that peripheral B cells from patients produce more GMCSF and have a higher expression of T-
bet, FasR and IL-6R. GMCSF administration in melanoma in an adjuvant setting has shown limited success
317318 ' On the other hand, it has also been shown to promote malignant cell growth in mouse models of

head and neck squamous cell carcinomas 3%°

. We also observed an upregulation of IL-6R on patient B cells,
which is something we can also find on B cells from the TME. We observed an enrichment in genes involved
in IL-6 signalling in B cells. This cytokine can have both pro and anti-inflammatory properties. Some of the
hits within the inflammatory response hallmarks are IL-6, IL-10, IL-1B and LTa. Together with IDO1 found
in the top hits, these results suggest that B cells from the TME are at the same time pro-inflammatory and
regulatory, similarly as the circulating B cells. Both IL-10 and IL-6 produced by peripheral B cells negatively
correlate with overall survival and can be found at higher levels produced by circulating B cells from non-
responder patients. IL-6 plays an important role in B cell development and maturation of B cells and
plasmablasts 32°. In combination with IL-1B it has been able to induce regulatory B cells 32, This mechanism
was described in gut-immunity, an environment where also IgA plays an important role and is the most
prevalent isotype. We found that one of the genes overexpressed in B cells of the TME is part of the IgA
molecule. IgA has been shown to be expressed by B cells in the TME of breast cancer as well 22, In liver

cancer, IgA* B cells were show to express PD-1 and produce IL-10. 2%, IgA class-switching occurs in the

presence of TGFPB 322, The presence of TGFP indicates an overall suppressive TME 16,

Regulatory B cells have been quite elusive, since no transcription factor nor any surface markers have been

found. Thus far the only way to identify them is with functionality 8323, We found that circulating B cells
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from non-responders produced more IL-10 than B cells from responders. In the TME we found that IL-10
was one of the hits within the inflammatory response hall marker significantly enriched in B cells from TILs
compared to peripheral B cells. Regulatory B cells have been shown to limit T cell activation and
proliferation as well as induce regulatory T cells 8. An additional pathway that could contribute to the
suppressive character of intra-tumoural B cells is by the production of IDO1 which is one of the top hits we
found by RNA sequencing. B cells have been shown to be able to regulate T cell response in an IDO-
dependent manner 324, It remains to be determined whether we can identify suppressive functions by the

patients’ B cells.

Suppression of T cell responses is not the only way in which B cells promote tumour progression. It has
been shown that TNFa had a tumour promoting role in squamous cell carcinoma 2!, We observed a
negative correlation between TNFa and overall survival, moreover non-responsive patients to treatment
produced more TNFa. However, we did not find any TNFa overexpression within the TME compared to

peripheral B cells.

Overall, B cells have an immune-modulating phenotype by producing pro- as well as anti-inflammatory
cytokines like IL-6, TNFa and IL-10. mRNA levels of IL-6, IL-10, LTa and IDO1 were also upregulated. Further
research is needed to increase the number of patients. One of the possible avenues to follow is to use
publicly available single cell RNA sequencing data from melanoma patients 22822°, During this previous
research, as described in the literature, B cell profiles were not analysed in detail. Especially the recently
published data from Sade-Feldman, et al., is of particular interest to us since they used samples from
before and after a-PD-1 and/or a-CTLA-4 treatment in melanoma patients 2%, They have described that a
B cell cluster and not a plasma cluster was more frequent in responder patients, irrespective of the time

[ 229 1t would

point. However, the functional profile of these B cells has not been described in more detai
be interesting to see if inflammatory genes are also enriched in these samples compared to corresponding
blood samples. Moreover, we would like to see if the profile changes before and after treatment. We
would like to complement this data, with flow cytometry analysis of B cells from tumour-infiltrated lymph
nodes, including functionality after stimulation and phenotype. As controls we would also like to analyse
lymph nodes from healthy donor controls. The discrepancies in the role of B cells could be explained by
the favourable prognostic role of B cells when they are present in TLS compared to unaccompanied by T

cells 2. Our data is derived from TILNs where naturally a lot of B cells are present, it would be interesting

to compare to non-lymphoid metastases.
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Overall, our research suggests that B cells contribute to the pro-tumoural immune response by producing
both inflammatory and regulatory cytokines. This opens up new avenues for therapy, since we find

increased cytokine producing B cells in non-responding patients. B cells could thus be new targets, and/or

exploited as biomarkers for therapy.
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10.Characterization of a new lymphocytic population, termed Orphan lymphoid cells
(OLC), in the blood of healthy humans

10.1. Introduction

Even though it was thought that all major lineages of immune cells had been discovered, 10 years ago a
new type of immune cells was discovered, the ILCs ’. In mice, the ILC group cells, including ILCs and NKs,
differentiate from the CLPs, which already expresses the IL7Ra (CD127), the expression is conserved down
to the ILC lineage but not the NK cell lineage 3*. CLPs differentiate into integrin a4B7-expressing ILC
progenitor a lymphoid precursors (alLP). This lineage differentiation is induced by transient expression of
the transcription factor NFIL3 3%, NFIL3 induces the expression of transcription factors TOX and 1D2 327:328,
This stage is also called the early innate lymphoid progenitor (EILP). This EILP is able to give rise to the NK
cell progenitor as well as the common helper ILC progenitor (CHILP) 3%°. CHILP1 express high levels of ID2
but no PD-1, they are able to give rise to lymphoid-tissue inducer cells. CHILP2 on the other hand, also
express high levels of ID2 but also PD-1 as well as the transcription factor PLZF giving rise to the other ILC

helper subsets (Figure 12) 3%°
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Figure 12| ILC and NK cell development originates in the bone marrow from CLP that in turn gives rise to alLP progenitors
characterized by the expression of asf7integrin. The first progenitor in this cascade is called the EILP and is able to give rise to all
ILC subsets including NK cells. IL7Ra is firmly expressed from this stage on. CHILP progenitors are no longer able to give rise to NK
cells but only helper ILCs. CHILP1 characterised by high ID2 expression and absence of PD-1 and PLZF, CHILP1 is able to give rise
to LTi cells. CHILP2 progenitors on the other hand express PD-1 and the transcription factor PLZF, they can give rise to helper ILC
subsets: ILC1,2 and 3 330,

The developmental path of ILCs and NK cells as well as at which step exactly their development
differentiates is not entirely understood in humans. CLPs can be found in the human CD34* compartment

however, the exact phenotyping remains unclear 3. NK cells, ILC1, ILC2s and ILC3s can be generated from
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human CD34* bone marrow cells in vivo, when transplanted in immune-deficient mice 33233, In vitro
differentiation from more CLP-like cells has been able to deliver NK, cells as well as ILC2s and ILC3s 332334,
More recently a subset of progenitor cells have been identified in the periphery of humans with the
following phenotype: CD34'CD7*CD127°CD117*CD45RA" that are able to give rise to all ILC subsets (helper
and cytotoxic). Transcription factors found to be important in mice were also upregulated in human cells
(TCF7, TOX, ID2, ZBTB16 and GATA3) 33>, Moreover, the phenotype of the CHILP is not clear either. CD34*
CD45RA* a4B7* precursor cells have been identified in human tonsils and lymph nodes, however they still
have the potential to produce T cells and DCs, thus making further refinement necessary 3333, In humans,
the phenotypical differences between CILP and CHILP, indicating the difference between the potential of
NK and/or ILC differentiation as it exists in mice is not clear 3¥. Recently an NK cell precursor has been
identified in cord blood, bone marrow and tonsils having the following phenotype: Lin\CD34* CD38*CD123"
CD45RA*CD7*CD10*CD127.. It is unclear if they are able to give rise to ILC1 cells 332, ILC precursor 1 and 2
are still unknown in humans. However, ILC precursor 3 cells have been found in tonsils and the intestinal

lamina propria expressing CD34, c-kit, a4B7*as well as the transcription factor RORyT 33¢. An overview can

found in Figure 13.
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Figure 13| The lineage differentiation of human NK and ILCs starts in the bone marrow with a CLP like cell that differentiates
further in CILP that can directly give rise to NKp as well as CHILP that in turn is able to produce ILC1p, ILC2p and ILC3p (adapted
from 337),

Current Opinion in Immunology

76 | Page



While characterizing NK cells, we identified a new type of human lymphoid cells in PBMC of healthy donors.
Therefore we set the goal to confirm that these cells indeed represent a novel population, and to
characterize them molecularly and functionally. We used flow cytometry and RNA sequencing to identify
potential functions as well as to compare gene signatures to well-known immune cell types. In general, we
aim at contributing to improved understanding of the human immune system by characterizing the

lympho-hematopoietic system as comprehensively as possible.

77| Page



Blood donations were obtained from the Blood Transfusion centre. PBMCs were isolated from whole blood

cells by Lymphoprep (Axis-Shield) centrifugation gradient and used immediately.

The following antibodies were used for identification and phenotype of OLCs: CD3 (Biolegend, 300440),
CD4 (Biolegend, 300538), CD8 (Immunotools, 21270083x2), CD14 (Biolegend, 325604), CD15 (Biolegend,
301904), CD16 (Biolegend, 302006), CD19 (Biolegend, 302206), CD20 (Biolegend, 302304), CD33
(Biolegend, 303304), CD34 (Biolgend, 343604), CD203 (Biolegend, 324614), FceRla (Biolegend, 334608).
CD127 (eBioscience, 11-1278-73) and CD56 (Biolegend, 318304) make up the lineage markers. Additional
antibodies used were: CD3 (Biolegend, 344806), CD62L (Biolegend, 322605), CD62L (Biolegend, 304824),
CD132 (Biolegend, 338607), CD44 (BD Bioscience, 560532), CD45 (Biolegend, 304032), mouse IgG1 isotype
control (Biolegend, 400150), mouse IgG2b isotype control (Biolegend, 400611) and mouse 1gG2b isotype
control (BD Bioscience, 560183). Afterwards, a live/dead staining (LIVE/DEAD™ Fixable Aqua Dead Cell

Stain Thermo Fisher Scientific Cat# L34965) was performed.

Cells were acquired using the Gallios flow cytometer (Beckman Coulter) and the Amnis Imagestream (EMD
Milipore). Data was analysed using FlowJo 10.4.2 (FlowJo LCC) and IDEAS 6.2 (EMD Milipore). Statistical

significance was assessed using the Mann—Whitney test using the GraphPad Prism 8 software.

PBMCs used for cells sorting were further processed for RNA sequencing. OLCs were selected based on
the absence of markers stained by the following antibodies: CD3 (Biolegend, 344806), CD16 (Biolegend,
302008), CD19 (Biolegend, 302208), CD33 (Beckman Coulter, 6603042), CD56 (Biolegend, 318328), CD123
(Biolegend, 306010) and CD127 (BD Bioscience, 557938) were used for negative control. OLCs were
positively selected using two antibodies: CD45 (Biolegend, 304012) and HLA-A,B,C (Biolegend, 311420).

Cells were sorted immediately into RTL plus buffer (Qiagen) with DTT (Applichem).

RNA was extracted immediately after sorting using the RNeasy Plus Mini kit (Qiagen, 74136) following the
manufacturer’s protocol. Quality of RNA was tested using a fragment analyser (Advanced Analytical). Total
RNA from all samples used for sequencing had an RQN 2 6.4. Since RQN is not optimal, libraries were
obtained using NuGen RNA-seq (TECAN). Single read (100bp) was performed using an Illumina HiSeq 2500
sequencer (lllumina). Library generation and sequencing were performed by the Lausanne Genomics

Technology Facility (UNIL, Lausanne).
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RNA sequencing analysis was performed by Julien Racle (Prof. David Gfeller, Ludwig Branch Lausanne). In
short, gene expression from five RNA-seq datasets was integrated in the analysis. OLC dataset is the data
that we generated including sorted OLCs, T cells and PBMC samples (obtained from 5 donors). ILC dataset
was obtained from sorted ILCs, NK cells and T cells from 3 donors and ILC cell cultures. Hoek dataset (GEO
accession GSE64655) contains samples from PBMC and sorted immune cells (B cell, monocytes, myeloid
dendritic cells, neutrophils, NK cells and T cells) from 2 healthy donors, taken at different time points after
an influenza vaccination, referred to hereafter as Imm_SRR174 338, Linsley dataset (GEO accession
GSE60424) includes samples from sorted immune cells (B cells, CD4+ T cells, CD8+ T cells, monocytes,
neutrophils and NK cells) from 20 donors (healthy donors and other donors with amyotrophic lateral
sclerosis, multiple sclerosis, type 1 diabetes or sepsis) , referred to hereafter as Imm_SRR155 3%°, Pabst
dataset (GEO accession GSE51984) includes data from various sorted immune cells (B cells, granulocytes,
monocytes, peripheral blood CD34+ cells and T cells) from 5 healthy donors. As neutrophils constitute
more than 90% of granulocytes, we grouped together the neutrophils and granulocytes in our analyses,

referred to hereafter as Imm_51984 3%,

The gene expression data from Pabst dataset was directly available as gene counts. For the other four
datasets, the reads were aligned to the human genome, hg19, with TopHat version 2.0.13 using Bowtie2
version 2.2.4 and Samtools version 1.2. HTSeq version 0.6.1 was then used to obtain the gene counts from
these data 34173%%, The gene counts were then normalized by the library size of each sample. Batch effects
between the datasets were finally removed with help of ComBat found in the R-package sva version 3.28.0
345346 principal component analysis was performed on the top 1000 most variable genes, showing a
clustering of the samples coming from a same cell type. The normalized expression of some selected
immune-related genes is showed with boxplots indicating the median, first and third quartiles, grouping

the samples by their cell type.
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10.4. Results

10.4.1. Discovery of Orphan Lymphoid Cells (OLCs)
We have discovered a new subset of lymphocytes (OLCs) that make up around 0.2% of lymphocytes

in the blood of healthy donors. We found OLCs in all studied healthy donors, at consistent frequencies
(Figure 14A). These cells are negative for the major lineage markers (CD3, CD4, CD8, CD14, CD15, CD16,
CD19, CD20, CD33, CD34, and CD56). They do also not express CD127/IL7Ra, the major ILC marker in
human PBMCs. Positive identification by flow cytometry is possible based on the OLC’s expression of

CD44 and CDA45 (Figure 14B).
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Figure 14| OLCs are found in the periphery of healthy donors. A. Frequencies of T cells and OLC in 11 healthy donors. B. OLCs are
gating on lymphocytes, based on the forward and side scatter. Doublets are gated out and only live and lineage negative cells are
selected. OLCs are CD45* CD44".

10.4.2. OLCs express the common y — chain receptor
OLC express the common y — chain receptor (CD132) at the same levels as T cells, clearly distinguishable

from the background (isotype control; Figure 15A,B). Also CD44 expression was confirmed during the same
experiment (Figure 15A,B). CD62L is partially expressed by OLCs and at a significant higher level than T
cells (Figure 15A,B).
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Figure 15| Marker expression of OLCs. A. expression levels of CD123, CD44 and CD132 at the surface of T cells and OLCs. An
appropriate isotype was used as a control. B. Histograms of the summary of the expression levels of CD132 and CD62L on OLCs
and T cells. ns not significant, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

10.4.3. OLCs are a morphologically homogeneous population
In order to characterize the morphology of OLCs, we performed a flow cytometry experiment by Amnis

Image Stream (Merck). Bright field pictures were taken at 40X (Figure 16A) and 60X (Figure 16B)
magnification. These pictures show a homogeneous population regarding the size of the cells and the
morphology. Using the Amnis Image Stream allowed us to also investigate expression levels of CD62L as
well as expression of CD45, CD44 and CD132 (Figure 16C). CD62L is expressed at variable intensities on the

surface of OLCs. Even though CD44, CD45 and CD132 are expressed by all cells, the intensities vary.

10.4.4. RNA signatures represent a mixed T-NK cell signature
We aimed at a full molecular characterization of OLCs, as well as studying resemblance to other immune

cells. Therefore we sorted OLCs from five different healthy donors. Simultaneously T cells were also sorted
from the same donors. RNA sequencing was performed of OLCs, T cells and total PBMCs. PCA analysis
shows that OLCs cluster together and far away from neutrophils, monocytes and myeloid DCs (Figure 17A).
We see that OLCs cluster together with T cells as well as ILCs and NK cells. For these comparisons, our own
data as well as publicly available data and data provided by Bérengeére Salomé (Jandus Group, UNIL) was

used. Analysis was performed in collaboration with Julien Racle (David Gfeller, Ludwig Branch Lausanne).
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Gene signature comparisons were used to compare between OLCs and various types of immune cells. Our
own data was combined with publicly available data. We notice that OLCs do not express any CD14, CD19
or CD33 expression. Confirming that these cells are not myeloid or B cells. Even though we can observe a
low expression of CD3g, no CD8a or CD4 expression. We can observe some expression of FoxP3, granzyme

A, LCK and CD45 (PTPRC), all at similar or lower levels than CD8 (Figure 17B).
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Figure 17| A. Principal component analysis of OLCs compared to data from 5 different sources, ours called MysteryPop_b, 3
publicly available data sources as well as data provided by the Jandus lab (ILC-UNIL). A zoom-in provides further detail. B. Gene
signature comparisons with major lineage markers for the major immune populations.

Since we observed some expression of LCK as well as CD3&e we decided to take a closer look at T cell and
TCR genes. We observe an overall lower expression of T cell (Figure 18A) and TCR signature genes (Figure
18B). This confirms that OLCs are different from T cells. However, we also observed the expression,

albeit lower than in T cells, of some T cell related genes like Granzyme K, ICOS, CD28, SIRPG and SEPT1.
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Figure 18| Gene signature comparison. A. T cell gene signature genes compared between OLCs, T cells and PBMCs from our own
data as well as publicly available immune populations datasets. B. Gene signature comparison of TCR related genes.

Granzyme expression could also point us in the direction of NK cells. We thus performed a comparison
between OLCs and NK cell gene signatures as well as ILC signatures. NK cell genes are expressed at lower
levels than in publically available NK cell gene expression data (Figure 19A). However, we can observe low
expression of CD247 (TCRY), CTSW, IL2RB, NKG7 and SH2D1B. This profile confirms that OLCs are not NK
cells, but nevertheless have low expression of some related genes. However, when looking at the gene
signatures of ILCs we can observe lower expression of ILC-related genes (Figure 19B). We observe some

expression of ID2 and IL12RB. Together with the absence of IL7R-expression (CD127) at the protein level
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(selection of CD127-negative cells during sorting) as well as an absence on the RNA level (Figure 17B),
makes us confident that OLCs are not a subset of ILCs. We conclude that OLCs have a mixed T-NK cell
phenotype. Additional research is needed to further position OLCs within the immune network as well as

elucidate their possible roles.
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Figure 19| Gene signature comparison. A. NK cell gene signature genes compared between OLCs, T cells and PBMCs from our own
data as well as publicly available immune populations datasets. B. Gene signature comparison of ILC related genes.
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Since the discovery of ILCs 10 years ago, the question was raised whether other immune cell populations
are still escaping the attention of scientists 3*’. We discovered a new population found within the
lymphocyte gate (FSC/SSC) in peripheral blood of healthy donors. We called these cells Orphan Lymphoid

Cells (OLCs), as they do not yet have specific functions.

OLCs are negative for all the major lymphocyte cell markers like CD3, CD4, CD8, CD14, CD15, CD16, CD19,
CD20, CD33, CD56 as well as the ILC marker CD127. Positive markers expressed by OLCs are CD44 and
CDA45 that allow to identify OLCs as a homogenous population by flow cytometry. The common y-chain
receptor (CD132) is also expressed, as well as a partial expression of CD62L is observed. CD132 is expressed
on T cells as well as NK cells and their precursors. The RNA sequencing data shows expression of CD122 or

IL-2RpB at low levels. This could indicate that OLCs might respond to IL-2 and IL-15 signalling like NK cells.

OLCs are a homogenous population based on PCA data where they cluster together. A homogenous
population can also be found based on morphology. We documented this by using the Amnis Image Stream
flow cytometer. Bright field pictures taken with a 60x magnification show a homogenous population in

morphology and size. This gives us confidence that OLCs are a not a mixture of largely different cell types.

RNA sequencing of OLCs from different healthy donors reveals that they have a mixed T / NK cell signature,
since they express some genes characteristic for T cells like CD3g, FOXP3, LCK, Granzyme K, ICOS, CD28,
SIRPG and SEPT1, as well as some NK cell genes like: CD247 (TCRZ), CTSW, IL2RB, NKG7 and SH2D1B.
However, overall genes in these two signatures are either lower expressed or not expressed, showing us
that they are distinctly different from NK and T cells. We did not find similarities with other immune cells

like ILCs, B cells and myeloid derived cells.

We found expression of the two transcription factors FoxP3 and ID2. FoxP3 is the transcription factor
expressed and highly specific for regulatory T cells 3. ID2 has been shown to be important in the
development of mouse NK cells and ILCs 33°. The role and function of ID2 in the development of human NK
cells and ILCs is less clear 33°. Together with the expression of the common y chain receptor, ID2 expression
could indicate that OLCs are a precursor cell type. However, PCA analysis shows that they cluster away
from CD34" cells from the peripheral blood. It would be interesting to see if the gene signature of OLCs
has any commonalities from the precursor cell types generated and sequenced by Renoux, et al. 332, For
further exploration, in vitro experiments where OLCs are cultured with a cocktail of cytokines could

elucidate if they differentiate into a different cell type. The cytokines would be a combination of all the
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cytokines that can bind to a receptor including the common y chain receptor, including but not limited to
IL-2, IL-7 and IL-15. Based on the expression of common y-receptor as well as IL2R[, we hypothesize that
IL-2 and IL-15 could have the biggest chance of having specific effects. We also wonder if OLCs are able to
upregulate cytokine receptors after stimulation e.g. via CD25. This would re-inforce the parallels between

regulatory T cells and OLCs as we already found FoxP3 expression.

The function of OLCs remains elusive. The sequencing data shows us that they express some cytotoxicity
genes like granzyme K and granzyme A. On the other hand we found expression of the regulatory
transcription factor FoxP3. These possible functionalities seem quite contradictory. In vitro experiments,
using isolated OLCs and different types of stimulants could allow to determine which cytokines are
produced by OLCs upon stimulation. We propose to induce activation using multiple approaches including
PMA/ionomycin stimulation, mitogen stimulation (PHA) or using a cytokine cocktail (high dose of IL-2 for
example). Since OLCs are quite rare within PBMCs, we have only few cells available for analysis. It would
thus be opportune to use a multiplex method as a read-out for cytokine production like MSD, Legendplex

or Luminex.

It is possible that the presence of OLCs in the blood is rather transitory and that they are on route to the
tissues. Analysis of multiple tissues including the bone marrow and lymphoid tissues could clarify their
anatomical localizations and function within the immune system and within non-lymphoid tissues. Mouse

models could also be used, however it is unclear for now if mice have OLCs.

Overall, we have discovered a new type of immune cells called Orphan Lymphoid Cells (OLCs). They have
a mixed NK-T cell phenotype but do not express any of the lineage markers. They can be identified by their
expression of CD45, CD44, CD132 and CD62L. Their place and overall function within the immune system
remains unknown. More work is need to clarify their functionality, tissue distribution and link to other

immune cells.
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11. General discussion

Our first two aims for this PhD were to better understand the complexity of the immune response in
patients with melanoma, in the hopes of advancing the knowledge leading to new therapeutic avenues as

well as biomarker discovery.

In the first part we studied NK cell responses in late stage melanoma patients. We found that the
frequencies and absolute number of CD56&" NK cells inversely correlates with overall patient survival. It
is possible that CD56"€" NK cells have negative effects on the anti-tumour response by inhibiting T cell
responses, via CD38, perforin, CD11a and/or IFNy. On the other hand, they produce less GMCSF and TNFa,
cytokines important in establishing an anti-tumour response. Thus, it remains open whether CD56°&" NK
cells act through immune inhibition or are representative for an NK cell biology state with poor capability
to kill tumours in vivo. Future studies are required to further clarify the roles of NK cell subsets and their

interdependence.

In the second part of our study, we characterized B cell responses in PBMC of Ipilimumab treated
melanoma patients. We found that pro-inflammatory as well as regulatory B cells from the periphery
inversely correlate with overall survival as well as response to treatment. We also studied B cells from the
TME of melanoma patients and found the same phenotype. Specifically, IDO1 is overexpressed and

inflammatory genes and IL-6 signalling genes are also enriched.

These two projects create new avenues for biomarker development, for predicting overall survival as well
as response to therapy. Additionally, we found that NK cells have partially impaired immune responses,
creating a possible new target. On the other hand, B cells seem to be both inflammatory as well as
regulatory. It is unclear if these are separate populations or if they are cells with a dual functionality.
Additional research will further uncover which mechanisms drive these B cell responses in order to know

where to interfere therapeutically.

In our third project, we discovered a new population of Orphan Lymphoid Cells (OLCs) that do not express
any of the major hematopoietic lineage markers. They express however CD44, CD45, CD132 and partially
CD62L. RNA sequencing shows a signature in between NK and T cells. The exact role of OLCs remains to be

determined.

Overall during these projects, we contributed to the field of immunology, both to translational tumour

immunology as well as to fundamental research.

88| Page



12. References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Moens, E. & Veldhoen, M. Epithelial barrier biology: Good fences make good neighbours.
Immunology 135, 1-8 (2012).

Parkin, J. & Cohen, B. An overview of the immune system. Lancet - Immunol. 357, 1777-1789
(2001).

Maclean, A. L., Cristina Lo Celso & P.H., M. S. Concise Review : Stem Cell Population Biology:
Insights from Hematopoiesis. Stem Cells Express 35, 80—88 (2017).

Luc, S., Buza-Vidas, N. & Jacobsen, S. E. W. Delineating the cellular pathways of hematopoietic
lineage commitment. Semin. Immunol. 20, 213-220 (2008).

Collin, M. & Bigley, V. Human dendritic cell subsets: an update. Immunology 154, 3—20 (2018).

Kushwah, R. & Hu, J. Complexity of dendritic cell subsets and their function in the host immune
system. Immunology 133, 409-419 (2011).

Vivier, E. et al. Innate Lymphoid Cells: 10 Years On. Cell 174, 1054-1066 (2018).

Hato, T. & Dagher, P. C. How the innate immune system senses trouble and causes trouble. Clin. J.
Am. Soc. Nephrol. 10, 1459-1469 (2015).

Afshar, M. & Gallo, R. L. Innate immune defense system of the skin. Vet. Dermatol. 24, (2013).

Degn, S. E. & Thiel, S. Humoral Pattern Recognition and the Complement System. Scand. J.
Immunol. 78, 181-193 (2013).

Fukui, M., Imamura, R., Umemura, M., Kawabe, T. & Suda, T. Pathogen-associated molecular
patterns sensitize macrophages to Fas ligand-induced apoptosis and IL-1 beta release. J Immunol
171, 1868-1874 (2003).

Patel, S. Danger-Associated Molecular Patterns (DAMPs): the Derivatives and Triggers of
Inflammation. Curr. Allergy Asthma Rep. 18, (2018).

Medzhitov, R. Toll-like receptors and innate immunity. Nat. Rev. Immunol. 1, 135-145 (2001).

Kumar, S., Ingle, H., Prasad, D. V. R. & Kumar, H. Recognition of bacterial infection by innate
immune sensors. Crit. Rev. Microbiol. 39, 229-246 (2013).

Kumar, H., Kawai, T. & Akira, S. Pathogen recognition by the innate immune system. Int. Rev.
Immunol. 30, 16—34 (2011).

Asehnoune, K., Villadangos, J. & Hotchkiss, R. S. Understanding host—pathogen interaction.
Intensive Care Med. 42, 2084—2086 (2016).

Vidya, M. K. et al. Toll-like receptors: Significance, ligands, signaling pathways, and functions in
mammals. Int. Rev. Immunol. 37, 20-36 (2018).

Jin, M. S. & Lee, J.-0. Structures of the toll-like receptor family and its ligand complexes. Immunity
29, 182-91 (2008).

89| Page



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Lin, S. C., Lo, Y. C. & Wu, H. Helical assembly in the MyD88-IRAK4-IRAK2 complex in TLR/IL-1R
signalling. Nature 465, 885—890 (2010).

O’Neill, L. A. J. & Bowie, A. G. The family of five: TIR-domain-containing adaptors in Toll-like
receptor signalling. Nat. Rev. Immunol. 7, 353—-364 (2007).

Frank, M. M. & Fries, L. F. The role of complement in inflammation and phagocytosis. Immunol.
Today 12, 322-326 (1991).

Gasque, P. Complement: A unique innate immune sensor for danger signals. Mol. Immunol. 41,
1089-1098 (2004).

Geering, B., Stoeckle, C., Conus, S. & Simon, H. U. Living and dying for inflammation: Neutrophils,
eosinophils, basophils. Trends Immunol. 34, 398-409 (2013).

Wedemeyer, J. & Galli, S. J. Mast cells and basophils in acquired immunity. Br. Med. Bull. 56, 936—
55 (2000).

Borregaard, N., Sgrensen, O. E. & Theilgaard-Moénch, K. Neutrophil granules: a library of innate
immunity proteins. Trends Immunol. 28, 340-345 (2007).

Kita, H. Eosinophils: multifaceted biologic properties and roles in health and disease. Immunol.
Rev. 242, 161-177 (2012).

Brinkmann, V. et al. Neutrophil extracellular traps kill bacteria. Science 303, 1532-5 (2004).

Yousefi, S. et al. Catapult-like release of mitochondrial DNA by eosinophils contributes to
antibacterial defense. Nat. Med. 14, 949-953 (2008).

Miriam, M., Sathe, P., Helft, J., Miller, J. & Mortha, A. The Dendritic Cell Lineage: Ontogeny and
Function of Dendritic Cells and Their Subsets in the Steady State and the Inflamed Setting. Annu.
Rev. Immunol. 31, 563-604 (2013).

Macri, C., Pang, E. S., Patton, T. & O’Keeffe, M. Dendritic cell subsets. Semin. Cell Dev. Biol. 84, 11—
21 (2018).

Joffre, O. P., Segura, E., Savina, A. & Amigorena, S. Cross-presentation by dendritic cells. Nat. Rev.
Immunol. 12, 557-569 (2012).

Swiecki, M. & Colonna, M. The multifaceted biology of plasmacytoid dendritic cells. Nat. Rev.
Immunol. 15, 471-485 (2015).

Murray, P. J. Macrophage Polarization. Annu. Rev. Physiol. 79, 541-566 (2016).

Franken, L., Schiwon, M. & Kurts, C. Macrophages: Sentinels and regulators of the immune
system. Cell. Microbiol. 18, 475-487 (2016).

Martinez, F. O. & Gordon, S. The M1 and M2 paradigm of macrophage activation: time for
reassessment. F1000Prime Rep. 6, 1-13 (2014).

Jandus, P. et al. Human innate lymphoid cells (ILCs): Toward a uniform immune-phenotyping.
Cytom. Part B Clin. Cytom. 94, 392-399 (2017).

90| Page



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Ebbo, M., Crinier, A., Vély, F. & Vivier, E. Innate lymphoid cells: Major players in inflammatory
diseases. Nat. Rev. Immunol. 17, 665-678 (2017).

Chester, C., Fritsch, K. & Kohrt, H. E. Natural killer cell immunomodulation: Targeting activating,
inhibitory, and co-stimulatory receptor signaling for cancer immunotherapy. Front. Immunol. 6,
1-9 (2015).

Montaldo, E., Vacca, P., Moretta, L. & Mingari, M. C. Development of human natural killer cells
and other innate lymphoid cells. Semin. Immunol. 26, 107-113 (2014).

Campbell, K. S. & Hasegawa, J. Natural killer cell biology: An update and future directions. J.
Allergy Clin. Immunol. 132, 536-544 (2013).

Vivier, E. et al. Innate or Adaptive Immunity? The Example of Natural Killer Cells. Science 331, 44—
49 (2011).

Bonilla, F. A. & Oettgen, H. C. Adaptive immunity. J. Allergy Clin. Imnmunol. 125, S33-S40 (2010).

Nikolich-Zugich, J., Slifka, M. K. & Messaoudi, I. The many important facets of T-cell repertoire
diversity. Nat. Rev. Immunol. 4, 123-132 (2004).

Elhanati, Y. et al. Inferring processes underlying B-cell repertoire diversity. Philos. Trans. R. Soc. B
Biol. Sci. 370, (2015).

Krueger, A., Zietara, N. & tyszkiewicz, M. T Cell Development by the Numbers. Trends Immunol.
38, 128-139 (2017).

Sykulev, Y., Joo, M., Vturina, I., Tsomides, T. J. & Eisen, H. N. Evidence that a single peptide-MHC
complex on a target cell can elicit a cytolytic T cell response. Immunity 4, 565-571 (1996).

Chemali, M., Radtke, K., Desjardins, M. & English, L. Alternative pathways for MHC class |
presentation: A new function for autophagy. Cell. Mol. Life Sci. 68, 1533-1541 (2011).

Sercarz, E. E. & Maverakis, E. MHC-guided processing: Binding of large antigen fragments. Nat.
Rev. Immunol. 3, 621-629 (2003).

Hulpke, S. & Tampé, R. The MHC | loading complex: A multitasking machinery in adaptive
immunity. Trends Biochem. Sci. 38, 412—-420 (2013).

Mantegazza, A. R., Magalhaes, J. G., Amigorena, S. & Marks, M. S. Presentation of phagocytosed
antigens by MHC class | and Il. Traffic. 14, 135—-152 (2014).

Fooksman, D. R. et al. Functional Anatomy of T Cell Activation and Synapse Formation. Annu. Rev.
Immunol. 28, 79-105 (2010).

Curtsinger, J. M. & Mescher, M. F. Inflammatory Cytokines as a Third Signal for T Cell Activation
Julie. Curr. Opin. Immunol. 22, 333—-340 (2010).

Pores-Fernando, A. T. & Zweifach, A. Calcium influx and signaling in cytotoxic T-lymphocyte lytic
granule exocytosis. Immunol. Rev. 231, 160-173 (2009).

Nakayamada, S., Takahashi, H., Kanno, Y. & O’Shea, J. J. Helper T cell diversity and plasticity. Curr.

91| Page



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Opin. Immunol. 24, 297-302 (2012).

Walsh, K. P. & Mills, K. H. G. Dendritic cells and other innate determinants of T helper cell
polarisation. Trends Immunol. 34, 521-530 (2013).

Szabo, S. J. et al. A novel transcription factor, T-bet, directs Th1 lineage commitment. Cel/ 100,
655-669 (2000).

Murphy, K. M. & Reiner, S. L. The lineage decisions of helper T cells. Nat. Rev. Immunol. 2, 933—
944 (2002).

Ko, L. J. & Engel, J. D. DNA-binding specificities of the GATA transcription factor family. Mol. Cell.
Biol. 13, 4011-22 (1993).

Korn, T., Bettelli, E., Oukka, M. & Kuchroo, V. K. IL-17 and Th17 Cells. Annu. Rev. Immunol. 27,
485-517 (2009).

Hirota, K. et al. Fate mapping of IL-17-producing T cells in inflammatory responses. Nat. Immunol.
12, 255-263 (2011).

Schmitt, N. & Ueno, H. Regulation of human helper T cell subset differentiation by cytokines. Curr.
Opin. Immunol. 34, 130-136 (2015).

Schmitt, E., Klein, M. & Bopp, T. Th9 cells, new players in adaptive immunity. Trends Immunol. 35,
61-68 (2014).

Trifari, S., Kaplan, C. D., Tran, E. H., Crellin, N. K. & Spits, H. Identification of a human helper T cell
population that has abundant production of interleukin 22 and is distinct from TH-17, TH1 and
TH2 cells. Nat. Immunol. 10, 864—871 (2009).

Crotty, S. Follicular Helper CD4 T Cells (T ¢n ). Annu. Rev. Immunol. 29, 621-663 (2011).

Zhao, H., Liao, X. & Kang, Y. Tregs: Where we are and what comes next? Front. Immunol. 8,
(2017).

Pieper, K., Grimbacher, B. & Eibel, H. B-cell biology and development. J. Allergy Clin. Immunol.
131, 959-71 (2013).

Cerutti, A., Puga, I. & Cols, M. Innate control of B cell responses. Trends Immunol. 32, 202-211
(2011).

Schmidlin, H., Diehl, S. A. & Blom, B. New insights into the regulation of human B-cell
differentiation. Trends Immunol. 30, 277—-285 (2009).

Klein, U., Rajewsky, K. & Kiippers, R. Human Immunoglobulin (Ig)M * IgD * Peripheral Blood B Cells
Expressing the CD27 Cell Surface Antigen Carry Somatically Mutated Variable Region Genes: CD27
as a General Marker for Somatically Mutated (Memory) B Cells. J. Exp. Med. 188, 1679-1689
(1998).

Bagnara, D. et al. A Reassessment of IgM Memory Subsets in Humans. J. Immunol. 195, 3716—
3724 (2015).

92| Page



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Wei, C. et al. A New Population of Cells Lacking Expression of CD27 Represents a Notable
Component of the B Cell Memory Compartment in Systemic Lupus Erythematosus. J. Immunol.
178, 6624-6633 (2007).

Mahmood, Z. et al. CD27-IgD- memory B cells are modulated by in vivo interleukin-6 receptor (IL-
6R) blockade in rheumatoid arthritis. Arthritis Res. Ther. 17, 1-11 (2015).

Czajkowsky, D. M. & Shao, Z. The human IgM pentamer is a mushroom-shaped molecule with a
flexural bias. Proc. Natl. Acad. Sci. 106, 14960-14965 (2009).

Sun, Z. et al. Semi-extended solution structure of human myeloma immunoglobulin D determined
by constrained X-ray scattering. J. Mol. Biol. 353, 155—-173 (2005).

Lu, L. L., Suscovich, T. J., Fortune, S. M. & Alter, G. Beyond binding: Antibody effector functions in
infectious diseases. Nat. Rev. Immunol. 18, 46—61 (2018).

Redpath, S., Michaelsen, T. E., Sandlie, I. & Clark, M. R. The influence of the hinge region length in
binding of human IgG to human Fcy receptors. Hum. Immunol. 59, 720-727 (1998).

Kapur, R., Einarsdottir, H. K. & Vidarsson, G. IgG-effector functions: ‘The Good, The Bad and The
Ugly’. Immunol. Lett. 160, 139—144 (2014).

MacPherson, A. J., McCoy, K. D., Johansen, F. E. & Brandtzaeg, P. The immune geography of IgA
induction and function. Mucosal Immunol. 1, 11-22 (2008).

Marichal, T., Starkl, P., Mukai, K., Galli, S. J. & Tsai, M. IgE and mast cells in host defense against
parasites and venoms. Semin. Immunopathol. 38, 581-603 (2016).

Wan, T. et al. The crystal structure of IgE Fc reveals an asymmetrically bent conformation. Nat.
Immunol. 3, 681-686 (2002).

Rosser, E. C. & Mauri, C. Regulatory B Cells: Origin, Phenotype, and Function. Immunity 42, 607—
612 (2015).

Van De Veen, W. et al. IgG4production is confined to human IL-10-producing regulatory B cells
that suppress antigen-specificimmune responses. J. Allergy Clin. Inmunol. 131, 1204-1212
(2013).

Schioppa, T. et al. B regulatory cells and the tumor-promoting actions of TNF- during squamous
carcinogenesis. Proc. Natl. Acad. Sci. 108, 10662-10667 (2011).

Zhou, X., Su, Y. X., Lao, X. M., Liang, Y. J. & Liao, G. Q. CD19+IL-10+regulatory B cells affect survival
of tongue squamous cell carcinoma patients and induce resting CD4+T cells to
CD4+Foxp3+regulatory T cells. Oral Oncol. 53, 27-35 (2016).

Blair, P. A. et al. CD19+CD24hiCD38hi B Cells Exhibit Regulatory Capacity in Healthy Individuals
but Are Functionally Impaired in Systemic Lupus Erythematosus Patients. Immunity 32, 129-140
(2010).

Iwata, Y. et al. Characterization of a rare IL-10-competent B-cell subset in humans that parallels
mouse regulatory B10 cells. Blood 117, 530-541 (2011).

93| Page



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Olkhanud, P. B. et al. Tumor-evoked regulatory B cells promote breast cancer metastasis by
converting resting CD4+T cells to T-regulatory cells. Cancer Res. 71, 3505-3515 (2011).

Rosser, E. C., Blair, P. A. & Mauri, C. Cellular targets of regulatory B cell-mediated suppression.
Mol. Immunol. 62, 296-304 (2014).

Sattler, S. et al. IL-10-producing regulatory B cells induced by IL-33 (BreglL-33) effectively
attenuate mucosal inflammatory responses in the gut. J. Autoimmun. 50, 107-122 (2014).

Matsushita, T., Horikawa, M., lwata, Y. & Tedder, T. F. Regulatory B cells (B10 cells) and regulatory
T cells have independent roles in controlling experimental autoimmune encephalomyelitis
initiation and late-phase immunopathogenesis. J. Immunol. 185, 2240-52 (2010).

Bodogai, M. et al. Immunosuppressive and prometastatic functions of myeloid-derived
suppressive cells rely upon education from tumor-associated B cells. Cancer Res. 75, 34563465
(2015).

Clark, W. H. et al. A study of tumor progression: The precursor lesions of superficial spreading and
nodular melanoma. Hum. Pathol. 15, 1147-1165 (1984).

Colombet, M. et al. Cancer incidence and mortality patterns in Europe: Estimates for 40 countries
and 25 major cancers in 2018. Eur. J. Cancer 103, 356—387 (2018).

Heusser, R., Baumann, A. & Noseda, G. Krebs in der Schweiz: wichtige Zahlen. Krebsliga Schweiz
23, 588-596 (2017).

Cattaruzza, M. S. et al. Meta-analysis of risk factors for cutaneous melanoma: Ill. Family history,
actinic damage and phenotypic factors. Eur. J. Cancer 41, 2040—2059 (2005).

Gandini, S. et al. Meta-analysis of risk factors for cutaneous melanoma: I. Common and atypical
naevi. Eur. J. Cancer 41, 28-44 (2005).

Pasquini, P. et al. Meta-analysis of risk factors for cutaneous melanoma: Il. Sun exposure. Eur. J.
Cancer 41, 45-60 (2004).

Green, A. et al. The association of use of sunbeds with cutaneous malignant melanoma and other
skin cancers: A systematic review. Int. J. Cancer 120, 1116-1122 (2007).

Hu, J. & Adar, S. The Cartography of UV-induced DNA Damage Formation and DNA Repair.
Photochem. Photobiol. 93, 199-206 (2017).

Mocellin, S., Verdi, D. & Nitti, D. DNA repair gene polymorphisms and risk of cutaneous
melanoma: A systematic review and meta-analysis. Carcinogenesis 30, 1735-1743 (2009).

Thomas, L. et al. Semiological Value of ABCDE Criteria in the Diagnosis of Cutaneous Pigmented
Tumors. Dermatology 197, 11-17 (1998).

Pentheroudakis, G., Dummer, R., Keilholz, U., Hauschild, A. & Guggenheim, M. Cutaneous
melanoma: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol.
23, (2012).

Buyyounouski, M. K. et al. Melanoma Staging: Evidence-Based Changes in the American Joint

94| Page



104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Committee on Cancer Eighth Edition Cancer Staging Manual. CA. Cancer J. Clin. 67, 245-253
(2017).

Dummer, R. et al. Cutaneous melanoma: ESMO Clinical Practice Guidelines for diagnosis,
treatment and follow-up. Ann. Oncol. (2015). doi:10.1093/annonc/mdy080

Klemm, F. & Joyce, J. A. Microenvironmental regulation of therapeutic response in cancer. Trends
Cell Biol. 25, 198-213 (2015).

Huang, S. K. S., Okamoto, T., Morton, D. L. & Hoon, D. S. B. Antibody responses to
melanoma/melanocyte autoantigens in melanoma patients. J. Invest. Dermatol. 111, 662-667
(1998).

Ho, M. et al. Humoral immune response to mesothelin in mesothelioma and ovarian cancer
patients. Clin. Cancer Res. 11, 3814—-3820 (2005).

Lee, P. P. et al. Characterization of circulating T cells specific for tumor-associated antigens in
melanoma patients. Nat. Med. 5, 677—685 (1999).

Romero, P. et al. Ex Vivo Staining of Metastatic Lymph Nodes by Class | Major Histocompatibility
Complex Tetramers Reveals High Numbers of Antigen-experienced Tumor-specific Cytolytic T
Lymphocytes. J. Exp. Med. 188, 1641-1650 (1998).

Knuth, A., Danowski, B., Oettgen, H. F. & Old, L. J. T-cell-mediated cytotoxicity against autologous
malignant melanoma: analysis with interleukin 2-dependent T-cell cultures. Proc. Natl. Acad. Sci.
81, 3511-3515 (1984).

Coulie, P. G., Eynde, B. J. Van den, Bruggen, P. van der & Boon, T. Tumour antigens recognized by
T lymphocytes: at the core of cancer immunotherapy. Nat. Rev. Cancer 14, (2014).

Verdegaal, E. M. E. et al. Neoantigen landscape dynamics during human melanoma-T cell
interactions. Nature 536, 91-95 (2016).

Wallace H. Clark, J. et al. Model Predicting Survival in Stage | Melanoma Based on Tumor
Progression. J. Natl. Cancer Inst. 81, 1893—-1904 (1989).

Clemente, C. G. et al. Prognostic Valie of TILs in vertical growth phase of primary cutaneous
melanoma. Cancer 77, 1303-1310 (1996).

Mackensen, A. et al. Evidence for in situ amplification of tumor-specific cytotoxic T lymphocytes
in a human regressive melanoma. Cancer Res. 53, (1993).

Tefany, F. J., Barnetson, R. S., Halliday, G. M., McCarthy, S. W. & McCarthy, W. H.
Immunocytochemical analysis of the cellular infiltrate in primary regressing and non-regressing
malignant melanoma. Journal of Investigative Dermatology 97, 197-202 (1991).

Galon, J. et al. Type, density, and location of immune cells within human colorectal tumors
predict clinical outcome. Science 313, 1960-1964 (2006).

Whiteside, T. L. & Herberman, R. B. The role of natural killer cells in immune surveillance of
cancer. Curr. Opin. Immunol. 7, 704—710 (1995).

95| Page



119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

lannello, A. & Raulet, D. H. Immune Surveillance of Unhealthy Cells by Natural Killer cells. Cold
Spring Harb Symp Quant Biol. 78, 2012 (2013).

Kim, S., lizuka, K., Aguila, H. L., Weissman, I. L. & Yokoyama, W. M. In vivo natural killer cell
activities revealed by natural killer cell-deficient mice. Proc. Natl. Acad. Sci. 97, 2731-2736 (2000).

Robbins, P. F. et al. Mining exomic sequencing data to identify mutated antigens recognized by
adoptively transferred tumor-reactive T cells. Nat. Med. 19, 747-752 (2013).

Vogelstein, B. et al. Epitope Landscape in Breast and Colorectal Cancer. Cancer Res. 68, 889—892
(2008).

Steinman, R. M., Turley, S., Mellman, |. & Inaba., K. The Induction of Tolerance by Dendritic Cells
That Have Captured Apoptotic Cells. J. Exp. Med. 191, 411-416 (2000).

Cavassani, K. A. et al. TLR3 is an endogenous sensor of tissue necrosis during acute inflammatory
events. J. Exp. Med. 205, 2609—-2621 (2008).

Zitvogel, L. & Kroemer, G. Anticancer immunochemotherapy using adjuvants with direct cytotoxic
effects. J. Clin. Invest. 119, 2127-2130 (2009).

Kratky, W., Reis e Sousa, C., Oxenius, A. & Sporri, R. Direct activation of antigen-presenting cells is
required for CD8+ T-cell priming and tumor vaccination. Proc. Natl. Acad. Sci. 108, 17414-17419
(2011).

de Chaisemartin, L. et al. Characterization of Chemokines and Adhesion Molecules Associated
with T cell Presence in Tertiary Lymphoid Structures in Human Lung Cancer. Cancer Res. 71, 6391—
6399 (2011).

Murray, T. et al. Very late antigen-1 marks functional tumor-resident CD8 T cells and correlates
with survival of melanoma patients. Front. Immunol. 7, 1-12 (2016).

Chen, D. S. & Mellman, I. Oncology meets immunology: The cancer-immunity cycle. Immunity 39,
1-10 (2013).

Duan, S. & Thomas, P. G. Balancing immune protection and immune pathology by CD8+ T-cell
responses to influenza infection. Front. Immunol. 7, 1-16 (2016).

Schreiber, R. D., Old, L. J. & Smyth, M. J. Cancer immunoediting: Integrating the role of immunity
in cancer suppression and promotion. Science 331, 78 (2011).

Peggs, K. S., Quezada, S. A., Chambers, C. A., Korman, A. J. & Allison, J. P. Blockade of CTLA-4 on
both effector and regulatory T cell compartments contributes to the antitumor activity of anti—
CTLA-4 antibodies. J. Exp. Med. 206, 1717-1725 (2009).

Curiel, T. J. et al. Specific recruitment of regulatory T cells in ovarian carcinoma fosters immune
privilege and predicts reduced survival. Nat. Med. 10, 942—949 (2004).

Strauss, L. et al. A Unique Subset of CD4+CD25highFoxp3+ T Cells Secreting Interleukin-10 and
Transforming Growth Factor- 1 Mediates Suppression in the Tumor Microenvironment. Clin.
Cancer Res. 13, 4345-4354 (2007).

96| Page



135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Facciabene, A. et al. Tumour hypoxia promotes tolerance and angiogenesis via CCL28 and T reg
cells. Nature 475, 226-230 (2011).

Vargas, F. A. et al. Fc Effector Function Contributes to the Activity of Human Anti-CTLA-4
Antibodies. Cancer Cell 33, 649-663.e4 (2018).

Almand, B. et al. Clinical significance of defective dendritic cell differentiation in cancer. Clin.
Cancer Res. 6, 1755-1766 (2000).

Mahnke, K., Schmitt, E., Bonifaz, L., Henk, A. & Jonuleit, H. Immature, but not inactive: the
tolerogenic function of immature dendritic cells. Immunol. Cell Biol. 80, 477-483 (2002).

Kumar, V., Patel, S., Tcyganov, E. & Gabrilovich, D. |. The nature of myeloid-derived suppressor
cells in the tumor microenvironment. Trends Immunol. 37, 208-220 (2016).

Jarosz-Biej, M. et al. M1-like macrophages change tumor blood vessels and microenvironment in
murine melanoma. PLoS One 13, e0191012 (2018).

Movahedi, K. et al. Different tumor microenvironments contain functionally distinct subsets of
macrophages derived from Ly6C(high) monocytes. Cancer Res. 70, 5728-5739 (2010).

Varney, M. L., Johansson, S. L. & Singh, R. K. Tumour-associated macrophage infiltration,
neovascularization and aggressiveness in malignant melanoma: Role of monocyte chemotactic
protein-1 and vascular endothelial growth factor-A. Melanoma Res. 15, 417-425 (2005).

Stockmann, C. et al. Deletion of vascular endothelial growth factor in myeloid cells accelerates
tumorigenesis. Nature 456, 814—819 (2008).

Ruffell, B., Affara, N. I. & Coussens, L. M. Differential macrophage programming in the tumor
microenvironment. Trends Immunol. 33, 119-126 (2012).

Neubert, N. J. et al. T cell-induced CSF1 promotes melanoma resistance to PD1 blockade. Sci.
Transl. Med. 10, (2018).

DeNardo, D. G. et al. Leukocyte Complexity Predicts Breast Cancer Survival and Functionally
Regulates Response to Chemotherapy. Cancer Discov. 1, 54—67 (2011).

Yan, D. et al. Inhibition of colony stimulating factor-1 receptor abrogates microenvironment-
mediated therapeutic resistance in gliomas. Oncogene 36, 6049-6058 (2017).

Olson, O. C., Kim, H., Quail, D. F., Foley, E. A. & Joyce, J. A. Tumor-Associated Macrophages
Suppress the Cytotoxic Activity of Antimitotic Agents. Cell Rep. 19, 101-113 (2017).

Dumont, N. et al. Breast Fibroblasts Modulate Early Dissemination, Tumorigenesis, and
Metastasis through Alteration of Extracellular Matrix Characteristics. Neoplasia 15, (2013).

Gok Yavuz, B. et al. Cancer associated fibroblasts sculpt tumour microenvironment by recruiting
monocytes and inducing immunosuppressive PD-1+ TAMs. Sci. Rep. 9, 3172 (2019).

Cohen, N. et al. Fibroblasts drive an immunosuppressive and growth-promoting
microenvironment in breast cancer via secretion of Chitinase 3-like 1. Oncogene 36, 4457-4468
(2017).

97| Page



152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Neubert, N. J. et al. Broad and conserved immune regulation by genetically heterogeneous
melanoma cells. Cancer Res. 77, 1623-1636 (2017).

Hung T. Khong and Nicholas P. Restifo. Natural selection of tumor variants in the generation of
‘tumor escape’ phenotypes. Nat. Immunol. 3, 999-1005 (2002).

Baitsch, L. et al. Extended co-expression of inhibitory receptors by human CD8 T-cells depending
on differentiation, antigen-specificity and anatomical localization. PLoS One 7, 1-10 (2012).

Blackburn, S. D. et al. Coregulation of CD8+T cell exhaustion by multiple inhibitory receptors
during chronic viral infection. Nat. Immunol. 10, 29-37 (2009).

Blattman, J. N. et al. Viral Immune Evasion Due to Persistence of Activated T Cells Without
Effector Function. J. Exp. Med. 188, 2205-2213 (2002).

Baitsch, L. et al. Exhaustion of tumor-specific CD8+ T cells in metastases from melanoma patients.
J. Clin. Invest. 121, 23-25 (2011).

Speiser, D. E., Ho, P. C. & Verdeil, G. Regulatory circuits of T cell function in cancer. Nat. Rev.
Immunol. 16, 599-611 (2016).

Mellman, ., Coukos, G. & Dranoff, G. Cancer immunotherapy comes of age. Nature 480, (2011).

Khalil, D. N., Smith, E. L., Brentjens, R. J. & Wolchok, J. D. The future of cancer treatment:
Immunomodulation, CARs and combination immunotherapy. Nat. Rev. Clin. Oncol. 13, 273-290
(2016).

Quail, D. F. & Joyce, J. A. Microenvironmental regulation of tumor progression and metastasis.
Nat. Med. 19, 1423-1437 (2013).

Crinier, A. et al. High-Dimensional Single-Cell Analysis Identifies Organ-Specific Signatures and
Conserved NK Cell Subsets in Humans and Mice. Immunity 49, 971-986.e5 (2018).

Orange, J. S. Human natural killer cell deficiencies. Curr. Opin. Allergy Clin. Immunol. 6, 399-409
(2006).

Walzer, T., Dalod, M., Robbins, S. H., Zitvogel, L. & Vivier, E. Review article Natural-killer cells and
dendritic cells : “ 1’ union fait la force ”. Blood 106, 2252-2258 (2005).

Martin-Fontecha, A. et al. Induced recruitment of NK cells to lymph nodes provides IFN-y for TH1
priming. Nat. Immunol. 5, 1260-1265 (2004).

Gerosa, F. et al. Reciprocal Activating Interaction between Natural Killer Cells and Dendritic Cells.
J. Exp. Med. 195, 327-333 (2002).

Krebs, P. et al. NK cell — mediated killing of target cells triggers robust antigen-specific T cell -
mediated and humoral responses. 113, 6593—6603 (2019).

Piccioli, D., Sbrana, S., Melandri, E. & Valiante, N. M. Contact-dependent Stimulation and
Inhibition of Dendritic Cells by Natural Killer Cells. J. Exp. Med. 195, 335-341 (2002).

Romagnani, C. et al. CD56brightCD16- Killer Ig-Like Receptor- NK Cells Display Longer Telomeres

98| Page



and Acquire Features of CD56dim NK Cells upon Activation. J. Immunol. 178, 4947-4955 (2007).

170. Caligiuri, M. A. et al. Functional consequences of interleukin receptor expression on resting
human lymphocytes: Identification of a Novel Natural Killer Cell Subset with High Affinity
Receptors. J. Exp. Med. 171, 1509-1526 (1990).

171. Zotto, G. Del et al. Human NK cell receptors/markers: A tool to analyze NK cell development,
subsets and function. Cytom. Part A 83A, 702—713 (2013).

172. Mandelboim, O. et al. Recognition of haemagglutinins on virus-infected cells by NKp46 activates
lysis by human NK cells. Nature 409, 1055-1060 (2001).

173. Moretta, A. et al. Activating receptors and coreceptors involved in human natural killer cell-
mediated cytolysis. Annu. Rev. Immunol. 19, 197-223 (2001).

174. Sung, A. P. et al. An improved method to quantify human NK cell-mediated antibody-dependent
cell-mediated cytotoxicity (ADCC) per IgG FcR-positive NK cell without purification of NK cells. J.
Immunol. Methods 452, 63—72 (2018).

175. Held, W. Tolerance and reactivity of NK cells: Two sides of the same coin? Eur. J. Imnmunol. 38,
2930-2933 (2008).

176. Lanier, L. L. Nk Cell Recognition. Annu. Rev. Immunol. 23, 225-274 (2004).

177. Cook, K. D. & Whitmire, J. K. The Depletion of NK Cells Prevents T Cell Exhaustion to Efficiently
Control Disseminating Virus Infection. J. Immunol. 190, 641-649 (2013).

178. Andrews, D. M. et al. Innate immunity defines the capacity of antiviral T cells to limit persistent
infection. J. Exp. Med. 207, 1333-1343 (2010).

179. Mandaric, S. et al. IL-10 Suppression of NK / DC Crosstalk Leads to Poor Priming of MCMV-Specific
CD4 T Cells and Prolonged MCMYV Persistence. PLoS Pathog. 8, €1002846 (2012).

180. Crome,S. Q., Lang, P. A, Lang, K. S. & Ohashi, P. S. Natural killer cells regulate diverse T cell
responses. Trends Immunol. 34, 342—-349 (2013).

181. Pallmer, K. & Oxenius, A. Recognition and regulation of T cells by NK cells. Front. Immunol. 7, 1-13
(2016).

182. Lee, S.-H., Kim, K.-S., Fodil-Cornu, N., Vidal, S. M. & Biron, C. A. Activating receptors promote NK
cell expansion for maintenance, IL-10 production, and CD8 T cell regulation during viral infection.
J. Exp. Med. 206, 2235-2251 (2009).

183. Crouse, J. et al. Type | Interferons Protect T Cells against NK Cell Attack Mediated by the
Activating Receptor NCR1. Immunity 40, 961-973 (2014).

184. Waggoner, S. N., Daniels, K. A. & Welsh, R. M. Therapeutic Depletion of Natural Killer Cells
Controls Persistent Infection. J. Virol. 88, 1953-1960 (2014).

185. Waggoner, S. N., Cornberg, M., Selin, L. K. & Welsh, R. M. Natural killer cells act as rheostats
modulating antiviral T cells. Nature 481, 394-398 (2012).

99| Page



186. Imai, K., Matsuyama, S., Miyake, S., Suga, K. & Nakachi, K. Natural cytotoxic activity of peripheral-
blood lymphocytes and cancer incidence: an 11-year follow-up study of a general population.
Lancet 356, 1795-1799 (2000).

187. Bottcher, J. P. et al. NK Cells Stimulate Recruitment of cDC1 into the Tumor Microenvironment
Promoting Cancer Immune Control. Cell 172, 1022-1028.e14 (2018).

188. Barry, K. C. et al. A natural killer—dendritic cell axis defines checkpoint therapy—responsive tumor
microenvironments. Nat. Med. 24, 1178-1191 (2018).

189. Vitale, M., Cantoni, C. & Pietra, G. Effect of tumor cells and tumor microenvironment on NK-cell
function. Eur. J. Immunol. 44, 1582-1592 (2014).

190. Freud, A. G., Mundy-Bosse, B. L., Yu, J. & Caligiuri, M. A. The Broad Spectrum of Human Natural
Killer Cell Diversity. Immunity 47, 820-833 (2017).

191. Hsia, J. et al. Prognostic Significance of Intratumoral Natural Killer Cells in Primary Resected
Esophageal Squamous Cell Carcinoma. Chang Gung Med. J. 28, 335-340 (2005).

192. Herpen, C. M. L. Van et al. Intratumoral Recombinant Human Interleukin-12 Administration in
Head and Neck Squamous Cell Carcinoma Patients Modifies Locoregional Lymph Node
Architecture and Induces Natural Killer Cell Infiltration in the Primary Tumor. Clin. Cancer Res. 11,
1899-1909 (2005).

193. Ishigami, S. et al. Prognostic value of intratumoral natural killer cells in gastric carcinoma. Cancer
88, 577-583 (2000).

194. Coca, S. et al. The prognostic significance of intratumoral natural killer cells in patients with
colorectal carcinoma. Cancer 79, 2320-2328 (1997).

195. Crouse, J., Xu, H. C., Lang, P. A. & Oxenius, A. NK cells regulating T cell responses: Mechanisms
and outcome. Trends Immunol. 36, 49-58 (2015).

196. Sun, C. et al. High NKG2A expression contributes to NK cell exhaustion and predicts a poor
prognosis of patients with liver cancer. Oncoimmunology 6, e1264562 (2017).

197. Platonova, S. et al. Profound coordinated alterations of intratumoral NK cell phenotype and
function in lung carcinoma. Cancer Res. 71, 5412-5422 (2011).

198. Mamessier, E. et al. Human breast cancer cells enhance self tolerance by promoting evasion from
NK cell antitumor immunity. 121, 2—6 (2011).

199. Bi,J. & Tian, Z. NK cell exhaustion. Front. Inmunol. 8, (2017).

200. Beldi-Ferchiou, A. et al. PD-1 mediates functional exhaustion of activated NK cells in patients with
Kaposi sarcoma. Oncotarget (2016). doi:10.18632/oncotarget.12150

201. André, P. et al. Anti-NKG2A mAb Is a Checkpoint Inhibitor that Promotes Anti-tumor Immunity by
Unleashing Both T and NK Cells. Cell 1731-1743 (2018). d0i:10.1016/j.cell.2018.10.014

202. Bruno, A. et al. The Proangiogenic Phenotype of Natural Killer Cells in Patients with Non-Small Cell
Lung Cancer. Neoplasia 15, 133-IN7 (2013).

100|Page



203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

Carrega, P. et al. Natural killer cells infiltrating human nonsmall-cell lung cancer are enriched in
CD56brightCD16- cells and display an impaired capability to kill tumor cells. Cancer 112, 863—-875
(2008).

Keskin, D. B. et al. TGF". promotes conversion of CD16 NK cells with similarities to decidual NK
cells. Pnas 104, 3378-3383 (2006).

Bruno, A., Ferlazzo, G., Albini, A. & Noonan, D. M. A think tank of TINK/TANKs: Tumor-
infiltrating/tumor-associated natural killer cells in tumor progression and angiogenesis. J. Natl.
Cancer Inst. 106, (2014).

Chiossone, L., Dumas, P. Y., Vienne, M. & Vivier, E. Natural killer cells and other innate lymphoid
cells in cancer. Nat. Rev. Immunol. 18, 671-688 (2018).

Carotta, S. Targeting NK Cells for Anticancer immunotherapy : Clinical and Preclinical Approaches.
Front. Immunol. 7, 1-10 (2016).

Rajagopalan, S., Bryceson, Y. T., Kuppusamy, S. P., Geraghty, D. E. & Meer, A. Van Der. Activation
of NK Cells by an Endocytosed Receptor for Soluble HLA-G. Plos Biol. 4, €9 (2006).

Morandi, F. et al. Soluble HLA-G dampens CD94 / NKG2A expression and function and
differentially modulates chemotaxis and cytokine and chemokine secretion in CD56 bright and
CD56 dim NK cells. Blood 118, 5840-5851 (2011).

Mirjacic Martinovic, K. M. et al. Decreased expression of NKG2D, NKp46, DNAM-1 receptors, and
intracellular perforin and STAT-1 effector molecules in NK cells and their dim and bright subsets in
metastatic melanoma patients. Melanoma Res. 24, 295-304 (2014).

Fregni, G. et al. Phenotypic and Functional Characteristics of Blood Natural Killer Cells from
Melanoma Patients at Different Clinical Stages. PLoS One 8, 1-9 (2013).

Ali, T. H. et al. Enrichment of CD56dimKIR+CD57+ highly cytotoxic NK cells in tumour-infiltrated
lymph nodes of melanoma patients. Nat. Commun. 5, 1-9 (2014).

Konjevi¢, G., Mirdjai¢ Martinovi, K., Jurisi¢, V., Babovi¢, N. & Spuzi¢, |. Biomarkers of suppressed
natural killer (NK) cell function in metastatic melanoma: Decreased NKG2D and increased CD158a
receptors on CD3-CD16+ NK cells. Biomarkers 14, 258—270 (2009).

Tietze, J. K., Angelova, D., Heppt, M. V., Ruzicka, T. & Berking, C. Low baseline levels of NK cells
may predict a positive response to ipilimumab in melanoma therapy. Exp. Dermatol. 26, 622—-629
(2017).

Halama, N. et al. Natural killer cells are scarce in colorectal carcinoma tissue despite high levels of
chemokines and cytokines. Clin. Cancer Res. 17, 678—689 (2011).

Balsamo, M. et al. Melanoma cells become resistant to NK-cell-mediated killing when exposed to
NK-cell numbers compatible with NK-cell infiltration in the tumor. Eur. J. Inmunol. 42, 1833—-1842
(2012).

Sconocchia, G. et al. Melanoma cells inhibit NK cell functions - Letter. Cancer Res. 72, 5428-5429
(2012).

101|Page



218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

Jerby-Arnon, L. et al. A Cancer Cell Program Promotes T Cell Exclusion and Resistance to
Checkpoint Blockade. Cell 175, 984-997.e24 (2018).

Tirosh, I. et al. Dissecting the multicellular ecosystem of metastatic melanoma by single-cell RNA-
seq. Science 352, 189-196 (2016).

Sade-Feldman, M. et al. Defining T Cell States Associated with Response to Checkpoint
Immunotherapy in Melanoma. Cell 175, 998-1013.e20 (2018).

Morandi, F. et al. CD56 *&" CD16 ~ NK Cells Produce Adenosine through a CD38-Mediated
Pathway and Act as Regulatory Cells Inhibiting Autologous CD4 * T Cell Proliferation. J. Immunol.
195, 965-972 (2015).

Monteiro, I. et al. CD73 expression and clinical significance in human metastatic melanoma.
Oncotarget 9, 26659-26669 (2018).

Bauché, D. et al. Autocrine Adenosine regulates tumor polyfunctional CD73+CD4+ effector T cells
devoid of immune checkpoints. Cancer Res. 78, canres.2405.2017 (2018).

Varda Rotter, Witte, O. N., Robert Coffman & Baltimore, D. Abelson Murine Leukemia Virus-
Induced Tumors Elicit Antibodies Against a Host Cell Protein, P50. J. Virol. 36, 547555 (1980).

Carbone, D. P. et al. Development of Antibodies against p53 in Lung Cancer Patients Appears to
Be Dependent on the Type of p53 Mutation. Cancer Res. 52, 4168-4174 (1992).

Preuss, K. D., Zwick, C., Bormann, C., Neumann, F. & Pfreundschuh, M. Analysis of the B-cell
repertoire against antigens expressed by human neoplasms. Immunol. Rev. 188, 43-50 (2002).

Zhang, J. Y. et al. Enhancement of antibody detection in cancer using panel of recombinant
tumor-associated antigens. Cancer Epidemiol. Biomarkers Prev. 12, 136—143 (2003).

Beeton-Kempen, N. et al. Development of a novel, quantitative protein microarray platform for
the multiplexed serological analysis of autoantibodies to cancer-testis antigens. Int. J. Cancer 135,
1842-1851 (2014).

Chapman, C. et al. Autoantibodies in breast cancer: their use as an aid to early diagnosis. Ann.
Oncol. 18, 868873 (2007).

Chapman, C. J. et al. Autoantibodies in lung cancer: Possibilities for early detection and
subsequent cure. Thorax 63, 228-233 (2008).

Imai, H., Nakano, Y., Kiyosawa, K. & Tan, E. Increasing titers and changing specificities of
antinuclear antibodies in patients with chronic liver disease who develop hepatocellular
carcinoma. Cancer 71, 26—35 (1993).

Li, Y. et al. P53 Autoantibodies Predict Subsequent Development of Cancer. Int. J. Cancer 114,
157-160 (2005).

Fossa, A. et al. NY-ESO-I protein expression and humoral immune responses in prostate cancer.
Prostate 59, 440-447 (2004).

Jager, E. et al. Humoral immune responses of cancer patients against ‘cancer-testis’ antigen NY-

102|Page



235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

248.

249,

ESO-1: Correlation with clinical events. Int. J. Cancer 84, 506-510 (1999).

Wasserman, J., Glas, U. & Blomgren, H. Autoantibodies in patients with carcinoma of the breast.
Clin. Exp. Immunol. 19, 417-422 (1975).

Al-Shukaili, A. K., Al-Jabri, A. A. & Al-Moundhari, M. S. Prognostic value of auto-antibodies in the
serum of Omani patients with gastric cancer. Saudi Med. J. 27, 1873-1877 (2006).

Barbouche, M. R., Romain, S., Avrameas, S., Piana, L. & Martin, P.-M. Prognostic Significance of
Autoantibodies to Laminin in the Sera of Breast Cancer Patients: A Preliminary Report. Eur. J. Clin.
Chem. Clin. Biochem. 32, 511-514 (1994).

Soussi, T. p53 Antibodies in the sera of patients with various types of cancer: A review. Cancer
Res. 60, 1777—1788 (2000).

Parmigiani, R. B. et al. Antibodies against the cancer-testis antigen CTSP-1 are frequently found in
prostate cancer patients and are an independent prognostic factor for biochemical-recurrence.
Int. J. Cancer 122, 2385-2390 (2008).

Saffroy, R. et al. Clinical significance of circulating anti-p53 antibodies in European patients with
hepatocellular carcinoma. Br. J. Cancer 79, 604-610 (1999).

Kurtenkov, O. et al. Humoral immune response to MUC1 and to the Thomsen-Friedenreich (TF)
glycotope in patients with gastric cancer: Relation to survival. Acta Oncol. (Madr). 46, 316-323
(2007).

Vural, B. et al. Frequency of SOX Group B (SOX1, 2, 3) and ZIC2 antibodies in Turkish patients with
small cell lung carcinoma and their correlation with clinical parameters. Cancer 103, 2575-2583
(2005).

Bachelot, T. et al. Autoantibodies to endostatin in patients with breast cancer: Correlation to
endostatin levels and clinical outcome. Br. J. Cancer 94, 1066—1070 (2006).

Haidopoulos, D. et al. Circulating anti-CEA antibodies in the sera of patients with breast cancer.
Eur. J. Surg. Oncol. 26, 742—746 (2000).

Lakota, J., Skultety, L., Dubrovcakova, M. & Altaner, C. Presence of serum carbonic anhydrase
autoantibodies in patients relapsed after autologous stem cell transplantation indicates an
improved prognosis. Neoplasma 55, 488—492 (2008).

Blaes, F. et al. Antineural and antinuclear autoantibodies are of prognostic relevance in non-small
cell lung cancer. Ann. Thorac. Surg. 69, 254-258 (2002).

Hirasawa, Y. et al. Natural autoantibody to MUC1 is a prognostic indicator for non-small cell lung
cancer. Am. J. Respir. Crit. Care Med. 161, 589-594 (2000).

Kobold, S., Lutkens, T., Cao, Y., Bokemeyer, C. & Atanackovic, D. Autoantibodies against tumor-
related antigens: Incidence and biologic significance. Hum. Immunol. 71, 643-651 (2010).

Kocer, B., McKolanis, J. & Soran, A. Humoral immune response to MUC5AC in patients with
colorectal polyps and colorectal carcinoma. BMC Gastroenterol. 6, 1-9 (2006).

103|Page



250. Friedrichs, B. et al. Humoral Immune Responses against the Immature Laminin Receptor Protein
Show Prognostic Significance in Patients with Chronic Lymphocytic Leukemia. J. Immunol. 180,
6374-6384 (2008).

251. Yang, X.-F. et al. CML66, a broadly immunogenic tumor antigen, elicits a humoral immune
response associated with remission of chronic myelogenous leukemia. Proc. Natl. Acad. Sci. 98,
7492-7497 (2001).

252. Pallasch, C. P. et al. Autoantibodies against GLEA2 and PHF3 in glioblastoma: Tumor-associated
autoantibodies correlated with prolonged survival. Int. J. Cancer 117, 456—459 (2005).

253. Richards, E. R. et al. Antibodies reactive with the protein core of MUC1 mucin are present in
ovarian cancer patients and healthy women. Cancer Immunol. Inmunother. 46, 245-252 (1998).

254. Wood, W. C., Kornblith, P. L., Quindlen, E. A. & Pollock, L. A. Detection of Humoral Immune
Response to Human Brain Tumors. Cancer 1, 86—90 (1979).

255. Gilbert, A. E. et al. Monitoring the Systemic Human Memory B Cell Compartment of Melanoma
Patients for Anti-Tumor IgG Antibodies. PLoS One 6, (2011).

256. Takai, T. Fc Receptors and Their Role in Immune Regulation and Autoimmunity - Unknown -
2005.pdf. J. Clin. Immunol. 25, 1-18 (2005).

257. Satoh, M., lida, S. & Shitara, K. Non-fucosylated therapeutic antibodies: The next generation of
therapeutic antibodies. Expert Opionion Biol. Ther. 6, (2006).

258. Shields, R. L. et al. Lack of Fucose on Human IgG1 N -Linked Oligosaccharide Improves Binding to
Human FcyRIll and Antibody-dependent Cellular Toxicity. J. Biol. Chem. 277, 26733-26740 (2002).

259. Oaks, M., Taylor, S. & Shaffer, J. Autoantibodies targeting tumor-associated antigens in metastatic
cancer Sialylated iggs as candidate anti-inflammatory antibodies. Oncoimmunology 2, (2013).

260. Rowley, D. A. & Stach, R. M. B lymphocytes secreting I1gG linked to latent transforming growth
factor-B prevent primary cytolytic T lymphocyte responses. Int. Immunol. 10, 355-363 (1998).

261. Saul, L. et al. 1gG subclass switching and clonal expansion in cutaneous melanoma and normal
skin. Sci. Rep. 6, 1-12 (2016).

262. Garaud, S. et al. Antigen Specificity and Clinical Significance of IgG and IgA Autoantibodies
Produced in situ by Tumor-Infiltrating B Cells in Breast Cancer. Front. Immunol. 9, 1-12 (2018).

263. Cipponi, A. et al. Neogenesis of lymphoid structures and antibody responses occur in human
melanoma metastases. Cancer Res. 72, 3997-4007 (2012).

264. Mauri, C. & Blair, P. A. The incognito journey of a regulatory B cell. Immunity 41, 878—880 (2014).

265. Shalapour, S. et al. Inflammation-induced IgA+ cells dismantle anti-liver cancer immunity. Nature
551, 340-345 (2017).

266. Karagiannis, P. et al. IgG4 subclass antibodies impair antitumor immunity in melanoma. J. Clin.
Invest. 123, 1457-1474 (2013).

104|Page



267. Hanahan, D. & Weinberg, R. A. Hallmarks of Cancer: The Next Generation. Cell 144, 646—74
(2011).

268. Nakahara, T., Norberg, S. M., Shalinsky, D. R., Hu-Lowe, D. D. & McDonald, D. M. Effect of
inhibition of vascular endothelial growth factor signaling on distribution of extravasated
antibodies in tumors. Cancer Res. 66, 1434—1445 (2006).

269. De Visser, K. E., Korets, L. V. & Coussens, L. M. De novo carcinogenesis promoted by chronic
inflammation is B lymphocyte dependent. Cancer Cell 7, 411-423 (2005).

270. Andreu, P. et al. FcRy Activation Regulates Inflammation-Associated Squamous Carcinogenesis.
Cancer Cell 17, 121-134 (2010).

271. Yamaguchi, R. et al. Tumor-infiltrating lymphocytes are important pathologic predictors for
neoadjuvant chemotherapy in patients with breast cancer. Hum. Pathol. 43, 1688-1694 (2012).

272. Woo, J. R. et al. Tumor infiltrating B-cells are increased in prostate cancer tissue. J. Transl. Med.
12, (2014).

273. Nielsen, J. S. et al. CD20+ tumor-infiltrating lymphocytes have an atypical CD27 - memory
phenotype and together with CD8+ T cells promote favorable prognosis in ovarian cancer. Clin.
Cancer Res. 18, 3281-3292 (2012).

274. Martinet, L. et al. Human Solid Tumors Contain High Endothelial Venules: Association with T- and
B-Lymphocyte Infiltration and Favorable Prognosis in Breast Cancer. Cancer Res. 71, 5678-5687
(2011).

275. Hussein, M. R., Elsers, D. A. H., Fadel, S. A. & Omar, A. E. M. Immunohistological characterisation
of tumour infiltrating lymphocytes in melanocytic skin lesions. J. Clin. Pathol. 59, 316—324 (2006).

276. Martinez-Rodriguez, M., Thompson, A. K. & Monteagudo, C. A significant percentage of CD20-
positive TlLs correlates with poor prognosis in patients with primary cutaneous malignant
melanoma. Histopathology 65, 726—728 (2014).

277. Ladanyi, A. Prognostic and predictive significance of immune cells infiltrating cutaneous
melanoma. Pigment Cell Melanoma Res. 28, 490-500 (2015).

278. Erdag, G. et al. Immunotype and immunohistologic characteristics of tumor-infiltrating immune
cells are associated with clinical outcome in metastatic melanoma. Cancer Res. 72, 1070-1080
(2012).

279. Garg, K. et al. Tumor-associated B cells in cutaneous primary melanoma and improved clinical
outcome. Hum. Pathol. 54, 157-164 (2016).

280. Nsengimana, J. et al. B-Catenin-mediated immune evasion pathway frequently operates in
primary cutaneous melanomas. J. Clin. Invest. 128, 2048-2063 (2018).

281. Tokunaga, R. et al. B cell and B cell-related pathways for novel cancer treatments. Cancer Treat.
Rev. 73, 10-19 (2019).

282. Sautes-Fridman, C. & Fridman, W. H. TLS in Tumors: What Lies Within. Trends Immunol. 37, 1-2
(20186).

105|Page



283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

Dieu-Nosjean, M. C. et al. Tertiary lymphoid structures, drivers of the anti-tumor responses in
human cancers. Immunol. Rev. 271, 260-275 (2016).

Germain, C., Gnjatic, S. & Dieu-Nosjean, M. C. Tertiary lymphoid structure-associated B cells are
key players in anti-tumor immunity. Front. Immunol. 6, 1-14 (2015).

Coughlin, C. M., Vance, B. A,, Grupp, S. A. & Vonderheide, R. H. RNA-transfected CD40-activated B
cells induce functional T-cell responses against viral and tumor antigen targets: Implications for
pediatricimmunotherapy. Blood 103, 2046—2054 (2004).

Schultze, J. L. et al. CD40-activated human B cells: an alternative source of highly efficient antigen
presenting cells to generate autologous antigen-specific T cells for adoptive immunotherapy. J.
Clin. Invest. 100, 2757—-2765 (1997).

Zhu, W. et al. A high density of tertiary lymphoid structure B cells in lung tumors is associated
with increased CD4+T cell receptor repertoire clonality. Oncoimmunology 4, (2015).

Gnjatic, S. et al. Cross-Presentation of HLA Class | Epitopes from Exogenous NY-ESO-1
Polypeptides by Nonprofessional APCs. J. Immunol. 170, 1191-1196 (2003).

Brodt, P. & Gordon, J. Natural Resistance Mechanisms May Play a Role in Protection Against
Chemical Carcinogenesis. Cancer Immunol. Inmunother. 13, 125-127 (1982).

Inoue, S., Leitner, W. W., Golding, B. & Scott, D. Inhibitory effects of B cells on antitumor
immunity. Cancer Res. 66, 7741-7747 (2006).

Schioppa, T. et al. B regulatory cells and the tumor-promoting actions of TNF- a during squamous
carcinogenesis. PNAS 108, 26—31 (2011).

Wejksza, K. et al. Cancer-Produced Metabolites of 5-Lipoxygenase Induce Tumor-Evoked
Regulatory B Cells via Peroxisome Proliferator-Activated Receptor . J. Immunol. 190, 2575-2584
(2013).

Pucci, F. et al. SCS macrophages suppress melanoma by restricting tumor-derived vesicle—B cell
interactions. Science 352, (2016).

Barbera-guillem, E. et al. B lymphocyte pathology in human colorectal cancer. Experimental and
clinical therapeutic effects of partial B cell depletion. Cancer Immunol. Inmunother. Imm 48, 541—
549 (2000).

He, Y. et al. The roles of regulatory B cells in cancer. J. Immunol. Res. 2014, (2014).

Wang, W. et al. CD19+CD24hiCD38hiBregs involved in downregulate helper T cells and upregulate
regulatory T cells in gastric cancer. Oncotarget 6, 33486—33499 (2015).

Shao, Y. et al. Regulatory B cells accelerate hepatocellular carcinoma progression via CD40/CD154
signaling pathway. Cancer Lett. 355, 264—-272 (2014).

Guan, H. et al. PD-L1 is a critical mediator of regulatory B cells and T cells in invasive breast
cancer. Sci. Rep. 6, 1-10 (2016).

Somasundaram, R. et al. Tumor-associated B-cells induce tumor heterogeneity and therapy

106 |Page



300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

resistance. Nat. Commun. 8, 1-16 (2017).

Gunderson, A. J. & Coussens, L. M. B cells and their mediators as targets for therapy in solid
tumors. Exp. Cell Res. 319, 1644-1649 (2013).

Baumgaertner, P. et al. Vaccination-induced functional competence of circulating human tumor-
specific CD8 T-cells. Int. J. Cancer 130, 2607-2617 (2012).

Braun, M. et al. Virus-like particles induce robust human T-helper cell responses. Eur. J. Immunol.
42, 330-340 (2012).

Romano, E. et al. Ipilimumab-dependent cell-mediated cytotoxicity of regulatory T cells ex vivo by
nonclassical monocytes in melanoma patients. Proc. Natl. Acad. Sci. 112, 6140-6145 (2015).

Bray, N. L., Pimentel, H., Melsted, P. & Pachter, L. Near-optimal probabilistic RNA-seq
quantification. Nat. Biotechnol. 34, 525-7 (2016).

Soneson, C., Love, M. |. & Robinson, M. D. Differential analyses for RNA-seq : transcript-level
estimates improve gene-level inferences [ version 1 ; referees : awaiting peer review ]. F1000 Res.
1-10 (2015). doi:10.12688/f1000research.7563.1

Love, M. I, Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-
seq data with DESeq2. Genome Biol. 15, 550 (2014).

Sergushichev, A. A. An algorithm for fast preranked gene set enrichment analysis using
cumulative statistic calculation. bioRxiv 060012 (2016). doi:10.1101/060012

Durinck, S., Spellman, P. T., Birney, E. & Huber, W. Mapping identifiers for the integration of
genomic datasets with the R/Bioconductor package biomaRt. Nat. Protoc. 4, 1184 (2009).

Salomon, D. R. et al. Strategies for aggregating gene expression data: The collapseRows R
function. BMC Bioinformatics (2011). doi:10.1186/1471-2105-12-322

Liberzon, A. et al. The Molecular Signatures Database Hallmark Gene Set Collection. Cell Syst. 1,
417-425 (2015).

Kolde, R. Package ‘ pheatmap ’. (2018).

Carpenter, E. L. et al. Collapse of the CD27+ B-cell compartment associated with systemic
plasmacytosis in patients with advanced melanoma and other cancers. Clin. Cancer Res. 15, 4277—
4287 (2009).

Shen, P. & Fillatreau, S. Antibody-independent functions of B cells: A focus on cytokines. Nat. Rev.
Immunol. 15, 441-451 (2015).

Rubtsova, K. et al. B cells expressing the transcription factor T-bet drive lupus-like autoimmunity.
J. Clin. Invest. 127, 1392-1404 (2017).

Rakhmanov, M. et al. High levels of SOX5 decrease proliferative capacity of human B Cells, but
permit plasmablast differentiation. PLoS One 9, (2014).

Fremd, C., Schuetz, F., Sohn, C., Beckhove, P. & Domschke, C. B cell-regulated immune responses

107 |Page



317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

3209.

330.

331.

in tumor models and cancer patients. Oncoimmunology (2013).

Lawson, D. H. et al. Randomized, placebo-controlled, phase lll trial of yeast- derlVed granulocyte-
macrophage colony-stimulating factor (GM-CSF) versus peptide vaccination versus GM-CSF plus
peptide vaccination versus placebo in patients with no evidence of disease after comp. J. Clin.
Oncol. 33, 4066-4076 (2015).

Grotz, T. E., Kottschade, L., Pavey, E. S., Markovic, S. N. & Jakub, J. W. Adjuvant GM-CSF improves
survival in high-risk Stage 1lIC melanoma: A single-center study. Am. J. Clin. Oncol. Cancer Clin.
Trials 37, 467-472 (2013).

Gutschalk, C. M., Herold-Mende, C. C., Fusenig, N. E. & Mueller, M. M. Granulocyte colony-
stimulating factor and granulocyte-macrophage colony-stimulating factor promote malignant
growth of cells from head and neck squamous cell carcinomas in vivo. Cancer Res. 66, 8026—8036
(2006).

Hunter, C. A. & Jones, S. A. IL-6 as a keystone cytokine in health and disease. Nat. Immunol. 16,
448-457 (2015).

Rosser, E. C. et al. Regulatory B cells are induced by gut microbiota-driven interleukin-1f and
interleukin-6 production. Nat. Med. 20, 1334-1339 (2014).

Dedobbeleer, 0., Stockis, J., van der Woning, B., Coulie, P. G. & Lucas, S. Cutting Edge: Active TGF-
B1 Released from GARP/TGF-B1 Complexes on the Surface of Stimulated Human B Lymphocytes
Increases Class-Switch Recombination and Production of IgA. J. Immunol. 199, 391-396 (2017).

van de Veen, W. et al. Role of regulatory B cells in immune tolerance to allergens and beyond. J.
Allergy Clin. Immunol. 138, 654—665 (2016).

Johnson, B. A. et al. B-lymphoid cells with attributes of dendritic cells regulate T cells via
indoleamine 2,3-dioxygenase. PNAS 107, (2010).

Ghaedi, M. et al. Common-Lymphoid-Progenitor-Independent Pathways of Innate and T
Lymphocyte Development. Cell Rep. 15, 471-480 (2016).

Seillet, C. et al. Deciphering the Innate Lymphoid Cell Transcriptional Program. Cell Rep. 17, 436—
447 (2016).

Yu, X. et al. The basic leucine zipper transcription factor NFIL3 directs the development of a
common innate lymphoid cell precursor. Elife 3, 1-20 (2014).

Xu, W. et al. NFIL3 Orchestrates the Emergence of Common Helper Innate Lymphoid Cell
Precursors. Cell Rep. 10, 2043—2054 (2015).

Zook, E. C. & Kee, B. L. Development of innate lymphoid cells. Nat. Immunol. 17, 775-782 (2016).

Diefenbach, A., Colonna, M. & Romagnani, C. The ILC World Revisited. Immunity 46, 327—-332
(2017).

Karamitros, D. et al. Single-cell analysis reveals the continuum of human lympho-myeloid
progenitor cells. Nat. Immunol. 19, 85-97 (2018).

108 | Page



332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342,

343.

344,

345.

346.

347.

348.

Renoux, V. M. et al. Identification of a Human Natural Killer Cell Lineage-Restricted Progenitor in
Fetal and Adult Tissues. Immunity 43, 394-407 (2015).

Bernink, J. H. et al. Human type 1 innate lymphoid cells accumulate in inflamed mucosal tissues.
Nat. Immunol. 14, 221-229 (2013).

Freud, A. G. et al. A human CD34(+) subset resides in lymph nodes and differentiates into
CD56bright natural killer cells. Immunity 22, 295-304 (2005).

Lim, A. I. et al. Systemic Human ILC Precursors Provide a Substrate for Tissue ILC Differentiation.
Cell 168, 1086-1100.e10 (2017).

Montaldo, E. et al. Human RORyt+CD34+ Cells Are Lineage-Specified Progenitors of Group 3
RORyt+ Innate Lymphoid Cells. Immunity 41, 988—1000 (2014).

Juelke, K. & Romagnani, C. Differentiation of human innate lymphoid cells (ILCs). Curr. Opin.
Immunol. 38, 75-85 (2016).

Hoek, K. L. et al. A cell-based systems biology assessment of human blood to monitor immune
responses after influenza vaccination. PLoS One 10, 1-24 (2015).

Linsley, P. S., Speake, C., Whalen, E. & Chaussabel, D. Copy number loss of the interferon gene
cluster in melanomas is linked to reduced T cell infiltrate and poor patient prognosis. PLoS One 9,
(2014).

Pabst, C. et al. GPR56 identifies primary human acute myeloid leukemia cells with high
repopulating potential in vivo. Blood 127, 2018-2027 (2016).

Kim, D. et al. TopHat2: accurate alignment of transcriptomes in the presence of insertions,
deletions and gene fusions. Genome Biol. 46, 957-961 (2013).

Langmead, B. & Salzberg, S. L. Fast gapped-read alighment with Bowtie 2. Nat. Methods 9, 357-9
(2012).

Li, H. et al. The Sequence Alignment/Map format and SAMtools. Bioinformatics 25, 2078-2079
(2009).

Anders, S., Pyl, P. T. & Huber, W. HTSeq-A Python framework to work with high-throughput
sequencing data. Bioinformatics 31, 166—169 (2015).

Johnson, W. E., Li, C. & Rabinovic, A. Adjusting batch effects in microarray expression data using
empirical Bayes methods. Biostatistics 8, 118-127 (2007).

Leek, J. T., Johnson, W. E., Parker, H. S., Jaffe, A. E. & Storey, J. D. The SVA package for removing
batch effects and other unwanted variation in high-throughput experiments. Bioinformatics 28,
882-883 (2012).

Cupedo, T. et al. Human fetal lymphoid tissue-inducer cells are interleukin 17-producing
precursors to RORC+ CD127+ natural killer-like cells. Nat. Immunol. 10, 66—74 (2009).

Rudensky, A. Y. Regulatory T cells and Foxp3. Immunol. Rev. 241, 260-268 (2011).

109|Page



13. Annexes
During this PhD | have been blessed to be part of two fruitful collaborations. One within the lab led by

former PhD student Natacha Bordry on unravelling the link between lymphatics and T cell infiltration
within the tumour micro-environment in melanoma. | joined at the end of the project and was mostly
involved with the analysis of multiplex stainings. The second successful collaboration was with Julien Racle
with the group of Prof. Gfeller at the Ludwig Branch in Lausanne. We performed the validation for a

deconvolution method based on bulk RNA sequencing.

Papers of the two projects have been published and are included below.
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ABSTRACT

Increased density of tumor-associated lymphatic vessels carrelates with poor patient survival in melanoma
and other cancers, yet lymphatic drainage is essential for initiating an immune response. Here we asked
whether and how lymphatic vessel density (LVD) correlates with immune cell infiltration in primary tumors
and lymph nodes (LNs) from patients with cutaneous melanoma. Using immunohistochemistry and
quantitative image analysis, we found significant positive correlations between LVD and CD8" T cell
infiltration as well as expression of the immunosuppressive molecules inducible nitric oxide synthase
(iINOS) and 2,3-dioxygénase (IDO). Interestingly, similar associations were seen in tumor-free LNs adjacent
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to metastatic ones, indicating loco-regional effects of tumors. Our data suggest that lymphatic vessels play
multiple roles at tumor sites and LNs, promoting both T cell infiltration and adaptive immunosuppressive
mechanisms. Lymph vessel associated T cell infiltration may increase immunotherapy success rates
provided that the treatment overcomes adaptive immune resistance.

Introduction

Over the last two decades, burgeoning research attention
has been focused on understanding the complex interac-
tions between evolving tumors and host immune responses,
with consequences for the development of novel immuno-
therapies."™ Despite the promotion of tumor antigen spe-
cific T cell responses by active immunization, checkpoint
blockade or adoptive transfer, only a subset of patients
experience clinical benefit® In melanoma, recent studies
have sought predictive indicators (genetic or phenotypic) by
comparing patients who respond to immunotherapies with
those that do not.*” A variety of factors have been found to
affect response to immunotherapy, including the preexisting
immune cell infiltrate and the chemokine expression pro-
file.* Furthermore, cancers can develop adaptive immune
resistance mechanisms that suppress anti-tumor T cell
responses.’™! In addition, further mechanisms may con-
tribute to therapy failures, including mechanisms that
impact on the recruitment of immune cells to tumors."”
New and readily accessible/quantifiable biomarkers are

required to help identifying the underlying reasons in indi-
vidual patients, and consequently adapt immune therapy
strategies in order to increase patient survival."’

One feature of many cancers is the activation or expansion
of lymphatic vessels. Local lymphatic vessel density (LVD} is
known to be associated with metastasis in several human and
experimental cancers. The lymphangiogenic factor Vascular
Endothelial Growth Factor-C (VEGF-C), secreted by tumor-
associated macrophages or tumor cells themselves, leads to
increased LVD in the tumor microenvirenment and in lymph
nodes (LNs), correlating with increased metastasis and poor
prognosis."*?® However, the mechanisms by which lymphan-
glogenesis promotes disease progression are not well under-
stood. While increased LVD provide more surface area for
tumor cells to enter the lymph and thereby migrate to distant
sites, recent studies have highlighted additional important
mechanisms. For example, VEGE-C activates lymphatic endo-
thelial cells (LECs) to upregulate chemokine (C-C motif) ligand
21 (CCL21}, a chemo-attractant for C-C chemokine receptor
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7" (CCR7) immune cells and tumor cells, leading to increased
tumor invasion and entry into lymphatics in vitro and in
mice.** More recently, it has been proposed that lymphan-
giogenesis could play important roles in modulating the
immune microenvironment. In mouse models, increased
CCL21 in the tumor microenvironment could promote fibro-
blast differentiation and matrix remodeling to resemble the
stroma of lymph nodes, as well as promote T cell infiltration
(including regulatory T cells} along with suppressive leukocyte
subsets.”® Furthermore, tumor-associated LECs may directly
cross-present tumor antigens to CD8™' T cells and render them
dysfunctional in the tumor microenvironment.>>* LECs can
also inhibit the maturation of dendritic cells,?” secrete inhibi-
tory molecules such as indoleamine 2,3-dioxygénase (IDO),
inducible nitric oxide synthase (iNOS) and transforming
growth factor beta (TGF-$), and impair T cell activation
through expression of inhibitory receptor ligands (e.g. pro-
grammed cell death ligand 1 and 2 (PD-L1 and 2}).”® Finally, a
recent study demonstrated that in mice lacking dermal lym-
phatic vessels, melanomas failed to generate an inflammatory
microenvironment and lacked T cell infiltration.® Taken
together, these findings indicate a critical role for tumor-associ-
ated lymphatics in initiating and shaping the immune response.
Since these studies were performed in mice, in short-
term studies with implanted tumors, we asked whether and
how LVD correlates with the immune microenvironment in
patients with cutaneous melanoma. Through immunchis-
tochemistry (IHC) analysis of primary tumors and down-
stream LNs, using a dedicated methoed enabling quantitative
assessment of unusually large tissue flelds, we provide evi-
dence that LVD indeed correlates with T cell infiltration
and expression of immune suppressive molecules in human
melanoma, not only lecally but also in regional LNs, includ-
ing in those that are not (yet) metastatic. Qur findings sug-
gest that while LVD and VEGF-C are prognostic factors for
metastasis, they also are tightly correlated with the immune
status of the tumor microenvironment and thus may have
potential impact on the outcome of immunotherapy.

Results

Quantification of [ymph vessels across entire tissue
sections

To determine LVD we examined LECs by IHC staining in sec-
tions of tumors and draining LNs. We found high variability of
LVD in different regions of the tumor, as well as high inter-
patient heterogeneity. Thus, we first sought to establish a
method of analyzing entire tumor sections for very wide and
representative spatial assessment of LVD and related features
of the immune microenvironment. We defined distinct tissue
zones in the tumor and LN microenvironments to study 13 pri-
mary tumors, 23 metastatic LNs and 23 tumor-free LNs (ie.
neighboring distant lymph node without evidence of disease)
and used whole-slide imaging software for quantifications in
each zone (see Methods).

To define the localization of LECs in different human
tissue sections we performed IHC using Prox-1 and podo-
planin antibodies. Histological analysis confirmed that
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podoplanin was specifically expressed on lymphatic vessels
in different zones of the primary tumor (Fig. 1A), the
tumor region of metastatic LNs (Fig. 1B) and the normal
skin (Fig. S1A}. In contrast, Prox-1 antibody was not well
suited as LEC marker within these tissues, as certain tumor
cells as well as skin epithelial cells may also be positive
(Fig. 1A and B and Fig. S1A and B).

Up to now, histological quantification of human lym-
phatic vessels was mainly done by the so-called “hot spot”
analysis® which usually considers only small tissue regions
where density of lymphatic vessels was the highest. In con-
trast, our approach consisted of automated marker quantifi-
cation in large but distinct tissue areas based on staining
intensity. In order to validate the automated marker quanti-
fication method and characterize the best marker to identify
LECs in the individual tissues, we petformed automated
quantification of Prox-1 and podoplanin, respectively, and
correlated the results with our data from LEC counting by
eye (see “LEC quantification” in Methods). We found that
podoplanin quantified by automated whole tissue analysis
correlated well with lymphatic vessels quantified per mm?*
by counting by eye in the different regions of the primary
tumor (Fig. 1A) and in the tumor region of metastatic LNs
(Fig. 1B). In agreement with our visual observation, auto-
mated quantification of Prox-1 did not correlate signifi-
cantly with LEC counting by eye in primary tumor
(Fig. 1A) and only minor in the tumor region of metastatic
LNs (Fig. 1B) whereas the correlation for podoplanin was
strong. In contrast to tumor bearing tissues, LEC quantifica-
tion in tumor-free LNs was superior based on Prox-1 stain-
ing as compared tc podoplanin staining, because
podoplanin was also expressed by several other cell types in
the lymph nodes, for example follicular dendritic cells
(Fig. S1C). Indeed, automated quantification of Prox-1
showed a good correlation with the LEC counting by eye in
tumor-free LNs (Fig. S1D). The combined use of both,
Prox-1 and podoplanin by Immunofluorescence (IF) label-
ing confirmed the validity of our strategy to identify LECs
in the different tissues analyzed (Fig. 1C). Therefore, based
on these results, we chose for our broad quantification of
LECs to use podoplanin expression in primary tumors and
the tumor regions of metastatic LNs, and Prox-1 expression
in tumor-free LNs.

Increased intratumoral lymph vessel density (LVD)
and VEGF-C in earliest stages of primary melanoma

High LVD has been previously described in prominent “hot
spots” both within and around primary cutaneous malignant
melanoma.®" Moreover, melanoma lesions have been shown to
have higher intratumoral and peritumoral LVD compared to
benign melanocytic lesions, likely due to pro-lymphangiogenic
factors, essentially VEGE-C, secreted by tumor cells.”*™*
Detailed analysis of the distribution of LECs in primary tumors
showed that LVD was already increased in the earliest stage of
melanoma (melanoma in sifu} in comparisen to the adjacent
normal skin. Furthermore our data confirmed that LVD is
increased in primary melanoma, specifically in the invasive
margin and the peritumoral regions (Fig. 2A}. In order to
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Figure 1. Comparison of lymph vessel density (LVD) assessment by automated pixel based large-scale quantification versus LEC counting by eye. Representative immuno-
histochemistry images showing podoplanin and Prox-1 staining of peritumoral area (PT), invasive margin (IM) and center of tumor {(CT) of A) primary melanoma and B)
stroma and tumor regions of metastatic lymph node sections {Scale bars in A) 500 gm; in B) Tmm). Correlations of podoplanin or Prox-1 (% of pixel positive cells) counted
by the ImageScope™ software {x-axis) versus counted by eye {y-axis) in IM {n = 12), CT {n = 11} and PT {n = 12} of primary tumors and in tumor regions of metastatic
LNs {n = 22). C) Representative immunofluorescence images of podoplanin (green) and Prox-1 (red) co-localization in different tissues (20X, scale bar = 50 um, DAPI,
blue). All correlations were analyzed using non-parametric Spearman’s test. (PT): peritumoral area, {IM): invasive margin, {(CT): center of tumor.

determine the presence of VEGF-C and its association with
LEC formation and distribution we performed immunostaining
of VEGF-C in primary tumors and metastatic lymph nodes.
Podoplanin positively correlated with VEGF-C only within
melanoma in situ (Fig. 2B} while in primary melanoma and in
the tumor regions of metastatic LNs these parameters did not
correlate (Fig. S2A-F). These results are compatible with the
notion that VEGF-C may play a role in lymphangiogenesis in
early stage of melanoma formation.

LVD correlates with tumor infiltrating CD8" T cells
and expression of immune suppressive molecules

To investigate the potential associations of LVD with immune
cell infiltrates, we next quantified the density of infiltrating lym-
phocytes expressing CD8, CD4, Foxp3 and CD19. Since LNs
are important sites for tumor spread and immune responses,
we not only analyzed the immune microenvironment of pri-
mary tumors, but also the one of the tumor regions within
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Figure 2. Increased lymphatic vessel density (LYD} in melanoma in situ, invasive margin and peritumoral area of primary melanomas. A} Quantification of podoplanin den-
sity (% of pixel positive cells) in normal skin {NS; h = 12), melanoma jn situ (MIS; n = 14) and in the different histological zones of primary melanomas, 1.e. peritumoral
region (PT; n = 13), Invasive margin (M; n = 13) and center of tumor {CT; n = 12). Line indicates median. ™, p < 0.001; ™, p < 0.01; one-way Kruskal-Wallis non-
parametric test with post-hoc test Dunn correction. B} Correlation of podoplanin with VEGF-C density (% of pixel positive cells} in melanoma in situ (n = 13). Correlation

was analyzed using non-parametric Spearman’s test.

metastatic LNs. Interestingly, similar to the distribution of
LECs we found the highest density of CD8% T cells in peritu-
motal areas and the invasive margin of primary tumors
(Fig. 3A). Quantitative analysis revealed that primary tumors
showed strong positive correlations of CD8" T cell infiltration
with LVD (Fig. 3B). This correlation held true in all primary
tumor regions analyzed (center of tumor, invasive margin and
peritumoral regions}). However, LVD showed only positive
trends not reaching statistical significance for CD4" cells,
CD19" cells and FoxP3" regulatory T cells within primary
tumors (Fig. S3A-C). A strong positive correlation between
LVD and CD8" T cells was also found in metastatic LNs
(Fig. 3C). In contrast to primary tumors, in metastatic LNs we
found positive associations between LVD and CD19" cells and
also with FoxP3" cells (Fig. 3D), suggesting attraction of poten-
tially immune suppressive cells by mechanisms involving lym-
phatic  vessels. Together, these data propose that
lymphangiogenic regions within the tumor may specifically
chemoattract circulating T cells, consistent with studies in
mouse melanoma, where VEGF-C was shown to upregulate
CCL21 to attract CCR7" immune cells.**

Next, we investigated the correlation of LVD with the pres-
ence of immune suppressive factors by analyzing the expression
of iINOS, IDO, and arginase-1 (Arg-1) in the same tissues. IF
analysis revealed that both iNOS and IDO were mainly pro-
duced by cells surrounding lymphatic vessels rather than by the
LECs in primary tumors (Fig. 4A, left panels). However, we
found iNOS expression in the cytoplasm of LECs in metastatic
LNs (Fig. 4A, right panels) suggesting that tumor-associated
LECs can play direct roles in immune modulation. LVD posi-
tively correlated with iNOS expression in the invasive margin,
and with IDO expression in the center of tumor (Fig. 4B, left
panels). In the tumor region of metastatic LNs, iNOS and IDO
expression were positively correlated with LVD (Fig. 4B, right
panels). Arg-1 was neither expressed by LECs nor associated
with LVD in any of the melanoma tissues analyzed (Fig. S4A
and B).
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VEGF-C correlates with T cell infiltration in primary
melanoma and immune suppressive molecuiles in early
stages of primary melanoma and metastatic LNs

Mouse melanomas have been reported to pre-condition future
sites of LN metastasis by enhancing lymphangiogenesis, induc-
ing an immune tolerant microenvironment and thus impairing
the development of anti-tumor immunity.>>*® Furthermore,
VEGE-C overexpression in mouse melanoma promoted an
immune suppressive microenvironment in primary and down-
stream LNs.***® To address the potential role of VEGF-C in
modulating host anti-tumor immunity in human melanoma,
we quantified tumor sections immunostained for VEGF-C and
immune markers. Interestingly, in the earliest stages of primary
melanoma (melanoma in situ}, we found strong positive corre-
lations between VEGF-C expression and INOS (Fig. 5A).
Increased expression of VEGF-C correlated with elevated
expression of iNOS and IDO in tumor regions of metastatic
LNs (Fig. 5B-C}. These results suggest that VEGF-C may have
different roles in modulating the tumor microenvironment
(TME) depending on tumor stage and tissue location.

LVD correlates with CD8™ T cells and immune suppressive
molecules in tumor-free LNs adjacent to metastatic LNs

Mouse studies have suggested that melanomas can secrete fac-
tors that pre-condition potential future metastatic sites in LNs,
and that this pre-conditioning is associated with increased
LVD.*>* Studies in humans have shown immunolegical differ-
ences in LNs close to the primary melanoma as compared to
the more remote LNs, with regard to the capacity of paracorti-
cal dendritic cells and T cells to inhibit or enhance melanoma
cell growth in vitro, as well as the density of high endothelial
venules (HEVs).*” To identify possible changes in distal LNs in
our patients, we analyzed 23 tumor-free LNs, with the hypothe-
sis that tumor-free LNs may differ depending on whether they
were from LN dissections with one or more metastatic LNs
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Figure 3. LVD correlates with infiltration of CD8™ T cells in primary tumors and tumotr regions of metastatic lymph nodes (LNs). A) Quantification of CD8 density (% of
pixel positive cells) in different zones of primary melanomas. Statistical significance was calculated using one-way Kruskal-Wallis non-parametric test with post-hoc test
Dunn correction. Line indicates median. ***, p < 0.001; **, p < 0.01; *, p < 0.05. Representative immunofluorescence images showing lymphatic vessels (Prox-1, red;
podoplanin, green) and CD8* T cells {grey) in lymphatic-poor and -rich regions of a B) primary tumor and a C) metastatic LN (20X, Scale bar = 50 w@m, DAP, blue). Corre-
lations of podoplanin with CD8 density (% of pixel positive cells) in PT (n = 13), IM (n = 13) and CT (n = 13) of B) primary tumors and in €} metastatic LNs (n = 23). D)
Correlations of podoplanin with CD19 (n = 21) and FoxP3 (n = 22) density (% of pixel positive cells) in tumor regions of metastatic LNs. All correlations were analyzed
using non-parametric Spearman’s test. (PT): peritumoral region, (IM): invasive margin, {CT): center of tumor.

(tumor-positive LN dissection; n = 14) versus dissections
where all LNs were tumor-free (tumor-negative LN dissection;
n = 9). Interestingly, tumor-free LNs from positive LN dissec-
tions had higher expression of Prox-1 as compared to LNs
from negative LN dissections (Fig. 6A). Greater densities of
CD8* cells and CD4" cells were seen in LNs from tumor-
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positive LN dissections compared to negative LN dissections
(Fig. 6B). In line with this, higher density for iNOS and Arg-1
were found in LNs from positive LN dissections (Fig. 6C).
Interestingly, in tumor-free LNs from positive LN dissections,
LECs were found to express iNOS (Fig. 6D}, showing a positive
correlation with iINOS expression (Fig. 6E) similar to that in
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Figure 4. LVD correlates with expression of immune suppressive molecules in primary tumors and tumor regions of metastatic LNs. A) Representative immunofluores-
cence images in a section of a primary tumor and a metastatic LN showing that intratumoral lymphatic vessels (Prox-1, red; podoplanin, green) express iNOS (white,
arrows) in metastatic LNs and do not express IDO (grey) in either location (63X upper panels Scale bar = 10 um, and 40X lower panels, Scale bar = 50 um, DAPI, blue).
B) Correlations of podoplanin with INOS and IDO density (% of pixel positive cells) in IM (n = 13), CT {(n = 12) and PT {n = 13) of primary tumors and in metastatic LNs (n
= 23). Correlations were analyzed using non-parametric Spearman’s test. (IM): invasive margin, (CT): center of tumot, (PT): peritumoral region.

metastatic LNs (Fig. 4B). Together, these data indicate that
tumor-free LNs adjacent to metastatic LNs have increased
LVD, lymphocyte density and immunosuppressive features
compared to LNs from tumor negative LN dissections.

Discussion

Multiple studies have demonstrated the clinical relevance of
tumor-associated lymphatics and their involvement in malig-
nant spread.®*° In human melanoma, increased intra-
and peritumoral LVD as well as the lymphatic growth
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factor strongly with  metastatic
dissemination. 3 Lymphatic vessels may support migra-
tion of tumor cells, but may also modulate immune cells, as
recently demonstrated in primary tumors and draining LN in
mice,”**>** raising the possibility that lymphatics mediate
immune suppression and poor clinical outcome in cancer
patients.’>>*2 Because corresponding human data are missing,
we performed a very wide IHC analysis. Our findings reveal
multiple correlations between lymphatic vessels and host
immunity, suggesting immune mechanisms that act locally as
well as loco-regionally in melanoma patients (Fig. 7).
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Figure 5. VEGF-C is associated with expression of immune suppressive molecules in melanoma in situ and tumor regions of metastatic LNs. A) Correlations of VEGF-C with iINOS
density (% of pixel positive cells) in melanoma in situ (n = 14). B) Representative immunohistochemistry images showing iINOS and IDO expression in tumor region of VEGF-C-low
and VEGF-C-high metastatic LN sections (Scale bar = 100 zzm). C) Correlations of VEGF-C with iNOS (n = 23) and IDO (n = 23) density (% of pixel positive cells) in tumor regions of
metastatic LNs. Correlations were analyzed using non-parametric Spearman’s test. (IM): invasive margin, (CT): center of tumor, (PT): peritumoral region.
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Figure 6. Tumor-free LNs that are adjacent to metastatic LNs have higher LVD, T cell infiltration and immune suppressive molecules than LNs from completely tumor-free
LN-regions. Tumor-free LNs from negative LN dissections {neg. LN diss,; n = 9) were compared with tumor-free LNs from positive LN dissections {pos. LN diss; n = 14).
Density of A) lymphatic vessels, B) T cells and C) the immune suppressive molecules iINOS and Arg-1 (% of pixel positive cells). Line indicate median; data were analyzed
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Representative immunofluorescence images showing that intratumoral lymphatic vessels (Prox-1, red and podoplanin, green) mainly expressed iNOS {(white, arrow) in
tumor-free LNs from positive LN dissections. Scale bars = 50um, Arrow bar highlighting lymphatic vessel structures. E) Correlations of Prox-1 with iNOS in tumor-free
LNs from negative and positive LN dissections (% of pixel positive cells). Correlations were analyzed using non-parametric Spearman’s test.

A standard methodology of lymphatic vessel quantification
is based on the observation that lymphatics form areas of
increased LVD density.*> The majority of studies on LVD and
clinical outcome of melanoma patients have used staining
quantification methods based on visual inspection and selection

" Primary tumor

of “hot spots”

(eg. Weidner and Chalkley method).>>*%*

Despite the recent emergence of computer-assisted image anal-
ysis that reduces the variability and subjectivity in quantifying
lymphatics, many studies are still based on either selected “hot
spot” regions or randomly selected fields.'* We analyzed

Metastatic LN

A Lymph vessels:

ALymph vessels:

Adjacent
non-metastatic LN

A Lymph vessels:

ACD8'T cells ACD8* T cells
ACDS8* T cells ANOS AiNOS
locally, AiNOS AIDO AArg-1
inthe TME _ AIDO A Tregs, B cells loco-regionally
Tumor cells

AVEGF-C —> "MLymph vessels:
(from tumors to LNs)

5 iNOS

A Inflammation Ai

ACD8* T cells AIDo e B2
AMArg-1 INOS

4/‘“) CD8* Teells

Figure 7. Increased lymphatic vessels density is associated with increased CD8+ T cell infiltration, together with increased expression of immunosuppressive molecules
such as INOS, IDO and Arg-1. This can be observed not only locally in primary tumors and metastatic lymph nodes (LNs) but also in adjacent non-metastatic LNs. Together,
tumor derived VEGF-C induces lymphatic vessels that attract CD8+ T cells, with their known fundamental properties, namely the promotion of anti-tumor immune
responses but also immune suppression {via adaptive immune resistance mechanisms).
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specific regions as well as entire sections of different mela-
noma-associated tissues with a dedicated image analysis soft-
ware, allowing quantitative assessment of unusually large tissue
areas in a reproducible manner. Specifically, we used the pixel
count algorithm (ImageScope™, Aperio) for large-scale quan-
tification of lymphatics, lymphocytes and immune suppressive
molecules. Pixel-based analysis has been validated as an accu-
rate strategy for the assessment of cell density in tissue sec-
tions,® and may be more precise than cell-counting
algorithms, especially in the setting of dense and relatively
homogenous cell populations such as within the tumor mass.

In agreement with our findings, increased LVD has been
described in and around primary melanomas compared to mel-
anocytic nevi and normal dermis.”>** We did not find statisti-
cally significant differences between intra- (either center of
tumor ot invasive margin) or peri-tumoral LVD as described
by some*®**® but not other studies.”* Possible reasons for
discrepancies could be the use of different image analysis and/
or staining quantification strategies.

Many reports established the role of VEGF-C in promoting
lymphangiogenesis and LN metastases in murine and human
tumors.”* Nonetheless, VEGF-C expression did not always corre-
late with LVD in cutaneous melanoma.*® Surprisingly, we found
that VEGF-C correlated with LVD only in the earliest stage of pri-
mary melanoma. This suggests that VEGF-C mainly promotes
Iymphangiogenesis early in the development of the tumor.

Recently it was shown that tumor-associated lymphangio-
genesis mediated intratumoral T cell infiltration in mice.” Our
findings indicate that similar mechanisms are in place in
humans, because LVD strongly correlated with CD8" T cell
infiltration in primary cutaneous melanoma as well as in metas-
tases of draining LNs. Interestingly, these associations were
found in the three different zones delimited in the primary
tumor sections, implying that lymphatic activation may pro-
mote accumulation of CD8" T cells not only around but also
within the tumor mass.

Besides LECs, tertiary lymphoid structures (TLSs) are important
components of tumor-associated immune functions. TLS are of
increasing interest in tumor immunology because they are often
associated with anti-tumor T cell responses and favorable progno-
sis of cancer patients.”® Although high endothelial venules (HEVSs)
have been described in primary melanoma and have been linked to
good dlinical outcome,”*° conflicting results exist in regard to the
presence of TLSs in primary melanoma, in spite of the fact that the
latter frequently contain HEVs,*®> While we found a positive asso-
ciation between lymphatics and CD197 cells in metastatic LNs, we
did not detect many B cell clusters in the tumor samples examined
here. The increased infiltration of B cells in association with lym-
phatic vessels in metastatic LNs may support the notion that lym-
phatics promote also the humoral immune response. Further
investigations are required to elucidate the interactions between
Iymphatics and B cells, and their roles in cancer patients.

LECs can affect T cell fate as well as suppress dendritic cell-
mediated T cell activation by secreting a variety of immune
suppressive factors such as TGF-8, IDO and iNOS.** Kornek
et al. reported that in vitro-expanded murine LECs mediated
direct suppression of T cell proliferation, essentially depending
on IFN-y from activated T cells.”® Norder et al. demonstrated
that human in vitro IFN-y activated LECs produced IDO which
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suppressed T cell activation.®® Compatible with these in vitro
studies, we observed significant associations between LVD and
INOS expression at the invasive margin and IDO expression in
the center of tumor of primary melanomas, but alse found sig-
nificant correlations with CD8" T cell infiltration.

In concert with primary tumers, our study identifies immune
suppressive molecules in tumor-draining LNs, suggesting that
immune mechanisms operating in metastatic LNs237 6162 may at
least in part be similar to those in primary tumors.™ In contrast to
primary tumors, we found a significant correlation between LECs
and FoxP3™ lymphocytes. The question of whether regulatory T
cells play an important role in melanoma progression and metasta-
sis formation is still unanswered, and conflicting data have been
reported with regard to clinical impact.**

Several studies have identified alterations in both local and
regional immune functions of metastatic LNs that may contrib-
ute to tumor expansion and metastasis formation.*” However,
only limited data exist showing possible effects of nearby
metastases on immune functiens of tumor-free LNs. Zucker-
man et al. examined differences in immune cell signatures
between tumor-{ree LNs of node negative breast cancer patients
and tumor-invaded sentinel lymph nodes (SLNs), tumor-free
SLNs or tumor-free non-sentinel lymph nodes (NSLNs) of
node positive breast cancer patients.” This study provided the
first evidence of altered immune regulation depending on
whether neighboring LNs were metastatic or not. We investi-
gated the immunological differences between tumor-free LNs
from patients with positive versus negative LN dissections. Our
data show that the tumor-free LNs from tumor-positive LN
dissections had higher densities of LECs, T lymphocytes, INOS
and Arg-1, as compared to those from negative LN dissections,
arguing that lymphatics may impact on immune regulation
beyond the TME and priot to metastasis formation.

Together, we describe novel associations between LECs,
Iymphocytes and immune suppressive molecules within differ-
ent tissues of melanoma patients. LECs were positively associ-
ated with locally enhanced CD8" T cell infiltration as well as
iNOS and IDO expression within primary melanoma tissues
and in metastatic LNs. Tumor-free LNs showed similar associa-
tions, pointing to loco-regional effects. These results support
the view that LECs are active modulators of anti-tumor
immune responses within different human melanoma tissues.
Our results should be validated in larger numbers of patients.
Furthermore, as our study could only reveal correlations, fur-
ther studies will be needed to refine the underlying mecha-
nisms, €.g by ex-vivo functional analysis combined with
systems biology approaches and mechanistic mouse studies.

A major aim in the development of cancer immunotherapies is
to overcome suppression of anti-tumor T cell responses. Our study
suggests that LECs are implicated in the recruitment and attraction
of CD8" T cells as well as the expression of immune suppressive
molecules. Therefore, LECs likely support both, promote and hin-
der anti-tumor T cell responses. Of note, the presence of a T cell-
inflamed tumor microenvironment is indicative of an endogenous
adaptive immune response against a given tumet, and is emerging
as a useful predictive biomarker for response to immunotherapy.*®
Indeed, it was recently shown that highly infiltrated and lymphan-
giogenic murine tumors were more sensitive to immunotherapy,
by recruiting T cells and antigen presenting cells through the



CCL21-CCR7 axis. Furthermore, serum VEGE-C was found to
correlate with antitumor T cell responses and progression free sur-
vival of melanoma patients treated with immunotherapy.®” Finally,
therapeutic induction of lymphoid structures synergized with
immunotherapy in mice.* Thus, novel combination immuno-
therapies may include the promotion of lymphatics despite that
they are also implied in immune suppressive mechanisms and met-
astatic spread. Future therapy improvements may depend on the
successful increase of the beneficial roles of lymphatics with simul-
taneous reduction of their negative effects.

Patients and methods
Patients

This study investigated 29 metastatic melanoma patients that
had been included in a phase I vaccination trial (LUD 00-018
study, ClinicalTrials.gov Identifier NCT00112229) at the
Ludwig Cancer Research Center (LICR, University Hospital,
Lausanne, Switzerland} between 2003 and 2011 (Table S1), as
described previously.>”® Briefly, 29 HLA-A2" patients with
histologically proven metastatic melanoma of the skin express-
ing Melan-A/MART-1 received 1-4 cycles of monthly subcuta-
neous vaccinations with 100 pg Melan-A/MART-1 A27L
analog or native peptide (4= a Tyrosinase peptide) and CpG-
7909 (500 pg PF-3512676/7909; provided by Pfizer/Coley
Pharmaceutical Group) emulsified in incomplete Freund’s
adjuvant (300-600 pl Montanide ISA-51; provided by Seppic).
The patients were evaluated for treatment toxicity, immune
response (CD8" T cell response), tumor response and survival
(Table S2). Of the 29 patients included in the study, 25 were
selected for the present analysis and 4 were excluded (one
patient had uveal melanoma and three patients did not have
any FFPE tissues available}. 19 primary melanoma samples
from 15 patients, 33 metastatic LNs from 14 patients (23 meta-
static LN's were taken before the vaccination and 10 metastatic
LNs were taken long after the end of the vaccination trial} and
23 tumor-free LNs from 20 patients (17 tumor-free LNs were
taken before the vaccination and 6 tumor-free LNs were taken
long after the end of the vaccination trial} were obtained and
were analyzed for their lymphocyte populations, lymphatic ves-
sels and immunosuppressive molecules. 14 tumor-free LNs
from 12 patients were from tumor-positive LN dissection and 9
tumor-free LNs from 8 patients were from tumor-negative LN
dissection. The study was approved by the Ethics Committee of
Canton of Vaud and the regulatory authorities, and conducted
in compliance with all legal and regulatory requirements.

Immunochistochemistry (IHC)
Chromogenic [HC staining

4-pm tick tissue sections of patient’s formalin-fixed paraf-
fin-embedded (FFPE} tissue specimen’s were first deparaffi-
nised in xylene and rehydrated by sequential incubation in
EtOH/water solutions. Tissues were then treated with 3%
H,0; in distilled water for 5 minutes to quench endogenous
peroxidase activity. Heat-induced antigen retrieval was per-
formed in Tris-EDTA buffer (pH 9) for 1’30” in a steamet.
Subsequently, sections were incubated at room temperature
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with primary antibodies to CD8 (clone (C8/144b, Dako,
1:30, 32 min}, CD4 (clone 4B12, Novocastra, 1:10,
90 minutes), CD19 (clone BT51E, Novocastra, 1:50,
32 min), FoxP3 (clone 236a/E7, Abcam, 1:50, 60 min)},
podoplanin (clone D2-40, Covance, 1/400, 60 min}, Prox-1
(R&D, 1:100, 32 min), VEGF-C (Invitrogen, 1:20, 40 min),
IDO (from Brussels, 1:500, 40 min), iNOS (Thermoscien-
tific, 1:75, 40 min), Arg-1 (Mybiosource, 1:300, 40 min),
Melan-A (clone A103, Dako, 1:50, 32 min}, melanosome
(clone HMB45, Dako, 1:30, 32 min) and S100 (Novocastra,
1:800, 40 min) followed by a secondary anti-mouse (K4001,
Dako), anti-rabbit (DK4003, Dako) or anti-goat antibody
(Histofine RTU-Biosciencesy RTU/HRP ENVISION for
30 minutes. 3-amino-9 ethylcarbazole (AEC) was used as a
red chromogen (K3464, Dako) for CD4, $100, Melan-A and
melanoseme and Diamincbenzidine (DAB, K3468, Dako) as
a brown chromogen (K3468, Dako} for the rest of the anti-
bodies. After rinsing with water, sections were counter-
stained with Hematoxylin Gill II (Merck 1.05175) and
coverslipped with xylol. CD8, CD4, CD19, FoxP3, podopla-
nin, Prox-1, Melan-A, 5100 and Melanosome were done on
Ventana BenchMark machine using Cell Conditioning 1
(CC1, 950-124, Ventana) as a buffer for heat-induced anti-
gen retrieval with varied time for the different antibodies,
other reagent and time was done as described above. INOS,
VEGEF-C, Arg-1 and IDO stainings were done manually by
the technician with the above-mentioned protocol. Positive
controls included tonsil, lung, liver and colon. Immunos-
tainings with appropriate isotype control antibodies were
used as negative controls. For illustration purpose, represen-
tative images of the different stainings were taken from
tumor-free LNs (Fig. S5).

Conventional immunofluorescence (IF) staining

As for chromogenic THC staining, 4-pm tick tissue sections
were first deparaffinised in xylene and rehydrated by sequential
incubation in EtOH/water solutions. Antigen retrieval was per-
formed by 15 minute incubation in boiling Tris-EDTA buffer
(pH 9}, following 30 minutes incubation in blocking solution
(TBS+0.01% Triton X-100+2%BSA+2%total serum from host
secondary antibody). Sections were incubated overnight at 4°C
with primary antibodies to CD8 (clone C8/144b, Dako, 1:30},
podoplanin (clone D2-40, Covance, 1/200}, Prox-1 (R&D,
1:100), iNOS (Thermoscientific, 1:75), Arg-1 (Mybiosource,
1:300), IDO (from Brussels, 1:500), CCL21 (Atlas antibodies,
1:200) and PD-L1 (Cell Signaling, 1:200}. Alexa Fluor 488-
labeled donkey anti-mouse IgG (Invitrogen, 1:400}, 568-labeled
donkey anti-goat IgG (Invitrogen, 1:600) and 647-labeled don-
key anti-rabbit IgG (Invitrogen, 1:800) antibodies were used as
secondary antibodies and incubated for 1 hour at room temper-
ature. After stringent washes, sections were counterstained with
DAPI (Vector Laboratories, Burlingame, CA) for 5 minutes and
coverslipped with mounting medium (Vectashield mounting
media). Positive controls were done on tonsils, LNs and skin
tissues. Negative slides used TBS instead of primary antibody,
with other conditions constant. Images were obtained with
confocal microscope ZEISS LSM 700 UPRIGHT.
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Image analysis

In primary melanoma, four relevant histological regions
were defined: invasive margin (IM, defined as a tumor
region of about 400-gm width between the tumor and the
reticular dermis), center of tumor (CT}, peritumoral region
(PT, defined as a region of about 400-um width in the der-
mis surrounding the invasive margin}, and nermal skin
(NS, determined as a region of about 200-um width sepa-
rated by at least Imm from tumor cells), as illustrated in
Fig. S6A. IM, CT and PT were present in 13 sections of the
19 primary melanoma selected and analyzed (Table S3).
The other 6 primary melanoma samples, the tumor mass
were too small or confined in the epidermis such that these
three zones could not be defined. Normal skin was identi-
fled in 12 primary tumor samples. We also selected 14 sec-
tions from 10 melanoma patients where tumor cells were
still confined in the epidermis and have not grown deeper.
Those are referred to as melanoma in situ (Table S3).
Tumor cells were identified based on Melan-A, Melanosome
(HMB45) and S100 positive staining or morphological crite-
ria (large atypical and pleomorphic cells with abundant
eosinophilic cytoplasm, visible nucleoli and mitosis} when
all three markers were negative.

For the analysis of LN metastases, we pre-selected 33
metastatic LNs from 14 melanoma patients. 10 metastatic
LNs were excluded from the analysis because of the pres-
ence of large regions of tumor necrosis (2/10), presence of
excessive melanin pigments rendering analysis impossible
(5/10), tumor metastasis size less than 1 mm?® (1/10) or
tumor metastasis size more than 98% of the entire LN (2/
10). In the 23 remaining metastatic LNs, we defined 2 dif-
ferent zones corresponding to center of tumor and stroma
(Fig. S6B). The center of tumor was determined as previ-
ously described for primary tumors. Stroma was defined as
connective tissue surrounding the tumor cells (present in 14
(61%) metastatic LNs). Finally, we also studied tumor-free
LNs that had been obtained through LN dissection surgery.
We analyzed the total area without defining specific zones
in these 23 tumor-free LNs (Table S4). Image analyses and
determination of regions were approved by two blinded
expetienced pathologists.

Staining quantification
ImageScopeTM Aperio software

Whole slide digital images were obtained for each specimen
stained with Chromogenic IHC staining using NanoZcomer
2-HT digital slide scanner (Hamamatsu). The resulting
high-resolution digital images were analyzed with the
ImageScopeTM software, version 12.1 (Aperio Technologies,
Vista, CA, USA), using the pixel positive cell algorithm 9.1
as previously described and validated.*® Briefly, this algo-
rithm detects pixels that match input parameters set for the
algorithm and generates four output values based on the
pixel's color range: haematoxylin or negative signal (blue in
mark-up image), weak positive (yellow in mark-up image),
positive (orange in mark-up image} and strong positive
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(brown in mark-up image) (Fig. $7). Using these parame-
ters, the strong non-specific (brown) as well as the weak
positive (yellow) signals were considered as debris back-
ground staining, whereas the positive value (orange) was
considered as specific. Folds, debris, holes were also
removed manually to be exclude from the staining quantifi-
cation analysis. Quantification of the staining in the tissue
selected was reported as a relative abundance ratio, which
was based on the number of positive pixels (orange} divided
by the total number of pixels (blue + yellow + orange +
brown). The relative abundance ratio was reported in %
and represented the percentage of density per tissue area
for the quantified staining. Results obtained were controlled
to match with visual inspection. The pixel positive cell algo-
rithm was applied on primary tumors, tumor-free LNs and
metastatic LNs.

Quantification of LECs

LECs are typically identified by expression of the nuclear
transcription factor Prox-1 and the surface markers podopla-
nin and Lyve-1. However, depending on their tissue location
and state of development, LEC expression of these markers
can be variable, and furthermore, other cell types within the
tumor microenvironment can also express these markers.*>”*
Some tumor-associated macrophages express Lyve-1, and
cancer-associated fibroblasts found in the stroma can express
podoplanin. As expected, in our tissue sections, LECs
expressed podoplanin and nuclear Prox-1 in all tissues ana-
lyzed, but these markers were also found in other types of
cells depending on the region evaluated (see result section
and Fig. S1). Consequently, when comparing expression in
the same tissue sections, Prox-1 and podoplanin did not nec-
essarily correlate in the tumor regions (i.e. center of tumor
and invasive margin) (Fig. S8). Indeed, we noticed a positive
trend in peritumoral area and a positive correlation in nor-
mal skin, underlining that the expression of Prox-1 was not
a reliable marker of intratumoral LECs. For validation of our
quantification strategy and the identification of lymphatic
vessels, we counted the lymphatic vessels by eye in the differ-
ent regions of primary tumors, in the tumor area of meta-
static LNs and in the entire section of non-metastatic LNs by
combining THC markers (i.e. podoplanin or Prox-1) with
vessel morphology. The counting by eye was done in the
same regions as the automated image analysis, covering the
whole areas. The number of lymphatic vessels per area was
then divided by the total surface area, resulting in lymphatic
vessels per mm? for each region.

Identification of LECs may be improved by simulta-
neously using multiple markers which can be achieved with
multiplex IF techniques. However, good quality stainings
and analysis of wide areas and whole tissue sections is diffi-
cult (staining must be homogenous} and was not possible
at the time when this work was done. Therefore, we used
single marker LEC identification using IHC, allowing large-
scale assessment and quantification. In addition, we used IF
images for illustration purpose and for in-depth analysis of
correlations found in THC.



Statistics

To compare only two data sets, unpaired t- tests (normal distri-
bution of data points} or Mann-Whitney U tests (data points
not normally distributed) were used to assess statistical signifi-
cance. To visualize correlations of two different markers, raw
data received from the pixel positive cell algorithm (Image-
Scope™, see Image Analysis) were plotted and a line with lin-
ear regression was fitted into the plot. Correlation coefficients
were calculated using Spearman’s non-parametric test. To com-
pare multiple groups, One-Way Kruskal-Wallis non-paramet-
ric tests were applied with post-hoc test Dunn correction. A
two-tailed p value of < 0.05 was considered to be significant.
Analyses were performed with Prism (version 6.0b, GraphPad
Software, La Jolla, CA, USA). Statistics were approved by a cer-
tifled statistician.
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immune cell types from bulk tumor gene
expression data
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Abstract Immune cells infiltrating tumors can have important impact on tumor progression and
response to therapy. We present an efficient algorithm to simultaneously estimate the fraction of
cancer and immune cell types from bulk tumor gene expression data. Our method integrates novel
gene expression profiles from each major non-malignant cell type found in tumors, renormalization
based on cell-type-specific mMRNA content, and the ability to consider uncharacterized and possibly
highly variable cell types. Feasibility is demonstrated by validation with flow cytometry,
immunohistochemistry and single-cell RNA-Seq analyses of human melanoma and colorectal tumor
specimens. Altogether, our work not only improves accuracy but also broadens the scope of
absolute cell fraction predictions from tumor gene expression data, and provides a unique novel
experimental benchmark for immunogenomics analyses in cancer research (http://epic.gfellerlab.
org).

DOI: https://doi.org/10.7554/elife. 26476001

Introduction

Tumors form complex microenvironments composed of various cell types such as cancer, immune,
stromal and endothelial cells (Hanahan and Weinberg, 2011; Joyce and Fearon, 2015). Immune
cells infiltrating the tumor microenvironment play a major role in shaping tumor progression,
response to (immuno-jtherapy and patient survival (Fridman et al., 2012}. Today, gene expression
analysis is widely used to characterize tumors at the molecular level. As a conseguence, tumeor gene
expression profiles from tens of thousands of patients are available across all major tumer types in
databases such as Gene Expression Omnibus (GEO [Edgar et al, 2002]y or The Cancer Genome
Atlas (TCGA [Hoadley et al., 2014]). Unfortunately, flow cytometry or immunchistochemistry (IHC)
measurements to guantify the number of both malignant and tumor-infiltrating immune cells are
rarely performed for samples analyzed at the gene expression level. Therefore, to correctly interpret
these data in particular from an immuno-oncology point of view (Angelova et al., 2015;
Gentles et al., 2015; Hackl et al., 2016; Li et al., 2016; Linsley et al., 2015; Rooney et al., 2015;
Senbabaoglu et al., 2016; Zheng et ai., 2017), reliable and carefully validated bioinformatics tools
are required to infer the fraction of cancer and immune cell types from bulk tumor gene expression
data.

To this end, diverse biainformatics methods have been developed. Some aim at estimating tumor
purity based on copy number variation {Carter et al., 2012; Li and Li, 2014), or expression data
(Ahn et al.,, 2013; Clarke et al., 2010; Quon et al., 2013; Yoshihara et al., 2013), but do not pro-
vide information about the different immune cell types. Others focus on predicting the relative

Racle et al. eLife 2017;6:e26476. DOI: https://doi.org/10.7554/elife. 26476 1of 25

123 |Page



LIFE

Cancer Biology | Computational and Systems Biology

elife digest Malignant tumors do not only contain cancer cells. Normal cells from the body also
infiltrate tumors. These often include a variety of immune cells that can help detect and kill cancer
cells. Many evidences suggest that the proportion of different immune cell types in a tumor can
affect tumor growth and which treatments are effective.

Researchers often study tumors by measuring the expression of genes, i.e.,, which genes are
active in tumors. However, the propertion of different cell types in the tumor is often not measured
for tumors studied at the gene expression level.

Racle et al. have now demonstrated that a new computer-based tool can accurately detect all the
main cell types in a tumor directly from the expression of genes in this tumor. The tool is called
"Estimating the Proportion of Immune and Cancer cells” - or EPIC for short. It compares the level of
expression of genes in a tumor with a library of the gene expression profiles from specific cell types
that can be found in tumors and uses this information to predict how many of each type of cell are
present. Experimental measurements of several human tumors confirmed that EPIC’s predictions are
accurate.

EPIC is freely available online. Since the active genes in tumors from many patients have already
been dacumented together with clinical data, researchers could use EPIC to investigate whether the
cell types in a tumor affect how harmful it is or how well a particular treatment works on it. In the
future, this information could help to identify the best treatment for a particular patient and may
reveal new genes that cause malignant tumors to develop and grow.

DOI: https://dei.org/10.7554/elife.26476.002

proportions of cell types by fitting reference gene expression profiles from sorted cells {(Gong and
Szustakowski, 2013; Li et al.,, 2016; Newman et al., 2015; Qiao et al., 2012} or with the help of
gene signatures {Becht et al., 2016; Zhong et al., 2013). These approaches have been recently
applied to cancer genomics data to investigate the influence of immune infiltrates on survival or
response to therapy {Charoentong et al., 2017, Gentles et al., 2015; Senbabaoglu et al., 2016) or
predict potential targets for cancer immunotherapy (Angelova et al.,, 2015; Li et al., 2016). How-
ever, none of these methods provides quantitative information about both cancer and non-malig-
nant cell type proportions directly from tumor gene expression profiles. In addition, reference gene
expression profiles used in previous studlies have been mainly obtained from circulating immune cells
sorted from peripheral blood and were generally based on microarrays technology. Finally, several
of these approaches have not been experimentally validated in solid tumors from human patients.

Here, we developed a robust approach to simultanecusly Estimate the Propertion of Immune and
Cancer cells (EPIC) from bulk tumor gene expression data. EPIC is based on a unigque collection of
RNA-Seq reference gene expression profiles from either circulating immune cells or tumor- infiltrat-
ing non-malignant cell types (i.e., immune, stromal and endothelial cells). To account for the high
variability of cancer cells across patients and tissue of origin, we implemented in our algorithm the
ability to consider uncharacterized, possibly highly variable, cell types. To validate our predictions in
human solid tumors, we first analyzed melanoma samples with both flow cytometry and RNA-Seq.
We then collected publicly available IHC and single-cell RNA-Seq data of colorectal and melanoma
tumors. All three validation datasets showed that very accurate predictions of both cancer and non-
malignant cell type proportions could be obtained even in the absence of a priori information about
cancer cells.

Results

Reference gene expression profiles from circulating and tumor-
infiltrating cells

EPIC incorporates reference gene expression praofiles from each major immune and other non-malig-
nant cell type to model bulk RNA-Seq data as a superposition of these reference profiles
(Figure 1A,B). To tailor our predictions to recent gene expression studies, we first collected and
curated RNA-Seq profiles of various human innate and adaptive circulating immune cell types
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Figure 1. Estimating the proportion of immune and cancer cells. (&) Schematic description of our method. (B) Matrix formulation of our algorithm,
including the uncharacterized cell types {red box) with no or very low expression of signature genes (green box). (C) Low dimensional ity representation
(PCA based on the 1000 maost variable genes) of the samples used to build the reference gene expression profiles from circulating immune cells (study
1 [Hoek et al., 2015, study 2 [Linsley et al., 2014, study 3 [Pabst et al, 2016]). (D) Low dimensionality representation (PCA based on the 1000 most
variable genes) of the tumor- infiltrating cell gene expression profiles from different patients. Each point corresponds to cell-type average per patient of
the single-cell RNA-Seq data of Tirosh et al. (2016) (requiring at least 3 cells of a given cell type per patient). Only samples frem primary tumors and
non-lymphoid tissue metastases were considered. Projection of the original single-cell RNA-Seq data can be found in Figure T—figure supplement 1.
DOI: https://doi.org/ 10.7554/el ife.264746.003

The following figure supplements are available for figure 1:

Figure supplement 1. Low dimensionality representation of the tumor-infiltrating cell samples.

DOI: https://doi.org/ 10.7554/el ife.26476.004

Figure supplement 2. Cell type mRNA content.

DOL: https://doi.org/10.7554/eLife.26476.005
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(Hoek et al., 2015; Linsley et ai., 2014; Pabst et al., 2016) {CD4 T cells, CD8 T cells, B cells, NK
cells, Monocytes and Neutrophils) from a diverse set of patients analyzed in different centers (see
Materials and methods). Principal component analysis {PCA) of these data (Figure 1C) showed that
samples clustered first according to cell type and not according to experiment of origin, patient
age, disease status or other factors, suggesting that they could be used as bona fide reference
expression profiles across different patients. Reference gene expression profiles for each major
immune cell type were built from these RNA-Seq samples based on the median normalized counts
per gene and cell type. The variability in expression for each gene was also considered when predict-
ing the various cell proportions based on these reference profiles (see Materials and methods and
Supplementary file 1).

Immune cells differ in their gene expression profiles depending on their state and site of origin
(e.g., blood or tumors) {Ganesan et al., 2017; Speiser et al., 2016; Zheng et al., 2017). To study
the potential effect of these differences on our predictions, we established reference gene expres-
sion profiles of each major tumor-infiltrating immune cell type (i.e., CD4 T, CD8 T, B, NK, macro-
phages). We further derived reference profiles for stromal cells {i.e. cancer-associated fibroblasts
(CAFs)) and endothelial cells. These reference gene expression profiles were obtained as cell type
averages from the single-cell RNA-Seq data of melanoma patients from Tirosh and colleagues
(Tirosh et al., 2016}, considering only samples from primary tumor and non-lymphoid tissue metas-
tasis {(see Materials and methods and Supplementary file 2). As for circulating immune cell data,
principal component analysis of the tumor-infiltrating cells’ gene expression profiles showed that
samples clustered first according to cell type (Figure 1D and Figure 1—figure supplement 1, see
also results in [Tirosh et al., 2016]).

Cancer and non-malignant cell fraction predictions

Reference gene expression profiles from each of the immune and other non-malignant {i.e., stromal
and endothelial) cell types were then used to model bulk gene expression data as a linear combina-
tion of m different cell types (Figure 1B). To include cell types like cancer cells that show high vari-
ability across patients and tissues of origin, we further implemented in our algorithm the ability to
consider an uncharacterized cell population. Mathematically this was done by taking advantage of
the presence of gene markers of non-malignant cells that are not expressed in cancer cells. Impor-
tantly, we do not require our signature genes to be expressed in exactly one cell type, but only to
show very low expression in cancer cells. The mRNA proportion of each immune and other non-
malignant cell type was inferred using least-square regression, solving first our system of equations
for the marker genes {green box in Figure 1B, see Materials and methods). The fraction of cancer
cells was then determined as ane minus the fraction of all non-malignant cell types. Cell markers
used in this work were determined by differential expression analysis based on our reference cell
gene expression profiles as well as gene expression data from non-hematopoietic tissues {see Mate-
rials and methods and Appendix 1—table 1). Finally, to account for different amounts of mRNA in
different cell types and enable meaningful comparison with flow cytometry and IHC data, we mea-
sured the mRNA content of all major immune cell types as well as of cancer cells (Figure 1—figure
supplement 2) and used these values to renormalize our predicted mRNA proportions (see Materi-
als and methods).

Validation in blood

We first tested our algorithm using three datasets comprising bulk RNA-Seq data from PBMC
(Hoek et al., 2015; Zimmermann et al., 2016} or whole blood {Linsley et al., 2014), as well as the
corresponding proportions of immune cell types determined by flow cytometry {(Figure 2A). These
data were collected from various cancer-free human donors {see Materials and methods). Overall,
very accurate predictions were obtained by fitting reference profiles from circulating immune cells,
considering either all cell types together {(Figure 2A) or each cell type separately (Figure 2—figure
supplement 1). When comparing with other widely used cell fraction prediction methods
(Becht et al, 2016, Gong and Szustakowski, 2013; Li et al, 2016, Newman et al, 2015;
Quon et al.,, 2013; Zhong et al, 2013), we observed a clear improvement (Figure 2B and Fig-
ure 2—figure supplement 1). Of note, the very high correlation values can partly result from the
broad range of different cell fractions in our data (Figure 2A) and we emphasize that these
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Figure 2. Predicting cell fractions in blood samples. (A) Predicted vs. measured immune cell proportions in PBMC (dataset 1 (Zimmermann et al.,
2016), dataset 2 (Hoek et al., 2015)) and whole blood (dataset 3 (Linsley et al., 2014)); predictions are based on the reference prefiles from circulating
immune cells. (B) Performance comparison with other methods. Significant correlations are indicated above each bar (*p<0.05; **p<0.01; ***p<0.001).
(C) Predicted immune cells’ mRNA propertions (i.e., withocut mRNA renormalization step) vs. measured values in the same datasets. Correlations are
based on Pearson correlation; RMSE: root mean squared error. Proportions of cells observed experimentally are given in Supplementary file 3B-D.
DOI: https://doi.org/ 10.7554/el ife.26476.006

The following figure supplements are available for figure 2:

Figure supplement 1. Comparison of multiple cell fraction prediction methods in blood datasets.

DOI: https://doi.org/ 10.7554/el ife.264746.007

Figure supplement 2. Effect of including an mRNA renormalization step for multiple cell fraction prediction methods.

DOL: https://doi.org/10.7554/eLife.26476.008

Figure supplement 3. Fffect of the various steps in EPIC on the prediction accuracy.

DOL: https://doi.org/10.7554/eLife.26476.009
Figure supplement 4. Results with or without known reference profiles for T cells for the cell fraction predictions from various methods.

DOI: https://doi.org/ 10.7554/el ife.264746.010
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correlation values should enly be used to compare methods tested on the same datasets
(Figure 2B). The root mean squared error (RMSE), which is less dependent on such ’outlier data
points’, shows also improved accuracy for EPIC compared to other methods (Figure 2—figure sup-
plement 1B).

The renormalization by mRNA content, which had not been considered in previous approaches,
appeared to be important for predicting actual cell fractions (Figure 2C). Moreover, we observed
that most other methods could also benefit from such a renarmalization step, be it for the global
prediction of all cell types together or for the predictions of each cell type (Figure 2—figure supple-
ment 2). A conceptually related approach was developed by Baron et al. (2016), but the rescaling
was done on the gene expression reference profiles (in their case of pancreatic cells) based on the
total number of transcripts per cell type and the prediction of the proportion of pancreatic cells
from a bulk sample was carried out with CIBERSORT (Newinan et al., 2015). For comparison pur-
pose, we implemented such an a priori renormalization step in EPIC as well, and observed similar
results than with the a posteriori renormalization (Figure 2—figure supplement 3).

With respect to the other methods, EPIC has two other main distinctive features: (i} it allows for a
cell type without a known reference gene expression profile (such a feature is also part of ISOpure
[Quon et al., 2013]) and {ii} it integrates information about the variability in each signature gene
from the reference gene expression profiles. The latter point slightly improves the prediction accu-
racy but to a lesser extent than the renormalization by mRNA {Figure 2—figure supplement 3). The
former point cannot be tested directly in the blood samples as only cell types with known reference
gene expression profiles are composing these samples. Therefore, to test the effect of including a
cell type without a known reference profile, we removed all the T cell subsets from the reference
gene expression profiles and predicted the proportion of the other cell types in the bulk samples,
allowing for one uncharacterized cell type in EPIC. As expected, the results from EPIC including or
not the T cell reference profiles remained nearly unchanged, while the other methods suffered from
this, except for DSA (Zhong et al., 2013) which is based only on signature genes and not reference
profiles {Figure 2—figure supplement 4). Such an advantage of EPIC is especially useful in the con-
text of tumor samples where in general no reference gene expression profile is available for the can-
cer cells.

Validation in solid tumors

To validate our predictions in tumors, we collected single cell suspensions from lymph nodes of four
metastatic melanoma patients (see Materials and methods). A fraction of the cell suspension was
used to measure the different cell type proportions with flow cytometry (CD4 T, CD8 T, B, NK, mela-
noma and other cells comprising mostly stromal and endothelial cells; Supplementary file 3A), and
the other fraction was used for bulk RNA secquencing (Figure 3—figure supplement 1). EPIC was
first run with reference profiles from circulating immune cells. We abserved a remarkable agreement
between our predictions and experimentally determined cell fractions (Figure 3A). The high correla-
tion value is possibly driven by the two samples containing about 80% of melanoma cells, but we
stress that all predicted cell proportions fall nearly on the 'y = x” line. This clearly indicates that the
absolute cell fractions were correctly predicted for all cell types, as confirmed by a low RMSE. Of
nate, the propartion of melanoma cells could be very accurately predicted even in the absence of a
priori information about their gene expression.

As a second validation, we compared EPIC predictions with IHC data from colon cancer
(Becht et al., 2016) (see Materials and methods). Although a limited number of immune cell types
had been assayed in this study, we observed a significant correlation between cell proportions mea-
sured by IHC and our predictions, except for the CD8 T cells (Figure 3B).

As a third validation, we used recent single-cell RNA-Seq data from 19 melanoma samples
(Tirosh et al., 2016). We applied EPIC on the average expression profile over all single cells for each
patient and compared the results with the actual cell fractions {see Materials and methods}. Here
again, our predictions were consistent with the observed cell fractions, even for melanoma cells for
which we did not assume any reference gene expression profile (Figure 3C). Notably, the predicted
cell fractions from melanoma cells as well as from all other immune cell types fall nearly on the y = x
line, showing that not only the relative cell type proportions could be predicted but also the abso-
lute proportions for all cell types.
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Figure 3. Predicting cell fractions in solid tumors with reference profiles from circulating cells. {A) Cemparisen of EPIC predictions with cur flow

cytometry data of lymph nodes frem metastatic melanoma patients. (B) Comparison with immunohistochemistry data from colon cancer primary tumers
(Becht et al., 2016). (C) Comparison with single-cell RNA-Seq data (Tiresh et al,, 2016) from melanoma samples either from lymphoid tissues or
primary and non-lymphoid metastatic tumors. Correlations are based on Pearson correlation. Proportions of cells observed experimentally are given in

Supplementary file 3A,E.
DOI: https://doi.org/ 10.7554/el ife.26476.011

The following figure supplement is available for figure 3:

Figure supplement 1. Sketch of the experiment designed to validate EPIC predictions starting from in vivo tumeor samples.

DOI: https://doi.org/ 10.7554/el ife.26476.012

We next compared these predictions to those obtained with reference profiles from tumor- infil-

trating cells, including also CAFs and endothelial cells {(Figure 4). For the single-cell RNA-Seq data
(Figure 4C}), we applied a leave-one-out procedure, to avoid using the same samples both to build
the reference profiles and the bulk RNA-Seq data used as input for the predictions (see Materials
and methods). Overall, predictions did not change much compared to those based on circulating
immune cell reference gene expression profiles (Figure 4}, except for the IHC data where the pre-
dictions for CD8 T cells and macrophages clearly improved (Figure 4B). Moreover, we could observe
some differences between the results obtained from circulating immune cell reference gene expres-
sion profiles and those from tumor-infiltrating cell reference gene expression profiles, when consid-
ering the proportions from each cell type independently {Figures 3-4 and Figure 4—figure
supplement 1): (i} predictions for CD8 T cells and macrophages improved in the datasets of primary
tumors and nen-lymph node metastases but not in the datasets from lymph node metastases; (i)
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Figure 4. Predictions with reference profiles from tumer-infiltrating cells. Same as Figure 3 but based on reference profiles built from the single-cell

RNA-Seq data of primary tumor and non-lymphoid metastatic melanoma samples from Tirosh et al. (2016). {A) Comparison with flow cytometry data
of lymph nodes from metastatic melanoma patients. {B) Comparison with IHC from colon cancer primary tumors {Becht et al., 2016). (C) Comparison

with single-cell RNA-Seq data (Tiresh et al., 2018). For primary tumor and non-lymphoid metastasis samples, a leave-one-cut procedure was used {see
Materials and methods). Proportions of cells observed experimentally are given in Supplementary file 3A,E.
DOI: https://doi.org/ 10.7554/el ife.264746.013

The following figure supplement is available for figure 4:

Figure supplement 1. Comparison of EPIC results per cell type for gene expression reference profiles from circulating er tumor-infiltrating immune

cells.

DOL: https://doi.org/10.7554/eLife.26476.014

predictions for B and NK cells displayed similar accuracy based on the circulating cells or tumor-infil-
trating cells profiles for all datasets; and {iii) CAFs and endothelial cells were not available for the
blood-based reference profiles but the proportion of these cells could be well predicted based on
the reference profiles constructed from tumor-infiltrating cells {Figure 4 and Figure 4—figure sup-
plement 1).

Benchmarking of other methods

We took advantage of our unique collection of independent validation datasets to benchmark other
methods for predictions of immune cell type fractions in human tumors. We first compared the
results of EPIC and ISOpure (Quon et al., 2013), which is the only other method that can consider
uncharacterized cell types and therefore predict the fraction of cancer and immune cell types based
only on RNA-seq data. EPIC displayed improved accuracy in all three datasets {Figure 5A, and Fig-
ure 5—figure supplements 1-4). To benchmark other methods, we then restricted our analysis to
the predictions of the different immune cell types {(Figure 5B and Figure 5—figure supplements 1-
4). Predictions from EPIC were in general mare accurate, especially when considering all cell types
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Figure 5. Performance comparison with other methods in tumor samples. (A) Pearsen correlation R-values between the cell proportions predicted by
EPIC and ISOpure and the observed proportions measured by flow cytometry or single-cell RNA-Seq (Tirosh et al., 2016), considering all cell types
together (i.e., B, CAFs, CD4 T, CD8 T, endothelial, NK, macrophages and cancer cells). {B) Same analysis as in Figure 5A but considering only immune
cell types (i.e., B, CD4 T, CD8 T, NK and macrophages) in order to include more metheds in the comparison. (C) Analysis of ESTIMATE predictions in

the single-cell RNA-Seq dataset for the sum of all immune cells, the proportion of stromal cells {cancer-associated fibroblasts) and the proportion of

Figure 5 continued on next page
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Figure 5 continued

cancer cells {cells identified as melanoma cells in Tirosh et al.). {D) Same as Figure 5C but for EPIC predictions of immune, stromal and cancer cells.
Significant correlations in (A-B) are indicated above each bar (*p<0.05; **p<0.01; ***p<0.001).
DOI: https://doi.org/ 10.7554/elife.26476.015

The following figure supplements are available for figure 5:

Figure supplement 1. Comparison of multiple cell fraction prediction methods in tumor datasets.

DOI: https://doi.org/ 10.7554/el ife.26476.016

Figure supplement 2. Comparison of cell fraction prediction methods with flow cytometry data of melanoma tumors.

DOI: https://doi.org/10.7554/eLife.26476.017

Figure supplement 3. Comparison of cell fraction prediction methods with immunchistochemistry data in colon cancer data (Becht et al., 20186) for T
cell, CD8 T cell and macrophage infiltration values.

DOI: https://doi.org/ 10.7554/el ife.26476.018

Figure supplement 4. Comparison of cell fraction prediction methods with single-cell RNA-Seq data from melanoma tumors (Tirosh et al., 2015).
DOI: https://doi.org/ 10.7554/el ife.26476.019

Figure supplement 5. Comparison between ESTIMATE scores (A) and EPIC predictions (B) in our new flow cytometry dataset.

DOL: https://doi.org/10.7554/eLife.26476.020

Figure supplement é. Predicting Thelper and Treg cell fractions in tumors.

DOI: https://doi.org/ 10.7554/elife.26476.021

together. Nevertheless, when restricting the comparisons to relative cell type proportions, some
methods like MCPcounter {Becht et al., 2016) and TIMER (Li et al., 2016) were quite consistent in
their predictions across the various datasets and showed similar accuracy as EPIC for the cell types
considered in these methods (Figure 5—figure supplements 1-4). Of note, MCPcounter could not
be included in the global prediction comparison as this method returns scores that are not compara-
ble between different cell types. Predictions from DSA (Zhong et al., 2013) were also quite accurate
when available, but in multiple cases some cell type proportions returned by the method were sim-
ply equal to 0 in all samples {Figure 5—figure supplements 1-4 - correlation values were replaced
by NA in these cases).

Immune, stromal and tumor purity scores {(Yoshihara et al., 2013) based on gene set enrichment
analysis were also correlated with the total fraction of immune cells, stromal cells and the fraction of
cancer cells (correlation was not significant for the tumor purity score — Figure 5C and Figure 5—fig-
ure supplement 5). However, these correlations were considerably lower than those obtained with
our approach {Figure 5D and Figure 5—figure suppiement 5). Moreover, such scores are less
quantitative and are thus mare difficult to interpret with respect to actual cell type proportions.

Next, we performed some explorative analysis to test if such cell fraction prediction methads
could go further into the details of the T cell subsets. Based on the single-cell RNA-seq data from
Tirosh and colleagues (Tirosh et al., 2016), we identified CD4+ Treqg and Thelper cells (see Materials
and methods), and built reference gene expression profiles for these cell types as we had done for
the other cell types. As before, a leave-1-out procedure at the patient level was used to predict the
proportions for these cell types based on the bulk samples constructed fram this single-cell RNA-
seq data. We observed significant correlations, but the R-values are lower than before (Figure 5—
figure supplement 6), suggesting that we may be reaching the limits of cell fraction prediction
methods for cell types that show lower abundance and substantial transcriptional similarity. Of note,
CIBERSORT using either the LM22 signature or our newly derived signature did not perform better
than EPIC.

Discussion

By combining RNA-Seq profiles of all major immune and other non-malignant cell types established
from both circulating and tumor-infiltrating cells together with information about cell morphology
(i.e., mMRNA content) and algorithmic developments to consider uncharacterized and possibly highly
variable cell types, EPIC overcomes several limitations of previous approaches to predict the fraction
of both cancer and immune or other non-malignant cell types from bulk tumor gene expression
data. From an algerithmic point of view, EPIC takes advantage of the fact that cancer cells, in gen-
eral, express no or only low levels of immune and stromal markers. Therefore the method can be
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broadly applied to most solid tumars, as confirmed by our validation in melanoma and colorectal
samples, but it will not be suitable for hematological malignancies like leukemia or lymphoma.

The accuracy of the predictions for some cell types might be sensitive to the origin or condition
of the immune cells used for establishing reference profiles. For instance, we observed that CD8 T
cells and macrophages from primary tumors and non-lymph node metastases samples were best
predicted using the reference profiles from tumor-infiltrating cells. This may be explained by the fact
that the reference profiles from circulating cells corresponded to resting CD8 T cells and monocytes
as only few activated C8 T cells and no macrophages are circulating in blood.

Overall, our results suggest that for primary tumors or non-lymphoid tissue metastases reference
gene expression profiles from tumor-infiltrating immune cells are more appropriate, while for lymph
node metastases, profiles from either circulating or tumor-infiltrating immune cells could be used.

One known limitation of cell fraction predictions arises when some cell types are present at very
low frequency {Shen-Orr and Gaujoux, 2013). Our results suggest that predictions of cell propor-
tions are reliable within an absolute error of about 8%, as estimated by the root mean squared error
(Figure 3 and Figure 4—figure supplement 1B). These estimates are consistent with the lower
detection limit proposed by other groups (Becht et al., 2016; Zhong et al., 2013) and may explain
why the relative proportions of NK cells, which are present at lower frequency in melanoma tumors
(Balch et al., 1990; Sconocchia et al., 2012), could not be predicted with accuracy comparable to
ather cell types (Figure 4—figure supplement 1). While this may prevent applications of cell frac-
tion predictions in some tumor types that are poorly infiltrated, many other tumors, like melanoma
or colorectal cancer, display high level of infiltrating immune cells and the role of immune infiltrations
an tumor progression and survival appears to be especially important in these tumors
(Clemente et al., 1996; Fridman et al., 2012; Galon et al., 2006).

Another limitation of cell fraction predictions arises when considering cell types that show high
transcriptional similarity. For instance, Treg in Figure S—figure supplement é could not be well pre-
dicted neither by EPIC nor CIBERSORT. This can be understood because the gene expression pro-
files of Thelper and Treg are highly similar with only a few genes expressed differently between the
two, making it harder for cell fraction prediction methods to work accurately. In addition, Treg were
present at a proportion lower than 10% in all samples (Supplementary file 3E). For such cases, gene
set enrichment approaches, although less guantitative, may be more convenient, possibly combining
them with the predictions obtained by EPIC for the main immune cell types.

Our predictions for the fraction of uncharacterized cells may include non-malignant cells, such as
epithelial cells from neighbaring tissues in addition to cancer cells. Compared to recent algorithms
that first predict tumor purity based on exome sequencing data, and later infer the relative fraction
of immune cell types (Li et al., 2016), the predictions of EPIC for immune and stromal cells are likely
more guantitative because they can implicitly consider the presence of not only cancer cells but also
other non-malignant cells for which reference profiles are not available. Moreover, EPIC does not
require both exome and RNA-Seq data from the same tumor samples, thereby reducing the cost
and amount of experimental work for prospective studies, and broadening the scope of retrospec-
tive analyses of cancer genomics data to studies that only include gene expression data.

Recent technical developments in single-cell RNA-Seq technology enable researchers to directly
access information about both the proportion of all cell types together with their gene expression
characteristics (Carmona et al.,, 2017; Efroni et al., 2015; Jaitin et al.,, 2014; Singer et al,, 2016;
Stegle et al, 2015; Tirosh et al., 2016). Such data are much richer than anything that can be
abtained with computational deconvelution of bulk gene expression profiles and this technology
may eventually replace standard gene expression analysis of bulk tumors. Nevertheless, it is impor-
tant to realize that, even when disregarding the financial aspects, single-cell RNA-Seq of human
tumors is still logistically and technically very challenging due to high level of cell death upon sample
manipulation {especially freezing and thawing) and high transcript dropout rates (Finak et al., 2015;
Saliba et al., 2014; Stegle et al., 2015). Moreaver, ane cannot exclude that some cells may better
survive the processing with microfluidics devices used in some single-cell RNA-Seq platforms,
thereby biasing the estimates of cell type proportions. It is therefore likely that bulk tumor gene
expression analysis will remain widely used for several years. Our work shows how we can exploit
recent single-cell RNA-Seq data of tumors obtained from a few patients to refine cell fraction predic-
tions in other patients that could not be analyzed with this technology, thereby overcoming some

Racle et al. eLife 2017;6:e26476. DOI: https://doi.org/10.7554/elife. 26476 11 of 25

133|Page



LIFE

Cancer Biology | Computational and Systems Biology

limitations of previous computational approaches that relied only on reference gene expression pro-
files from circulating immune cells.

In this work, we provide a detailed and biologically relevant validation of our predictions using
actual tumor samples from human patients analyzed with flow cytometry, IHC and single-cell RNA-
Seq. We note that the slightly lower agreement between our predictions and IHC data may be partly
explained by the fact that the exact same samples could not be used for both gene expression and
IHC analyses because of the incompatibility between the two techniques. Nevertheless, the averall
high accuracy of our predictions indicates that infiltrations of major immune cell types can be quanti-
tatively studied directly from bulk tumor gene expression data using computational approaches such
as EPIC.

EPIC can be downloaded as a standalone R package (https://github.com/GfellerLab/EPIC/
releases/tag/v1.1) {Racle, 2017) and can be used with reference gene expression profiles pre-com-
piled from circulating or tumor-infiltrating cells, or provided by the user. EPIC is also available as a
web application (http://epic.gfellerlab.org) where users can upload bulk samples gene expression
data and perform the full analysis.

Materials and methods

Code availability
EPIC has been written as an R package. It is freely available on GitHub {https://github.com/Gfeller-
Lab/EPIC; copy archived on https://github.com/elifesciences-publications/EPIC) for academic non-
commercial research purposes. Version v1.1 of the package was used for our analyses.

In addition to the R package, EPIC is available as a web application at the address: http://epic.
gfellerlab.org.

Prediction of cancer and immune cell type proportions

In EPIC, the gene expression of a bulk sample is modeled as the sum of the gene expression profiles
from the pure cell types composing this sample (Figure 1A,B). This can be written as (Venet et al.,
2001):

b=C xp m

Where b is the vector of all n genes expressed from the bulk sample to deconvolve; C is a matrix
{n x m) of the m gene expression profiles from the different cell types; and p is a vector of the pro-
portions from the m cell types in the given sample (Figure 1B).

Matrix C consists of m-1 columns corresponding to various reference non-malignant cell types
whose gene expression profiles are known, and a last column corresponding to uncharacterized cells
(i.e. mostly cancer cells, but possibly also other non-malignant cell types not included in the refer-
ence profiles). EPIC assumes the reference gene expression profiles from the non-malignant cell
types are well conserved between patients. Such a hypothesis is supported by the analysis in
Figure 1C,D. The uncharacterized cells can be more heterogeneous between patients and EPIC
makes no assumption on them.

EPIC works with RNA-seq data, which is implicitly normalized. We use data normalized into tran-
scripts per million {TPM) because it has some properties needed for the full cell proportion predic-
tion to work, as will be shown in the next paragraphs. Therefore, instead of the raw data from
Equation (1), we are working with TPM-normalized data, which correspond to the following:

p, — 108 B
b= ngk 7
I(*]k
@
c 100Gy
1 "511 &

Where b and C are the TPM-normalized bulk sample and reference cell gene expression profiles
respectively and [; is the length of gene i.
Using these, Equation (1) is rewritten to:
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In addition to p and C we also define p* and C*, which are the same except that they include the
normalized proportions and profiles from the reference cell types only (i.e. they have one less ele-
ment and one less column than p and C respectively).

Using these normalized quantities, EPIC then solves Equation (3) for a subset of n, equations cor-
responding to the n, signature genes {5) that are expressed by one or more of the reference cell
types but only expressed at a negligible level in the uncharacterized cells (Figure 1B). Previous
computational work {Clarke et al., 2010; Gosink et al,, 2007) showed that the proportion from
uncharacterized cells in bulk samples could indeed be inferred with help of genes not expressed by
the uncharacterized cells. Importantly, cell-specific signature genes are well established and widely
used in flow cytometry to sort immune cells. Thus, EPIC solves the following system of equations:

bilies = {((C" % B+ Con - P |ics = (€7 % Vil ®
where the term corresponding to the uncharacterized cells {m} vanished thanks to the definition of
the signature genes (s, ;.5 =2 0).

The solution to Equation (6) can be estimated by a constrained least square optimization. EPIC
takes advantage of the known variability for each gene in the reference profile, to give weights in
the function to minimize:

FEY = wlb — (€59 ] "

ies
with constraints
720
el
Y op<l

1

Here, the weights, w;, give more importance to the signature genes with low variability in the ref-
erence gene expression profiles. In EPIC, these weights are given by:

w; = min{y;, 100- median(u;))

where
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V is the matrix of the TPM-based variability of each gene for each of the reference cells
(Supplementary files 1-2), € is a small number to avoid division by 0, and the term ‘100 - median{i; )’
is used to avoid giving too much weight to few of the genes.

Finally, thanks to Equation (5), the proportion for the uncharacterized cells can be obtained by:

P=1-Y_B @)

Since we used normalized gene expression data, values of p correspond actually to the fraction of
mRNA coming from each cell type, rather than the cell proportions. As the mRNA content per cell
type can vary significantly (Figure 1T—figure supplement 2), the actual propartions of each cell type
can be estimated as:

P
n

@

pj=a:

where r; is the amount of RNA nucleotides in cell type j {or equivalently the total weight of RNA in
each cell type) and o is a normalization constant to have > p;=1.

Another method, DeMix {Ahn et al., 2013), starts from Equation (1) to estimate the proportion
and gene expression profile from cancer cells in mixed samples. In this method the mixed sample is
assumed to be composed only by two cell types: cancer cells {without any a priori known gene
expression profile) and normal cells {with known gene expression data, which can either come from
tumor-matched or unmatched samples). This method was developed for microarray data and shows
that it was important to use the raw data as input assuming it follows a log-normal distribution as is
the case for microarray, instead of working with log-transformed data like most other methods did.
DeMix estimates the variance of the gene expression in the normal samples and uses this in the max-
imum likelihood estimation to predict the cancer cell gene expression and proportions, using thus
implicitly a gene-specific weight for each gene. EPIC was derived for RNA-seq data and is directly
using linear {non-log) data. Notably, when solving the linear regression from Equation (7) in EPIC,
we are not assuming any specific distribution for the gene expression and the weights we give to
each gene are simply based on their interquartile range in the reference samples. Other measures of
gene variability could however be given as input into EPIC’s R-package. Contrary to DeMix, another
important assumption performed in EPIC is that our signature genes are not expressed by the can-
cer cells, so that we can easily estimate the proportion of multiple non-malignant cell types compos-
ing the bulk samples.

Flow cytometry and gene expression analysis of melanoma samples

Patients agreed to donate metastatic tissues upon informed consent, based on dedicated clinical
investigation protocols established according to the relevant regulatory standards. The protocols
were approved by the local IRB, that is, the ‘Commission cantonale d'éthique de la recherche sur
I'étre humain du Canton de Vaud’. Lymph nodes {LN) were obtained from stage lll melanoma
patients, by lymph node dissection that took place before systemic treatment. The LN from one
patient was from the right axilla and the LNs from the other three patients were from the iliac and
ilio-obturator regions (Appendix 2—table 1). Single cell suspensions were obtained by mechanical
disruption and immediately cryopreserved in RPMI 1640 supplemented with 40% FCS and 10%
DMSO. Single cell suspensions from four lymph nodes were thawed and used in parallel experiments
of flow cytometry and RNA extraction. In order to limit the number of dead cells after thawing, we
removed those cells using a dead cell removal kit {Miltenyi Biotech). Proportions of CD4 T (CD45*/
CD3"/CD4"/Melan-A7), CD8 T (CD457/CD3"/CD8"/Melan-A ), NK (CD457/CD56™/CD3 /CD33 /
Melan-A ), B {CD45*/CD19*/CD3 /CD33 /Melan-A } and Melan-A expressing tumor cells
(Supplementary file 3A) were acquired via flow cytometry using the following antibodies: anti-CD3
BV711 {RRID:AB_2564035), anti-CD4 BUV737 (RRID:AB_2713927), anti-CD8 PE-Cy5 (RRID:AB_
2713928), anti-CD56 BV421 (RRID:AB_11218798), anti-CD19 APCH7 (RRID:AB_1645728), anti-CD33
PE-Cy7 (RRID:AB 2713932), anti-CD45 APC (RRID:AB 314400), anti-Melan-A FITC (RRID:AB
2713930} and Fixable Viability Dye eFluor 455UV (eBioscience). Data was acquired on a BD LSR Il
SORP flow cytometry machine (BD Bioscience). Analysis was performed using FlowJo (Tree Star).
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Cell propertions were based on viable cells only. In parallel total RNA was extracted using the
RNAeasy Plus mini kit {Qiagen) following the manufactures’ protocol. Starting material always con-
tained minimum 0.2 x 10% cells. RNA was quantified and integrity was analyzed using a Fragment
Analyser (Advanced Analytical). Total RNA from all samples used for sequencing had an RQN >7.
Libraries were obtained using the Truseq stranded RNA kit {lllumina). Single read (100 bp) was per-
formed using an lllumina HiSeq 2500 sequencer (lllumina).

Post processing of the sequencing was done using lllumina pipeline Casava 1.82. FastQC {version
0.10.1) was used for quality control. RNA-seq reads alignment to the human genome, hg19, and
TPM quantification were performed with RSEM (Li and Dewey, 2011) version 1.2.19, using Bowtie2
(Langmead and Salzberg, 2012) version 2.2.4 and Samtools (Li et al., 2009) version 1.2.

RNA-Seq data from this experiment have been depaosited in NCBI's Gene Expression Omnibus
(Edgar et al., 2002} and are accessible through GEO Series accession number GSE93722 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE?3722).

Amount of mRNA per cell type

Healthy donor peripheral blood was obtained through the blood transfusion center in Lausanne.
PBMCs were purified by density gradient using Lymphoprep (Axis-Shieldy). Mononuclear cells were
stained in order to sort monocytes, B, T and NK cells using the following antibodies: CD14 FITC
(RRID:AB_130992), CD19 PE (RRID:AB_2716572), CD3 APC {RRID:AB_130788), CD56 BV421 (RRID:
AB_11218798) and fixable live/dead near IR stain (ThermoFisher Scientific). 1 x 10° live cells from
each cell type were sorted using the BD FACS ARIA Il (BD Biosciences). Total RNA was extracted
using the RNAeasy Plus mini kit (Qiagen) following the manufactures’ protocol and quantified using
a Fragment Analyser (Advanced Analytical). Values obtained are given in Figure 1—figure supple-
ment 2A.

The mRNA content for the cancer cells was estimated from the flow cytometry data described in
the previous section from the four patients with melanoma. For this we used the forward scatter
width, which is a good proxy of cell size and mRNA content (Padovan-Merhar et al,, 2015;
Tzur et al,, 2011), and observed that cancer cells had similar amount of mRNA than B, NK and T
cells {Figure 1—figure supplement 2B). We thus used a value of 0.4 pg of mRNA per cancer cell.

Public external datasets used in this study

» Dataset 1 was obtained from Zimmermann and colleagues (Zimmermann et al., 2016),
through ImmPert (http://www.immport.org), accession SDY&7. It includes RNA-Seq samples
from PBMC of healthy donars before and after influenza vaccination. In addition, the original
flow cytometry results files were available, containing multiple immune cell markers. As an
independent validation of EPIC, we used the data from 12 pre-vaccination samples of healthy
donors and we computed the corresponding immune cell proportions from the flow cytometry
files merging the results from their innate and Treg panels {obtaining B, CD4 T, CD8 T, NK
cells and monocytes, Supplementary file 3B; Figure 2A)

» Dataset 2 was obtained from Hoek and colleagues {(Hoek et al., 2015), GEO accession
GSE64655. This corresponds to RNA-Seq samples from two different donors. Samples have
been taken before an influenza vaccination and also 1, 3 and 7 days after the vaccination (56
samples in total). In their experiment, the authors measured RNA-Seq from bulk PBMC sam-
ples and also from sorted immune cells (B, NK, T cells, myeloid dendritic cells, monocytes and
neutrophils). In addition, flow cytometry was performed to measure the proportion of these
cell types in PBMC before the influenza vaccination (personally communicated by the authors;
Supplementary file 3C).

» Dataset 3 was obtained from Linsley and colleagues (Linsley et al., 2014), GEO accession
GSES0424. This dataset includes 20 donors (healthy donors and other donors with amyotro-
phic lateral sclerosis, multiple sclerosis, type one diabetes or sepsis), for a total of 134 samples.
RNA-Seq from these donors has been extracted from whole blood and sorted immune cells
(B, NK cells, monocytes, neutrophils, CD4 T and CD8 T cells). In addition to RNA-Seq data,
complete blood counts data were available for 5 of these donors {personally communicated by
the authors; Supplementary file 3D).

» Dataset 4 was obtained from Pabst and colleagues (Pabst et al., 2016), GEO accession
GSE51984. This includes RNA-Seq from five healthy donors. Samples are from total white
blood cells and sorted immune cells (B cells, granulocytes, monocytes and T cells).
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» Colon cancer dataset was obtained from Becht and colleagues {Becht et al., 2016}, GEO
accession GSE39582. This corresponds to microarrays of primary colon cancer tumors. In addi-
tion to gene expression data, immunchistochemistry data of CD3, CD8 and CDé8 was avail-
able for 33 patients {persanally communicated by the authors).

o Single-cell RNA-Seq data from tumor-infiltrating cells were obtained from Tirosh and col-
leagues (Tirosh et al.,, 2016), GEO accession GSE72056. This corresponds to 19 donors and
comprises primary tumors, lymph node metastasis or other lesions. It includes 4645 cells. Cell
type identity was taken from Tirosh et al. (2016) {B, NK, T cell, macrophage, CAFs, endothe-
lial cell, cancer cell as well as cells not assigned a specific cell type). Among the T cells, we
then defined subsets based on their gene expression: CD4 T cells (expressing CD4 but not
CD8A nor CD8B) and CD8 T cells (expressing CD8A or CD8B but not CD4). The other T cells
not corresponding to one of these two groups were removed from further analyses. We fur-
ther defined among the CD4 T cells: Treg (expressing either FOXP3 or CD25 above the
median among CD4 T cells) and Thelper {those CD4 T cells not belonging to Treg group). In
silico reconstructed bulk samples from each donor were obtained as the average per gene
from all samples of the given donor. The corresponding cell fractions from these bulk samples
were obtained as the number of cells from each cell type divided by the total number of cells
(Supplementary file 3E). In the results, we split this dataset in two depending on the origin of
the biopsies: lympheoid tissues for samples obtained from lymph node and spleen metastases,
vs. the rest of samples, which were obtained from primary tumor and other metastases.

For the above datasets 2 and 3, we obtained raw fastq files. RNA-seq reads alignment to the human
genome, hg!9, and TPM guantification were performed with RSEM (Li and Dewey, 2011) version
1.2.19, using Bowtie2 {Langmead and Salzberg, 2012) version 2.2.4 and Samtools (Li et al., 2009}
version 1.2.

For the other datasets, we directly obtained the summary counts data from the respective studies
without mapping the reads by ourselves, and we transformed these counts to TPM wherever
necessary.

Reference gene expression profiles from circulating cells

Reference gene expression profiles of sorted immune cells from peripheral blood were built from
the datasets 2, 3 and 4 described in previous section. We verified no experimental biases were pres-
ent in these data through unsupervised clustering of the samples, with help of a principal component
analysis based on the nermalized expression from the 1000 most variable genes (Figure 1C).

The median value of TPM counts was computed per cell type and per gene. Similarly, the inter-
quartile range of the TPM counts was computed per cell type and gene, as a measure of the variabil-
ity of each gene expression in each cell type. Values of these reference profiles are given in
Supplementary file 1). Granulocytes from dataset 4 and neutrophils from datasets 2 and 3 were
combined to build the reference profile for neutrophils {neutrophils constitute more than 90% of
granulocytes). No reference profile was built for the myeloid dendritic cells as only few samples of
these sorted cells existed and they were all from the same experiment. Monaocytes are not found in
tumors but instead there are macrophages, mostly from monocytic lineage, that are infiltrating
tumors and that are not found in blood. For this reason, we also used the monocyte reference gene
expression profile as a proxy for macrophages when applying EPIC to tumor samples. Such an
assumption gave coherent results as observed in the results.

Reference profiles from tumor-infiltrating cells
We also built gene expression reference profiles from tumor-infiltrating cells. These are based on
the single-cell RNA-Seq data from Tirosh and colleagues (Tirosh et al., 2016) described above. We
only used the non-lymphoid tissue samples to build these tumor-infiltrating cell’s profiles, avoiding
in this way potential ‘normal immune cells’ present in the lymph nodes and spleen. These reference
profiles (Supplementary file 2) were built in the same way as described above for the reference pro-
files of circulating immune cells, but based on the mean and standard deviation instead of median
and interquartile range respectively, due to the nature of single-cell RNA-Seq data and gene drop-
out present with such technigue.

When testing EPIC with these profiles for the single-cell RNA-Seq datasets, for the samples of pri-
mary tumor and other non-lymph node metastases, a leave-one-out procedure was applied: for each
doner we built reference cell profiles based only on the data coming from the other donors.
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Cell marker gene identification

EPIC relies on signature genes that are expressed by the reference cells but not by the uncharacter-
ized cells (e.g., cancer cells). For each reference cell type, we thus built a list of signature genes
through the following steps:

1.

The samples {from the peripheral blood datasets) from each immune cell type were tested for
overexpression against:
a. the samples from each other immune cell of peripheral blood datasets {1 cell type vs. 1
other cell type at a time);
b. the samples of the lllumina Human Body Map 2.0 Project {ArrayExpress ID: E-MTAB-513)
considering all non-immune related tissues;
c. the samples from GTEx {(GTEx Consortium, 2015) from each of the following tissues (one
tissue at a time): adipose subcutaneous; bladder; colon-transverse; ovary; pancreas; testis
(data version Vép).

. Only genes overexpressed in the given cell type with an adjusted p-value<0.01 for all these

tests were kept. Conditions 1b) and 1c) are there to ensure signature genes are expressed in
the immune cells and no other tissues.

. The genes that passed 2} were then ranked by the fold change from the overexpression tests

to preselect the genes showing the biggest difference between the various cell types.

. The list of genes was then manually curated, comparing the expression of the genes per cell

type in the peripheral blood datasets and the tumor-infiltrating cells dataset: only genes
expressed at similar levels between the blood and tumer-infiltrating cells were kept {to avoid
differences due to exhaustion phenotype for example). Genes expressed at much higher levels
than the other genes were also removed fram the signature as these could have biased the
least-square optimization towards good predictions for these genes only.

. In addition to CD4 and CD8 T cells signatures, we built a signature list of general T cell genes

in the same way as described above, and it contains genes expressed at similar levels in the
two T cell subtypes. This general T cell signature is also part of EPIC, even when predicting the
proportions of the T cell subsets.

. For the tumor-infiltrating cell reference profiles, signature genes from CAFs, endothelial cells

and macrophages were also needed. These were built in a similar way than above, considering
the overexpression from each of these cell types against each other cell type from the tumor-
infiltrating cells data.

All the differential expression tests were performed with DESeq2 (Love et al., 2014).
Appendix 1—table 1 summarizes the full list of signature genes per cell type.

Prediction of cell proportions in bulk samples with other tools
We compared EPIC’s predictions with those from various cell fraction prediction methods. These
other methods were run with the following packages {using the default options when possible):

CIBERSORT (Newman et al., 2015} (R package version 1.03} was run based on two different
gene expression reference profiles:

o based on the LM22 reference profiles derived in {(Newman et al., 2015). For comparison
with the experimentally measured cell proportions, we summed together the sub-types
predictions of CIBERSORT within each major immune cell type.

o based on the reference profiles and signature genes we derived here for EPIC.
DeconRNASeq (v1.16) (Gong and Szustakowski, 2013) does not contain immune cell refer-
ence profiles and we used the reference profiles we derived here as well as the corresponding
signature genes. We present the results with 'use.scale’ parameter set to FALSE, which usually
gave better results.

DSA (Zhong et al., 2013) only needs a gene signature per cell type to estimate the proportion
of cells in multiple bulk samples together. We used the implementation of DSA found in Cell-
Mix {Gavjoux and Seoighe, 2013} R package {version 1.6.2). As DSA needs many samples to
estimate simultaneously the proportions of cells in these samples, we considered all the PBMC
samples from Hoek et al. data when fitting this dataset (eight samples) and all whole blood
samples from Linsley et al. data when fitting this other dataset (20 samples), even though the
cell proportions have been measured experimentally only for 2 and 5 samples respectively. For
the gene signature, we used the same genes as those used for EPIC {(Appendix 1—table 1;
markers of B cells, CD4 T cells, CD8 T cells, monocytes, neutrophils and NK cells for the
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predictions in the blood datasets; markers of B cells, CAFs, CD4 T cells, CD8 T cells, endothe-
lial cells, macrophages, and NK cells for the predictions in solid tumors).

« ISOpure {Quon et al., 2013) estimates the profile and proportion of cancer cells by comparing
many bulk samples containing cancer cells and many healthy bulk samples of the same tissue.
Although the primary goal is not to compute the proportions of the different cell types com-
posing a sample, cell fractions can still be obtained with this method. In particular, one output
of 1SOpure is how much each of the healthy reference samples is contributing to a given bulk
sample. Instead of using bulk healthy samples, we used our cell reference profiles, so that
each ‘reference sample’ corresponded to a different cell type. These reference samples and
the bulk samples were then subsetted by the same signature genes that we derived for EPIC.
ISOpure was then run based on these data. The contribution of each cell type was taken as the
relative contribution outputted by 1SOpure from each of the reference cell sample. The R
implementation ISOpureR (Anghel et al., 2015) version 1.0.21 was used.

*  MCP-counter (Becht et al., 2016) (R package version 1.1.0) was run with the 'HUGO_symbols’
chosen as features or with "affy133P2_probesets’ for the microarray-based IHC dataset.

» TIMER {Li et al., 2016} predictions were obtained by slightly adapting the available source
code. The reference profiles available in TIMER were used directly. In addition to bulk gene
expression, tumar purity estimates based on DNA copy number variation are needed in TIMER
to refine the gene signature. As this infermation is not available in our benchmarking datasets,
we kept all the original immune gene signatures for the predictions in blood. For the tumor
datasets, we used the gene signatures obtained from the TCGA data for melanoma or colorec-
tal cancer depending on the origin of cancer.

» ESTIMATE {Yoshihara et al., 2013) was run with their R package version 1.0.11.

For CIBERSORT, DeconRNASeq and 1SOpure, when run based on our gene expression reference
profiles, we used the reference profiles from peripheral blood immune cells for the predictions in
blood and the reference profiles from tumor-infiltrating cells for the predictions in solid tumors.

List of abbreviations

CAFs: cancer-associated fibroblasts; EPIC: acronym for our method to 'Estimate the Propaortion of
Immune and Cancer cells’; GEO: Gene Expression Omnibus; IHC: immunochistochemistry; PCA: prin-
cipal component analysis; RMSE: root mean squared error; TCGA: The Cancer Genome Atlas; TPM:
transcripts per million.
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ent-Puig P, Boige V

2013

Gene expression Classification of  https://wwav.ncbi.nim.
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Publicly available at
the NCBI Gene
Expression Omnibus
{accession no:

GSE39582)
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Appendix 1—table 1. Gene markers used per cell type. Only markers of cell types present in

the respective

reference gene expression profiles are used.

Cell type Genes markers
B cells BANK1, CD79A, CD79B, FCER2, FCRL2, FCRL5, MS4A1, PAX5, POU2AF1, STAP1, TCL1A
CAF ADAM33, CLDN11, COL1A1, COL3A1, COL14A1, CRISPLD2, CXCL14, DPT, F3, FBLNT,
s ISLR, LUM, MEG3, MFAPS, PRELP, PTGIS, SFRP2, SFRP4, SYNPO2, TMEM119
CDA T cells ANKRDSS, DGKA, FOXP3, GCNT4, IL2RA, MDS2, RCAN3, TBC1D4, TRAT
CD8 T cells CD8B, HAUS3, JAKMIP1, NAATS, TSPYL1
Endothelial CDHS, CLDNS, CLECT4A, CXorf36, ECSCR, F2RL3, FLT1, FLT4, GPR4, GPR182, KDR,
cells MMRNT, MMRNZ2, MYCT1, PTPRB, RHOJ, SLCO2A1, SOX18, STAB2, VWF
Macrophages APOCT, C1QC, CD14, CD163, CD300C, CD300E, CSFIR, F13A1, FPR3, HAMP, IL1B,
phag LILRB4, MS4A6A, MSR1, SIGLECT, VSIG4
Monocytes CD33, CD300C, CD300E, CECR1, CLEC6A, CPVYL, EGR2, EREG, MSAAbA, NAGA, SLC37A2
Neutrophils CEACAM3, CNTNAP3, CXCR1, CYPAF3, FFAR2, HISTTH2BC, HIST1H3D, KY, MMP25,
P PGLYRP1, SLC12A1, TAS2R40
NK cells CD160, CLIC3, FGFBP2, GNLY, GNPTAB, KLRF1, NCR1, NMURT1, S1PR5, SH2D1B
T cells BCL11B, CD5, CD28, IL7R, ITK, THEMIS, UBASH3A

DOI: https://doi.

org/10.7554/el ife. 2647 6.027
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Appendix 2—table 1. Characteristics of the patients with metastatic melanoma and
corresponding lymph node samples.

Patient Age (years) Gender Tissue

LAU125 59 male fliac lymph node

LAU355 70 female iliac-abturater lymph node
LAU1255 87 male axillary lymph node
LAU1314 81 male fliac-cbturater lymph node

DOI: https://doi.org/10.7554/eLife.24476.029
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