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SUMMARY

In the new landscape of immunotherapies, the local microenvironment of melanoma needs to be explored
and clarified in order to identify predictive biomarkers of response. In fact, not all the patients respond to
checkpoint inhibition and there is the need to identify those patients that will respond in order to avoid
unnecessary treatments and potential adverse effects. In order to lay the basis for a personalized therapy,
we need a thorough understanding of the complexity of the local immune response. In this thesis, we first
explored singularly determined types of inflammatory populations, and in particular we choosed two less
known actors of the inflammatory microenvironment, i.e. plasma cells and melanophages. We observed
that aggregates of plasma cells in the surroundings of primary melanoma has a negative impact on
prognosis and survival. We hypothesize that this effect may be mediated by an isotypeswitch toward an
IgA-producing plasma cell type, to which immune-suppressive properties has been ascribed in the
literature. Subsequently, we moved from the study of inflammatory subpopulations to the study of the
whole microenvironment, in particular the areas of aberrant HLA-DR-expression by melanoma cells. The
significance of this feature is controversial in the literature but may be important for the response to
immunotherapy. Here we find with a multi-omics approach (expressomics and proteomics) that the
microenvironment in HLA-DR-positive areas resembles the milieu of a germinal center, with a possible
impairment of the recirculation of the inflammatory cells between the tumoral site and the lymph nodes,
thereby favouring exhaustion due to chronic stimulation. Finally, we abandoned bulk-analysis approaches
in favour of a single cells-analysis approachwhich allowed us to obtain a high resolution landscape of the
tumor microenvironment in melanoma. We applied a high throughput multiplex immunostaining technique
in order to study the activation status of Tumor Infiltrating Lymphocytes (TILs). In this way, we not only
performed a functional investigation of the “brisk” and “non-brisk” morphological categories, but we also
used neighbourhood analysis in order to highlight meaningful interactions between TILs and other
inflammatory cells that may play a role in TILs activation. Moreover, we found that late regression in
melanoma is associated with TILs activation. In conclusion, this doctoral work attemts to shed a light on
some of the previously less clarified components of the inflammatory microenvironment in melanoma and
implements in practice a high throughput single cells-analysis method that allows a multiparametric
immunological study on tissue sections, suitable for future applications in the clinic for prediction of
response to immunotherapy.



SAMENVATTING

In het perspectief van de nieuwe vormen van immunotherapie, is het van het grootste belang om het locale
micro-milieu van het cutane maligne melanoom te onderzoeken en op te helderen teneinde predictieve
biomarkers die wijzen op respons, te identificeren. Inderdaad, lang niet alle patienten antwoorden op
behandeling met “checkpoint” blokkeerders en er is duidelijk behoefte aan de identificatie van patienten
die zullen antwoorden op de therapie, teneinde nodeloze behandeling en mogelijke nevenwerkingen te
voorkomen. Om de basis te leggen voor “gepersonalizeerde” therapie moeten we de complexiteit van de
locale immuun respons goed begrijpen. In deze thesis, hebben we eerst enkele welbepaalde inflammatoire
types van cellen bestudeerd, met name plasma cellen en melanofagen, twee weinig bestudeerde actoren in
het locale inflammatoire micro-milieu. We zagen dat clusters van plasma cellen in de directe nabijheid van
primaire melanomen een negatieve impact hadden op prognose en overleving. We veronderstellen dat dit
effect veroorzaakt wordt door een “isotype switch” naar een IgA-producerend plasma cel type, waaraan in
de literatuur immuun-suppressieve eigenschappen zijn toegeschreven. Vervolgens verlieten we de studie
van inflammatoire subpopulaties, en bestudeerden we het gehele micromilieu, met name de gebieden van
aberrante HLA-DR-expressie door melanoma cellen. Met behulp van een multi-omics benadering
(expressomics en proteomics) vonden we dat het micro-milieu van HLA-DR positieve tumorgebieden gelijkt
op het milieu van een germinatief centrum, met een mogelijke belemmering van de recirculatie van
ontstekingscellen tussen de oorspronkelijke tumor en de lymfeklieren, hetgeen zou kunnen leiden tot
“uitputting” (exhaustion) als gevolg van chronische stimulatie. Tenslotte verlieten we de “bulk” analyse
voor een multiplex analyse van afzonderlijke cellen hetgeen ons toeliet een “hoge resolutie overzicht” te
verkrijgen van het tumor micromilieu in het primair cutaan maligne melanoom. Hierbij pasten we een “
high throughput” multiplex immunohistochemische techniek toe teneinde de activatie status van Tumor
Infiltrerende Lymfocyten (TILs) na te gaan. Dit liet ons niet alleen toe de morfologische categorieén “brisk”
en “non-brisk” functioneel te onderzoeken, maar we konden via “neighbourhood analysis” ook de
betekenisvolle interacties blootleggen tussen TILs enerzijds, en andere inflammatoire cellen die mogelijk
een rol spelen in de activatie van TILs. Bovendien konden we aantonen dat late stadia van spontane
regressi in melanomen geassocieerd zijn met TILs activatie. Samenvattend poogt dit doctoraatswerk licht te
werpen op enkele, voorheen duistere, aspecten van het inflammatoir micro-milieu in melanoom en
implementeert een “high throughput” multiplex method voor de analyse van afzonderlijke cellen in
weefselcoupes; toepassing van deze methode in de praktijk laat hopelijk toe om via een
multiparametrische immunologische study meer nauwgezet de het antwoord op immunotherapie te
voorspellen.
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REVIEW AND PERSPECTIVES

Immunoplasticity in cutaneous melanoma:
beyond pure morphology

Francesca Maria Bosisio* - Joost J. van den Oord'

' Laboratory of Translational Cell and Tissue Research, KUL,

Minderbroederstraat 19, 3000 Leuven, Belgium

Universita degli studi di Milano-Bicocca, Milan, Italy

Tumor Infiltrating Lymphocytes [TILs] and TILs patterns in melanoma

Melanoma is one of the most antigenic tumors, which is reflected by the occurrence of partial or
complete regression and the success of immune-mediated therapies, but on the other hand it also has an
enhanced ability to escape the immune response. The high antigenicity is derived from an elevated
mutational burden [1], accounting for ~30,000 mutations for melanomas arising in intermittently UV-
exposed skin, ~100,000 in chronically UV-exposed areas and <1,000 in melanomas arising at unexposed sites
[2]. This high mutational burden favors the genesis of an increased number of neoantigens, a class of antigens
strictly produced during tumoral progression. Neoantigens possess higher immunogenic efficacy and can
trigger more powerful immune reactions than antigens that are also expressed in non-tumoral tissues,
because the latter will interact at low avidity with immune cells due to tolerogenic mechanisms [3]. In spite
of this high antigenicity, the phenomenon of immune-mediated complete regression of melanoma is rare
[12.4%], whereas partial regression occurs much more frequently [23-58%)] suggesting the onset of
mechanisms of immune escape that allow the tumor to resist the immune attack [4]. Two of the major
mechanisms of immune escape are immune editing and immune modulation [Figure 1]. Immune editing is
based on the recognition of highly antigenic tumor proteins and killing of the melanoma cells that bear these
antigens by TILs favoring the selection of less antigenic clones that can escape the immune attack.
Histologically, this phenomenon will appear as a new clone of melanoma cells without associated
lymphocytes that arises within or at the border of a melanoma that does harbor TILs. Immune modulation
is the ability of melanoma cells to influence [and downregulate] the anti-tumor response through several
mechanisms. These mechanisms can be present already during early tumor progression phases, resulting in
a melanoma that is morphologically devoid of inflammatory cells, or arise at some point during tumor
progression. In primary cutaneous melanoma, the invasive radial growth phase [which marks the onset of
invasion] is usually accompanied by a dense mononuclear infiltrate and many early invasive melanoma cells
will presumably be destroyed by the immune system at this stage; however, during the vertical growth phase,
a dense, “brisk” infiltrate is rather uncommon and most melanomas present with a focal, “non-brisk” type of
response. Hence, immune modulation is a dynamic process that varies during melanoma progression, in part
due to the process of immune editing as well. Therefore, even in the presence of inflammatory cells in the
tumor environment, their functional status can be altered by the process of immune modulation and result
in @ melanoma devoid of inflammation during its progression. This dynamical perspective of the tumor-
associated inflammatory subpopulations was defined as the “immunome” and explored by Bindea et al in
colon cancer [5].
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The easiest way to assess the anti-tumor immune response is by evaluating TILs on a simple
hematoxylin-eosin staining. In melanoma, not only the presence of TILs is evaluated, but also their pattern
of topographical arrangement in and around the tumor. The classical patterns of TILs are: a “brisk” infiltrate,
when TILs are present diffusely all over the tumor area [diffuse variant] or all along the periphery of the
tumor [peripheral variant] [Figure 2]; a “non brisk” infiltrate, when tumoral areas with associated TILs
alternate with tumoral areas without TILs infiltration; and an “absent” infiltrate, when the TILs are totally
absent or are present in the peritumoral area, without evident contact with the melanoma cells [6] [Fig3]. It
has been known since more than 20 years that these patterns are an independent prognostic factor both in
primary and metastatic melanoma [7, 8]. The density and distribution of the TILs infiltration is also an
independent predictor of the sentinel lymph node [SLN] status, with a lower number of TlLs being associated
with the presence of SLN metastasis [9]. In other cancers however, e.g. colon cancer, the distribution of the
TILs in addition to their quantifications has been included as a relevant parameter only since 10 years [10].

Although the prognostic value of the patterns and densitiy of TILs is still under debate, the
introduction of immunotherapy has renewed the interest in TILs and has coined the question whether the
TILs pattern and/or the composition of the tumor-associated inflammatory infiltrate could be an additional
piece of information to predict which patient would show response to immunotherapy. First to be approved
by the FDA in 2011 for the treatment of stage IV melanoma, ipilimumab targets the cytotoxic T lymphocyte
antigen 4 [CTLA-4]. The immune checkpoint CTLA-4 plays a role in the early, afferent phase of the immune
response: expressed by the activated T lymphocyte, it delivers an inhibitory signal after interaction with
CD80, an inhibitory co-signalling molecule that is expressed by antigen-presenting cells [11]. Second in the
timeline of approval for clinical use were the PD-1 inhibitors pembrolizumab and nivolumab. PD-1 is a
checkpoint molecule expressed by the activated T lymphocyte in the second, effector phase of the anti-tumor
response, when the T cell encounters the melanoma cell in order to eliminate it. The two main ligands are
PD-L1 and PD-L2, and they can be expressed both by other inflammatory cells as well as by the melanoma
cells themselves. Drugs directed against PD-L1 are available as well and one of these, Atezolizumab
[MPDL3280A], recently entered the clinic, but the problem in targeting only PD-L1 is that the signal can still
be initiated through PD-L2. [12] The response rates for these drugs are promising: 10-15% for ipilimumab
[13], 33% for pembrolizumab [14], and 40% for nivolumab [15]. Since the generation of activated anti-tumor
T-cells takes time, immunotherapies in comparison with targeted therapies have a slower onset, but
definitely last longer in time and may exceptionally “cure” the patient. Therefore, growing evidence is now
supporting the use of immune checkpoint inhibitors in combination with other immunotherapies or targeted
therapies to improve the response rate and to keep the patient on a durable remission or on a stable disease
[16][ 17][ 18]. Though, from an economic point of view these are costly therapies, and moreover they are
burdened with serious adverse effects. [13] Therefore, markers to predict which patient will respond to this
therapeutical approach are urgently needed. The topographical pattern, density or cellular composition of
the immune infiltrate can be one of these markers [19]. In addition, since the “immunome”, as stated above,
is a dynamic concept with changes over time and space in melanoma evolution, the changing composition of
the infiltrate at different moments and in relation to different schedules and combinations of
immunotherapy could explain the eventual onset of loss of effectiveness/resistance. In this review, we will
discuss on immune modulation and immune editing in melanoma in relation to the different TILs patterns,
and the need for a global evaluation of the immune infiltrate in melanoma.

13
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Fig 1 In the schematic image on top, a visual resume of the two main components of immune escape as described in the
text, are depicted. The histological figures represent morphologic clues of an ongoing process of “immune modulation”
and “immune editing”. A. Coexistence in the same melanoma of nodules with diffuse TILs infiltration (right), undergoing
immune attack, and one nodule without TILs (left), escaping the immune surveillance; the rectangle shows a
magnification of the two nodules for comparison (H&E, x50). B. Loss of HLA class | molecules (not shown) could have
favoured an immune escaping clone, resulting in a solitary expanding nodule next to a superficial area of late regression,

suggesting that immune editing of the tumor happened in this case (H&E, x25).
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Fig 2 Differences in the “brisk” pattern. A. Melanoma nodule with a diffuse infiltration of TILs, the so-called “diffuse
brisk” pattern. (H&E, x100) B-C. Comparison between the “diffuse” and “peripheral” brisk patterns. CD8 stainings on the
previously shown nodule (B) with a “diffuse brisk” pattern and on another nodule (C) with a “peripheral brisk” pattern
(melanoma nodules bordered by discontinuous line).

The “non-brisk” and the “absent” patterns. D. In this non-brisk primary cutaneous melanoma, two nodules are diffusely
infiltrated by TILs (black arrows) while a third nodule is not (red arrow) E. In this case, despite the presence of many
lymphocytes in the surrounding stroma, no TILs were found in contact and infiltrating the melanoma nodules, thus
defining an “absent” type of TiLs infiltration (discontinuous line marking the border between lymphoid nodules and
melanoma nodules).
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Fig 3 Two major limitations of the morphological evaluation of the TiLs. On the left, a small mononuclear cell with
scant cytoplasm can belong to various, immunologically different, cell types, each with a particular effect on tumor
progression. ILC: innate lymphoid cell; Breg: regulatory B cell; Th: T helper; Tc: T cytotoxic; Treg: regulatory T cell; Tfh: T
follicular helper. On the right, lymphocytes in the tumor microenvironment can be in different activation status, ranging
from active (left row of markers) to exhausted/anergic (right row of markers), and the balance between markers of
exhaustion and activation must be evaluated to define the status of the single lymphocyte.
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Limitations in the assessment of the anti-tumor response in melanoma

One major limitation of the morphological evaluation of the inflammatory infiltrate into brisk, non-
brisk and absent patterns is the fact that it is focused on small mononuclear cells with rounded nucleus and
scant cytoplasm, i.e. lymphocytes. These cells could represent different subtypes of T cells, B cells, or Innate
Lymphoid Cells [ILC] [Figure 3]. Despite their morphological similarity, all these subtypes of cells have
different impact on the immune response. ILC constitute a subset of lymphocytes derived from the common
lymphoid precursor and are characterized by the lack of cell line markers [i.e. they do not express the T-cell
receptor or TCR, the rearranged B-cell receptor or BCR, myeloid markers or dendritic cells markers]. Based
on the cytokines produced, they are further divided into ILC1, producing IFN-gamma; ILC2, producing IL-5
and IL-13; and ILC3, producing IL-17 or IL-22. ILC1 have a role in stimulating the immune response [20], while
the role of ILC3 is still uncertain, with some evidence indicating either a role in immune tolerance [21, 22] or
for participation in a successful immune response [23, 24]. Natural Killer [NK] cells belongs to the ILC1 group
and they have a positive effect on the immune response. They are able to kill both senescent cancer cells and
cancer-initiating cells [25, 26], to induce dendritic cell [DC] maturation through cytokines secretion, thereby
stimulating antigen presentation [27], and they also play a role in preventing the development of
hematogenous metastasis by eliminating circulating tumor cells [28]. However, NK cells are usually scarce in
number and show decreased activity in the microenvironment of solid tumors. Moreover, resistance
mechanisms to escape from NK-mediated tumor cell killing have been found: MHC I-negative cancers,
particularly susceptible for killing by NK cells, can protect themselves by the release of ligands for the NK
receptor NKG2D, thereby reducing its efficacy in recognizing cancer cells. [29, 30] B lymphocytes have a
controversial role in tumor biology. On the one hand, they may act as antigen presenting cells, and enhance
the T cell and macrophage response through cytokines, chemokines and immunoglobulins [31]. High
expression of BCR in melanoma has indeed been found in associaton with increased numbers of T cells and
hence, correlated with good overall survival [32], and B-cells in melanoma have been correlated with good
outcome, metastasis free-survival and favorable response to chemotherapy [33, 35]. On the other hand, B
cell-deficient mice showed an improved immunological control of their tumor, and in human melanoma
patients, more than 15% of B cells in the infiltrate indicated worse prognosis and proved to be an
independent marker for local recurrence. [36] In analogy with T cells, this ambiguous role of tumor-
associated B-lymphocytes may find an explanation when their functional status will be investigated. In fact,
B cells can produce cytokines like IFNy and IL-4 that may polarize T cells respectively toward a TH1 or TH2
response [31]. Moreover, plasma cells, the terminally differentiated form of the B lymphocyte, have been
correlated with an increased risk of lymph node metastasis and poor survival in melanoma, [37, 38] and a
possible immune suppressive role for IgA was proposed. [39] Finally, the discovery of an immunosuppressive
subtype of B cells, called regulatory B cells [Bregs] shed a new light on the role of B lymphocytes in immune
suppression. Bregs decrease the proliferation of CD4+ T cells, recruit Tregs through chemokine [C-C motif]
ligand 4 [CCL4], and enhance FOXP3 and CTLA-4 expression by Tregs [31]. In addition, a subset of Bregs
expressing high levels of PD-L1 have a critical role in suppressing the PD-1 expressing follicular helper T
lymphocytes [FHT]; interestingly, this subset of Bregs is resistant to B-cell depletion through Rituximab [a
drug that selectively elimitates B cells by targeting the CD20 molecule]. [40] Furthermore, B cells are able to
induce the formation of tertiary lymphoid structures [TLS] at the site of inflammation by secreting
lymphotoxin; these TLS mimick secondary lymphoid organs [SLO] where the adaptive immune response has
its origin. TLS differ from SLO because they are ectopic, inducible and transient structures, while SLO are
constitutive, but they share with SLO the same cytokines involved in their genesis, and the same B and T
topography [41]. The criteria that define a TLS are the admixture of T and B cells, with DCLAMP + mature
dendritic cells in the T-zone and germinal centers with evidence of B cells switching; the presence of PNAD +

high endothelial venules [HEV] allowing extravasation of CD62L+ [PNAD ligand] naive T and B cells, memory
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T-cells and dendritic cells; and expression of cytokines important for the organization of SLO such as CCL19,
CCL21, CXCL13, which attract CCR7 + cells [i.e. naive T cells, TCM cells and T regs] and CXCR5 + cells [i.e.naive
B cells, FHT cells, 42]. A peculiar difference with SLO is the lack of NK cells in cancer-associated TLS. Follicular
DC, tingible body macrophages and another peculiar subgroup of T cells, follicular helper T cells [FHT], are in
contact with B lymphocytes within the B cell zone. FHT cells in peritumoral TLS are attracted by CXCL13 and
IL-21 and predict an improved disease outcome in breast cancer and colorectal cancer. [43, 5] TLS could
therefore represent clusters of immune cells in an organized structure that is able to escape from tumoral
immunosuppression. They are correlated with the induction of humoral immunity and with a good prognosis
in several types of cancer [42].

Another weak spot in the morphological evaluation of TILs is that, in addition to small mononuclear
cells with scant cytoplasm [i.e. various subpopulations of lymphocytes], the tumoral microenvironment
contains other, non-lymphoid cells [Table 1]. The latter cells influence the immune response, but are usually
not taken into account during the actual pathological assessment of the stromal cells in melanoma. Cells of
myeloid derivation, most often present in the melanoma microenvironment, are tumor-associated
macrophages [TAMs], dendritic cells [DCs] and tumor-associated neutrophils TAMs are frequently abundant
in melanoma and, in general, are characterized by plasticity: they switch between a proinflammatory M1
status, that determines an antitumor response promoting T helper [Th] 1 responses, and an M2 status,
promoting Th2 responses and tissue repair. In immunohistochemistry, a panel to identify a M1 or M2
polarization has been described by Barros: CD163+pSTAT1+, CD68+pSTAT1+, CD163+RBP-J+ and CD68+RBP-
J+ macrophages constitute the M1 subset, eliciting Th1l responses and CD163+CMAF+ and CD68+CMAF+
macrophages constitute the M2 subset, associated with Th2 responses. [44] Outside the tumor
microenvironment macrophages exert various anti-tumor effects [45] but within the tumoral
microenvironment, TAMs are educated to assume an M2 polarization. This results in various effects that
facilitate tumor growth: decreased CD8+ T cell recruitment and NK cell activity through IDO secretion, direct
inhibition of CD8+ lymphocytes through expression of PD-L1 and B7-H4 and inhibition of CD8+ T cells through
recruitment of Tregs and favoring the conversion of lymphocytes in Tregs [46, 28]. TAMs tend to accumulate
in hypoxic areas to induce the formation of leacky blood vessels, which in turn secrete CXCL8 [IL-8] and CXCL2
that increase the invasiveness of the neoplastic cells, but they may also accompany malignant cells during
their migration to the vessels due to the secretion of CSF1 by malignant cells that induces motility of
macrophages [47]. TNF-a secreted by TAMs may favour Epithelial-to-Mesenchymal Transition [EMT] , which
in turn results in suppression of MITF expression and consequent induction of dedifferentiation of melanoma
cells, and in the enhanced production of cytokines and chemokines that attract myeloid cells, such as CCL2.
In turn, monocytes, macrophages and neutrophils secrete IL-6, IL-23 and TGFbetal, that play a role in further
inducing EMT [48, 49]. A new hypothetic role for TAMs in EMT and immune escape was suggested by Kemény
et al [50], following the observation that in vitro melanoma cells are able to fuse with stromal fibroblasts and
macrophages, thereby losing their melanocytic phenotype and acquiring fibroblast- and macrophage-like
[mesenchymal] traits.

Dendritic cells [DC] are well known pivotal players in melanoma biology and in melanoma therapy.
They are divided into CD11c+ myeloid DC [mDC, further subdivided into BDCA-1+ and BDCA-3+ subsets] and
plasmacytoid DC [pDC] carrying the CD123+CD11c-BDC-a2+BDCA-4+ phenotype [51]. Within the tumor
microenvironment however, mDCs can lose their MHC class Il expression and hence, their ability to stimulate
the T lymphocytes, gradually tuning the inflammatory response towards a Th2 type. In fact, it was recently
demonstrated that only a small part of DCin the tumor retains the ability to present the antigen in an optimal
way, and that these DC are characterized by expression of CD103 and by the secretion of IL-12 [52, 53].
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Regarding the pDC subtype, some studies report an inverse correlation between their number and the
number of peripheral cytotoxic PD-L1+ T cells [51] Moreover, the presence of pDC infiltrating the tumor has
been shown to correlate with an increased number of Tregs, and a decreased number of CD8+ lymphocytes,
and thus with higher risk of metastasis [28]. In particular, pDCs expressing PD-L1 and IDO were identified as
tolerogenic [3].

Also tumor-associated neutrophils are able to dampen the T cell immunity [54], but, as stated above,
their presence is not taken into account in the assessment of the local immune response in melanoma.
Tumor-associated neutrophils are often increased in cancer patients both in the tumor and in the peripheral
blood. High neutrophil counts in the blood are associated with higher clinical stage [55] and with poor
response to checkpoint inhibitors [56, 57, 58] but the same increase can be observed in melanoma patients
due to ulceration [59]. In their activated state, tumor-associated neutrophils produce cytotoxic mediators
that can destroy malignant cells, [34] but they can also block the activation of CD8+ T-cells and increase
angiogenesis and intravasation of neoplastic cells through MMP9 production [28]. Overall, a neutrophil-
related gene-expression signature has been found associated with poor prognosis [60].

The morphology-based evaluation of TILs has a predictive value probably because most melanoma-
infiltrating cells are T lymphocytes, in particular of the cytotoxic type [61]. T lymphocytes are subclassified in
CD4+ T helper lymphocytes and cytotoxic CD8+ T lymphocytes, the last ones directly killing the tumor cells.
Both subsets are generally associated with a good prognosis.. CD4+ T helpers interact with CD8+ T cells
stimulating their conversion in CD8+ memory T cells, even if it has recently been observed that CD8+ Tcells
also have an intrinsic ability to activate the memory programme [62]. On the other hand, based on the
recognition of specific tumor antigens, CD4+ cells are also able to directly control tumor growth in an IFNy-
dependent manner [63, 64]. In addition to cytotoxic and helper lymphocytes, there are also other peculiar
subgroups of T cells. Among CD4+ T cells, CD4+/FOXP3+/CD25+ regulatory T cells [Tregs] have been
associated with poor prognosis and shorter survival [65]. They have a physiological role in preventing
autoimmunity, by controlling self-reactive T cells via CTLA-4 and PD-1 [66]. In the peritumoral area however,
they facilitate tumor growth through inhibition of DCs, NK cells and B cells via secretion of TGF-beta and IL-
10 [67]. Their recruitment depends on CCL2 and CCL5 or galectinl, produced by the tumor, and their number
is expanded by TGF-B and TNF produced by other inflammatory cells [68]. Tregs also play a role in
immunotherapy, as disease progression during anti-PD-1 treatment has been found associated with an
increase of T regs [69] T Helper-17 cells constitute another particular subset of T helper cells that produce IL-
17. At the tumoral site, T Helper-17 cells are recruited by IL-6, IL-23 and TGF-beta, released by myeloid-
derived suppressor cells [MDSC, 70]. Their meaning is still unclear: in contrast to Thl responses, a Th17
response was associated with bad prognosis in colon cancer [71]. In melanoma and colon cancer, low levels
of IL-17 suppress metastasis, whereas in lung carcinoma, metastatic spread is stimulated [28].

Finally, even if only CD8+ cytotoxic T-cells would be present in the tumor microenvironment, their
activation status cannot be evaluated by morphology alone and they could be either active or exhausted
[Figure 3]. The contact of a lymphocyte with tumor cells, in fact, can lead to the elimination of the tumor cell;
however, in the absence of co-stimulatory molecules or in the presence of negative signals, the CD8+ T-cells
may become functionally neutralized [“exhausted”] although these cells would still morphologically be
similar to other lymphocytes. Hence there is indeed some evidence that the analysis of the activation status
of TILs might be more important than we think. First of all, Hillen et al. found that a good prognosis was
correlated with CD69+ lymphocytes, defined by the author as a marker of T cell activation [72]. Also the
activation markers CD25 and CD134 have been found more expressed in peritumoral than intratumoral
lymphocytes and correlate with a better prognosis [35] suggesting inactivation of the lymphocyte upon
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contact with the melanoma cell. Moreover, the analysis of the TCR repertoire in different cancers has found
an elevated clonotype diversity but only a small fraction of these TCR appear to be directed toward
neoantigens, representing mainly sequences most likely directed toward antigens that are common among
different people, like the ones related to persistent viral infections [73]. According to Bersen et al however,
this clonality of the T cells in melanoma patients is limited, not associated with the type of infiltrate [brisk/non
brisk] and does not influence the prognosis, probably because the subtype of T cell clone [T helper vs Treg]
and the functional status of the clone might be the determining factors [74].

Activated CD8 lymphocytes secrete IFN-gamma, an immune-stimulatory cytokine. When activated,
lymphocytes increase on their surface the expression of inhibitory molecules in order to prevent damage
from an exuberant immune response. These inhibitory molecules are PD-1 [programmed death 1], LAG-3
[lymphocyte-activation gene 3], TIGIT [T-cell immunoreceptor with Ig and ITIM domains], and TIM-3 [T-cell
immunoglobulin domain and mucin domain 3, 75]. T cells expressing these markers in the tumor
microenvironment are potentially exhausted TILS, and their targeting using specific antibodies is the concept
on which immunotherapy is based [76]. Several studies have shown that the CD8 + TILs are functionally inert
in various cancers [67]. A recent report described PD-1 as a marker identifying the clonally expanded tumor-
specific CD8+ T-cell population [77] PD-1 is a molecule expressed on both activated CD4+ and CD8+ TILs, but
because of its coinhibitory role in preventing the hyper-activation of lymphocytes, PD-1 expression is
considered a sign of T cell exhaustion. [35] Another recent paper has characterized the anergic cells from a
molecular point of view, and has shown them to express Lag-3, MHC I-restricted T cell-associated molecule
[CRTAM], semaphorin 7A [Sema7A], and chemokine CCL1 [78]. Despite these discrepant findings, PD1 has a
prevalent role in the suppression of the immune response since targeting LAG-3, TIM-3, or TIGIT with blocking
antibodies has a minimal impact on tumor control, but combination with anti PD1 therapy empowers the
response [69]. Given that the markers that induce the exhaustion status in the lymphocyte are expressed
upon its activation, it is difficult to define the status of a lymphocyte using the above mentioned markers. By
using single cell RNA-sequencing, Tirosh et al. characterized distinct expression signatures for five non
malignant cell types. Looking at T cell signatures, the expression of multiple coinhibitory molecules on the
same cells was correlated also with expression of cytotoxicity and activation markers [the so-called
activation-dependent exhaustion program], making it hard to distinguish activation from exhaustion.
Therefore, to define a clear cut activation-independent exhausted state, high expression of five co-inhibitor
receptors and exhausted related genes relative to a low expression of cytotoxicity genes were searched for.
Using this core exhaustion signature, it was observed that the less exhausted T cells were the ones not
clonally expanded, while the T cells that shared the same TCR sequence also expressed the “exhaustion
signature” [79]. NFATC1, a transcription marker, was identified among this signature as an effective marker
of exhaustion [79], while another group identified Ndrgl as a marker of anergy [80].

The “brisk” pattern: evidence of a successful immune response?

A brisk infiltrate is characterized by the presence of lymphocytes diffusely through the lesion or all
along the borders of the vertical growth phase of a melanoma. This pattern suggests a homogeneous
expression of antigens by the melanoma cells and/or an excellent and undisrupted traffic of T-cells towards
the melanoma. The brisk pattern is associated with a good prognosis, but not in 100% of the cases. [7] It is
generally assumed that a brisk infiltrate is composed predominantly of activated cytotoxic T-cells directed to
one or more tumor antigens; however, functional studies have been performed on T-cells isolated from
melanomas without knowledge of their TlLs pattern, and immunophenotypical studies related to the major
TILs-patterns are extremely rare. Moreover, actively regressing melanomas are not necessarily accompanied
by a brisk infiltrate, suggesting that many T-cells in the brisk infiltrate are bystanders, not directed to tumor-
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antigens but contributing [via secretion of cytokines?] to the “activated landscape” [81]. A recent study on
67 primary melanomas revealed upregulation of T-cell activation pathways and inhibition of upstream
immune checkpoint regulators suggesting a predominant pattern of T-cell activation in brisk melanomas [82].
Our own data based on an RT-PCR study of microdissected metastatic melanomas indicate an interferon-
gamma rich micro-environment in melanomas with a brisk TILs pattern, suggesting an enrichment of
activated T-cells in the brisk infiltrate [Bosisio et al. unpublished data]. Despite these findings, notable
regression of melanoma with replacement of the tumor by fibrous tissue is not a regular finding in “brisk”
melanomas and future research should analyse in depth the cellular composition of the brisk infiltrate and
the transcriptome of the melanoma cells in these brisk areas.

The “non brisk” pattern: spatial heterogeneity and partial failure of the immune response?

A non brisk pattern suggests by its own definition the presence of a heterogeneous
microenvironment, with areas of immune attack and areas of immune ignorance, possibly as a result of tumor
heterogeneity and immunoediting. The areas of immune attack represent small areas of a “brisk” response,
and the areas of immune ignorance lack TILs and may reflect the expansion of less immunogenic melanoma
cell clones, or a change in the immune microenvironment towards immunosuppression.

Most often, markers with a role in the immune response expressed by melanoma cells are
heterogeneously expressed when comparing areas at the periphery of a melanoma with the center of the
same area. There is lot of evidence that the inflammatory infiltrate at the border of the tumor plays a pivotal
role. In Merkel cell carcinoma, for example, a dense infiltrate in this region is associated with a better
prognosis [83]. Differences between the marginal and the central zone of the tumor were found also in colon
cancer. In particular, B cells and T cells predominantly localize at the tumor border, but the density of the
infiltrate varies over time for the two types of lymphocytes: while T cells decreased with tumor progression,
B cells as well as innate immune cells increased. Instead, the center of the tumor harbored predominantly
cytotoxic T lymphocytes and occasional FTH, but very few B lymphocytes. [5] Thus, the tumor/stroma
interface is a pivotal region for tumor evolution, since various stress stimuli, such as cytokines and
chemokines derived from the local immune response, may modify melanoma cells, assuming different
characteristics in different areas. For example, at the borders of melanoma nodules, expression of SOX2 and
nestin can be found, both associated with epithelial-mesenchymal transition and a shorter survival [84];
similarly, the ligands for NK activating receptors NKG2D and DNAM-1 such as MICA/B and ULBP2, are
preferentially expressed at the tumor periphery as a mechanism of defense against innate immunity [27].
Also some markers of response to immune therapy are mainly expressed at the margin of the nodules. In
addition to Major Histocompatibility Complex class | [MHC 1], the IFN-gamma induced molecules PD-L1 and
MHC Il are usually found preferentially expressed at the tumor-stroma interface where TlLs migrate and
secrete. MHC | molecules are lost in 16-50% of solid tumors at least focally [85]. In cases with heterogeneous
expression of MHC |, positive areas are rich in TILs. The relationship between the presence of TILs and MHC
| expression is easily explained by the fact that the most powerful stimulus for MHC | expression is IFNgamma,
produced by activated T lymphocytes and NK cells [86]. In a minority of melanomas, this irreversible MHC |
loss is due to mutation of the 2 microglobulin gene [87], but in the majority of MHC I-negative cases, MHC
| expression can be rescued by administration of cytokines, in particular of IFN-y. In these cases, an alternative
and yet poorly understood mechanism regulates MHC | expression [88]. For example, the involvement of
epigenetic aside of genetic mechanisms were described by Chang et al in one melanoma patient following
immunotherapy [89]. Also the mutational status of BRAF influences the immune response not only by
upregulating immunomodulatory factors, but also through intracellular internalization of MHC | resulting in
loss of expression at the surface [90]. Loss of MHC | has been linked not only with immune escape, but also
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with higher oncogenic abilities of melanoma cells; when MHC | was completely downregulated, melanoma
cell lines showed increased invasiveness [91]. Though, due to the discovery of mechanisms to overcome MHC
| loss by the immune system, the role of MHC molecules in anti-melanoma immunity has recently been re-
evaluated [92]. New evidences indicates that MHC | molecules are not essential for the induction of an
immune response [93], nevertheless their presence helps to trigger more powerful responses [94, 95].

With respect to PD-L1, its value as a marker for the immune response is well known and long debated
[96, 97]. As the immunome is variable in space and time, [5] not only PD-1 expression is highly heterogeneous
in tumors, but also with tumor progression the PD-L1 status can change in metastasis compared to primaries
[98] and therefore may not be the best predictive marker of response to immunotherapy. Furthermore,
different anti PD-L1 antibodies exist and variability in the pre-analytical tissue processing will yield different
immunohistochemical staining results. Additionally, the evaluation of this staining is still subjective. Cut-off
levels for calling a melanoma positive are highly variable, and the subcellular localization of immunoreactivity
may also vary, since it can be expressed both on melanoma and inflammatory cells, and in melanoma,
expression on the membrane is relevant, while in inflammatory cells also cytoplasmic expression plays a role
[99, 100, 101]. A recent RNA sequencing study described a molecular signature called “innate anti-PD1
resistance signature” [IPRES] that turned out to be linked with resistance to PD1-blocking therapies. That
signature in particular showed a “mesenchymal and inflammatory”phenotype, with expression of epithelial-
to-mesenchymal transition genes, immunosuppressive genes, and monocyte chemotactic genes, while T-cell
related genes did not discriminate between responders and non-responders [102]. Moreover, a classification
of tumors according to PD-L1 expression and the presence of TILs has been proposed [76], and divides them
into four types, each type having benefits from different therapies. In melanoma, the prevalence of these
different types has been quantified. Type | and type Il are the most frequent [38% and 41%, respectively],
with PD-L1 positivity associated with TILs [adaptive immunity] in the first category and PD-L1 negativity and
absence of TILs [immune ignorance] in the second group. At the opposite, melanomas with PD-L1 expression
and no TILs are extremely infrequent [1%, type Ill], while PD-L1 negativity associated with TILs [type IV]
represents some 20% of melanomas. In Type | and type IV the chance that immunotherapy will work is higher,
since TILs are present but probably prevented from cytotoxicity because of PD-L1 expression in the first
group, or due to other immune tolerance mechanisms in the second. Checkpoint blockade is instead unlikely
to work by itself in Type Il and Type Il patients, because of the lack of TILs, but a combination of checkpoints
inhibitors with vaccination, targeted therapies, adoptive T-cell transfer, chemotherapy, or radiotherapy that
stimulate immunogenic cell death could stimulate the lymphocytes recruitment inside the tumor site and, in
addition, prevent them from being inactivated [76, 103, 104].

Regarding the other putative marker to predict the immune response that is expressed at melanoma
margins, MHC |l expression on melanoma cells can be constitutive in the tumor or can be induced by
IFNgamma, but its prognostic significance is still unclear. In experiments on cell lines, MHC Il expression was
associated with lymphocytic activation pathways signatures, and in melanoma patients treated with PD-1
blockade, MHC Il expression was associated with the presence of TlLs, survival and response to therapy [105].
On the other hand, in a recent paper MHC Il expression in melanoma was associated with the presence of
CD4+ T lymphocytes specifically directed toward tumor antigens; these CD4+ T-cells produced TNF en
prevented the activation of cytotoxic T lymphocytes [106]. Finally, the presence of immune checkpoints
molecules expressed on different types of cells [e.g. melanoma cells or macrophages] at the border of the
tumor suggests the existence of a “shield effect” held by those cells against effective immunity [107].
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The “absent” pattern: ignorance by the immune system and complete failure of the immune
response?

Melanomas with an absent TILs patterns are apparently ignored by the immune system. Thisimmune
ignorance could be present since the beginning because of low immunogenicity of the melanoma clones or
could develop throughout the phases of tumor progression due to immune modulation and immune editing.
Alternatively, immune editing may already have eliminated the most immunogenic clones resulting in a
melanoma composed of poorly antigenic clones that can escape the immune attack [108]; another possibility
is that a tolerogenic mechanism towards the tumor antigens has resulted in a reduced activation of the
dendritic cells or the T lymphocytes.

An absent TILs infiltrate can also be caused by an impairment in the attraction or traffic of immune
cells towards the tumor. For example, , overexpression of endothelin B receptor and hypoexpression of E-
selectin, P selectin or ICAM-1 prevent the vascular exit of TILS at the tumor site [109, 110]. Interesting is the
recent finding that in particular Tregs but not other T cells use a specific molecule to extravasate, the
lymphotoxin [111]. The lack of entry of lymphocytes in the tumor can also be due to a low level of
lymphotactic chemokines, e.g. CCL2-5, CXCL9, CXCL10, that usually are produced by melanoma cells upon
stimulation by interferons [110]. Patients with an absent TILs infiltrate may benefit better from a combined
therapy, because a combined approached targeting more than one immune checkpoint has more chances to
re-activate inflammation in the case of an end stage immune escape [112, 113].

Conclusion: the need for a refinement of the TILs patterns in melanoma

A growing body of evidence resumed in this review points toward the need to characterize the
immune landscape as a whole, not only for prognostic but also therapeutic purposes, and not only on H&E
sections but also in a functional way. Data on the evaluation of the T cell landscape [114] as well as the
interpretation of single stainings for immune check point molecules have already shown utility in predicting
the response to therapy [96, 115, 105, 116, 76, 102]. Nevertheless, the different aspects of the tumoral
immune response should not be considered separately, but integrated also with molecular melanoma-cell
centered information in order to achieve a better prognostic definition and therapy tailoring for every single
patient. This process to create an immunoscore has already been initiated for colon cancer, and has already
resulted in a grading of the local immune response Galon et al started in 2012 to test a simple evaluation of
the immune response applicable in daily routine: a simple immunophenotyping of the TILs using CD45R0O,
CD3 and CD8 immunostaining on an FFPE section, analyzed with image analysis and given as a score from 0
to 4 in relation to the density of infiltration. This approach has shown correlation with survival and has been
proposed as TNM-I [TNM-Immune] to add in the TNM classification [117].

Blank et al propose the use of the “cancer immunogram”, a radar plot taking into account 7
parameters: tumor foreigness, general immune status, immune cells infiltration, absence of checkpoints,
absence of soluble inhibitors, absence of tumor inhibitory metabolism and tumor sensitivity to immune
effectors [118]. The first studies demonstrating that an immunoscore approach has a beneficial effect on the
management of patients are now appearing in the literature [119, 120]. Although the current morphological
classification of TILs in melanoma has prognostic significance, we believe that a functional analysis,
particularly of the non-brisk pattern [encompassing the majority of primary melanomas] can help to
understand this patterns and, probably, to subdivide this pattern into separate subgroups based on the
degrees of tumor cell plasticity and immune modulation using extensive phenotypical and molecular tools.
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AIMS

A high resolution landscape of the tumor microenvironment in melanoma is nowadays needed for a precise
use of immunotherapeutic drugs. In the context of an “in situ” (directly in the tissue of the patient)
investigation of the inflammatory response against melanoma, this thesis aims at clarifying the role of poorly
investigated or controversial components of the inflammatory infiltrate. In particular we will focus on:

I Plasma cells: not only the role of B cells is controversial in melanoma, but also the terminally
differentiated form of the B cell, the plasma cell, has not been properly investigated in literature. We
will quantify plasma cells in melanoma microenvironment and assess their impact on survival. We
will explore possible mechanisms through which plasma cells can influence the melanoma
microenvironment, such as type of immunoglobulin produced, clonal expansion and recirculation to
the lymph nodes. Therefore, we will use immunohistochemistry and Gene Scan Analysis.

1. HLA-DR expression in melanoma cells: MHC Il positivity in melanoma cells is still controversial, being
associated both with good prognostic factors, such as lymphocytic infiltration and longer survival,
but also with the presence of immunosuppressive T cells. Moreover, since HLA-DR expression in
melanoma has been identified as one of the possible predictors of response to immunotherapy, we
will investigate the associated inflammatory microenvironment, in order to clarify part of the
mechanism involved in it. We will do this starting with microdissection and proceeding with next
generation sequencing, multiplex ELISA and immunohistochemistry.

Ill.  Tumor Infiltrating lymphocytes (TILs): the morphological classification of the TILs has a known
prognostic significance but its predictive value has not been proved yet. Moreover, the activation
status of the TILs may add predictive value to the morphological classification of TILs, therefore we
will investigate the association of TILs activation/exhaustion with the brisk/non-brisk morphological
patterns of TILs infiltration and the presence of regression. Moreover, we will characterize directly
on the tissue section the immune microenvironment associated with activation and exhaustion and
the relationship of the different cell types involved through neighbours analysis. We will apply a novel
high throughput multiplex immunostaining technique, combined with gPCR and shotgun proteomics
followed by pathway analysis to confirm the results at multiple levels.
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Abstract
Melanoma is one of the most immunogenic cancers, but also one of the most effective cancers at

subverting host immunity. The role of T lymphocytes in tumor immunity has been extensively studied in
melanoma, whereas less is known about the importance of B lymphocytes. The effects of plasma cells (PC),
in particular, are still obscure.

The aim of this study was to characterize pathological features and clinical outcome of primary
cutaneous melanomas associated with PC. Moreover, we investigated the origins of the melanoma-
associated PC. Finally, we studied the outcome of patients with primary melanomas with PC.

We reviewed 710 melanomas to correlate the presence of PC with histological prognostic markers.
Immunohistochemistry for CD138, and heavy and light chains was performed in primary melanomas (PM)
and in loco-regional lymph nodes (LN), both metastatic and not metastatic. In 3 PM and in 9 LN with frozen
material, VDJ-rearrangement was analyzed by Gene Scan Analysis. Survival analysis was performed on a
group of 85 primary melanomas >2mm in thickness.

Forty-one cases (3.7%) showed clusters/sheets of PC. PC-rich melanomas occurred at an older age
and were thicker, more often ulcerated and more mitotically active (p<0.05). PC were polyclonal and often
expressed IgA in addition to IgG. In LN, clusters/sheets of IgA+ PC were found both in the sinuses and
subcapsular areas. Analysis of VDJ-rearrangements showed the IgA to be oligoclonal. Melanomas with
clusters/sheets of PC had a significantly worse survival compared to melanomas without PC while,
interestingly, melanomas with sparse PC were associated with a better clinical outcome (p 0.002).

In conclusion, melanomas with sheets/clusters of PC are associated with worse prognosis. IgG and
IgA are the isotypes predominantly produced by these PC. IgA oligoclonality suggests an antigen-driven
response that facilitates melanoma progression by a hitherto unknown mechanism.
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Introduction

Melanoma is one of the most immunogenic cancers, but also one of the cancers that is most adept
at circumventing host anti-tumor immunity (1). In fact, the phenomenon of regression in primary melanomas
is frequently only partial (23-58%), and complete regression is rare (12.4%), suggesting the presence of
mechanisms that allow the tumor to resist immune attack (2). In recent years, the immune response in
melanoma has gained much attention due to the efficacy of new therapies that act on its modulation by
blocking immune check points (3) (4) (5) (6) (7). The immune response is the result of complex interactions
between different types of cells, which can result in an immune stimulatory signal as well as an immune
suppressive signal. Moreover, the very same type of cell can be influenced by the microenvironment to
polarize into different functional states according to the need for an active immune response or of immune
tolerance at a certain moment. This has been demonstrated for macrophages (M1 and M2 polarization) (8)
(9) (10) (11), neutrophils (N1 and N2 polarization) (12) (13) and T lymphocytes (Th1, Th2, Th17 responses)
(14) (15) (16).

The role of T lymphocytes and macrophages has been extensively studied in melanoma (13) (17) (18)
(19) (20) (21) (22), whereas less is known on the role of B lymphocytes and plasma cells (PC). Recently, B
lymphocytes have turned out to constitute between 0 and 50% of the tumor infiltrating lymphocytes (23)
(24) (25) but controversy exists as to their precise role in melanoma progression (25) (26) (27) (28).
Furthermore, the role of PC, the terminally differentiated form of B lymphocytes, has been the subject of two
studies, one that links them with an increased risk of lymph node metastasis (29) and one that shows an
association with poor survival (30), but the mechanisms underpinning these observations remain obscure.

The aim of the current study was to identify melanomas with a significant PC component in the inflammatory
infiltrate, to study their detailed clinico-pathological characteristics and immunoglobulin expression, and to
speculate on the origin of the PC response by examining the melanoma-draining loco-regional lymph nodes.

Materials and methods

Evaluation of cases

710 consecutive cases of invasive primary cutaneous melanoma from the Department of Pathology
of the University Hospitals Leuven (KU Leuven), Belgium, were reviewed. According to their subtype, there
were 544 superficial spreading melanomas (SSM), 83 nodular melanomas (NM), 25 acral lentiginous
melanomas (ALM), and 58 “others” category that included special variants, like nevoid or desmoplastic
melanomas, or cases with unknown subtype. The age of the patients ranged from 11 to 97 years old (median:
63 years old). 417 were females, and 293 males. 283 melanomas occurred on the limbs, 213 on the trunk, 83
in the head and neck area, and 38 on acral sites; from 93 cases, the site was not known. All lesions were
evaluated for histological prognostic factors. In addition, 15 primary melanomas from Radboud University
Medical Center (Nijmegen, The Netherlands) and 6 cases from the University of Florence (Florence, ltaly), all
containing sheets of PC, were available for analysis. Melanoma cases were semi-quantitatively evaluated
according to the quantity of PCin the inflammatory infiltrate surrounding the melanoma and subdivided into
four groups (Figure 1a). The first group included melanomas without PC (PCneg), while the other three
groups included melanomas with increasing numbers of PC (in general, PC+).

All the available slides for each case were screened for the presence of PC. The relative number of
PCs was quantified by a scoring system taking both the number and distribution pattern (clusters or single
cells) into consideration. Score 1 was assigned when the PC in the infiltrate were sparse and scattered, with
no tendency to cluster (PC1). Score 2 was used for melanomas in which PC were more abundant, with a
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tendency to group in discrete clusters, containing at least 5 PC in contact with each other (PC2). The score 3
category showed confluent clusters of PC, forming sheets (PC3). To evaluate the impact of PC on the histology
and outcome of melanoma, we grouped scores PC2 and PC3 under the heading “plasma cell-rich melanomas”
(PC-rich, 34 cases). In 14 cases of PC+ melanoma, loco-regional lymphadenectomy specimens containing,
both involved lymph nodes (8 cases) and uninvolved lymph nodes (6 cases), were available for study.

To evaluate the outcome of PC+ melanomas, an additional data set of 85 patients with thick
melanomas (>2 mm, range 2.1-47 mm) and clinical follow-up data from a minimum of 3 to a maximum of 12
years (range: 1099 — 4633 days) was collected from the files of the Melanoma Institute Australia, Sydney, and
the Departments of Tissue Pathology and Diagnostic Oncology, Royal Prince Alfred Hospital, Camperdown,
New South Wales, Australia. We included this series of thick melanomas in order to enrich the samples for
PC+ melanomas, and to minimize the impact of Breslow thickness on the outcome. In this melanoma set, the
prevalent subtype was NM (31 cases), followed by SSM (24 cases), and ALM (12 cases). 18 cases were from
special subtypes, mostly desmoplastic melanomas and malignant blue nevus cases. The most frequent site
of occurrence was head and neck (26 cases), followed by trunk (16 cases), acral sites (16 cases) and limbs (15
cases). The outcome of the patients included 36 cases alive without recurrence, 3 alive with melanoma, 20
dead from melanoma, 3 cases dead due to unrelated cause and 11 cases died from unknown cause.

Immunohistochemistry
All biopsies were fixed in 10% buffered formalin and embedded in paraffin. The most representative

section for each case was used for immunohistochemistry. Immunohistochemical analyses were performed
on routinely fixed paraffin-embedded tissue sections on the Leica Bondmax automatic immunostainer, using
ready-to-use antibodies from Dako directed against CD138, IgG, IgA, IgM, IgD, Igk, CD3, CD20 and CD21. The
peripheral nodal addressin antibody was from Sigma-Aldrich (PNAd, clone: MECA, dilution 1:3000).

A semi-quantitative score was used to evaluate the number of IgA+ PC relative to the total number
of CD138+ PC in the inflammatory infiltrate in sections stained with double IgA(red)/CD138(brown)
immunohistochemistry. The quantity of double IgA/CD138 positive PC was scored as “-“ if less than 10% of
CD138+ PC was IgA+, “+” if IgA+/CD138 PC were between 10 and 50% and “++” if 50% or more of the CD138+
PC was IgA+ (Figure 1b).
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Figure 1 Definition of the plasma cells and IgA scores. (a) PC1 score was assigned when scattered plasma cells were
found isolated in the infiltrate (arrows: plasma cells; double immunostaining for CD138 (brown) and IgA (red), 10x). (b)
In PC2, plasma cells aggregated in clusters are found in the infiltrate (arrows: clusters of plasma cells; double
immunostaining for CD138 (brown) and IgA (red), 10x) (c) Large clusters of PC merge together to form sheets in the
tumoral stroma were scored as PC3 (a sheet is contoured by the discontinuous line; double immunostaining for CD138
(brown) and IgA (red), 10x). IgA+CD138+ plasma cells were qualitatively quantified in the infiltrate as less than 10% (20x)
(d), between 10 and 50% (20x) (e), and > 50% or more of the total number of plasma cells (20x) (f).
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Gene Scan Analysis
Representative material, snap frozen in liquid nitrogen-cooled isopentane, was available from 2 PC+

primary melanomas and 14 lymph nodes draining PC+ melanomas. Total RNA from the tumor samples was
isolated with the Total RNA and DNA Purification Kit from Macherey-Nagel, according to the manufacturer's
protocol. 500 micrograms of RNA was reversely transcribed into cDNA using Superscript Il reverse
transcriptase (Invitrogen) and a random hexamer (Fermentas). Afer treatment with RNaseH (Fermentas), the
resulting cDNA was diluted for a final volume of 40 pl. For the Ig heavy chain characterisation of the samples
a set of primers specific for the secretory (s) type and the membrane (m) type of all the immunoglobulins
isotypes was used to perform the PCRs. Primers for actin and GADPH were used to check the cDNA quality,
and a sample with water served as negative control. Amplification was carried out with Tag DNA polymerase
(Takara), with 2,5 microl of cDNA in a 25 microl volume, and started with 4 minutes at 94 °C, followed by 36
cycles of 45 seconds at 94°C, 45 seconds at 58°C, 1 minute and 30 seconds at 72°C, and ended by a final step
of 5 minutes at 72°C. The amplification products were checked with gel electrophoresis. For the Genescan
Analysis the cDNA was amplified by 2 rounds of nested PCR. All the primers used are listed in Supplementary
Table 2. For the first PCR, amplification was carried out with 2,5 microl of cDNA in a 25 microl volume, and
started with 4 minutes at 94 °C, followed by 30 cycles of 45 seconds at 94°C, 45 seconds at 50°C, 45 seconds
+2 sec/cycle at 72°C, for a total of 30 cycles, to end with 10 minutes at 72°C. For the second PCR, amplification
was carried out with 2,5 microl of the first PCR product diluted one in a hundred in a 25 microl volume, and
started with 4 minutes at 94 °C, followed by 36 cycles of 45 seconds at 94°C, 45 seconds at 57°C, 45 seconds
+2 sec/cycle at 72°C, for a total of 30 cycles, to end with 10 minutes at 72°C. The amplification products were
checked with gel electrophoresis. Size and quantity of the amplified DNA fragments were analyzed in
combination with the Internal Standard Lane 600 (Promega) through the ABI PRISM 310 Genetic Analyzer
and the GeneScan® Analysis. A polyclonal control (tonsil) and a monoclonal control (IgA myeloma cell line)
were loaded together with the samples.

Statistical analysis
Statistical analysis was performed with Microsoft Office Excel and the GraphPad Prism 6.01 software.

The Mann-Whitney test for not normally distributed data was used to calculate the p-values for age and
Breslow. The Chi —Square test adjusted for not normally distributed data was used to evaluate the p-Values
for the correlation of the other clinical and histological parameters analysed with the presence of PC. Survival
rates were calculated according to the Kaplan-Meier method.

Results

Clinico-pathological features of PC+ melanomas
Of 710 primary cutaneous melanomas from the University Hospital Leuven, 41 (3.7%) showed a PC

component in the inflammatory infiltrate associated with the melanoma. According to the PC score, 7 (18%)
showed scattered PC (score PC1), 24 (58%) had discrete clusters of PC (score PC2) and 10 (24%) contained
sheets of PC (score PC3). Since PC1 melanomas represent a condition in which the quantity of PC is low and
could be not biologically relevant, we focused in the statistical analysis on PC2 and PC3 cases to better
characterize melanomas in which the amount of PC is important, and labelled these 34 cases (82%) as “PC-
rich” melanomas. From score PC1 to score PC3, an increase in the number of intra-tumoral PC that were in
direct contact with the melanoma cells, was observed. In fact, while in 6 out of 7 PC1 melanomas the PC were
only in peritumoral location, PC2 and PC3 melanomas showed the PC to be located within the tumor mass
(15/24 (62,5%) and 8/10 (80%) cases with intratumoral PC respectively, p 0,006). Clinical and histological
features of PC-rich melanomas are shown in Supplementary Table 1, and the statistical analysis is resumed
in Figure 2. The average age at the diagnosis for PC-rich melanomas was 63 years (range 20-86, median 63)

and 55 years for melanomas without PC (range 11-97, median 55), suggesting that PC-rich melanomas occur
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in patients 10 years older than PCneg melanomas (p 0.005). 19/34 (56%) patients with PC-rich melanomas
were males, and 15/34 (44%) were females. PC-rich melanomas affected, in decreasing order, the trunk,
limbs, head and neck areas, and acral sites, while PCheg melanomas were mostly on the limbs and less
frequently on the trunk, head and neck area, and acral sites. PC-rich melanomas were more often of the
nodular subtype than PCneg melanomas (p 0.00046). Three strongly evidence-based markers of bad
prognosis in melanoma (high Breslow thickness, >6 mitoses/mm?2 and the presence of ulceration) were found
to be associated with the presence of PC in melanoma (p < 0.0001). The incidence of PC+ melanomas
increased to 19.5% if only cases with a Breslow thickness over 2 mm were taken into account. A correlation
with the presence of lymphatic/vascular invasion was also found (p 0.015). Histological examination of the
15 cases from Nijmegen, The Netherlands, and 6 cases from Firenze, Italy, revealed similar unfavourable
prognostic features in melanomas with sheets of PC.

No significantly different clinical features were found between score PC1, PC2, and PC3. The three
PC scores differed significantly only for two histopathological parameters, i.e. the PC distribution in the tumor
microenvironment, and the thickness of the melanoma according to Breslow. Regarding the distribution of
PC, the number of intratumoral PC increased from score PC1 to score PC3, indicating that with increasing
numbers of PC in the inflammatory infiltrate, these PC tended to be more in direct contact with melanoma
cells (p 0.006). Moreover, PC3 melanomas were significantly thicker than PC2 and PC1 melanomas (p 0.008).
All other histopathological parameters (subtype, mitotic rate, ulceration, regression, lymphatic/vascular
invasion, microsatellites) were not significantly correlated with the number of PC in the infiltrate.
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Clinical features Histological features
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Figure 2 Statistical analysis of the clinical and histopathological features of PC-rich, PC1 and PC- melanomas.
Parameters that reach significance are marked by asterisks.

H&N = head and neck

SSM = superficial spreading melanoma
NM = nodular melanoma

ALM = acral lentiginous melanoma

LVI = lymph/vascular invasion
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CLINICAL FEATURES HISTOLOGICAL FEATURES
PC SCORE Sex Age Site Subtype Breslow thickness(mm) Ulceration Regression Mitoses/mm2 Lymph/vascular invasion

Cases from Leuven (#)

1 3 F 65 trunk SSM 2,05 no no 16 no
2 3 F 80 - N 2,75 yes yes =6 no
3 3 F 72 - SSM 49 yes no =6 no
4 3 0] 69 trunk SSM 76 yes no =6 no
S 3 F 75 limb SSM 25 yes no =6 no
6 3 F 86 trunk SSM 24 yes no =6 no
7 3 0] 51 - N 53 yes yes =6 no
8 3 0] 68 h&n SSM 54 yes no =6 no
9 3 0] 64 trunk SSM 2,31 yes no >6 yes
10 3 0] 77 trunk N 13 yes no >6 yes
11 2 ] 61 acral SSM 2,69 yes no 16 no
12 2 M 29 trunk N 1,28 yes no 16 no
13 2 0] 36 trunk SSM 32 yes no >6 yes
14 2 ] 29 limb N 2,94 yes no >6 no
15 2 ] 54 acral ALM 3 no yes 16 no
16 2 F 78 h&n SSM 4,64 yes no =6 no
17 2 0] 20 h&n N 2,24 yes yes 16 no
18 2 F 62 trunk SSM 6,29 yes yes >6 no
19 2 ] 82 h&n SSM 2,69 yes no =6 no
20 2 F 60 trunk SSM 0,91 no yes 16 no
21 2 M 80 - N 5,6 yes no =6 no
22 2 [t} 59 - SSM 2,13 yes yes =6 no
23 2 F 458 limb N 2,88 yes no 16 no
24 2 ] 26 - SSM 5,6 yes yes =6 no
25 2 F S6 genital SSM 34 yes no =6 no
26 2 M 72 limb SSM 2,16 yes no =6 no
27 2 ] 73 limb SSM 2,25 yes no =6 no
28 2 ] 43 trunk N 5,2 yes no 6 no
29 2 ] S0 trunk SSM 0,68 yes yes 16 no
30 2 F 69 limb SSM 2,07 no yes =6 no
31 2 F 75 - N 32 ves no >6 no
32 2 F 53 - N 4,18 yes no 16 no
33 2 F 85 trunk SSM 43 yes yes 0 yes
34 2 F SS trunk SSM no yes ny ny
35 1 F 47 limb SSM 9,2 yes no 6 yes
36 1 0] 86 trunk SSM 3,7 no yes 16 no
37 1 ] 73 limb N 1,86 yes no 16 no
38 1 ] 78 - SSM 2,56 no yes =6 no
39 1 0] 57 h&n SSM 3,2 yes yes =6 no
40 1 F 80 limb SSM 3,26 no no =6 no
41 1 ] 78 h&n SSM 26 no yes 16 no
Cases from Florence (#)
1 3 F 88 limb SSM S yes yes 16 no
2 3 0] 83 trunk N S yes no 16 no
3 3 0] 84 h&n N 6 yes no =6 no
4 3 0] 47 trunk SSM 65 yes no 16 yes
S 3 0] 77 h&n N 41 yes no =6 no
6 3 F 67 limb N 218 yes no =6 no
7 3 F 90 limb SSM 6,5 yes yes 16 yes
8 3 0] 78 trunk N 44 yes no 16 no
9 2 F 78 limb SSM 6 yes yes >6 no
10 2 0] S0 h&n N 12 yes no =6 no
11 2 0] 22 trunk SSM 48 yes yes 16 no
12 2 0] 81 h&n N 13 yes no 16 no
13 1 ] 80 trunk N S yes no >6 no
14 1 ] 66 trunk N 6 no yes 16 yes
15 1 0] 88 h&n VLT 5,4 yes no >6 no
Cases from Nijm egen (#)
1 3 F 87 limb SSM 10 yes yes >6 no
2 2 M 88 h&n SSM 28 yes yes 16 yes
3 2 M 62 trunk N 53 no no 6 no
4 2 M 40 - - 39 yes no >6 yes
S 2 M 58 trunk N 9 yes no =6 no
6 1 F 53 genital SSM 23 yes no 16 no

Supplementary Table 1 Clinical and histopathological features of PC-rich, PC1 and PC- melanomas.
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Primers for |pan-IgG NVB097 5-CAAgCCCAgCAACACCAAgE-3' NVB044 (s) 5-gCCgTggCACTCATTTACC-3'
IgH NVB098 (m) 5-AgeAAgApTeTe ATgAAgATge-3'
characterization|pan-IgA NVB052 5-gAAgCACTACACZAATCCCAg-3' NVB053(s) 5'-gCCATgACAACAZACACATTZAC-3'
NVB054(m) 5-AgAgeoTeAge AAgeTgATg-3'
pan-IgE NVB055 5-ACACTCCATCgTCCACAgAC-3' NVBO056(s) 5'g AgeCAgg AgTACETCATTTAC-3'
NVB057(m) 5-TCACgCTgAgCAge AAp ApT-3'
actin GCACCACACCTT CTACAATG TGC TTG CTG ATC CAC ATC TG
GADPH TGA AGG TCG GAG TCA ACG GAT TTG GT CAT GTG GGC CAT GAG GTC CAC CAC
Sense | | Antisense
VHL-1 5-TCACCATggACTgSACCTggA-3' NVB047(IgD-s) 5-TgeeeCCATgeTCTgTTACA-3'
first PCR: |VHL-2 5-CCATggACACACTTTgYTCCAC-3' NVB050(IgM-s) 5'-ATgACCAggg ACACeTTgTAC-3'
degenerated |[VHL-3 5-TCACCATggAgTTTgggCTgAgC-3' NVB044 (IgG-s) 5'-gCCeTegeCACTCATTTACC-3'

primers mix* [VHL4  5-AgAACATgAAACAYCTgTggTTCTT-3'| NVB053(IgA=s) 5-gCCATgACAACAgACACATTZAC-3'
VHL-5 5-ATggggTCAACCgCCATCCT-3'

Primers for VHL-6 5-ACAATgTCTgTCTCCTTCCTCAT-3'
Gene Scan
Analysis VH-1 5-CAggTSCAgCTggTRCAETC-3' NVB137(IgD) 5'6FAM-CTgATATgATgegg AAC-3'
second PCR: [VH-2 5-CAgRTCACCTTgAAggAgTC-3' NVB1138 (IgM) 5'6FAM-gAA2CCCCgeeTACTgCT-3"
degenerated (VH-3 5-SAggTgCAgCTggTggAgTC-3' NVB1139 (IgG) 5'6FAM-AgTTCCACgACACCgTCAC-3'
primers mix* [VH4 5-CAggTgCAgCTgCAggAgTC-3' NVB140(IgA) 5'6FAM-gCATgTCACggACTTgCC-3'

VH-5  5-gARgTgCAgCTgeTgCAgTC-3'
VH6  5-CAgeTACAZCT2CAzCARTC-3'

Supplementary Table 2 Primers
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Immunohistochemical features of PC+ melanomas
Sixteen cases of PC+ primary melanomas were available for immunohistochemical analysis.

Immunohistochemistry for Ig light chains showed the PC to be polyclonal (data not shown) and staining for
different isotypes of immunoglobulins (IgA, 1gG, IgM, IgD, IgE) revealed ed that the major part (usually more
than 50%) of the PC in the melanoma-associated inflammatory infiltrate was positive for 1gG (data not
shown). Interestingly, an equally important PC component of the infiltrate expressed IgA. Using double
chromogenic immunohistochemistry for the membranous PC marker CD138 (brown) and cytoplasmic IgA
(red) the quantity of IgA+ PC as a fraction on the total of the CD138+ PC was evaluated in PC+ melanomas .
In 3/16 (18%) of the cases, more than 50% of PC expressed IgA, in 7/16 (44%), 10-50% of PC expressed IgA,
and 6/16 (38%) cases were devoid of a significant IgA+ PC component. In total, 56% of cases showed more
than 10% of all PC to express IgA and all these cases had clusters (PC2 score) or sheets (PC3 score) of PC. The
distribution of the IgA+CD138+ score from PC1 to PC3 melanomas showed that IgA+ PC increased with
increasing numbers of PC in the melanoma (Table 1). In order to rule out that ulceration by itself was the
trigger for IgA switch, 20 randomly chosen non-neoplastic ulcers and two (positive control) genital and
mucosal ulcers were analyzed histologically and immunohistochemically. Nine had PC in the infiltrate, and
these ulcers occurred more frequently in head and neck areas (Supplementary Table 3). On double
chromogenic immunohistochemistry, the number of IgA+ plasma cells was generally low in cutaneous non-
neoplastic ulcers as compared to those at mucosal sites where equal numbers of IgA+ and IgG+ PC were
found.

As they represent a site of plasma cell formation, the occurrence of tertiary lymphoid structures (TLS)
in the inflammatory stroma was investigated by immunostainings in consecutive serial sections of 16 cases
for CD20 (B-cells), CD3 (T-cells), CD21 (follicular dendritic cells (FDC), and peripheral nodal addressin (PNAd),
a high endothelial venule (HEV) marker. The presence of B and T-cells, as well as FDC and HEV together in a
lymphoid aggregate was considered to be sufficient to define a TLS (34). According to this criterium, only 2
out of 16 cases of PC+ melanoma presented with TLS (Table 1).

Molecular analysis of Ig genes expressed by PC+ melanomas

We first analyzed the isotype of the immunoglobulin-expressing cells present in 2 PC-rich primary
melanomas, for which frozen material was available. We used RT-PCR to detect the IGHD, IGHM, IGHG, IGHA
and IGHE transcripts, which encode the constant regions of Ig heavy chains (Figure 3a). The secreted isoforms

of 1gG and IgA were more expressed than the corresponding membranous isoforms and than the other
isotypes, thus confirming that they are the main isotypes expressed by PC in melanoma.

To further characterize the clonality of the infiltrating PC, we analyzed the diversity of the Ig gene
repertoire with the immunoscope approach. To this aim, we used two rounds of nested RT-PCR, including
fluorochrome-coupled primers for the last PCR round, to amplify all the VDJ sequences present in IgG-s and
IgA-s transcripts. The amplified fluorescent fragments were then separated according to their length by high-
resolution electrophoresis (Figure 3b). In both tumors, the IgG were found to have a polyclonal pattern
whereas the IgA repertoire was more restricted, indicating oligoclonality.
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case# PCScore IgA+/CD138+ TLS
|4

1 3 >50% yes
2 | 3 >50% no
3 [ 3 10-50% no
4 [ 3 10-50% no
5 [ 3 10-50% no
6 | 3 <10% no
7 2 >50% no
8 | 2 10-50% no
9 | 2 10-50% no
10 | 2 10-50% no
11 2 10-50% no
12 | 2 <10% no
13 f 1 <10% yes
14 1 <10% no
15 1 <10% no
16 1 <10% no

Table 1 Immunohistochemical analysis. Double staining for IgA and CD138 showed an increase of the
amount of IgA+ plasma cells that goes together with the quantity of plasma cells in the infiltrate.
Immunohistochemistry for CD3, CD20, CD21 and pNAD identified the presence of tertiary lymphoid
structures in only 2/16 cases.

Non neoplastic Ulcers Site PCscore IgA+/CD138+
ulcer nos trunk 2 n.a.
ulcer nos trunk 0
ulcer nos trunk 0
ulcer nos trunk 0
ulcer nos trunk 1 <10%
artifactual? trunk 1 n.a.
Lichen trunk 0
ulcer nos limb 2 10-50%
ulcer nos limb 0
ulcer nos limb 0
ulcer nos limb 0
re-excision melanoma limb 0
ulcer nos h&n 3 <10%
ulcer nos h&n 2 <10%
ulcer nos h&n 2 <10%
Nodular condrodermatitis h&n 0
ulcer nos acral 2 <10%
ulcer nos acral 0
ulcer nos genitalia 0
ulcer nos mucosal 3 ca 50%

Supplementary Table 3 IgA in non neoplastic Ulcers
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Figure 3 Molecular analysis of Ig genes expressed in PC-rich melanomas. (a) Identification by RT-PCR of the membrane-
bound (m) and secreted (s) isoforms of the five Ig isotype families expressed in two primary melanomas with PC
infiltration. (b) Immunoscope analysis of IgA-s and IgG-s in one of the two primary melanomas. (c,d) Immunoscope
analysis of IgA-s in 9 LN draining PC-rich melanomas.

LN = lymph node, FFPE = formalin fixed paraffin embedded

N- = uninvolved lymph nodes, N+ = lymph nodes involved by the tumor
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Analysis of lymph nodes draining PC+ melanomas
In the loco-regional lymph nodes, the same score used for primary melanomas was applied to

quantify the amount of PCinfiltrates. In lymph nodes with score 1, scattered PC were predominantly localized
in the medullary sinuses. In lymph nodes with score 2 and 3, PCneg clusters and sheets were found in the
medullary sinuses as well as in the sub-capsular region. In 12/14 lymph nodes draining the site of a PC+
melanoma, the PC score in the lymph node was the same or higher than the score in the corresponding
primary melanoma. Therefore, a good correlation existed between the PC score in draining lymph nodes and
primary melanoma (Figure 4). Using double 1gA/CD138 immunohistochemistry, the percentage of IgA + PC
varied between 10 and 50% of the total number of nodal PC in 11 out of 14 cases; moreover, a high
percentage of IgA PC was also found in cases with scattered PC (PC1 score).

Gene Scan Analysis, focused on the secretory part of IgA, was performed on frozen material from 9
lymph nodes previously studied by immunohistochemistry. Seven of these cases had 10-50% IgA+ PC in the
lymph node, whereas the other 2 had no relevant IgA component in the lymph node. In 7 out of 9 cases,
Gene Scan Analysis showed oligoclonality of the secretory IgA component suggesting an antigen-driven IgA-
immune response (Figure 3 c, d). In 2 out of 9 cases, a lymph node with sheets of PC (PC3) showed
predominance of IgG PC, and a score 1 case with prominent IgA+ PC, had a polyclonal IgA secretory
component. These two cases proved that, even in presence of a minority of IgA positive PC in the lymph
node, polyclonality could be detected. Moreover, in the latter case (score 1 with prominent IgA+ PC), a
restriction of IgM and IgG was detected, suggesting an antigen-driven immune response involving IgG and
IgM, but not IgA.

Outcome of patients with PC+ melanomas
Since our data showed that PC are found in a low percentage of primary melanomas and that they

are associated with unfavourable prognostic factors, we analyzed their outcome in a series of 85 thick
melanomas from Australia. In this series, PC were found in 33 cases (38%), an important increase in
comparison to the incidence of 19.5% of PC+melanomas that were found among the thick melanomas
subgroup from the KUL data set. This could be due to differences between melanomas arising in the Belgian
population compared to the Australian one. PC1 melanomas were 12 (36%), PC2 11 (33%), and PC3 10 (31%).
In this series of thick melanomas, the presence of PC correlated again with Breslow thickness (p 0.0002),
subtype of melanoma (p 0.0037), and ulceration (p 0.0002). On the other hand, mitotic count and
lymphatic/vascular invasion, associated with the presence of PC in the original Leuven data set, lost
significance in the series from Australia.

Immunohistochemical staining revealed that 21 out of 33 cases (70%) presented a relevant IgA+ PC
component. The distribution of the IgA score was homogeneous among the PC scores: also cases with sparse
PC showed predominant expression of IgA. In particular, 9 out of 12 PC1 melanomas presented between 10
and 50% of IgA+ PC in the infiltrate; 6 out of 11 PC2 melanomas had IgA+ PC (which in two cases comprised
more than 50% of the PC) and 9 out of 10 PC3 melanomas had in almost all cases more than 50% of IgA+ PC.

Of the 52 cases without PC in the inflammatory infiltrate, 26 patients were alive without disease, 3
alive with melanomas, 11 dead due to melanoma and 12 dead due to a cause unrelated to melanoma or by
unknown cause. Of the 21 PC-rich melanomas (PC2 and PC3), 10 patients were alive without disease, 9 dead
due to melanoma, 1 dead due to other causes, and none alive with melanoma. Of the 12 PC1 melanoma
patients, 8 were alive without disease, 2 were alive with melanomas, 1 dead due to melanoma and 1 dead
due to unknown cause. The Kaplan-Meier curves of survival were not significant for the absolute presence
or absence of PC in the inflammatory infiltrate, but were significant for the difference in survival of patients
with PC-rich melanomas vs those with melanomas lacking PC and and PC1 melanomas (Figure 5). Hence,
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patients with PC-rich melanomas showed a worse survival compared to those with PCheg melanomas (p:
0.002). The survival of patients with PC1 melanomas appeared to be better than that of patients with PCneg
melanomas, but this finding did not reach statistical significance. The same difference in survival was found
when comparing the survival patients with ulcerated melanomas at all sites with that of ulcerated melanomas
on the limbs, thereby eliminating the bias of ulceration and site of occurrence (Supplementary figure 1).
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Figure 4 Correlation between the plasma cells score in primary melanomas and in lymph nodes. After application of

the same scoring system used in primary melanomas, a good correlation (green = good correlation / red: poor

correlation) was found between the amount of plasma cells in the tumoral site and in the draining lymph nodes (pictures
on the right, from top to bottom sparse plasma cells, clusters and sheets in the lymph nodes).
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Figure 5 Survival analysis of melanomas with plasma cells. The overall survival does not significantly differ between
PC+ and PC- melanomas (a), but among the different PC scores, the score 3 and score 2 melanomas (“PC-rich”), show a
worse prognosis than score 0 (“PCneg”) and score 1 melanomas (p 0.002) (b), therefore these two last groups could be
prognostically grouped toghether under the definition of “PClow” melanomas (c).
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Discussion

Our work investigated the significance of PCin melanoma in a wide data set, because in the literature,
the role of this B cell subtype in melanoma is almost unexplored. In fact, only two studies (29) (30) have been
performed on this topic more than 30 years ago; one study correlates their presence with an increased risk
of lymph node metastasis, and the other study shows an association with poor survival. More recently, a
third study has quantified PC at around 8% of the total cellularity of the inflammatory infiltrate in melanoma
metastases (31).

From our study, it appears that PC+ melanomas are rare, and occur in less than 4% of invasive
melanomas. From a clinical point of view, PC+ melanomas occur at an older age, i.e. some 10 years later than
the median age of melanomas lacking PC. From a histopathological point of view, we found PC to be
associated with features of worse prognosis: high Breslow thickness, high numbers of mitoses, presence of
ulceration and of lymphatic/vascular invasion. Moreover, in the PC-rich group, there was a prevalence of NM,
the only melanoma subtype known in the literature to have a worse prognosis compared to the other
subtypes (32). Ulceration may result in inflammatory infiltrates that contain PC. To verify that the class
switching was related to the tumor and not to the ulceration, we examined also a series of non-neoplastic
ulcers and found a low percentage of IgA+ PC on the total number of PC in ulcers at non-mucosal sites.

To confirm the poor prognostic significance of PC among the stromal cells in melanomas, we
performed a survival analysis in a selected group of thick melanomas (> 2 mm) to minimize the impact of the
thickness on the statistical analysis. In this data set, 38% of the melanomas carried PC in the infiltrate. In this
“thick melanomas” subgroup, as expected, the most frequent subtype associated with the presence of PC
was NM. Moreover, PC+ melanomas occurred more frequently in intermittently sun exposed areas, like trunk
and acral sites, while melanomas lacking PC involved head and neck and limbs, that are sites known to be
chronically sun-damaged. The mere presence of PC in the infiltrate, irrespective of their number, did not,
however, predict a poor outcome. This is in contrast with the previous two papers (29) (30) in which PC were
found to correlate with survival, although the relative number of PC in the infiltrate was not specified. In our
survival analysis, only PC-rich (PC2-3) melanomas, i.e. those showing clusters and confluent sheets of PC,
showed a worse survival compared to PCneg melanomas, while patients with PC1 melanomas (showing
scattered PC in the stromal infiltrate) appeared to have a better survival than those lacking PC, although no
statistical significance was reached. Therefore, we can divide cases in two groups according to survival, the
PC-rich melanomas (PC2-3), and the PC-low melanomas (PC1-0) (Figure 5c). The influence of the quantity of
plasma cells on survival could be due to the fact that, at the beginning of the plasma cell response, PC may
either have a beneficial effect, or their effect is not yet detectable because it is counterbalanced by other
immune mechanisms.

When the isotype of the PC was explored, we found that the two most predominant
immunoglobulins produced are IgG and IgA. In general, the presence of tumor-specific antibodies has always
been regarded as a good prognostic factor. (33) The presence of tumor-infiltrating B cells and Ig k chains
genes overexpression within the tumor bed have been positively correlated with metastasis-free survival and
response to chemotherapy in breast cancer. (34) On the other hand, different immunoglobulin isotypes have
been shown to play different roles in human cancers. IgM and IgD identify the naive, pre-switched B cell. The
life span of this cell depends on exposure to antigen: according to Burnet’s "clonal selection" theory, B cells
are rescued from apoptosis by their response to antigens. (35) B cells can respond directly to an antigen,
independently from T cell help, or can participate in cognate recognition of the antigen with T cells, through
the costimulatory molecules CD80 and CD86. The latter takes place during a germinal center reaction and
results in class switching and somatic hypermutations of the immunoglobulin variable domains, thus giving
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birth to Ig-variants with various affinities for the antigen, thereby improving its recognition. (35) In this
manner, B cells differentiate into PC and switch from expression of the constant region of the IgM (Cu) to
expression of the same VHDJH-exon with any of the downstream CH genes (Cal,2, Cy1,2,3,4, or Ce), thereby
becoming an IgA, IgG or IgE molecule. Class switching appears to be dependent on external cytokine signals:
IFN-y favors 1gG2 switching, IL-4 favors 1gG4 and IgE switching, and transforming growth factor-p (TGF-B)
favors IgA switching (35). In our series of PC+ melanomas, we found predominantly IgG and IgA expression
in the PC. With regard to IgG, the 1gG4 subclass has been linked to a worse outcome, and has turned out to
have blocking effects on the binding of tumor-specific IgG1. (36) On the other hand, the ectopic expression
of FcyRIIB, an inhibitory receptor for IgG, on melanoma cells, was found to promote liver metastasis allowing
the tumor to escape humoral immunity. (15)

Unexpectedly, a high proportion of PC expressed IgA. IgA has been found to have blocking properties
on cytotoxic T cell reactions against melanoma (37) and has been shown to play a tolerogenic role in the gut
(38), and an immunosuppressive role counteracting 1gG activities in intestine transplantation. (39) More
recently, Shalapour et al. correlated IgA-producing plasmablasts with the failure of immunogenic
chemotherapy in mice with prostatic cancer, confirming the role of IgA in counteracting the immune
response. (40)

In our data set, the relative number of IgA+ PC tended to increase with the total number of PC
(expressed as PC score) as well as with melanoma thickness. Indeed, in the “thick melanomas” data set, IgA+
PC were more frequently found than in the original data set. Moreover, at the Gene Scan Analysis, transcripts
of few different lengths were found for IgA indicating oligoclonality, whereas transcripts with high variability
in length were found for IgG, indicating polyclonality. This strongly suggests an antigen-driven restriction of
the tumor-associated IgA+ PC. The nature of this antigen is as yet unknown, but currently under study.

Finally, we sought to elucidate the origin of the melanoma-associated IgA+ PC. Under normal
circumstances, B lymphocytes are not detectable in the skin due to their very low number. (41) The adaptive
humoral immune response classically originates in secondary lymphoid organs (SLO), but may be generated
in situ within TLS. TLS are inducible and transient structures that occur in non-lymphoid organs, and that
share with SLO the same cytokines involved in their genesis, and the same B and T topography. (22) TLS are
composed of T-areas containing mature dendritic cells and B-areas containing germinal centers with evidence
of isotype switching in B-cells; in addition, TLS possess PNAD + HEV and express a range of cytokines
important for the organization of SLO. (42) Not all these features are present at the same time, suggesting
evolution over time of TLS. (34) A recent study in lung carcinomas, demonstrated that TLS were able to
produce polyclonal IgG and IgA directed against several tumor antigens, (34) and in melanoma metastases,
B cells in the follicles of TLS were shown to be involved in IgA responses. (43) However, analysis of our series
showed TLS in only 2 of 15 primary melanomas; hence, it is unlikely that the PC were produced «in situ» in
the skin.

After contact with the antigen and their phenotype switching in Peyer’s plaques, intestinal
plasmablasts migrate to the lymph nodes in order to proliferate and hypermutate; thereafter, they finally
reach the lamina propria to mature into IgA-secreting PC. (44). Similarly, B cells continuously recirculate
between skin and lymph nodes, (45). Therefore, we investigated the loco-regional lymph nodes draining the
PC+ melanoma site. In these lymph nodes, we generally observed a considerable number of IgA+ PC, the
number of which correlated with the number in the primary melanoma. This suggests that the IgA response
involves a recirculation of IgA+ PC (or plasmablasts) between the skin and the lymph nodes. Finally, the Gene
Scan Analysis performed on the DNA extracted from the loco-regional lymph nodes showed oligoclonality of
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the secretory IgA component both in the involved and uninvolved tumor draining lymph nodes thereby
indicating that the IgA+ PC in the lymph node also showed antigen restriction. This result is in agreement
with the finding of oligoclonal patterns in T-cell receptor rearrangements in both primary melanomas and
draining lymph nodes. (45)

In conclusion, primary melanomas with clusters and sheets of plasma cells in the inflammatory micro-
environment are rare (3.7%), occur in older patients, and are associated with histological markers of poor
prognosis and with a poor survival. Melanoma-infiltrating plasma cells are predominantly of the IgG and IgA
isotypes. The low incidence of PC positive cases and their already high risk nature limit the utility of these
findings in prognostication and, anyway, additional validation would be required before using the findings
for clinical decision-making purposes. Nevertheless, we suggest that these IgAs, which are likely antigen-
induced, exert a tumor-promoting role, either by interaction with other cells in the micro-environment or by
blocking soluble, growth-inhibiting molecules. Characterization of these IgA and determination of their target
antigens may help to understand the role of humoral immunity in melanoma.

54



References
1. Bastian BC. The molecular pathology of melanoma: an integrated taxonomy of melanocytic neoplasia. Annu
Rev Pathol. 2014,9:239-71.

2. Bae JM, Choi YY, Kim DS, et al. Metastatic melanomas of unknown primary show better prognosis than those
of known primary: a systematic review and meta-analysis of observational studies. ] Am Acad Dermatol. 2015,;72:59-70.

3. Lo JA, Fisher DE. The melanoma revolution: from UV carcinogenesis to a new era in therapeutics. Science. 2014
Nov 21;346:945-9

4. Powles T, Eder JP, Fine GD, et al. MPDL3280A (anti-PD-L1) treatment leads to clinical activity in metastatic
bladder cancer. Nature. 2014,;27;515:558-62.

5. Herbst RS, Soria JC, Kowanetz M, et al. Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A
in cancer patients. Nature. 2014,;27,515:563-7.

6. Tumeh PC, Harview CL, Yearley JH, et al. PD-1 blockade induces responses by inhibiting adaptive immune
resistance. Nature. 2014,;27;515:568-71.

7. Sharma P, Allison JP. Imnmune Checkpoint Targeting in Cancer Therapy: Toward Combination Strategies with
Curative Potential. Cell. 2015;9;161:205-14.

8. Zhou D, Huang C, Lin Z, et al. Macrophage polarization and function with emphasis on the evolving roles of
coordinated regulation of cellular signaling pathways. Cell Signal. 2014;26:192-7.

9. Martinez FO, Gordon S, Locati M, Mantovani A. Transcriptional profiling of the human monocyte-to-
macrophage differentiation and polarization: new molecules and patterns of gene expression. J Immunol.
2006;,177:7303-11.

10. Biswas SK, Mantovani A. Macrophage plasticity and interaction with lymphocyte subsets: cancer as a paradigm.
Nat Immunol. 2010;11:889-96.

11. Zitvogel L, Kroemer G. CD103+ dendritic cells producing interleukin-12 in anticancer immunosurveillance. Cancer
Cell. 2014;26:591-3.

12. Balkwill FR, Capasso M, Hagemann T. The tumor microenvironment at a glance. J Cell Sci. 2012;125:5591-6.

13. Laddnyi A Prognostic and predictive significance of immune cells infiltrating cutaneous melanoma. Pigment Cell
Melanoma Res. 2015 [Epub ahead of print]

14. Kitamura T, Qian BZ, Pollard JW. Immune cell promotion of metastasis. Nat Rev Immunol. 2015;15:73-86

15. Smith HA, Kang Y. The metastasis-promoting roles of tumor-associated immune cells. J Mol Med (Berl).
2013;91:411-29.

16. Bulman A, Neagu M, Constantin C. Immunomics in Skin Cancer - Improvement in Diagnosis, Prognosis and
Therapy Monitoring. Curr Proteomics. 2013;10:202-217.

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

18. Clark WH IJr, Elder DE, Guerry DT, et al Model predicting survival in stage | melanoma based on tumor
progression. J Natl Cancer Inst 1989;81:1893-1904

19. Cipponi A, Wieers G, van Baren N, Coulie PG.Tumor-infiltrating lymphocytes: apparently good for melanoma
patients. But why? Cancer Immunol Immunother. 2011,;60:1153-60.

55



20. Hillen F., Baeten, C.I.M., van de Winkel, A., et al. Leukocyte infiltration and tumor cell plasticity are parameters
of aggressiveness in primary cutaneous melanoma. Cancer Immunol. Inmunother. 2008;57:97-106

21. Hussein, M.R., Elsers, D.A.H., Fadel, S.A., and Omar, A.E.M. Immunohistological characterization of tumour
infiltrating lymphocytes in melanocytic skin lesions. J. Clin. Pathol. 2006,59:316—324

22. Fridman WH, Remark R, Goc J, et al. The immune microenvironment: a major player in human cancers. Int Arch
Allergy Immunol. 2014;164:13-26.

23. Linnebacher M, Maletzki C. Tumor-infiltrating B cells: The ignored players in tumor immunology.
Oncoimmunology. 2012;1:1186-1188.

24. Linnebacher M. Tumor-infiltrating B cells come into vogue. World J Gastroenterol. 2013;19:8-11

25. Martinez-Rodriguez M, Thompson AK, Monteagudo C. A significant percentage of CD20-positive TiLs correlates
with poor prognosis in patients with primary cutaneous malignant melanoma. Histopathology. 2014;65:726-8.

26. Fremd C, Schuetz F, Sohn C, Beckhove P, Domschke C. B cell-regulated immune responses in tumor models and
cancer patients. Oncoimmunology. 2013;1,;2:25443.

27. Laddnyi A, Kiss J, Mohos A, et al. Prognostic impact of B-cell density in cutaneous melanoma. Cancer Immunol
Immunother. 201,;60:1729-38.

28. Bruno TC, French JD, Jordan KR, et al. Influence of human immune cells on cancer: studies at the University of
Colorado. Immunol Res. 2013;55:22-33.

29. Weissmann A, Roses DF, Harris MIN, Dubin N. Prediction of lymph node metastases from the histologic features
of primary cutaneous malignant melanomas. Am J Dermatopathol. 1984,6:35-41.

30. Mascaro JM, Molgo M, Castel T, Castro J. Plasma cells within the infiltrate of primary cutaneous malignant
melanoma of the skin. A confirmation of its histoprognostic value. Am J Dermatopathol. 1987;9:497-9.

31. Erdag G, Schaefer JT, Smolkin ME, et al. Immunotype and immunohistologic characteristics of tumor-infiltrating
immune cells are associated with clinical outcome in metastatic melanoma. Cancer Res. 2012;72:1070-80.

32. Bolognia JL, Jorizzo JL, Schaffer JV. Melanoma, In: Elsevier, Dermatology 3rd edn. 2012. pp 922

33. Morton D, Eilber FR, Malmgren RA, Wood WC. Immunological factors which influence response to
immunotherapy in malignant melanoma. Surgery. 1970;68:158-63

34. Germain C, Gnjatic S, Dieu-Nosjean MC. Tertiary Lymphoid Structure-Associated B Cells are Key Players in Anti-
Tumor Immunity. Front Immunol. 2015;23:6-67.

35. Vale AM, Schroeder HW Jr. Clinical consequences of defects in B-cell development. J Allergy Clin Immunol.
2010;125:778-87.

36. Karagiannis, P, Gilbert AE, Josephs DH, et al. IgG4 subclass antibodies impair antitumor immunity in melanoma.
J. Clin. Invest. 2013;123:1457-1474

37. O’Neill PA, Romsdahl MM. IgA as a blocking factor in human malignant melanoma. Immunological
communications 1974,;3:427-438

38. Doi T, Kanai T, Mikami Y, et al. IgA plasma cells express the negative regulatory co-stimulatory molecule
programmed cell death 1 ligand and have a potential tolerogenic role in the intestine. Biochem Biophys Res Commun.
2012;425:918-23.

39. Ningappa M, Ashokkumar C, Ranganathan S, et al.Mucosal plasma cell barrier disruption during intestine
transplant rejection. Transplantation. 2012;94:1236-42.

56



40. Shalapour S, Font-Burgada J, Di Caro G, et al. Immunosuppressive plasma cells impede T-cell-dependent
immunogenic chemotherapy. Nature. 2015;521:94-8.

41. Egbuniwe IU, Karagiannis SN, Nestle FO, Lacy KE. Revisiting the role of B cells in skin immune surveillance. Trends
Immunol. 2015,36:102-11.

42. Dieu-Nosjean MC, Goc J, Giraldo NA, Sautés-Fridman C, Fridman WH. Tertiary lymphoid structures in cancer and
beyond. Trends Immunol. 2014;35:571-80.

43. Cipponi A, Mercier M, Seremet T, et al. Neogenesis of lymphoid structures and antibody responses occur in
human melanoma metastases. Cancer Res. 2012;72:3997-4007.

44, Hahn A, Thiessen N, Pabst R, Buettner M, Bode U. Mesenteric lymph nodes are not required for an intestinal
immunoglobulin A response to oral cholera toxin. Imnmunology. 2010;129:427-36.

45, Thurin M, Marincola FM, Molecular Diagnostics for Melanoma: Methods and Protocols, In Springer: Methods
in Molecular Biology, 2014, pp287-324.

57



58



CHAPTER Il — ABERRANT HLA-DR EXPRESSION IN MELANOMA TISSUE: HINTS AT A GERMINAL
CENTER-LIKE INFLAMMATORY MICROENVIRONMENT

O BE SUBMITTED

59



Aberrant HLA-DR expression in melanoma
tissue: hints at a germinal center-like
inflammatory microenvironment.

Francesca Maria Bosisio'?, Zeynep Kalender Atak3, Jasper Wouters?, Asier Antoranz?, Vaia Pliaka®, Angeliki
Minia®, Jan Roznac*®, Leonidas G Alexopoulos*®, Stein Aerts 3, Joost van den Oord?

1 Laboratory of Translational Cell and Tissue Research, KUL, Herenstraat 49, 3000, Leuven, Belgium.
2 Universita degli studi di Milano-Bicocca, Milan, Italy.

3 Laboratory of Computational Biology, KUL, Leuven, Belgium;

4 ProtATonce Ltd, Athens, Greece.

5 National Technical University of Athens, Athens, Greece.

6 Life Sciences Research Unit, University of Luxembourg, Belvaux, Luxembourg

To the editor,

Major histocompatibility complex (MHC, also known as Human Leukocyte Antigens, HLA) class Il
molecules are typically expressed by antigen presenting cells (APCs) to present extracellular proteins to CD4+
T lymphocytes. (1). Three major MHC class Il genes are known: HLA-DR, HLA-DQ, and HLA DP. HLA-DR is the
most frequently expressed MHC Il molecule. In an inflammatory microenvironment, aberrant MHC class I
molecule expression can occur on non-hematopoietic cells, including melanoma cells, in particular following
interferon-y (IFNg) secretion, the most powerful MHC Il inductor (2). It may be tempting to assume that MHC
Il expression by melanoma cells would increase tumour antigen presentation and hence favour the immune
response. However, MHC Il is also a ligand for checkpoint inhibitor molecules such as Lymphocyte-activation
gene 3 (LAG3), expressed by activated T lymphocytes, that can turn these lymphocytes into exhaustion upon
contact with MHC Il positive melanoma cells (3). Moreover, if MHC |l expression in melanoma cells occurs
without co-expression of co-stimulatory receptors, there will be no activation of T cells (4) (5). These different
mechanisms may explain why some studies link MHC Il expression by melanoma cells with an unfavourable
clinical outcome, whereas other studies associate it with tumor regression and longer survival (2) (6) (7) (8)
(9). Furthermore, analysis of MHC llI-positive melanomas and melanoma cell lines usually does not
differentiate between constitutive and IFNg-induced MHC Il expression. Constitutive expression is associated
with a more rapid progression of the melanoma (4).

Despite all these findings, little is known about the actual immune microenvironment in areas of
melanoma cells expressing MHC II. It has been reported that these areas would be characterized by enhanced
TILs infiltration and with the expression of lymphocytic activation pathways signatures (10) whereas another
study reports the occurrence of tumor-specific CD4+ T lymphocytes in areas of MHC I+ melanoma cells, that
prevent the activation of cytotoxic T lymphocytes through production of TNF (11).
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We decided therefore to investigate the immune microenvironment in areas of MHC Il expression in
melanoma using microdissection of HLA-DR+ areas, followed by RNA-seq, qPCR and proteomics.

As only a subset of melanomas expresses MHC Il molecules, we analyzed a series of 19 fresh frozen
melanoma metastases, collected at the Department of Pathology of the UZ Leuven, Belgium, and stained
them for HLA-DR molecules (Abcam, SPM289, 1:1000). To distinguish between IFNg-induced and constitutive
MHC expression, we measured in each case the level of IFNg expression by gPCR (forward
‘TGTTACTGCCAGGACCCA’ and reverse ‘TTCTGTCACTCTCCTCTTTCCA’). We identified 11/19 HLA-DR+
melanomas (Figure 1), and we selected two cases with similar high levels of IFNg expression for
microdissection. In both patients, we microdissected HLA-DR positive and negative areas, with the aim of
comparing the gene expression profile through Next Generation Sequencing between MHC Il positive and
negative areas within the same lesion. Microdissection was restricted to the tumoral nodules and excluded
the stromal tissue surrounding the melanoma nodules. We identified two signatures based on GOrilla (Gene
Ontology enRlchment analysis and visualizAtion tool) (12) analysis cut-offs, i.e. “HLA-DR-up” (689 genes
upregulated in HLA-DR+ areas) and “HLA-DR-down” (2396 genes downregulated in HLA-DR+ areas).

First, we evaluated the enrichment of the HLA-DR-up signature in other databases, i.e. in the
Mesenchymal Transition/Mitotic/Lymphocyte-specific signatures (13) and in the Invasive/Proliferative
signatures described by Hoek et al. (14) using Gene Set Enrichment Analysis (GSEA) (15) (16). In MHCII+
melanoma areas, we observed an enrichment for genes from the Lymphocyte-specific and the Mesenchymal
attractor metagenes (13), as well as from the Invasive signature as reported by Hoek at al. (14) Both these
findings were in line with the fact that our samples were taken at the periphery of the melanoma nodules,
where IFNg-induced HLA-DR expression and a lymphocytic infiltrate in often present, and where melanoma
cells possibly switch their phenotype towards invasion. Howevers, when we compared our signature with
the Invasive/Immune-infiltrated/Proliferative signature identified in the TCGA database (17), HLA-DR-up was
enriched only in genes from the “Immune-infiltrated” subgroup, confirming the pivotal importance of the
presence of an immune infiltrate for IFNg-dependent HLA-DR expression in melanoma. This “immune-
infiltrated” TCGA subgroup was also the one characterized by the best overall survival (Figure 2).
Furthermore, we analyzed the HLA-DR signatures with iRegulon (18), which identifies upstream regulators of
these genes. At the HLA-DR-up side, NFKB1 was enriched, together with the NFIC and TCF4 transcription
factors. The first two transcription factors are in line with the previously found enrichment inimmune-related
signatures. In fact, NFKB plays an important role in the immune system by regulating cytokines, growth
factors and various enzymes after interaction of T-cell receptors, B-cell receptors (BCRs), TNFR, CD40, BAFFR,
LTBR, and Toll/IL-1R with their respective ligands (19); and TCF4 is a regulator of immunoglobulin gene
expression (20). At the “HLA-DR-down” side, iRegulon found downregulation of ETS-factors and E2F
transcription factors , both involved in cell cycle control (21), as well as MITF, marker of the proliferative
phenotype (14), indicating again that MHCII+ melanoma areas, are characterized by a switch towards
invasion.
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Figure 1. Exploratory data set. In the table, in the left column, we indicate the immunohistochemical expression of HLA-
DR in our exploratory data set of melanoma metastasis. This is done as a qualitativate evaluation discriminating positive
and negative cases. For each case, in the right column, it is indicated the value of mMRNA expression of IFNg measured by
gPCR. On the right, the image shows the microdissection of two HLA-DR positive areas. HLA-DR was mostly found
expressed at the margins of the tumor nodules.
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Figure 2. Heatmap of the HLA-DR-up signature in TCGA and survival analysis. We explored the expression of the genes
involved in the HLA-DR signature that we found in the TCGA database. We divided the samples in groups according to
the Invasive/Immune-infiltrated/Proliferative signature in the upper image (top of the heatmap, green = invasive, blue
= immune-infiltrated, red = proliferative). The "leading-edge" genes are marked on the right border of the images in
green. These genes that contribute most to the enrichment are clearly upregulated in the immune-infiltrated group, that
it is the group charachterized also by the better survival (lower image, survival data for the invasive, immune-infiltrated
and proliferative samples).
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After investigating the significance of the HLA-DR signatures using open access databases, we
focused on the top 50 upregulated and downregulated genes of the HLA-DR-up signature (Figure 3) exploring
their ontology and involvement in biological pathways through Webgestalt (WEB-based GEne SeT Analysis
Toolkit) (22) (23). The top 50 downregulated genes were generally linked to metabolic and cell cycle-related
processes, without any specific or particular feature that would further characterized the type of
microenvironment in HLA-DR positive melanoma areas. Regarding the top 50 upregulated genes, we could
subdivide them into: a) MHC molecules (HLA-DRB1, HLA-DRB5, HLA-H); b) T cell-related genes (CD3E, CD3G,
CD52, CORO1A, ITK, PTPRCAP, SH2D1A, TRGC2, ZNF683); c) B cell-related genes (IGHG1, IGHG3, IGHG4,
IGHM, IGHV1-24, IGHV4-39, IGHV5-51, IGHV6-1, 1GJ, IGKV3-11, IGKV3-20, IGKV3D-20, IGKV4-1, IGLC3, IGLV1-
40, IGLV2-14, IGLV3-1, IGLV3-10, ISLR, MZB1); d) cytokines and their receptors (CCR7, CXCL13, DARC, IL10RA,
IL2RB, PYHN1, TNFRSF25, CCR5); e) myeloid cells-related genes (LILRB2, MNDA, SELPLG); and f) cell mobility
and metabolism-related genes (IGF2, MMP10, MMP7, MYCN, PNPLA1, STRA6, TKTL1, RARRES2, AIPL1, CTD-
2147F2.2, DENND1C, FAT3, FBXL21, MAGEA3, OCM2, PCDHA9, RAM3, TUBA4A). Considering the MHC
molecules, the expression of HLA-DRB1 and HLA-DRB5 represented an internal control for the correct
localization of the microdissection. HLA-H, instead, represented a novel finding. HLA-H is, together with HLA-
G, HLA-E, and HLA-F, a non-classical MHC class | molecule (24). It has a role in iron metabolism and in immune
suppression, both with repercussions on tumor progression (25). HLA-H is negatively regulated by Tumor
Necrosis Factor alfa (TNFa) and IFNg, which results not only in an increased iron uptake by the tumor, thereby
favouring tumor growth, but also an increased MHC | expression, favouring tumor clearance by the immune
system (26). Our results show that HLA-H was more expressed in HLA-DR+ melanoma areas, therefore
favouring immune escape. Within the upregulated genes, other genes with an immunosuppressive
significance were present. The T-cell related CD52 is an inductor of Tregs (27) and Coronin-1A (CorolA) is a
negative regulator of the TCR signalling (28). Within the myeloid cell-related genes, Leukocyte
Immunoglobulin-like receptor B2 (LILRB2) is able to bind to MHC class | molecules, thereby inhibiting the
immune response (29). Among the cytokines and their receptors, Interleukin 10 Receptor Subunit Alpha
(ILAORA) and tumor necrosis factor receptor superfamily member 25 (TNFRSF25) control lymphocyte
proliferation and C-C chemokine receptor type 5 (CCR5), expressed on T cells and macrophages, plays an
immunosuppressive role via interactions with Tregs (30). On the other hand, immunostimulatory genes such
as IL2RB and pyrin and HIN domain family, member 1 (PYHIN1), an IFN-inducible protein, were found.
Interestingly, the major part of the top 50 in the HLA-DR-up signature consisted of B- and T-related genes, in
particular several immunoglobulins (Ig) genes. Hence, MHC I+ melanoma areas harbour a mixed T and B
microenvironment with cross-talk between these cells, e.g. via SH2 domain—containing protein 1A (SH2D1A)
(31). Intriguingly, we found CCR7, C-X-C Motif Chemokine Ligand 13 (CXCL13) and Marginal zone B and B1
cell-specific protein (MZB1) co-expressed in the MHC II+ melanoma areas. CCR7 stimulates the migration of
memory T cells toward antigen presenting cells (32), CXCL13 is a chemoattractant that stimulates the
migration of lymphocytes toward germinal centers in secondary lymphoid organs (SLO) and tertiary lymphoid
organs (TLO) (33), and MZB1 is a marginal-zone specific protein involved in Ig production (34). Pathways
analysis using String (35) highlighted how HLA-DRB1, HLA-DRB2, CD3E, CD3G, ITK and IL2RB formed a first
central core of interconnected proteins participating together in different pathways, in particular the
downstream TCR signalling; but additionally, these proteins interact with a second functional core of proteins
including CCR7, CXCL13 and CCRS5. In conclusion, String analysis supported the existence of a germinal center-
like microenvironment in HLA-DR positive areas (Figure 3).
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To confirm that HLA-DR expression in melanoma was associated with the presence of an
environment rich in germinal center cytokines at the protein level, we extracted proteins from five 10
micrometers-thick cryostat sections from 8 HLA-DR positive and 4 HLA-DR negative melanomas according to
Allred et al (36). We built and validated a customized Multiplex ELISA panel for the Luminex Flexmap 3D at
Protavio (Athens, Greece), coupling different magnetic beads from Luminex with the capture antibody of the
duoset ELISA from R&D Systems against human IFNg, IL6, IL10, TNFalfa, IL4, CXCL10, IL17, IL13, CCL18, TGFb,
IL23, CXCL13, CXCL12, and CCL19. For data analysis, we applied three unsupervised machine learning
clustering methods, i.e. Principal Component Analysis (PCA), t-Distributed Stochastic Neighbour Embedding
(tSNE), and Hierarchical Clustering (HC). These three methods separated only partially the HLA-DR positive
and negative cases (Figure 4A). This means that we had some informative markers that allowed us to
distinguish HLA-DR positive from negative melanomas, and uninformative markers that an unsupervised
analysis cannot dismiss. In order to find the informative markers, we performed supervised clustering using
Linear Discriminant Analysis (LDA), which identified a minimum number of 5 informative markers (Figure 4B)
that would allow perfect separation of the negative from the positive cases; these 5 markers included IFNg,
IL4, and the three germinal center cytokines CCL19, CXCL12 and CXCL13 (Figure 4C), confirming germinal
center-like microenvironment in HLA-DR positive areas.
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Figure 4. Data analysis of the multiplex ELISA assay. (A) Here we show the unsupervised clustering approach
represented with PCA, tSNE and HC (clockwise) done on HLA-DR negative and positive cases; we found a hint of
clusterization using all the selected markers between HLA-DR positive and negative cases. We tried successively a
supervised clustering approach, defiing with linear discriminant analysis the minimal number of markers to distinguish
between HLA-DR positive and negative cases (B) and then applying those five markers (CCL19, CXCL12, CXCL13, IFNg and
IL4) to our validation data set (C). This allowed a correct classification of the HLA-DR positive and negative cases.
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type Breslow % HLA-DR+ cells Cell profiler %Tfh Average

ssmm 0,42
ssmm 1,125
ssmm 0,36

ssmm 0,71
ssmm 0,78
ssmm 0,7
ssmm 0,22
ssmm 0,78
ssmm 0,36
ssmm 0,28

1,25 " 0,704
2,02

Figure 5. Immunohistochemical analysis of 10 primary melanomas. In the table we illustrate the results of the
immunohistochemical analysis and image analysis performed on 10 melanomas, 5 classified as HLA-DR positive and 5
as HLA-DR negative by the automatic image analysis with Cell profiler, with the same range of Breslow thickness for the
two groups. Although there was a trend indicating that the percentage of Tfh cells in HLA-DR+ cases may be higher, the
p-Value was not significant.
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Germinal centers are characterized by a specific subset of T-cells, i.e. T follicular helper cells (Tfh)
that express the phenotype CD4+CXCL13+PD1+. Tfh cells migrate into the germinal center in response to
CXCL13 in order to support proliferation and maturation of B cells by secreting cytokines such as IL-21 and,
most importantly, IL-4 (Sage PT et al. Immunol Rev. 2016) To demonstrate enrichment of these cells in the
HLADR+ melanoma areas, we constructed a Tissue Micro-array of 5 HLA-DR+ and 5 HLA-DR- melanomas, and
stained them in immunofluorescence for CD4 (1:140, EPR6855, rabbit, Abcam), MelanA (1:100, PI9-17,
mouse IgG1, SCBT), HLA-DR (1:1000, SPM288, IgG2, Abcam), CXCL13 (1:100, 53610, mouse 1gG1, R&D) and
PD-1 (1:1000, UMAB197, mouse IgG2a, Origene). Images were processed with Imagel and analyzed with Cell
Profiler in order to quantify the number of Tfh. As shown in figure 5, HLA-DR+ cases had generally a higher
percentage of Tfh cells as compared to HLA-DR- cases with average Tfh percentages of 1,66% and 0,7%
respectively on the total amount of cells in the sample (Figure 5).

In summary, these findings may clarify the significance of aberrant HLA-DR expression in melanoma,
and possibly in other cancers and inflammatory conditions as well. T-B cell interactions and antigen
presentation usually occurs in the germinal center, allowing B cells to proliferate, differentiate and undergo
somatic hypermutation and isotype class switching, most typically from IgM to IgG or IgA. (37) The germinal
center cytokines CCL19, CCL21, and CXCL13 are expressed in secondary lymphoid organs (lymph nodes,
spleen, tonsils...) in order to attract T and B cells for these purposes. But germinal center cytokines are also
fundamental for the formation of tertiary lymphoid organs (TLO). TLO are ectopic, transient lymphoid
structures that can develop in non-lymphoid organs during chronic inflammation. They have the same
organization of T and B cells that is found in the lymph nodes, and also contain follicular dendritic cells, Tfh
cells and high endothelial venules. In tumor biology, they are considered to have a beneficial effect, allowing
for a quicker (because developing directly “in loco”) and durable anti-tumor response (33). However, the
samples that we microdissected, did not contain TLO, and we limited the microdissection to areas of the
melanoma nodules, excluding the surrounding stroma, where TLO are located. The expression of germinal
center cytokines directly inside the melanoma tissue at the site where aberrant HLA-DR expression occurs,
could represent a shortcut to speed up the process of antigen production, skipping the re-circulation of
memory T and B lymphocytes to the lymph node after priming in the tumoral area to return only later as
effector T cells in the melanoma (33). An additional argument in favour of a germinal center-like function of
HLA-DR+ melanoma areas is the finding of a differentially expressed IgM gene among many IgG genes; IgM
is expressed by B cells before completing the isotype switching process to IgA or IgG. Finally, HLA-DR
expression by melanoma cells has been suggested to predict the success of immunotherapy (10). In the HLA-
DR positive melanoma areas, we detected the expression of several immunosuppressive genes but our data
suggest that the microenvironment in these areas resembles a germinal center, with features of antigen
presentation, germinal center cytokine production, and Tfh and B cell maturation. It is possible that the
prolonged germinal center-like stimulation of the tumor infiltrating lymphocytes in these areas with time
results in their exhaustion, and that upon anti-PD-1 therapy, this microenvironment could represent a florid
field from which an effective immune response could restart.
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Introduction

A thorough investigation of the tumor microenvironment has been urged in recent years by the introduction
of immunotherapy in clinical practice. Immune-based therapies have achieved a previously impossible, long
term survival in metastatic melanoma, but Ipilimumab, Pembrolizumab and Nivolumab as monotherapy yield
response rates of only 15%, 33% and 40% respectively (1) (2) (3). These low response rates, as well as the
possible severe adverse effects and the high cost of these drugs have prompted the search for predictive
biomarkers of response, in order to identify the subgroup of patients that could benefit from these therapies.
Several studies have appeared, and some of them have found molecular signatures associated with durable
response (4) (5) that share an enrichment in immune-related genes. Moreover, heavy CD8+ T cell infiltration
of the tumor at the baseline is another characteristic shared by patients with durable response (4) (5) (6) (7)
(8) (9) (10) (11).

The lymphocytic infiltrate in melanoma has been known for a long time to be a prognostic parameter and is
described in the pathology report according to the pattern of tumor-infiltrating lymphocytes (TILs). A “brisk”
pattern (diffuse TILs all over the invasive tumor area or all around its periphery and making contact with
melanoma cells) has a better prognosis compared to the “non-brisk” pattern (in which peripheral tumor areas
with TILs alternate with peripheral areas without TILs) or to the “absent” pattern (TILs absent or presence of
TILs but without contact with melanoma cells) both in primary melanoma and in metastasis (12) (13) (14).
There are multiple pitfalls in the purely morphological evaluation of the lymphocytic infiltrate in melanoma
(reviewed in 15). One of these pitfalls is that morphology alone cannot determine the activation status of the
TILs. Indeed, the contact between cytotoxic lymphocytes (Tcy) and melanoma cells does not always lead to

74



lysis of the tumor cell but, due to immune modulation, can also result in the inactivation of the Tcy, e.g. in
the case of longstanding antigen (Ag) exposure. These “exhausted” and functionally inert Tcy would still be
present in the tumor microenvironment, but morphologically indistinguishable from active lymphocytes. A
recent study using CyTOF hypothesized on the composition of the tumor microenvironment by analyzing
inflammatory populations in the peripheral blood of both responders and non-responders to immunotherapy
(16). Interestingly, this study also investigated the functional status of the lymphocytes, highlighting that
anti-PD-1 immunotherapy supports functionally activated T cells. Hence, the morphological (17) and
functional side of the tumor microenvironment (16) have been investigated, but integration of both types of
data is still lacking. Another recent study evaluating the morphological patterns of the TILs across different
cancer types from the TCGA histological image repository, found a group of tumors with brisk pattern
associated with relatively poor outcome, hypothesizing that brisk infiltrates unable to control tumor growth
do exist (17). Moreover, no studies have been published that report a predictive value for immunotherapy
according to the morphological TILs pattern. These data strongly suggest that functional information should
be added to the morphological data.

A vast portion of the studies looking for predictive biomarkers for immunotherapy finds predictive
parameters in peripheral blood (reviewed in 18). Peripheral blood markers give an idea of the systemic
immune response, which should reflect the immune response against the tumor at the tumor site. However,
there is also evidences for substantial differences between circulating inflammatory cells and their tissue-
based counterparts (19). It is intuitive that it is the behavior of the inflammatory cells and not that of
circulating inflammatory cells near the tumor that will determine the response to immunotherapy. In the
latest years, several methods for single cell-analysis have been implemented in order to obtain a high
resolution landscape of the tumor microenvironment, as highlighted in one dedicated issue of Nature in 2017
(20). Nevertheless, most of these methods rely on dissociation of the cells from fresh material. This approach
makes a study of the microenvironment in primary melanomas impossible, as these lesions are diagnosed
and removes nowadays at earlier stage, with very limited material that must be fully dedicated to the
pathological diagnosisMoreover, according to a recent review by Binnewies et al (21), high resolution means
also to be able to characterize not only the heterogeneity of the immune infiltrate but also to define the
spatial distribution of each component within it. Spatial distribution adds information that allows to make
inferences about the interactions of the cells in the tissue, a feature that is completely lost with tissue
dissociation. Until recently, an effective method to stain tissue sections with multiple markers at the single
cell resolution was lacking.

Here, we took advantage of the emergence of new technologies in image analysis with single cell resolution
in order to study the primary melanoma microenvironment “in situ” (i.e. on tissue sections) integrating its
morphological and functional features. We characterized the immune landscape at the single cell-level in 29
primary melanomas based on a panel of 40 immune markers applied on one single tissue section. In
particular, we have studied the differences in the immune microenvironment between melanomas with brisk
and non-brisk infiltrates, not only in terms of quantification of the inflammatory populations but also in terms
of their social organization, using neighborhood analysis. To this end, we applied on a data set of primary
melanomas with brisk and non-brisk infiltrates, a high-density immunophenotypic characterization (22), and
validated the data by RT-PCR expression and shotgun proteomic analysis. This approach allowed us a) to
further categorize the brisk and non-brisk morphological patterns of TILs into three functional categories, i.e.
predominantly active, transitional and predominantly exhausted; b) to define the correlation between T-cell
activation and spontaneous melanoma regression; and c) to investigate the most important inflammatory
subpopulations involved in the process of TlLs exhaustion. Finally, we obtained a “dynamic” picture of the
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“in situ” inflammatory microenvironment in melanoma that may be helpful in the search for predictive
markers in patients undergoing immune checkpoint therapy.

Material and methods

Patients

Twenty-nine invasive primary cutaneous melanomas from the Department of Pathology of the University
Hospitals Leuven (KU Leuven), Belgium, were classified based on the H&E staining according to the pattern
of the inflammatory infiltrate into brisk (6 cases) and non-brisk (23 cases). According to their subtype, 24
superficial spreading melanomas, 3 nodular melanomas, and 2 lentigo maligna melanoma were included.

TMA construction
Tissue Micro Arrays (TMAs) were constructed with the GALILEO CK4500 (Isenet Srl, Milan, Italy). For
each patient, one to five representative regions of interest were sampled according to the size of the

specimen and the morphological heterogeneity both of the melanoma and of the distribution of the infiltrate.
According to the morphological TILs pattern. we sampled brisk areas (i.e. 6 brisk areas in melanomas with
brisk TILs pattern, termed “brisk in brisk” and 10 brisk areas in melanomas with non-brisk TILs pattern,
termed “brisk in non-brisk”) and non-brisk areas (i.e. 15 non-brisk areas in non-brisk melanomas, termed
“non-brisk in non-brisk”); in addition, areas showing “early regression” (7), ” late regression” (5) and “no
regression” (17) according to current morphological criteria (23) were sampled. After processing, cutting and
staining of the TMA blocks, a total of 60 cores was available for analysis.

Multiplex-Stripping Immunofluorescence
The multiplex-stripping method was performed as published in Bolognesi MM, et al (22). The

antibodies used for the multiplex staining are listed in Table 1. Slides were scanned and images acquired with
the Hamamatsu Nanozoomer S60 scanner (Nikon, Italia) equipped with an Nikon 20X/0.75 lambda objective.
Complete removal of previous layers was monitored a) by checking for unexpected staining consistent with
the subcellular and tissue distribution of a previously detected marker, b) by spurious co-clustering of
unrelated molecules in the hierarchical clustering images (see below).

Image Pre-processing
Fiji/lmageJ (version 1.51u) were used to pre-process the images (File format: from. ndpi to.tif 8/16

bit, grayscale). Registration was done through the Turboreg and MultiStackReg plugins, by aligning the DAPI
channels of different rounds of staining, saving the coordinates of the registration as Landmarks and
applying the landmarks of the transformation to the other channels. Registration was followed by
autofluorescence subtraction (Image process - subtract), previously acquired in a dedicated channel, for
FITC, TRITc and Pacific Orange. A macro was written in Fiji/Image J and used for the TMA segmentation into
single images. Cell segmentation, mask creation, and single cell measurements were done with a custom
pipeline using CellProfiler (version 2014-07-23T17:45:00 6c2d896). Quality Control (QC) over the Mean
Fluorescence Intensity (MFI) values was performed using feature and sample selection. In short, those cells
that did not have expression in at least three markers, and those markers that were not expressed in at
least 1% of the samples were removed. MFIs were further normalized to Z-scores as recommended in (24).
Z-scores were trimmed between -5 and +5 to avoid a strong influence of any possible outliers in the
downstream analysis. The correlation between the different markers was calculated using Pearson’s
correlation coefficient.
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Protein Concentratiol Species Clone Company RRID_AB:
Ch4 1 ug/ml rabbit Mab  EPR6855 Abcam N/A

HLA-DR 1 pg/ml mouse lgG2b SPM288 Abcam 1125217
TAP2 1 pg/ml mouse IgG1 TAP2.17 Abcam N/A

CD141 1 pg/ml rabbit Mab  EPR4051 Abcam 2201805
MYC 1 pg/ml rabbit Mab  EP121 Sigma Aldrich N/A

FOXP3 1 pg/mi mouse IgG1 236A/E7 Abcam 445284
MX1 1 ug/ml Rabbit Abcam 10678925
LAG3 1 pg/mi mouse lgG1 11E3 Abcam 776102
PD-L1 1 pg/ml rabbit Mab  28-8 Abcam/Epitomics 2687878
CD1a 1 pg/ml Rb mAb EP3622 Abcam/Epitomics 626957
CD123 1 ug/mi mouse IgG2b NCL-L-CD123 Leica-Microystem/ Novocastra 10555271
Phospho-Stat1 1 pug/ml rabbit Mab  58D6 Cell Signaling 561284
CDh20 1 pg/mi mouse lgG2a L26 Dako 782024
CD1a 1 pg/mi mouse IgG1 010 Dako N/A

CD1c 1 pg/ml mouse IgG1 2D4 Dako 2623049
PRDM!1 1 pg/ml rat 6D3 Dako 628168
S100AB 1 ug/ml rabbit Dako N/A

CD56 1 ug/ml mouse IgG1 123C3.D5 Neomarkers 627127
Ki-67 2 pug/mi mouse lgG2a UMAB107 Origene 2629145
Lysozyme 1 pg/ml rabbit Origene 1004766
PD-1 1 pg/ml mouse lgG2a UMAB197 Origene 2629198
TIM3 1 pg/ml goat R&D 355235
CXCL13 1 ug/ml mouse lgG1 53610 R&D 2086049
0OX40 1 pg/ml mouse IgG1 Ber-ACT35  Santa Cruz 626897
IRF4 1 ug/mi goat M-17 Santa Cruz 2127145
cMAF 1 pg/ml rabbit M-153 Santa Cruz 638562
BCL6 1 pg/ml rabbit N3 SCBT 1158074
CD16 1 pg/ml mouse lgG2a 2H7 SCBT 563508
CD68 1 ug/ml mouse IgG3 PGM1 Thermo Fisher 10979558
p16 1 ug/ml mouse lgG2a JC8 SCBT 785018
MelanA 1 pg/ml rabbit Mab  A19-P NovusBio 1987285
podoplanin 1 ug/mi rat IgG2a NZ-1.2 Sigma Aldrich 10920577
CD69 1 ug/ml rabbit Sigma Aldrich 2681157
CDs3 1 pg/mi rabbit Sigma Aldrich 2335677
GBP1 1 pg/mi rat 4D10 Sigma Aldrich 828964
Langerin 1 pg/ml rabbit Sigma Aldrich 1078453
IRF8 1 pg/ml rabbit Sigma Aldrich 1851904
CcDs8 1 ug/mi rabbit Mab  SP16 Thermo Fisher 627211
CD138 1 pg/mi mouse IgG1  MI-15 Thermo Fisher 10987019

Table 1 List of antobodies.
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Image Analysis
We selected two activation (CD69, 0X40) and two exhaustion (TIM3, LAG3) markers after literature

review and preliminary testing of the antibody performance on control FFPE under the conditions of the
multiplex protocol. The expression levels of these markers were measured selectively on CD8+ lymphocytes
using a first mask focused only on CD8+ cells. Principal Component Analysis (PCA) was applied over the
expression values to evaluate the functional structure of the data and to assign an activation value in the [-
1, 1] range to each cell (Supplementary Figure 1). Briefly, principal components (PCs) 2 and 3 were used as
the rotation matrix revealed that PC1 contained all the markers in the same direction (same sign). The point
of maximum activation (Activation = 1), was defined where the projected value of CD69 (marker of activation)
over PCs 2 and 3 was at the maximum while the point of maximum exhaustion (Activation = -1) where the
projected value of TIM3 (marker of exhaustion) over PCs 2 and 3 was at the maximum (Figure 1.A). The
gradient of transition was defined between the previously defined points and the centroid of the projected
dataset. Pairwise t-tests with pooled standard deviation (sd) were used to find significant differences in the
level of activation of the images regarding multiple histopathologic parameters (brisk/non-brisk infiltrate,
regression, number of lymphocytes, ulceration, Breslow thickness, mitoses, subtype of melanoma). For this
purpose, the activation level of each image was represented by the mean of its cells while the intrinsic degree
of heterogeneity was captured by the sd (Figures 2.A and C). Continuous values of the histopathological
parameters were fitted using linear models instead. P-values were adjusted for multiple comparisons using
the holm method. A cut-off of 0.05 was used as significance threshold for the adjusted p-values. Images were
further classified into: ‘Active’, ‘Transition’, and ‘Exhausted’ (from now on, core status) using one-tailed t-
tests comparing the distribution of the activation values in a specific image versus the background
distribution (combination of all images) (Figure 2.B). P-values were adjusted using the False Discovery Rate
(fdr) method. A cut-off value of 0.001 over the adjusted p-values was used as classification threshold.

To evaluate the cell subpopulations, an second mask based on the DAPI staining expanded by 5 pixels
was created. A two-tier approach was followed for the identification of cell subpopulations: phenotypic and
functional. The phenotypic identification was conducted by applying three different clustering methods:
PhenoGraph, ClusterX, and K-means, over the phenotypic markers: CD3, CD20, CD4, HLA-DR, Bcl6, CD16,
CD68, CD56, CD141, CD1a, CD1c, Blimp1, Langerin, Lysozyme, Podoplanin, FOXP3, S100A, S100AB, IRF4, IRF8,
CD1a, CXCL13, CD8, CD138, CD123, PD-1, and MelanA. PhenoGraph and ClusterX were implemented using
the cytofkit package from R (25). Clusters were represented by a vector containing the mean of each marker
and were used to further associate them to a cell subpopulation using prior knowledge. Cluster stability was
evaluated by comparing the weighted Pearson correlation coefficient of clusters belonging to the same cell
subpopulation with the background distribution (all pairwise comparisons). The geometric average of the
absolute value of the mean expression was chosen as weight. A confidence value was assigned to each cell
population using one tailed t-tests. For a phenotype to be assigned to a cell, at least two clustering methods
should agree on their predicted phenotype (Supplementary Figure 2 and Supplementary Figure 3). Prior to
functional identification, PCA was repeated over the Tcy cells (CD8+) using CD69, OX40, LAG3, and TIM3
markers in order to confirm that with the new mask, the same dataset with the same structure as with the
CD8+ mask could be retrieved (Supplementary Figure 4). The functional identification was conducted by
applying PhenoGraph over the functional markers: CD69, Ki-67, TAP2, GBP1, MYC, p16, MX1, OX40, c-Maf,
PD-L1, LAG3, TIM3, and Phospho-Statl (with the exception of Tcy cells for which we used a personalized
panel consisting of: CD8, CD69, 0X40, LAG3, TIM3, PD-1, and Ki-67). Clusters were represented, associated
to cell subpopulations, and evaluated for stability as described for the phenotypic identification. One-way
Analysis of Variance (ANOVA) models were fitted to identify if the percentage of cells in any subpopulation
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was linked to the core status. The same approach was repeated for the brisk infiltrate histopathologic
parameter.

An unbiased quantitative analysis of cell-cell interactions was performed using an adaptation of the
algorithm described in (26) for neighborhood analysis to systematically identify social networks of cells and
to better understand the tissue microenvironment. Our adaptation also uses a kernel based approach (radius
= 30 px) to define the neighborhood of a cell and a permutation test (N = 1000) to compare the number of
neighboring cells of each phenotype in a given image to the randomized case. This allows the assignment of
a significance value to a cell-cell interaction representative of the spatial organization of the cells. Significance
values were further classified into: avoidance (-1), non-significant (0), and proximity (1) using a significance
threshold of 0.001 (more significant that all the random cases). Interactions across images were integrated
according to equation 1:

, _Z:lzl(".‘.;.r "V.'.,.A)
’ Z:[:l( Ni.j.L)

where Ci,j,k is the significance value (-1, 0, or 1) of the interaction between cell types i and j for image k, and

Ni,j,k is the geometric average of the number of cells of type i and j for image k. Cell-cell interactions were
considered strong if they were significant in at least 75% of the N-adjusted cases (abs(P) > 0.75), moderate if
50%, (0.5 < abs(P) <= 0.75), weak if 25% (0.25 < abs(P) <= 0.5), and non-significant otherwise (abs(P) <= 0.25).
A comparative analysis of the above described method was performed for the different core statuses as well
as for the different brisk infiltrate cases.

Even though neighbour analysis allows evaluation of cell-cell interactions, the mathematical model applied
is limited in cases where there are dominant cell types that grow in nests, with cells packed next to each
other. Therefore, for melanoma cells, we evaluated the closest neighbours by counting the number of cells
of each subpopulation (apart from melanoma cells) that were in their neighborhood and divided the amount
by the geometric average of the number of melanoma cells and the number of cells of the specific population
across all the cores in which the specific population appears. This analysis was repeated for the different brisk
and activation cases.

Laser Microdissection
18 fresh frozen melanoma metastasis with different types of TILs patterns (9 brisk, 7 non brisk, 1

absent and 1 tumoral melanosis) were collected in the Department of Pathology of the University Hospitals
Leuven (KU Leuven), Belgium. 10 micrometer-thick sections were cut from each fresh frozen block and put
on a film slide (Zeiss, Oberkochen, Germany). Sections were stained with crystal violet. Areas with dense TILs
infiltrate were microdissected with the Leica DM6000 B laser microdissection device (Leica, Wetzlar,
Germany). A calculation was made in order to microdissect the same surface in all the samples in order to
minimize differences between the samples (around 10.000 lymphocytes/sample).

gPCR of laser microdissected samples
RNA extraction was done with RNeasy® Plus Micro Kit (Qiagen) according to the protocol. cDNA

retrotranscription followed by an amplification step was done with Ovation® Pico SL WTA System V2 (Nugen)
according to protocol. Primers for Interferon gamma (IFNg, forward ‘TGTTACTGCCAGGACCCA’ and reverse
‘TTCTGTCACTCTCCTCTTTCCA’), TIM3 (forward ‘CTACTACTTACAAGGTCCTCAGAA’ and reverse
‘TCCTGAGCACCACGTTG’), LAG3 (forward ‘CACCTCCTGCTGTTTCTCA’ and reverse ‘TTGGTCGCCACTGTCTTC'),
CD40-L (forward ‘GAAGGTTGGACAAGATAGAAGATG’ and reverse ‘GGATAAGGATCTTTCTCCTGTGTT’), CD45
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(forward ‘GCTACTGGAAACCTGAAGTGA’ and reverse ‘CACAGATTTCCTGGTCTCCAT’), Beta2microglobulin
(forward ‘ACAGCCCAAGATAGTTAAGTG’ and reverse ‘ATCTTCAAACCTCCATGATGC’), HPRT (forward
‘ATAAGCCAGACTTTGTTGGA’ and reverse ‘CTCAACTTGAACTCTCATCTTAGG’) were designed with Perl Primer®
and tested in our laboratory. 96-wells plates were loaded with Fast SYBR® Green Master Mix, the primers
and the samples in the recommended proportions, and analyzed with the 7900 HT Fast Real-Time PCR system
(Applied Biosystems). The log fold change (logFC) of the expression values towards the expression value of
CD45 were calculated. If the log(IFNg/CD45) was positive, the sample was classified as positive.

Shotgun Proteomics of laser microdissected samples

The materials used for the shotgun proteomics analysis were Trifluoroacetic acid, porcine trypsin,
DTT (dithiothreitol), IAA (lodoacetamide), ABC (Ammonium Bicarbonate), HPLC grade water, acetonitrile,
were from Sigma-Aldrich (Sigma-Aldrich Chemie GmbH, Buchs, Switzerland). All solutions for Mass

Spectrometry (MS) analysis were prepared using HPLC-grade. LCM collected material corresponding to about
1074 cells for each sample group was re-suspended in 90 ul of bidistilled water and immediately stored at -
80°C. For the bottom-up MS analysis, all the samples were processed and trypsinized. Briefly, thawed cells
were submitted to a second lysis adding 60 ul of 0.25% w/v RapiGest surfactant (RG, Waters Corporation) in
125mM ammonium bicarbonate (ABC) and sonicated in the EImasonic P (ElIma Schmidbauer GmbH, Singen,
Germany) sonication bath for 10 min. Samples were then centrifuged at 14 000 x g for 10 min. About 140 pl
of supernatants were collected, transferred in a new tube and quantified using bicinchoninic acid assay
(Pierce -Thermo Fisher Scientific). After 5min denaturation (95°C), proteins were reduced with 50mM DTT in
50mM ABC at room temperature and alkylated with 100mM IAA in 50mM ABC (30 min incubation in dark).
Digestion of samples was performed overnight at 37°C using 2ug of MS grade trypsin (Sigma-Aldrich Chemie
GmbH). RG surfactant were removed using an acid precipitation with TFA at a final concentration of 0.5%
v/v. Samples were then spun down for 10 min at 14000 x g and supernatants collected for MS analysis.
Peptide mixtures were desalted and concentrated using ZiptipTM u-C8 pipette tips (Millipore Corp, Bedford,
MA). An equal volume of eluted digests were injected at least three times for each sample into UltimateTM
3000 RSLCnano (ThermoScientific, Sunnyvale, CA) coupled online with Impact HDTM UHR-QqToF (Bruker
Daltonics, Germany). In details, samples were concentrated onto a pre-column (Dionex, Acclaim PepMap 100
C18, cartridge, 300 um) and then separated at 40°C with a flow rate of 300 nL/min through a 50 cm nano-
column (Dionex, ID 0.075mm, Acclaim PepMap100, C18). Phase A was constituted of 0.1% formic acid in
water and solvent B was 0.1% formic acid in 80% acetonitrile. A multi-step gradient of 4 hours ranging from
4 to 66% of phase B in 200min was applied (27). NanoBoosterCaptiveSpray™ ESI source (Bruker Daltonics)
was directly connected to column out. Mass spectrometer was operated in data-dependent acquisition
mode, using CID fragmentation assisted by N2 as collision gas setting acquisition parameters as already
reported (28). Briefly, Fragmentation spectra were acquired using IDAS (Intensity Dependent Acquisition
Speed) and RT2 (RealTime Re-Think) functionalities. Mass accuracy was assessed using a specific lock mass
(1221.9906 m/z) and a calibration segment (10 mM sodium formate cluster solution) for each single run.
Precursor selection was applied in a fixed cycle time of 5 sec over 300-2200 m/z window (excluding 1221.5—
1224 m/z), using a ramp for spectra rate from 4Hz for low intensity ions (2500cts per 1000sum). The active
exclusion of precursors was executed for one minute after two spectra. Raw data from nLC ESI-MS/MS were
elaborated through DataAnalysisTM v.4.1 Sp4 (Bruker Daltonics, Germany) and converted into peaklists.
Resulting files were interrogated for protein identification through in house Mascot search engine (version:
2.4.1), using Mascot Daemon tool. The search was restricted to human swissprot database (accessed Feb
2017, 553,655 sequences; 198,177,566 residues) setting the following parameters: Trypsin as enzyme;
carbamidomethyl as fixed modifications; a tolerance of 20 ppm for precursor mass tolerances and 0.05 Da
for the product ions. Data were filtered searching into automatic decoy database for estimating related False
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Discovery Rates. A built-in Percolator algorithm for rescores peptide-spectrum matches was used. Identity
was accepted for proteins recognized by at least one unique and significant (p-value < 0.05) peptide.

Pathways Analysis
Gene-set enrichment analysis was performed with DAVID 6.8 (29). Pathways were visualized and
partially analyzed with STRING v10 (30).

Results

Functional analysis of TILs at tissue-based single cell level

We classified each CD8+ cell in the TMA cores as part of a spectrum (“cell status”) (Figure 1) ranging
from active cells (CD69"&" and/or OX40"&") to exhausted cells (TIM3"&"CD69°¥0X40'°%) with bioinformatics
and image analysis algorithms. Two intermediate states between activation and exhaustion were identified,

one passing through a gradual decrease of CD69 with parallel increase of TIM3 expression, and the other in
which OX40 was co-expressed with LAG3. Correlation analysis of the markers of activation and inhibition
showed that these latter two markers actually had the highest Pearson correlation coefficient among all the
activation and exhaustion markers (R = 0.35). As shown in Supplementary Materials 3, the same 4 markers
emerged in the classification of CD8+ Tcy when the mask was not focused only on CD8+ T cells but on cells
with nuclei in general; moreover, this approach confirmed that we could recover the structure of the data as
well as the same trend for activation/exhaustion markers in Tcy (Supplementary Materials 3).

The definition of the cell status allowed us to assign a label to every core: active (17/60 cores), in
transition (23/60 cores), or exhausted (20/60 cores) (Figure 2a, b, c). This approach allowed us not only to
study the differences in TILs activation between the patients, but also the heterogeneity in activation status
of the TILs in different areas of the same tissue section, as we sampled multiple areas in most melanomas. In
8 patients, the size of the melanoma allowed to sample only a single core and therefore we could not assess
intra-patient heterogeneity. In the remaining 21 patients, 10 showed homogeneous activation statuses
among their cores (4 active, 5 in transition, and 1 exhausted) and 11 showed heterogeneity in activation
status (Figure 2c). In most of the latter melanomas, areas of exhaustion or activation were associated with
transition areas (3 activation + transition, 6 exhaustion + transition) rather than with areas of full activation
or exhaustion, respectively (2 patients). In summary, we observed a spatially homogeneous TILs infiltrate in
6 active cases (20.8%) and in 5 exhausted ones (17.2%), while in 18 cases (62%) there were areas of transition
suggesting an ongoing dynamic process of exhaustion.
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Figure 1. Definition of activation. (A) Here we show a biplot with the projection of all CD8+ cells in the cores as well as
the rotation vectors of the markers over PC2 and PC3. (B) This was our approach to define a gradient of activation in the
CD8+ mask, going from the maximum projected value of CD69 (maximum activation) to the maximum projected value
of TIM3 (maximum exhaustion). (C) Here we show the coepression of the markers in the different areas of the biplot by
indicating in a colorimetric scale the Z-scores of the original markers over PC2 and PC3. LAG3 is most often coexpressed

with OX-40, while CD69 and TIM3 occupy two opposite ends of a spectrum of activation/exhaustion.

82



1 (Active) 3 (Activo) 5 (Active) 8 (Active) 9(Transition) 11 (Transition)

AL L*E e | A 7l M i LLLLL@

EZN
K3 13 (Transition) 14 (Transition) 15 (Transition) 16 (Transition) 19 (Exhausted) 20 (Exhausted)
»

o = ] = e 2 #:4 B
. v
a - 21 (Transition) 22 (Exhausted) 23 (Active) 24 (Transition) 25 (Active) 27 (Active)
’ £
B Bald - B = N A LA 4 [k

28 (Active) 32 (Active) 33 (Active) 34(Active) 35 (Exhausted) 36 (Transition)

BT SRR
} )
{

3 A L ." A :., 7' 1 I
1% 1'% b L et 2 . Lkl LT LT
E 2 g o 37 (Transition) 29 (Active) 40 (Active) lz(Tnnslﬁon) 43 (Exhausted) 44 (Exhausted)
> |5 ) g ¢ SR 3 éﬁ l i L‘ ‘ 1
@
" C 45(Exhausted) 46 (Transition) 47
& . )
e e 5 2 2 & B Q‘ l ‘ l
%
51 (Transition) 52 (Transition) 53 (Transition) 54 (Exhausted) S5 (Exhausted) 56 (Transition)
Sl PN Bl el i ] EXRS Al 4 \ 1 1 1
p . I..

57(Active) 58 (Exhaustod) 60 (Active) 61 (Transition) 62 (Transition) 64 (Exhaustod)

V””?”’fh F-¢¢@¢¢¢

65 (Transition) 66 (Transition) sr(mnsm:m) ss(Exnaumd) ss(Ynnsmen) Yn(Acuv.)

TH(Active) 74 (Exhausted) 7§(Tnn-mon) 76
C X Level of Actlvatlon
" =
8 44 0£0.1
(@)}
® 3 -0.0120.160.03£0.24
- 24 .04£0.140.01£0.160.0120.14 0012016 . 0.02:0, 0240 ll 0240.170.0240.120.08:0
=z
14 014012 01017 02047 -.ouom 0420, 11001:0/23.0. 120, 0140.1 oaow.) . 0:0.1

T < Y L ¥ ¥ ¥ LY Y LY L Y L Y £« Y LY Y LC Y LY LY YT L Y v« Y <<
o @ » »u o o u u 9 »u u u u v v “vov v 0 v v v v v v u v 9 9
['4 ['4 ['4 ['4 ['4 ['4 ['4 ['4 o ['4 ['4 ['4 ['q ['4 ['4 ['4 ['4 ['4 ['4 ['4 ['4 ['4 ['4 ['4 ['4 ['4 ['4 o ['4
3] o o o o 4] o o o o o4 o o oo o 3] o o o [+3) "4 o 1] "4 [+e] 3] o 43} [+1)
= Z Z = P b4 < = 7 P z z z z z = z z Z = z z Z Z & = z 4 =
- o [e] (e} o (e} (e} o (e} o (e} (e} [e] (e} (e} o o o (e} ﬁ o (e} (o] o o 8 o [e] by

£ £ £ £ 2 2 zZ2 2z £ £ £ 2 Z £ 2 z £ £ £ 2 2 z z

N ™ < w © ~ © (=] N i w © l\ 0) o . [l < v © ~ {2} o

— -~ - - N o~ o~ o~ ~N N o~ ~N ™

Patient ID

Figure 2. A) Definition of the activation status of each single CD8+ cell. A) Here we show the in silico reconstruction of
the 60 cores showing on the left the single cell activation level of every CD8+ cells present in each of them (blue =
exhausted cell, grey = transition cell, red = active cell). After defining the activation status for each cell in the core as
explained in Figure 1, we added to it the spatial location (x, y coordinates). On the right, core 40, 35 and 46 are shown
as examples of how our graphical representation of the CD8+ infiltrate corresponds to the respective
immunofluorescence images (S100 = blue, CD3 = green, CD8 = red). B) Definition of the activation status of each core.
Here we show the global activation status for all 60 cores using a one-tailed t-tests to compare the distribution of the
activation values in a specific image versus the background distribution of all the images, in order to further classify each
core into the ‘Active’, ‘Transition’, or ‘Exhausted’ category (gray= background values, blue, left shift = exhausted core,
black, no shift = transition core, red, right shift = active core). C) Visual representation of the inter- and intra-patient
heterogeneity. The cores are grouped for each patient, giving at-a-glance representation of the heterogeneity of the
activation status in different areas of the melanoma in the same patient and between the 29 patients (blue = exhausted
core, grey = transition core, red = active core).
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Association of the TILs activation status with brisk/non-brisk status, regression and other histopathological
prognostic parameters
We first investigated the association between functional status of the TILS and their morphological

classification into brisk and non-brisk categories. Statistical analysis revealed that the morphological patterns
of the TILs were not significantly associated with the mean level of activation of the TILs since brisk and non-
brisk cases were distributed across the active, exhausted and transition statuses (Table 2). Moreover,
analyzing only the lymphocytes inside the tumor in both brisk and non-brisk cases (the so-called “brisk in
brisk” and “brisk in non-brisk” areas), we similarly found no significant association between activation status
of the TILs and their contact with melanoma cells.

Spontaneous regression of melanoma is regarded as the result of a successful aggression from the
patient’s own lymphocytes, resulting in variously sized areas of the melanoma that are removed and replaced
by scar tissue. Therefore, we checked whether the mean level of activation of the cores was significantly
associated with spontaneous regression of the tumor. Late regression areas indeed showed significant
differences in the mean level of activation of the cores as compared to early regression and no regression.
No significant differences were instead found between early regression and no regression (Figure 3, Table 2).

The mean level of activation of the TILs in the cores was further investigated for their association
with other histopathological parameters (histological subtype, ulceration, Breslow thickness, mitoses). Table
2 summarizes the significance values for each histopathological prognostic parameter. The mean level of
activation of Lentigo Maligna Melanoma (LMM) cores was significantly different from the Superficial
Spreading Malignant Melanoma (SSMM) cores and the Nodular Malignant Melanoma (NMM) ones. However,
since only three LMM cores from two patients were included in our data set, no definite conclusions can be
drawn from this data. The other histopathological prognostic parameters did not show significant
associations with the mean level of activation of the TILs.
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Figure 3. Association between the activation status and regression status of the cores. A) Bar plots showing the level
of activation (y-axis: mean * sd) of the cores (x-axis) in decreasing order. All late regression cases are at the left side of
the graph. B) Box plots showing the mean level of activation of the cores (y-axis) for the different regression statuses (x-
axis). Lymphocytes in late regression have a significantly higher activation value than in the two other regression
statuses.
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Parameter Comparison Adj.p-value

Brisk Infiltration Brisk vs Non Brisk 0.89
Brisk Infiltration Brisk vs Brisk In Non Brisk 1
Brisk Infiltration Brisk vs Non Brisk In Non Brisk 1
Brisk Infiltration Brisk In Non Brisk vs Non Brisk In Non Brisk 1
Regression Regression vs No Regression 0.52
Regression Early Regression vs No Regression 0.329
Regression Late Regression vs No Regression 0.031*
Regression Late Regression vs Early Regression 0.022*

Count Lymphocytes Number of Lymphocytes vs Level of Activation 0.539

Histotype LMM vs NMM 0.029*
Histotype LMM vs SSMM 0.02*
Histotype NMM vs SSMM 0.86
Breslow Thickness Breslow vs Level of Activation 0.996
Ulceration Positive vs Negative 0.73
Number of Mitoses More than 6 vs 1to 6 1
Number of Mitoses More than 6 vs 0 1
Number of Mitoses 1to6vsO 1

Table 2. Association between the activation status of the cores and different histopathologic parameters. Reported
p-values come from linear models in the continuous case (Breslow, Count Lymphocytes) and pairwise t-test otherwise.
Significant associations (p<0.05) are marked by asterisks.
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Study of the inflammatory microenvironment associated with activation and exhaustion: cluster analysis
Three different unsupervised clustering methods (KMeans, PhenoGraph, and ClusterX) were

compared to identify the clusters corresponding to each inflammatory subpopulation present in our tissue
cores according to their phenotype by high-dimensional immunostaining. The type of cell identified by each
cluster was manually annotated by the pathologist, and the clusters were validated assessing their solidity
across the clustering methods (Figure 4 and Supplementary Results 1). We were able to classify solidly
198302 cells out of 242224 cells across all cores (81.87%). This resulted in 19 clusters, 17 of which could be
recognized as phenotypically well-defined groups of cells, while the profile of two clusters (“IDK” and
“BLANK”) could not be associated to a determined cell lineage, and were therefore discarded from further
analysis, leaving a total of 179304 out of 242224 cells (74.02%). The cell populations were further classified
based on their functional markers using PhenoGraph in order to explore specific functional phenotypes for
each cell population. This functional classification further divided the original 17 cell populations into 55
functional groups. The molecular profile of each of the 55 functional groups is represented in Figure 4.B.

The most abundant cell population consisted of melanoma cells (35,64% of all cells examined),
functionally subdivided in 3 phenotypic subpopulation and 6 functional subclusters (described in Figure 5).
There were no significant differences in the percentages of the melanoma subpopulations between
active/transition/exhausted cases; only a LAG3+PD-L1+ S100+MelanA+ population of melanoma cells was
present exclusively in brisk cases (Supplementary Figure 5B).

The second most abundant cell type, and the most frequent among the inflammatory
subpopulations, were the macrophages (“macroph”, CD68+CD163+Lysozyme+HLA-DR+, 15,24%), one
quarter of them expressing at least one of the immunosuppressive markers TIM3, LAG3 or PD-L1 (Figure 5).
Regarding the putative M1/M2 markers, we found a small population of cMAF-positive macrophages
(3,34%), but we did not observe pSTAT1 expression in macrophages; instead, pSTAT1 was expressed by cDC1
and Langerhans cells, in the latter cells in co-expression with cMAF. Macrophage distribution between
active/transition/exhausted cases and between brisk/non-brisk cases was significantly different for some
subclusters: proliferating macrophages and TIM3+ macrophages were more abundant in exhausted cases,
and macrophages in general as well as proliferating and LAG3+ macrophages were more abundant in brisk
cases (Supplementary Figure 5).

The lymphoid compartment accounted for multiple subpopulations. Tcy (CD3+CD8+) and T helpers
(“Th”, CD3+CD4+FOXP3-) were the most abundant subtypes, accounting respectively for 9,48% and 8,37% of
all the cells, while regulatory T cells (“Treg”, CD3+CD4+FOXP3+) represented 2,35% of all lymphocytes. We
interpreted the last T cell cluster as T follicular helpers (“Tfh”, CXCL13+PD1+, 2,16%) even though this cluster
did not express the full Tfh phenotype, (i.e. no CD3 and no CD4 expression). Within the Tcy cluster, we could
identify the active (predominantly CD69+, 16,1%), transition (balanced expression of both exhaustion and
expression markers, 29,6%) and exhausted (high expression of LAG3 and/or TIM3, low/absent CD69, 12,8%)
functional subgroups, plus a clonally expanding subgroup (6%), and one with low or absent expression of all
functional markers, that we defined as “anergic” (34,9%) (Figure 5). Th could also be subdivided according to
their expression of activation and exhaustion markers (28,5% active Th, 18,46% Th with active/exhaustion
“balanced” expression, 13,08% TIM3+ or LAG3+ Th). As expected, active Th were much more numerous in
active cases while TIM3+ Th were increased in exhausted cases. Exhausted cases had also more Treg in
general and more TIM3+ Treg. Interestingly, all the Tcy functional groups were significantly higher in brisk
cases compared to non-brisk cases. A brisk infiltrate was also associated with more “balanced” Th and LAG3+
Th, higher T reg proliferation rates and more LAG3+ Treg and LAG3+ Tfh (Supplementary Figure 5). NK cells,
as expected in melanoma, were extremely infrequent (0,44%) and significantly more abundant in brisk cases,
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but evenly distributed among active/transition/exhausted cases (Supplementary Figure 5). B cells (“BC”,
CD20+) represented 5,03% of the total number of cells in the cores. Another cluster, CD20 negative,
characterized by high expression of IRF4 and Blimpl (“IRF4_Blimp1l”, 1,05%), was interpreted as most
probably a subgroup of post-germinal center BC, due to their low but still detectable expression of Bcl6
suggesting that these cells underwent a process of terminal differentiation into plasma cells (31).
Interestingly, PD-L1 was expressed on all BC with the exception of the BC expressing IFNg-related proteins.
These IFNg BC were also the only subgroup being increased in the brisk group, while BC in general did not
show differences among the morphological and functional groups (Supplementary Figure 5).

Finally, we could identify among the dendritic cell group the classical dendritic cells type 1 (“cDC1”,
CD141+CD4+IRF8+, 3,51%), classical dendritic cells type 2 (“cDC2”, CD1c+CD4+HLA-DR+, 1,99%), Langerhans
cells (“Lang”, CD1a+Langerin+, 1,92%), and plasmacytoid dendritic cells (“pDC”, CD123+, 0,28%). There were
no significant differences for DC subtypes among the functional categories; however, LAG3+ cDC1, LAG3+
cDC2 and LAG3+ Lang were virtually only present in the brisk cases, which also had more TIM3+ cDC1
(Supplementary Figure 5B).
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12 MelanA  IRF4 Bimpi  CD16 S100AB Lysozime CD56 Langerin Bcl6  FOXP3 p16  podoplanin  CD1e IRF8 OX40 244
2 [ ESHEGIESRAGE co= PoL1 TIMB OX40  CD20 CXCL13 CDS6  FOXP3  CD8  IRF4  CD16  0.04
1 2 3 4 5 6 7 8 9 10 " 12 13 14 15 Percentages

43210
v N
Final Clusters

Analytes NCells

BCProlif {0.02 0.12 0.21 027 0 -0.04 04 -0.3 0.01 -0.18-0.37-0.09-0.21 0.1 -0.37-0.23-0.18-0.13-0.34-0.09 0.01 0.78 2281 0.13 -0.12 -0.2 -069-0.29-0.21 1.01 -0.12 0.47 0.72 0.77 -052-0.48-0.62-0.48-043 3638 2.03
BCLAG3+1-0.02 0.12 0.44-0.28-0,01-0.04-0.29-0.23 0.14 0.62 0.34 0.04-0.22 0,57 0.17-0.02-0,02-0.02-0.23 0.22 0.25 0.64 0.7 BHH-0.11-0.27 0.7 0.24-0.32 0.52 0.08 0,96 0.7 0.64 -045-046-063-0.37-009 31 002
BCIFNg 1-0.11-0.120.28 -0.24-0.11-0.04-0.18-0.17 -0, 010.11 -0.08-0.08 0.38 0.24 -0.26-0.03-0.13 0.68 0.65 0.14 0.56 -0.2 -0.14.0.12-0.17-0.68 0.41 -0.43-0.17-0.09-0.17 0.12 0.09 -0.17-0.44-0.53 1.08 0.16 87 0.05
BCCDEY+ 1-0.01 0,13 0.29-0.27-0.35-0.04-0.38-0.26-0.13 .05 0.37 -0.08-0.09 164 0.3 0.12-0.21-0.12-0.33 0.09 0.03 0.35 0.4 02 -0.1 -0.17-0.65-0.33 0.4 0.44 0132 1.0 1.13-0.45 -0.5 -063-0.56-0.34 321 0.18
BC{-0.1-0.010.08-0.27 0.05-0.04-0.39-0.29 0.19 28-0.36-0.08-0.16 0.05 -0.38-0.25-0.23-0.13-0.33-0.13 0.04 0.41 0.05 0 -0.12-01 -066-03 -0.170.09 -0.1 0.14 0.63 0.62 -047-0.48-059-0.44-038 5317 3.3

cDCATIM3+{ 0.2 -0.081.28-026/ 21-0.020.25 -0.06 0.03-0.17 0.22 0.8 -0.02 0.31 0.17 0.26 0.07 -0.11-0.06 0.57 494 -0.1 -0.14 -0.1 009 0.64 -061 0.09 -0.34-0.05-0.11-0.04 0.46 -0.12-0.03-0.21 0. 28 BAAI0EZ 2116 1.18
DG 1Prolif { 0.17 -0.05 0.81 -0.04 268-0.02-0.06-0.07-0.11-0.19-0.05 0.11-0.04-0.09-0.01 0.01 0.29 0.18 -0.07-0.01 0.78 03 238033 -008043-056 023 04 H83-013075 0.4 0.11009-033-0150.85 106 551 031
CDCILAGS+10.72-0.04/4.81-0.27 281/-0.04 0.23-0.12 0.11 -0.14.0.63 1,09 0.02 0.09 02 0.34 0.95-0.13-0.03 0.73 ZG8-0.26 -0.03 M 0.1 0.51-0.610.33-027 0.25-0.051.24 143 0.1 -022 04 -0.051.16 466 97 0.05
©DC140.05-0.090.59 0.01 -0.03-0.16-0.02-0.11-0.19-0.21 0.01 -0.04 0.01 -0.12-0.150.22 019 -0.11 0.02 0.05-0.22/1.59 -0.24 0.08 -0.05-0.14-0.59 0.46 051 -01 0.1 0.16 0.2 -0.130.26 -0.4 -0440.34 -0.02 4180233

28

[Sele

cDC2TIM3+1 0 -0.1 0.68-0.27-0.02-0.03 0.46 0,68 -0.17 0.24 [85/-0.02 0.62 0.34 0.16 0.29 -0.25-0.07-0.17[§98| 0.14 0.05-0.15-0.18-0.04 0.73 -0.63-0.18-0.43-0.18 0.09 -0.28 0.53 0.02-0.13 -0.4 -0.22 0.34 B 1173 065
cDC2Prolif {-0.01-0.08 0.43 -0.28-0.25-0.04 0.28 0.51 -0.15 0.01 1.13-0.08 0.26 0.05-0.030.25-0.35-0.12-0.121.65 0 0.06 @#-0.03-006 0.5 -061-0.07-0.41 1 -0.08-0.06 0.34 -0.06 0.2 -0.41-035-0.04 112 189 0.11
cDC2LAG3+10.11-0.06/18 -0.26 0.1 0.07 0.26 068 -0.13 0.45 1.9 -0.06 0.17 0.23 0.11 0.92-0.19-0.05/4.77 278-0.01 0.2 -0.11 Jll 0.04 0.53 -0.66 0.68 -0.33 0.08 -0.14 1.05 1.27 -0.15-0.27-0.45-0.34 0.42 0.8 54 0.03
©DC2 {-0.04-0.11 0.36 -0.27-0.19-0.04 0.05 0.46 -0.18-0.020.74 -0.06 0.14 -0.1 0.05 0 -0.36 -0.1 0.22 1.25-0.11 0.03-0.23-0.21-0.06 0.36 -0.59-0.04-0.43-0.25-0.13-0.51 0.03 -0.12-0.23 -04 -0.35 0.08 0.48 2513 14

Epith {-0.11-0.07 0.29 {81 0.72 -0.04-0.36 0.11 -0.18-0.22-0.35-0.45-0.08-0.41 0.05 -0.37 0.61 0.4 -0.14-0.18-0.48-0.17-0.24-0.03 0.36 -0.01-0.33-0.16 0.66 167 0.27 -0.03 0.4 0.26 -0.1 0.73 -0.52-042 0.04 -0.43 144518.06
IRFABLIMP1 { 0.61 [288] 0.02-0.11-0.33-0.03-0.35 0.68 -0.18-0.19-0.27-0.44-0.03-0.37-0.07-0.34 0.31 0.75-0.12-0.22-0.44 BMI-0.22-0.21 0.07 0.32 -0.3 -063-0.07 0.4 0.260.01 0.37-0.13-0.14 0.75 -0.44-0.59-0.17-0.46 2088 1.17

LangProlif{ 0.09 0.090.82 1.1 0.46 -0.04-0.35[ 08l -0.1 0.21-0.29 0.03 -0.07-0.34-0.03-0.24 1.24 0.4 -0.13 0.01 0.23 -0.25-0.17 2621 0.56 -0.3 -0.35 0.59 123--0.09 1.2 0.26-0.03 0.69 -0.130.52 0.56 0.62 291 0.16
LangLAG3+{-0.02-0.11 0.06 0,42 0.17 -0,04-0.37 093 -0.02-0.23 -0.3 -0.17 0.02 -0.41 0.03-0.37 0.4 0.13-0.14 0,15 -0.17 0.04 -0.21-0.19 -0.23 0.03 1,26 2144/ 0.1 0,81 1,14 0.16-0.09 0.39 -0.36 0.08 -0.01-038 41 0.02
Lang 0.1 -0.080.72 0.92 0.45 -0.03-0.27 128 0.05 -0.2 -0.18 0.16 -0.03-0.25 0.08 -0.18 0.98 0.28 -0.11 0.12 0.48 -0.05-0.17 -0.2 0.1 0.23-0.33 0.48 1.06 0.030.01 031 0.23-0.07 0.76-0.14 049 0.5 0.36 3464 193

2000

-0.06-0.12-0.11-0.24 0.32 -0.04-0.21-0.11-0.14-0.17 0 -0.03-0.01-0.22-0.06-0.04-0.08-0.17 -0.7 0.16-0.01-0.44-0.12 -0.1 -0.1 -0.1 -0.12-0.66-0.22-0.27-0.18-0.04 -0.26-0.03 [HHM-0.19-0.39-0.43-0.16-0.37 1267 0.71

-0.08-0.110.14-0.28-0.22 0.03 [I28-0.03-0.09-0.18 0.01 0,81 -0.06 [ 0.36 0.12 0 -0.05 -0.1 0.89 4.32-0450.14-0.22-0.23 -0.1 1.22-0.57 0.2 -0.38-0.26-0.09 0.12 0.21-0.06 0.05 -0.26-0.35 0.58 {i88 5016 2.8
DUSDDB 0.2 -0.27-0.27 0.01 1.26-0.12-0.11-0.06-0.11 0.29 -0.06/1.98 -0.02-0.01 0.14 -0.03-0.08 0.43 0.72 -0.22 0.02 23| 0.08 -0.11 1.1 -0.39 0.06 -0.32/1.58 -0.07 0.51 0.12 -0.08-0.05-0.24 -0.3 0.17 0.53 385 0.21

-0.06 0.86 -0.25-0.05 0.01 .86 -0.13 -0.1 -0.14-0.02 0.75 -0.06 1,35 0.19 -0.06 0.61 -0.31 -0.1 .26 1.86-0.55 0.05-0.18 [HM-0.11 1.4 -0.57 0.14 -0.35 0.1 -0.1311.23 1.03-0.15-0.18-0.44-0.44 0.08 0.24 121 0.07
033 -0.07 0.19 -0.27-0.27-0.01 202 -0.12-0.13 0.04 -0.14 0.41 -0.03 .55 0.15 -0.18248/-0.27-0.11-0.24 0.92 0,63 0.1 -0.19-0.12-0.11 1.34 -0.64 -0.44-0.37-0.19 0.05 -0.33 0.08 -0.08-0.13-0.39-0.41-0.44 025 662 0.38

MacrophTIM3
M acrophProm
MacrophLAG3
MacrophcMAF

ydoey | A7 [Bueq g iid

Macmph -0.06-0.09-0.03-0.25-0.26-0.02 1.37 -0.11-0.13-0.13-0.25 0.14 -0.03 1,74 0.09-0.18-0.03 -0.3 -0.11 0.25 0.65-0.55-0.01-0.18-0.17 0.1 1,64 -0.56-0.17-0.36-0.28 0.13 -0.21-0.01-0.05-0.13-0.35-043-0.18 0.1 141927.92
051 014 0.82 0.01 03 -0.03-0.09°0.06 -0.13 002 -0.15-0.20[lll-0.11 0.59 0.22 0.48 1.26' 0.1 0.13-0220.63-0.18 0.01 0.46-007-022-0280.24 082 0.1 05 035 0.13-0.11/138.0.31 -04 069-052 882 049 [£
pDCPD-L1+10.03 0.12 0.04 -0.06-0.03 0.47 0.39 -0.03 0.52 0.02 0.59 0.31 0,98 0.58 0.37 0.47 0.22 0.21 107 147 0 -0.05042 0.98-009-0.010.08 0.61 0.068 0.5 156 0.11 1,56 0.15 0.64 -0.35-0.12 1.66 0.81 57 0.03 %
poC { 0.1 -0.16f -0.13-0.32-0.04-0.25-0.11-0,13-0.21-0.37-0.34-0.09-0.36 -0.06-0.36 0.57 -0.78-0.13-0.31 -0.4 -0.33-0.22-0.18 -0.3 -0.06-0.11-0.11-0.55 0.47 -0.44-0.09 -1.1 -0.33-0.11-049-0.51-043-0.65 -0.1 492 0.27
150,02 026 -0.11-049-0.41-6.14-0.41-0.27 852 048
S-M+p16+10.15 0.1 0.3 0.27-0.34-0.04-0.35 0.1 -0.19-0.21-0.36-0.46-0.08-0,36 0.3 -0.36 0.2 -0.61-0.14-0,33-0.27 1,08 -0.24-0.26-0.17-0.11-0.07 |21 -0.27 -0.25 -0. 28 [HH-0.68 0.34 (148 -0.44-0.43-0.22 07 084 205 0.11 g
S-M+IFNg1-0.11 0.2 -0.08-0.25-0.31-0.04-0.38-0.26-0.18-0.22-0.33-0.48-0.09 0.4 -0.46-0.39-0.12 -0.2 -0.14-0.32-0.48 0.44 -0.2 -0.21 0.01 -0.11-0.132.12 B6E-0.05 0.1 -0.11-0.17 042 0.12 0.4 -041 0 015-019 691 039 F
§-M+{-0.11 0,02 -0.35-0.26-0,25-0.04-0.39-0.26-0,18-0.23-0.39 05 -0.1 -0.44-0.52-0.41-0.20-0.26-0.14-0.31 0.5 044 -0.2 -0.19-0.00-0.12-0.22/1,98 -0.09-0.02-0.03-0.07-0.34-0.03 -0.1 043 0.4 -0.09-0.52 0.3 14050784
S+M-TIM3 {-0.14-0.17-0.65-0.28-0.36-0.04-0.39-0.16-0.19-0.23 -0.4 -0.51 0.1 -0.45-0.92-042-0.64 -0.4 -0.14-0.29-0.51 0.15 -0.13-0.31-0.67-0.12-0.32-0.53-0.64 -0.5 -0.63-0.18 0.29-0.84-0.16-037 07 058-0720.35 36 0.02 ¢
SaMPmMEPDUA} <01 1.25-043-028-0.27-0.04-0.33-0.28-0 18-0.21-0 38-0.49-0.04-0.33 01 04 038-0.34-0.13 -0.3 -0.48 0.03-0.18 0.74 -0.04-0.11-0.31 0.05 -0.53-0.38 0.36 -0.06 0.07 051 -0.16-036 0.86 113 -0.61-024 54 003 %
-1-0.14-0.17-0.63-0.28-0.37-0.04 0.4 -0.19-0.19-0.23 -0.4 -0.52-0.09-0.46 -0.9 -0.43-0.62-0.43-0.14-0.29-0.53 0.13 -0.13-0.15-0.53-0.12-0.34-0.51-0.34-0.44 0.15-0.17 0.17 0.8 0.16-0430.75 0.5 -0.71-033 33 002
S+M+Prolif {-0.13-0.05-0.37-0.27-0.35-0.04-0.37 0.2 -0.18-0.22-0.38 -0.5 -0.09-0.37 -0.5 0.39-0.34-0.16-0.14-0.18-0.48 0.52 -0.19/%08 0.01 -0.12 -03 0.7 -0.35-0.3202]-0.15 0.67 -0.33-0.14-025 0.85 0.6 0.290.04 4852271
S+M+LAGI#PD-L1+ 1-0.08-0.09 0.4 -0.25-0.23-0.01-0.37 0.2 -0.13-0.23-0.07-0.36-0.05-0.47 0.03-0.3¢ Q.67 0.02 -0.14/1.661 0.08 0,85 -0.22 0.44 [N 0.02 -0.35 1.3 [BMHI 0.38 0.92 0.23 1.66/1.63 0.11-0.14-0.14 128 0.45 0.1 42 002 §.
SHMHFNg 1-0.12-0.11.0.25-0.26-0.29-0.03-0.31-0.18-0.18-0.22-0.36-0.46-0.02-0,32-0.41-0.33-0.33 -0.2 -0.13 0.79 -0.34 0.5 -0.18-0.25-0.26-0.11-0.18 0.83 1.58.-0.16 0.2 -0.13 0.1 -0.22-0.15-0.09 1.1 201/1.21 004 4522252 =
SM+{-0.13-0.11 -0.5 -0.27-0.34-0.04-0.35 -0.2 -0.18-0.23-0.39-0.49-0.07-0.34 -0.34-0.39-0 45-0.13-0.14-0.23-0 45 0.34 -0.21-0.24 -0.17-0.12-0.27 0.8 -0.46-0.28-0.14-0,13 0.23 -0.42-0.13-0,13 1.36 1.1 -0.23-008 45312527
TeyTransition {-0.08-0.120.11 -0.24-0.14-0.03 0.47 -0.06-0.07-0.12 1.2 0.56 -0.02 0.38 1.31 0.09 141 -0.09 0.37 0.41 -0.23-0.07-0.19 0.1 -0.1 0.01-0.53 0.12 0.35-0.15-0.09 0.7 0.28 0.1 0.05 -0.32-0.34 0.91 1.03 5571 3.11
TeyProlif -0.08-0.05 0.25-0.21-0.19-0.030.22 0.12-0.73-0.16 0.75 0.08 0 0.13 0.56 2881021 1 -0.08 0.55 0.36 0.07 -0.13[2108]0.21 -0.11-0.13 -0.4 0.26 -0.25/1:43 -0.1 0.58 0.39 -0.12-0.04-0.26-0.27 0.87 0.53 1230 0.69
TeyExhausted 1-0.09-0.12 0.08-0.26 -0.1 -0.03 0.4 -0.1 -0.02-0.151.25 0.38 -0.04 0.33 0.23 011087 -01 0.24 045-0.31-006-0.24 0.15 0.1 0 -0580.03-0.38-0.19-0.120.09 0.18 -0.11-0.11-0.36-0.38 0.72 0.76 2408 1.34

-0.11-0.14-0.17-0.26-0.23-0.04 0.12 -0.19-0.09-0.15 0.83 0.09 -0.03-0.05-0.01225/-0.02 0.36 -0.11 0,02 0.13 -0.46-0.15-0.260.26-0.11-0.19-0.63-0.14-0.420.31-0.12-0.63-0.14-0.13-0.35-0.43-0.47 0.16 -0.34 6566 3.6
-0.1 -0.14-0.05-0.26-0.24-0.04 0.07 -0.14-0.08-0.11 1.27. 033 0 -0.11/4.33 281 0.04 0.82 -0.1 0.07 0.12-0.39-0.16-0.21-0.16-0.11-0.14-0,62-0.03 -0.4 -0.25 -0.1 -0.38 0.15 -0.13 -0.2 -0.43-0.47 0.41 -0.03 3030 1.69

TeyAnergic

SM&Prﬁ\lii—D‘l? 0.2 -0.18-0.26-0.31-0.04-0.38-0.27-0.18-0.22-0.36 -0.5 -0.09 -0.4 -0.47 -0.4 -0.11-0.23-0.14 -0.3 -0.51 049 -0.2 [§HH 0.09 -0.12-0.19 {188 0.41 -0.15
TcyAdvel

0.08-0.110.31 0.4 -D54-0.16-0.15 368 0.2
041 0.18 016 -0.45-0.56-0.32-0.35 28 0.02
2 007012131 -04 -0.58 0.36 -0.35 3907 2.18

THhProlif {-0.08-0.12 0.08 -0.13-0.06-0.04-0.38 0.25 -0.18-0.16-0.38-0.48-0.07-0.44 1,15 -0.31 0.04 0.4 -0.13-0.16-0.49 -0.2 -0 2388 15 -0.11-0.36-0,61 0.27 0.57 [HEH-0.14.
TLAG3+ {-0.07 0.19 -0.13-0.22-0.21-0.04-0.28 0.13 -0.17-0.16-0,32-0.33 -0.1 0.32-0.14-0.31-0.08 0.13 0.14 0.15 -0.32-0.22-0.15-0.26 [HM-0.11-0.27-0.69-0.21-0.16 0.45 0.0
Tih10.48-0.11 0.62-0.05 0.16 -0.03-0.37 0,11 -0.16 -0.2 :0.34-0.45-0.03-0.39 0.2 -0.22 0.28 1.92-0.13-0.04-0.47 0.06 -0,24-0.13 0.38 -0.08-0.33-0.63 0.51 0.7 0.13 -0.1.

wr

ThTIM3+{-0.13-0.16-0.38-0.28-0,19-0.04 0.3 -0.06-0.02-0.18 0.85 H1811-0.00 0.14 -0.05-0.02-0.31-0.38-0.08-0.26 0.37 -0.51-0.07-0.28.0.41-0.11-0.05-0.69 -0.2 -0.49.0.43-0.16-0.45-046-0.13-0.23 045044 0.08 0.84 896 05

THLAG3 { 0.03-0.060.52-0.27 0.11-0.04 0.05-0.09 0 -0.12[8H8228/-0.04-0.23 0.49 0.45 1.07-0.21 0.12 0.46 1.19-0.36 0 -0.06 l-0.090,66-066 0.1 -039.0.25 -0.1 1,07 1.11-0.14-0.32.048-0480.06 0.13 270 0.15
TRCDB+TIM3+ 1-0.06-0.11 0.34 -0.27 0.05 0,05 0.33 -0.02 0.06 0.1 2.2 288003 0.11 1.04 047 0.25-0.15-0.02 052 0.99-0.25-0.04 0.09 -0.09-0.09 0.02 -0,67-0.14-0.43 0.09 -0.04-0.18 0.7 0.11-0.17-0.43 -0.4 0,55 098 5625314

ThCDB9+ {-0.07-0.15-0.09-0.27-0.22-0.04 0.13 -0,08-0.04-0,13 1,69 228-0.04 0.1 1.04 0.28'0.19-0.31-0.06-0.22 0.35 -0.5 -0.13-0.23-021 0.1 -0.17-0,67 0.22 -0.42-0.24-0.13-0.44 0.11 -0.14-024-0.47-052-0.02 0.1 3954 221

Th{-0.08-0.13 0.2 -0.28-0.21-0.04 0.06 0.14-0.06-0.15 127 167 0.03-0.17 0 0.04 0.25-053-0.08 0.2 0.2 -0.57-0.16-0.26-0.23 -0.1 -0.2 -0.69-0.45-0.460.20-0.12-0.73-0.06 0.13-0.42-0.48-0530.31-0.28 5844 3.26

TregTiMa+1{-0.07-0.110.38 0.2 0.33-0.04 1.3 0.09 0.25 -0.2 [ 862881-0.07 118 0.56 0.31 0.33 -0.28 B -0.121:39 0.13 0.26 -0.18-0.21-0.02 0.33 -0,67-0.09-0.45-0.07 0.01-0.27 0.41 0.01-0.09-0.35-0.16 0,89 B 316 0.18
TrogProlf1-0.05 .22 0.25 0.26-0.03-003 0.27 001 0.03-0.7 {4 18 .0.03 0.2 0.20 0.2 0.49 0.1 il 0.23 0,67 0.79 -0.06[2H8[ 0 12.0.03-0.05 -0 0.18-DI4TATL-0.1004 0.4 -009-013.036-037033 045 42 0.25 o
TregLAG3+0.05 0.06 0.72-0230.11 0.02 0.4 002 0.04 0.11 288259 0.09 0.02 0.86 0.08 1.27-0.25 8888 0.94 13 -0.18 0.04 -0.05 0,07 0,52 -0.61 0.45-0.38 0.34 -0.05092 11 0.13-023-0.47-042 02 034 103 006 &

Treg {-0.03-0.06 0.18-0.26-0.14-0.05 0.34 0,04 0.03 0,13 1,62 1,78 0.01 0,23 0.46 0.14 0.4 -0.32 /86 0.23 0.56-0.16-0.11-0.18-0.11-0.08 0.01 0,62 0.07 -0.36-0.06-0.02-0.41 0.23 0.08 0.2 0.41-0430.28 0.2 3799212

R E T TR e T 0 0 © £ - £ ¢ 2@ w oo oz oo

2 2 88 %28 2 2R B838 828z - Ear i ety EeEgET 2ETEBEITELC S e e &

o 8 % £ a £ z 2

8 225308358 88¢°08588065gsgdteisgEEs3rags s g ¢

& 6 6 © 5] x £ 2 s 2 2 2 o 0 2 g

&) 4 3 s a « 4

5 g 5

3 o

(o]
©



Figure 4. Phenotype Identification. Here we show how we identified the phenotypic groups, corresponding to the
different inflammatory cell types that we had in the cores, using the DAPI-mask that took into account all the cells in the
cores and the set of phenotypic markers that we selected (CD3, CD20, CD4, HLA-DR, Bcl6, CD16, CD68, CD56, CD141,
CD1a, CD1c, Blimp1, Langerin, Lysozyme, Podoplanin, FOXP3, S100AB, IRF4, IRF8, CD1a, CXCL13, CD8, CD138, CD123,
PD-1, and MelanA). A two-tier approach was implemented for the identification of cell subpopulations. A) Initially,
KMeans, PhenoGraph, and ClusterX (heatmaps on the left) were used to identify the main inflammatory subpopulations,
resulting in clusters named after manual annotation by the pathologist based on the level of expression of the phenotypic
markers (heatmap on the right, example of expression of the markers in the clusters from Phenograph analysis). The
final phenotypes were defined after evaluating their stability (See supplementary material for cluster solidity evaluation).
B) The final clusters represented here were obtained by further sub-clusterization into functional subgroups using the set
of functional markers (CD69, Ki-67, TAP2, GBP1, MYC, p16, MX1, OX40, c-Maf, PD-L1, LAG3, TIM3, and Phospho-Stat1)
and PhenoGraph as clustering method.
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Figure 5. Composition of the cells clusters and respective subclusters. Melanoma cells could be divided into 3 different
phenotypic clusters, i.e. double positive for melanocytic markers S100 and MelanA (“S+M+” 77,46%), positive for MelanA
only (“S-M+”, 22,44%), and positive for S100 only (“S+M-", 0,1%). Regarding the immunosuppressive molecules, TIM3
was expressed by 29,27% of S+M-, and PD-L1 was expressed only by a small part of the melanoma cells (0,07%); within
this population, the S+M+ melanoma cells co-expressed PD-L1 with LAG3 and the S-M+ melanoma cells co-expressed PD-
L1 with IFNg-related proteins. Two small clusters expressed IFNg-related proteins in S+M+ (8,26%) and S-M+ (4,38%). S-
M+ melanoma cells also expressed p16 in a small percentage of cells (1,3%). Proliferating subclusters were found in all
three melanoma clusters, ranging from 5.39% (in S-M+ cluster) over 8,87% (in S+M+ cluster) to 43,9% (in S+M- cluster).
Among macrophages, a dominant immunosuppressive subcluster expressed TIM3 (24,59%) and a smaller subcluster
expressed LAG3 and PD-L1 (0,59%). Another subcluster consisted of cMAF-positive macrophages (3,34%) in which we
did not observe pSTAT1 expression; instead, pSTAT was expressed by cDC1 and Langerhans cells, in the latter cells in co-
expression with cMAF. Proliferating macrophages were found at a frequency of 1,89%. Within Tcy (CD3+CD8+) we could
identify active (16,1%), transition (29,6%) and exhausted (12,8%) subclusters, plus two additional categories, i.e. one
with high Ki-67 and OX-40 expression, representing the clonally expanding Tcy (6%), and one with low or absent
expression of all functional markers (“anergic”, 34,9%). PD-1 was mainly co-expressed with OX-40. Among Th, cells with
high expression of CD69 alone or with an additional low expression of TIM3 represented 28,5% of the total Th; balanced
expression of the two markers was found in 18,46% of the cells and 13,08 had high TIM3 or, less frequently, LAG3
expression. PD-L1 was expressed in 31,64% of the cells, but stronger expression was found in cases with higher LAG3 and
TIM3. The proliferative fraction of Th accounted for 3,39% of the cells. A minor part (6,82%) of the Tregs expressed TIM3
and LAG3 (2,2%), and PD-L1 was detected in this last subgroup. In total, 5,64% Treg were in the proliferative phase. In
the Tfh subgroup, only a very small fraction (0,65%) expressed LAG3. 8,52% of the cells were proliferating. A minority of

the BC expressed CD69 (3,1%), LAG3 (0,31%), or IFNg-related proteins (0.87%), but their proliferation rate was higher
than in the other subgroups (36,4%). Among

dendritic cells, in both cDC1 and cDC2 immunosuppressive subgroups could
be discerned based on the expression of TIM3 alone (30,47% and 29,86%) or co-expression with LAG3 (1,4% and 1,37%);
the latter group also strongly expressed PD-L1. On the other hand, PD-L1 was expressed only weakly on most of the cDC1
(75,56%) and cDC2 (59,07%) subtypes, and in a subcluster of pDC (10,38%). In the Langerhans cell population, a LAG3
positive population (1,08%) was found without co-expression of PD-L1. Proliferation rate for all DC subtypes was similar,

ranging between 4,77 and 8%. Finally, we identified lymph vessels (“LV”, podoplanin+, 0,64%) and keratinocytes
(“Epith”, CD138+, 7,29%). Visual inspection of the cores showed a lack of CD138+ plasma cells.
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Study of the inflammatory microenvironment associated with activation and exhaustion: neighborhood

analysis
Neighborhood analysis systematically identifies social networks of cells by giving a picture of the

tumor microenvironment and allowing to draw conclusions on actual cell-cell interactions. To understand
what is the immune context that determines activation and exhaustion, we compared the results of the
neighborhood analysis between the three functional subgroups (Figure 6).

Most of the interactions were shared by the active, transition and exhausted groups. Some of these
confirmed expected findings, such as the moderate to strong interaction of Langerhans cells with the
epithelium, and some revealed new information on transition from active to exhausted status, such as Tcy in
transition interacting with TIM3+cDC1 and TIM3+macrophages, TIM3+CD69+Th interacting with TIM3+cDC1,
or Tcy in general without interactions with cDC2. Nevertheless, there were some peculiar differences in the
interactions between active, exhausted and transition cases. First of all, the strength of the interactions
between Th and Tcy subtypes varied from active to exhausted cases. In active cases, active Th interacted with
active Tcy, and active Th were also the main subtype interacting with all the other Tcy subtypes. In transition
cases instead, Tcy interacted mostly with the less active Th and CD69+TIM3+Th subgroups. CD69+TIM3+Th
also interacted with IFNg BC and with TIM3+cDC2 in exhausted and in transition cases but not in active cases;
only in the transition group, CD69+TIM3+Th interacted with proliferating and TIM3+Treg, justifying the lower
level of activation of these Th cells. In the exhausted subgroup, we observed interactions between Tcy and
TIM3+Th, that were not seen in the other functional groups. Moreover, Treg interacted with transition Tcy
and anergic Tcy, and with all the Th subgroups in transition and exhausted cases respectively, but Treg
showed no interaction with Tcy in general and very limited interactions with CD69+Th in the active
microenvironment. A low-strength interaction between IFNg-BC and anergic Tcy was observed in the
exhausted group. BC had very limited other interactions; in active cases, proliferating BC were most often in
contact with both anergic and proliferating Tcy, and in transition cases, BC were in contact with anergic Tcy.
Macrophages, showed contact with PD-L1+pDC in active cases while avoiding the other pDC, and in transition
and exhausted cases they avoided Tfh and ¢DC1. TIM3+ macrophages also interacted with TIM3+ Treg in
exhausted cases. NK cells did not show much interactions, but in active cases they tended to avoid active Tcy
and to co-localize with Tfh. Tfh contacted exhausted Tcy in active cases while they tended to avoid anergic/in
transition T cells in transition and exhausted cases. In exhausted cases, they interacted instead with cDC1.
Finally, the active subgroup was enriched in LAG3+ cells that were very infrequent in the other two
subgroups. The peculiar features of these cells were that most of them (cDC1, cDC2, Treg, macrophages, Th
but not BC, Tfh, Lang and melanoma cells) were neighbors of each other and, hence, formed cohesive
clusters; in addition, they clearly avoided all other cells clusters with the exception of exhausted T cells, with
which they showed a strong interaction.

For melanoma cells, neighborhood analysis turned out not to be the best way to investigate their
interactions with surrounding cells since melanoma cells showed only avoidance with all the cells of the
inflammatory infiltrate. As this is an incoherent result considering that melanoma cells can be seen under the
microscope to interact with Tcy in brisk cases we applied an alternative analysis. , and. Actually, even though
neighborhood analysis is good to evaluate interactions of inflammatory cells in an infiltrate, the mathematical
model is biased by the cohesive type of growth of melanoma cells; indeed, they grow in closely packed nests
resulting in very low chances that stronger interactions than those between melanoma cells are picked up.
To determine which inflammatory subpopulations appear more often in the neighborhood of melanoma
cells, we counted the number of cells of each subpopulation that were in the neighborhood of the melanoma
cells and divided their numberby the geometric average of the number of melanoma cells and the number
of cells of the specific population across all cores in which the specific population appeared. This revealed
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that macrophages and epithelial cells were in general the subtypes most often located in close proximity to
the melanoma cells, without differences among their functional and morphological categories; this
represented a good positive control for the method. Tcy were the third category of cells most often in contact
with melanoma cells and brisk cases had more Tcy in close proximity with melanoma cells than non-brisk
cases (Figure 7). In particular, brisk cases showed a higher prevalence of transition and active Tcy in contact
with melanoma cells compared with non-brisk cases (Active/Exhausted ratio: Brisk = 2.108762, Non-Brisk =
1.331195); the latterinstead had relatively more exhausted and anergic cells in contact with melanoma cells
(Active/Anergic ratio: Brisk = 1.743081, NonBrisk = 0.7704947) (Figure 7).

Finally, we used the neighborhood analysis to compare the morphological categories brisk and non-
brisk (Figure 6). At first sight, there appears to be a strict similarity between the social networks of the active
cases and the one of the brisk cases. This is due to the fact that active cases and brisk cases account for
almost the total number of LAG3+ cells, which are virtually missing in the non-brisk heatmap. However, at a
closer look it is clear that both the brisk and non-brisk categories contain a mixture of the interactions that
are hallmarks of exhaustion (i.e. anergic Tcy-IFNg BC, CD69+TIM3+ Th-IFNg BC, exhausted Tcy-TIM3+Treg,
...), transition (Treg-TIM3+ macroph, TIM3+ Treg-CD69+TIM3+ Th, ...) and activation (proliferative BC-
TIM3+CDC1, Tfh-NK, proliferative BC-anergic Tcy/prolif Tcy, ...), confirming once more that the functional and
morphological categories, yielding different types of information, complement each other and result in a
multidimensional view on the immune microenvironment in primary melanoma.
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interactions detected with neighbourhood analysis according to the functional (top) and morphological (bottom)
categories. The interactions between different cell types are represented in a colorimetric scale (green closeness, red
avoidance). In active cases the strongest interaction was observed between CD69+ Th and active Tcy; CD69+ Th were
also the main subtype interacting with all the other Tcy subtypes; Treg showed no interaction with Tcy in general and
very limited interactions with CD69+Th; proliferating BC were most often in contact with anergic and proliferating Tcy;
macrophages showed contact with PD-L1+pDC while avoiding the other pDC; NK cells tended to avoid active Tcy and to
co-localize with Tfh; Tfh contacted exhausted Tcy; enriched in LAG3+ cells that were very infrequent in the other two
subgroups. In transition cases, Th and CD69+TIM3+Th were the main interactors with the Tcy; CD69+TIM3+Th interacted
with proliferating and TIM3+Treg; BC were in contact with anergic Tcy. In both exhausted and in transition cases,
CD69+TIM3+Th also interacted with IFNg BC and with TIM3+cDC2; Treg interacted with all the Th subgroups;
macrophages avoided Tfh and cDC1; Tfh tended to avoid anergic/in transition T cells. In the exhausted subgroup, we had
interactions between Tcy and TIM3+Th; Treg interacted with transition Tcy and anergic Tcy; there was a low-strength
interaction between IFNg-BC and anergic Tcy; TIM3+ macrophages interacted with TIM3+ Treg; Tfh interacted with
cDC1. The morphological subgroups “brisk” and “non-brisk” showed a mixture of interactions that could be found in
active, transition and exhausted case respectively.
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Figure 7. Analysis of the interactions between melanoma cells and the inflammatory subpopulations. Here we show
the alternative approach that we used to investigate the neighborhood of melanoma cells. The main inflammatory cells
in contact with melanoma cells in our data set are macrophages and epithelial cells in both brisk and non-brisk cases,
followed by Tcy with active and in transition Tcy in brisk cases and proliferating and anergic Tcy in non-brisk cases.
Another small difference between brisk and non-brisk cases is an increased number of TIM3+ c¢DC1, cDC2 and TIM3+
macrophages in contact with melanoma cells in brisk cases.
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Validation of the functional subclassification of the brisk/non-brisk categories using gPCR and proteomics on
microdissected TILs from melanoma metastases
To confirm the existence of the same functional subcategories by qPCR and proteomics, we

measured 2 activation and 2 exhaustion markers after microdissection of TILs-rich areas in 8 brisk and 7 non-
brisk samples. This analysis was done on metastatic melanoma samples, from which fresh frozen material
was available; this allowed us to perform qPCR followed by proteomics and to measure directly the levels of
expression of IFNg, the best indicator of CD8+ activation, for which no suitable antibody exists that works on
FFPE material. Groups of lymphocytes in brisk and non-brisk areas were microdissected; in addition, we
studied groups of lymphocytes present in the surrounding stroma in an “Absent” frozen sample as well as
lymphocytes associated with melanophages in a case of tumoral melanosis (i.e. complete melanoma
regression with persistence of melanin-loaded macrophages). For the measurement of activation, qPCR for
IFNg and CD40L was done, whereas LAG3 and TIM3 were chosen as markers of exhaustion. A case with
positive log(IFNg/CD45) ratio was considered active. Using this approach, 4/8 melanomas with a brisk TILs
pattern, and 3/7 with non-brisk TILs pattern proved active, confirming that we could subclassify from a
functional point of view also metastatic lesions (Figure 8a). On the other hand, as expected, LAG3 and TIM3
expression was very variable, as these markers are normally expressed upon activation, and as exhaustion
was defined by expression of LAG3 and/or TIM3 with lack of IFNg and CD40L expression.

To correlate the gene expression measured by qPCR with the actual protein expression we performed a
proteomic analysis on the microdissected material in 3 representative cases, i.e. one with high IFNg
expression (“IFNg-high”), one with high LAG3 and no IFNg expression (“LAG3-high”), and one with none of
the four markers strongly expressed (“none”). The results showed a higher number of proteins identified in
the “IFNg-high” sample (324) compared to “LAG3-high” (93) and “none” (134). As we minimized the
difference in the number of microdissected cells in each sample, the observed vast difference can only be
explained by a higher production of proteins in the TILs of the active case compared to the anergic and the
exhausted one. This was furthermore confirmed by the fact that almost two thirds of the proteins (210/324)
identified in the “IFNg-high” sample were specific for that sample and not shared with the other two samples.
Analyzing the protein ontology, the 59 proteins shared by the 3 samples were enriched in proteins
participating in general metabolic pathways and leukocyte migration; the specific proteins for the
(exhausted) “LAG3-high” (17) and (anergic) “none” (29) samples were implicated in general cellular functions.
In contrast, those specific for the “IFNg-high sample” were enriched for proteins involved in different
inflammatory pathways (innate immunity, TNFR1 signalling pathway, FAS signalling pathway, T cell receptor
and Fc-epsilon receptor signalling pathway), including the interferon gamma-mediated signalling pathway
(Figure 8b).
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Figure 8. Confirmation of the functional subgroups by qPCR and shotgun proteomics plus pathway analysis. (A) Here
we show the expression levels of activation and exhaustion markers in metastatic cases. With gPCR we were able to
identify in both brisk and non brisk cases active (green rectangles) and exhausted (red rectangles) statuses. Tumoral
melanosis showed an exhausted environment, while non infiltrating lymphocytes in a case in the absent category showed
only CD40L expression. (B) The amount of interactions involving the proteins found in the representative cases selected
for proteomics are schematically shown as STRING pathways. In table, the main pathways involved in each
representative case are listed. We confirmed that the “IFNg-high” case compared to the “LAG3-high” and the “none”
case had more proteins involved in inflammatory pathways among which the IFNg-related parthway (in grey).
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Discussion

Using a high dimensional multiplex immunostaining technique on TMAs of a series of primary
melanomas with various morphological patterns of TILs infiltrates and with various stages of spontaneous
regression, we wanted to investigate (1) whether the morphological patterns of TILs have a functional
correlate; (2) whether an active T cell infiltrate is associated with melanoma regression; and (3) which
inflammatory microenvironment is associated with the morphological and functional TILs categories.

As the activation and exhaustion status of lymphocytes is characterized by the simultaneous
expression of several molecules, and as the measurement of the interactions between cells requires
preservation of the tissue architecture, we performed this study with the use of a recently developed
sensitive multiplex staining technique that is based on sequential staining, scanning and stripping (22).
Previous studies on TILs were limited to 6 markers based on the Opal™ System (32) or used a multispectral
approach based on the Vectra Intelligent Slide Analysis System but used serial tissue sections. Our study is
the first to assess the activation status of TILs directly on tissue sections at the single cell resolution without
losing their spatial distribution. Associating the TMA technique with the multiplex staining method, we were
able to focus on multiple pre-determined areas for each patient, and to assess both inter-patient
heterogeneity as well as intra-patient heterogeneity. Furthermore, the possibility to assess more than 40
markers on the same section allowed us to identify inflammatory subpopulations and to study their spatial
relationships, thereby obtaining a screenshot of the dynamic landscape of the local antitumor inflammatory
response.

From the analysis of the activation status of the cores we can conclude that both brisk and non-brisk
cases can harbor predominantly exhausted TILs or predominantly active TILs; therefore, within the
morphological classification (brisk — non-brisk — absent), a complementary functional classification (active —
transitional - exhausted) exists. The importance of going beyond the morphologic classification of TILs was
previously raised by others, who claimed that a functional analysis could help not only in understanding brisk
and non-brisk patterns but also in the application of an immunoscore for therapeutic prediction (33). Adding
the functional level to the morphological classification could therefore, first of all, explain the finding by Saltz
et al (17) of a group of tumors with brisk pattern but associated with poor outcome. Indeed, one would
expect that a brisk infiltrate matches with the concept of activation of the TILs, while a non-brisk infiltrate
should represent a more heterogeneous microenvironment, with areas of “brisk” infiltrate representing
“active” areas and areas devoid of lymphocytes representing areas of immune ignorance and exhaustion. In
our study however, there was a lack of association between activation status of TlLs and areas with evidence
of direct contact with melanoma cells (“brisk in brisk” and “brisk in non-brisk”), confirming that the contact
with melanoma cells in a brisk infiltrate does not necessarily activate the CD8+ lymphocyte.

In melanoma, indeed, a brisk lymphocytic infiltrate is associated most frequently with excellent
prognosis (13) (14). Nevertheless, the fact that not all brisk infiltrates have a good prognosis (17) (34), that
TILs populations can be very heterogeneous (35) (36) and that anti-PD-1 immunotherapy was found to
support functionally activated T cells (16) is urging a thoughtful investigation of the TILs not only concerning
their morphological patterns of infiltration but also their functional status.

The functional status of lymphocytes is identified by the expression of distinctive molecules. There
are multiple activation markers, such as CD69, CD28, CD40, 0OX40, GITR, 4-1BB, ICOS, and multiple exhaustion
markers, such as PD1, TIGIT, TIM3, LAG3, CTLA4, PD-1, 2B4, CD160, BTLA, VISTA (37) (38) (39). However, none
of these markers by itself can effectively determine the activation status of the cell, and therefore have to be
evaluated as a panel (38). Moreover, exhaustion markers are expressed upon activation in order to prevent
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hyperimmunity and autoimmune reactions (39), exhaustion markers can be transiently expressed by
functional T cells, and it is only after a strong and sustained expression that they bring the cell to exhaustion
(39). Therefore, real exhaustion can be defined as the expression of exhaustion markers without co-
expressed activation markers, while all intermediate states of co-expression of activation and exhaustion

Ill

markers can be defined as “transitional” statuses.

With regard to the activation status of the TILs, we observed co-expression of activation and
inhibition markers. Among activation markers, OX40 is a powerful co-stimulatory molecule expressed only in
activated T cells. We found a strong correlation between Ki-67, PD-1 and 0X40, confirming the role of 0X40
in preventing T cells to die and in sustaining their clonal expansion (40). From the gPCR results, it appeared
that CD40L expression was higher in the “absent” samples, in which lymphocytes did not make contact with
the melanoma cells, while it had a very low expression during IFNg production. This suggests that CD40L
represents a very early marker of activation, or of priming of the cell before contact with dendritic cells or
melanoma cells. Interestingly, the stroma in the case of tumoral melanosis, characterized by a complete
disappearance of the melanoma cells due to a successful immune response, showed lymphocytes expressing
only LAG3, suggesting a shut-down of the inflammatory process after destruction of the target. With respect
to the immunosuppressive molecules, LAG3 was expressed on very small subclusters of different cell types,
such as DC, BC, T cells, and macrophages and in all of these subgroups, LAG3 was associated with PD-L1,
known to be its co-inhibitory molecule (41). An exception to this co-expression was found on Langerhans
cells, that expressed LAG3 but not PD-L1, suggesting a different mechanism of immunosuppression in these
cells.

The immunosuppressive role of BC has been addressed by several authors; recently, a role for BC in
resistance to BRAF/MEK inhibitors (42) and an anti-tumor effect of B cell depletion was reported (43).
Interestingly, we observed PD-L1 expression on all subtypes of BC, except those expressing IFNg-related
proteins; the latter cells probably exert a less immunosuppressive function.

To assess M1/M2 polarization in macrophages, we used pSTAT1 and cMAF as suggested by Barros et
al. (44). However, the macrophages in our samples did not express pSTAT1, and only 3,34% of them
expressed cMAF, whereas co-expression of these markers did occur in other cell subtypes (mainly DCs).
Therefore, we cannot draw grounded conclusions on macrophage polarization based on our data. Finally, we
noticed that expression of MelanA in melanoma cells was associated with a more differentiated, less
aggressive cell type, showing lower proliferation rates and occasional expression of p16. Moreover, these
melanoma cells retained the ability to respond to IFNg, as highlighted by the expression of IFNg-related
proteins and expressed less frequently immunosuppressive molecules such as PD-L1, LAG3, TIM3.

From the analysis of the spatial heterogeneity of the immune response in the same melanoma
sample, we observed that a minority (15%) of patients presented with only active cores and that 30% of
patients presented with at least one active core, whereas the great majority of the patients presented with
only exhausted or transition areas at the moment in which the melanoma was removed. Since the percentage
of patients that obtains a durable response with single agent checkpoint therapy (1) (2) (3) lies between 15
and 30%, and since Krieg et al (16) reported that anti-PD-1 immunotherapy supports functionally activated T
cells, it is tempting to speculate that the 15% “mostly active” TILs cases could correspond to the durable
responders to immunotherapy, while the “mostly exhausted” cases could benefit instead from combination
approaches with immunotherapy and other type of therapies in order to rescue the exhausted T cells.
Therefore, adding the functional evaluation could definitely improve the predictive value of the
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morphological TILs patterns in melanoma. This aspect is currently under study by a-nalyzing samples from
responders and non-responders with a similar multiplex approach.

We also studied the association of activation of TILs with spontaneous melanoma regression, as
regression is considered to be the end-results of the melanoma-eliminating capacities of active TILs.
Spontaneous partial regression is present in 10-35% of the melanomas and, interestingly, is particularly found
in thin melanomas of the superficial-spreading or lentigo maligna type. The most important histopathological
criterium to define an area of partial regression is a disappearance of the tumor next to a (junctional or
dermal) area with remaining melanoma cells. To distinguish between early and late regression, other criteria
are taken into account, the most important of which are a dense inflammatory infiltrate for the early and
largely extended fibrosis for the late regression stages (23). Our data showed a clear-cut association of
activation of TILs with late regression areas, indirectly proving the functional meaning of an active infiltrate.
No association was found with early regression, but this could be due to the fact that early regression is a
controversial entity that is more difficult to unequivocally identify by the pathologist. Moreover, a dense
infiltrate in early regression mimics the dense infiltrate of a brisk pattern and the definition of “small foci of
fibrosis”, present in early fibrosis is very subjective. Other histopathological prognostic parameters did not
show any association with activation or exhaustion of TiLs.

Finally, we tried to obtain a functional picture of the inflammatory landscape in brisk versus non-
brisk cases and in active/transition/exhausted TILs microenvironments. To this end, we not only quantified
the different cell subpopulations, but also investigated their spatial relationships by neighborhood analysis.
Comparing brisk and non-brisk cases, we observed that brisk infiltrates harbored increased Tcy clusters,
irrespective of their phenotypic subtypes and irrespective of their activation status. This is in line with
observations by Saltz et al. (17), who found CD8+ cells to be more abundant in brisk tumors. However, they
also observed a group of tumors with brisk infiltrates that showed poor outcome; this can be explained by
our finding that both active and exhausted cells were significantly increased. A previous study on T cell
clonality already casted some doubts on the significance of the brisk pattern, as they found no evidence of
clonally expanded TILs in some cases with a brisk infiltrate (36). They hypothesized that clonally expanded T
cells might represent not only cytotoxic cells but also regulatory cells. We indeed found other T cell
phenotypes increased in brisk cases, in particular NK cells, CD69+TIM3+ Th, LAG3+ Th, LAG3 Tfh+, LAG3+
Treg, and proliferating Treg. Moreover, we observed also a higher number of
immunosuppressive/immunosuppressed cells in brisk cases, such as macrophages, PD-L1+5+M+ melanoma
cells, TIM3+ cDC1, and almost all LAG3+ cells except BC (i.e. melanoma cells, macrophages, Th cells, Tregs,
Tfh). The only BC subtype that was significantly increased in brisk cases corresponded to the BC expressing
IFNg-related proteins; as these cells did not express PD-L1, we assume that this BC subset has no
immunosuppressive role. In summary, even although a brisk infiltrate is generally associated with good
prognosis, it is enriched not only with immune stimulating cells, but also with cells with an
immunosuppressive role.

Active and exhausted cases were functionally rather coherent categories. An active
microenvironment was enriched for active Tcy and contained increased numbers of (activated) CD69+ Th and
LAG3+Treg. On the other hand, an exhausted microenvironment was enriched for proliferating and TIM3+
macrophages, TIM3+ Th, and various subsets of Tregs, i.e. a wide range of immunosuppressive cells. The
functional coherence of the functional classification was highlighted also by the neighborhood analysis. While
brisk and non-brisk cases both showed a mixture of activating, transitional and exhausting interactions,
active, transitional and exhausted groups showed instead interesting and peculiar differences, that revealed
the main actors in the process that turns activation into exhaustion. In active cases, the interactions between
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the most active T-cell subtypes i.e., CD69+ Th and activated Tcy, were stronger than in transition and
exhausted cases, where interactions between Th and Tcy were characterized by additional expression of
inhibitory marker TIM3 (CD69+TIM3+ Th and TIM3+ Th). Moreover, from the neighborhood analysis we could
detect in exhausted and transition cases but not in active cases the specific cell types that contributed to Tcy
exhaustion: BC, TIM3+cDC2, and Treg.

Different subgroups of various type of cells were found to express LAG3, i.e. LAG3+ cDC1, cDC2, Treg,
macrophages, and Th. LAG3 is a MHC class Il ligand, broadly expressed on different cell types, and expressed
very early and only transiently during T cell activation; persistent T cell activation with sustained expression
of LAG3 together with expression of other exhaustion markers (e.g. PD-L1) results in T cell dysfunction.
Moreover, LAG3-expressing Tregs have been shown to suppress DC maturation (45). These LAG3+ cDC1,
cDC2, Treg, macrophages and Th, were arranged in small clusters, that were peculiar both to active and brisk
cases. In particular, these LAG3+ cells strongly interacted with exhausted T cells in active and brisk cases
whereas they avoided interactions with most of the other cells in the microenvironment. These LAG3+
clusters may therefore be an important factor involved in the early onset of the exhaustion program, and
these cells may therefore represent one of the most interesting targets to prevent the formation of an
exhausted microenvironment.

In conclusion, we untangled some aspects of the immune microenvironment in situ, using clinical
tissue samples of primary melanomas and analyzing not only the composition of the immune infiltrate, but
also the functional status of TILs and the spatial relationships between the inflammatory cells. We
hypothesize that the good prognosis of melanomas with a brisk pattern of TILs could be based on the fact
that the melanoma is excised and analyzed at a moment in which it is still in control by the inflammatory
cells that are still abundant in the immune microenvironment. Therefore, quantity, in addition to quality,
may be an important determinant in the prognosis of this morphological category; this is in accordance
with the data of Azimi et al (46) who added a quantitative dimension to the morphological categories.
Nonetheless, in this paper we have shown that the activation status of the TILs does not necessarily parallel
the morphological categories, and that within a single melanoma, the inflammatory response may vary
considerably. This should be taken in consideration when assessing the response to immunotherapy. We
are currently investigating this in a data set of immunotherapy-treated patients, to find out whether
inflammatory subpopulations that we identified as associated with activation and exhaustion are
determinants for response to immunotherapy. This will ultimately lead to the identification of functional
inflammatory microenvironments that may benefit from personalized combined therapy protocols.
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Supplementary Figure 1 The rotation matrix from the PCA shows that PC1 is capturing general expression of the initial
markers (all the markers with the same sign). On the other hand, in PC2, TIM3 (exhaustion) has a different sign than the
rest of the markers, and the same is true for PC3 and CD69 (activation). Therefore, PC2 and PC3 were used for the
definition of the activation function.

The followed pipeline is detailed below:
® PC2 and PC3 are mapped into polar coordinates.

p=y\ (PC,)2+(PC;)?

@ =alun2(l’C3. I’Cg)

where PC2 and PC3 are calculated from the rotation matrix
I’C: =0.0444-CD69+0.7048- 0X40+0.4764- LAG3—0.5236-TIM3

PC3;=—0.7505-CD60+0.3656- 0X40+0.1196- LAG3+0.5372-TIM3

e The point of maximum activation (Activation = 1) was defined as the point where the projected value of CD69
in PCs 2 and 3 reaches a maximum (supplementary figure 1, point A). The angle corresponding to the multi-
valued inverse tangent of the rotation vectors of PC3 and PC2 (atan2(PC3, PC2)) (¢0) is added to .
P'=p+q@g

e The point of maximum exhaustion (Activation = -1) was defined as the point where the projected value of TIM3
in PCs 2 and 3 reaches a maximum (supplementary figure 1, point B).

® The line of transition (Activation = 0) was defined as the bisector between the projected vectors of LAG3 and
0X40 over PCs 2 and 3 (supplementary figure 1, Transition Line).

® The 4 resulting areas (supplementary figure 1, 1 to 4) do not cover the same range of @. Each area was scaled
so that it covers 90 degrees (rt/2 rads).

e Finally, the value of activation of each cell was calculated as:

Activation =p - cos(¢”)

where pis the radius and ¢ the scaled angle.
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Cluster Intersection: PhenoGraph vs ClusterX
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Supplementary Figure 2 Cluster stability. Venn Diagram showing the phenotypes identified by each clustering method,
and contingency tables with the number of cells belonging to each cell phenotype for each clustering method pair
(PhenoGraph vs Cluster X, PhenoGraph vs KMeans, and ClusterX vs KMeans, respectively). The tiles are colored by the
jaccard similarity coefficient. PhenoGraph/ClusterX/KMeans identified 40/52/28 clusters that were mapped to 18/18/17
cell populations. There was no cell population identified by only one clustering method. Figure 1.B-D shows the
contingency tables of cell populations for each pair of clustering methods (PhenoGraph vs ClusterX, PhenoGraph vs
KMeans, and ClusterX vs KMeans, respectively). PhenoGraph and ClusterX showed a x% of agreement in phenotypic
identification, while PhenoGraph and KMeans a y% and ClusterX and KMeans a z%. These results evidence the robustness
of the clusters.
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Supplementary Figure3 P-values Cluster stability. On top, correlation matrix between all the clusters for all the
clustering methods for all the cells in the dataset (all cores), The Pearson correlation between the expression vector for
each pair of clusters was calculated. The different clustering methods classified equally most of the cells. Below,
histogram showing the distribution of all the correlation coefficients from the correlation matrix (grey) and taking only
the correlation coefficients from those clusters that map to the same phenotype (red). These distributions were further
evaluated for significance using one-tailed t tests. If we check the correlation coefficients between the clusters that were
identified as the same cell type (red) and compare them with the distribution of all the clusters (grey), the red
distributions are significantly different and higher than the grey one. Only S+M- shows a no-significant p-value and is
because there are very few clusters that map to S+M-, and the t.test depends on the sample size.
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Supplementary Figure 4 Biplot showing the projection of the Tcy cells over PCs 2 and 3. In order to compare the second
dataset with the initial one (CD8+ mask), the same approach was repeated over T cytotoxic cells to evaluate if the initial
set of cells could be recovered and if these showed the same structural behavior.
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Cell Type Percentages by Activation Status
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Supplementary Figure 5. Mean percentages of cell populations across the cores belonging to active, transition and
exhausted cases (A), and brisk and non brisk cases (B). One-way Analysis of the Variance (ANOVA) tests were performed
in order to find significant differences in the percentage of any of the cell subpopulations within the cores belonging to

the different compared groups.
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DISCUSSION AND FUTURE PERSPECTIVES

Three years ago, the idea to study some of the less known components of the immune response was
driven by the explosion of interest toward immunotherapies, following the amazing survival advantage that
they brought in melanoma (1) (2) (3). Most of the mechanisms influencing the success of checkpoint inhibitor
were still to be discovered, but what was clear to every investigator was that the tumor microenvironment
represented a complex system, dynamic in space and time, changing not only according to the body site (the
so-called organ-related “immunostat”) (4), but also during melanoma progression due to immunoediting and
immunomodulation processes (the so-called “immunome”) (5), and that every single component of this
system has a potential role in influencing the response to these drugs.

An attempt to describe different types of microenvironments using a global approach was recently
done on TCGA data, and 6 types of immune microenvironments, found across different types of cancer, were
identified: C1 (“wound healing”, Th2-type of infiltrate, elevated expression of angiogenic genes, high
proliferation rate), C2 (“IFN-y dominant”, highest M1/M2 macrophage polarization, numerous CD8 with high
TCR diversity), C3 (“inflammatory”, elevated Th17 and Thl genes, low to moderate tumor cell proliferation,
lower levels of aneuploidy and somatic copy variations), C4 (“lymphocyte depleted”, prominent macrophage
signature, Th1l low and high M2 macrophage polarization), C5 (“immunologically quiet”, lowest lymphocyte,
highest M2-unbalanced macrophage infiltrate), and C6 (“transforming growth factor-B (TGF-B) dominant”,
TGF-B signature and abundant lymphocytic infiltrate)(6). Another recent review identified three classes of
tumor microenvironments, based on human and mouse data: infiltrated—excluded, if containing an abundant
immune infiltrate but poor in cytotoxic lymphocytes; infiltrated—inflamed, if containing abundant PD-1+
cytotoxic lymphocytes, and PD-L1+ leukocytes and melanoma cells; and infiltrated—inflamed with tertiary
lymphoid structures, if containing in addition these ectopic lymphoid organs at the invasive tumor margin
and in the stroma (7). The data from these papers are derived from bulk analysis and provide a rather low
resolution picture of the tumor microenvironment. (5) To obtain a high resolution landscape of the tumor
microenvironment one has to identify not only general categories of cancers with a similar inflammatory
milieu, but to distinguish all the subclasses within these general categories, up to the possibility to
characterize the tumor microenvironment of each single patient in order to achieve the goal of a personalized
therapy. Moreover, high resolution means also to be able to characterize not only the heterogeneity of the
immune infiltrate but also to define the spatial distribution and the function of each component within it (7).
This doctoral project aimed to study the local immune response in melanoma by clarifying the possible role
of individual inflammatory components in the tumor stroma of melanoma, and we started with two poorly
studied cell types, i.e. plasma cells and melanophages.

The significance of plasma cells in melanoma had never been properly addressed in recent literature,
and in general the role of B cells was controversial at the time we started the study, as stated in Chapter | of
this thesis. Even though the two 30-yr-old papers addressing plasma cells in melanoma (8)(9) already pointed
out a negative prognostic value for these cells, no clues that could explain this impact on survival were
provided. Two new pieces of information came from our investigation: that the quantity of plasma cells
influences the prognosis, and that the type of immunoglobulin produced could explain the impaired outcome
with an immunosuppression-related mechanism. More evidence of the immunosuppressive role of B cells
were reported in the years following the publication of our paper, some of them pointing out also their role
in influencing the response to therapy. In particular, B cells were found to contribute to resistance to BRAF
inhibitors (10) and to serve as biomarker for adverse reactions during immunotherapy (11), highlighting
therefore their value not only as a prognostic marker but also as a marker for decision making in therapy.
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Regarding the IgA that we found in the clusters of plasma cells in melanomas with poor outcome, it was
shown that IgA+ plasma blasts in prostate cancer have an immunosuppressive role (12). Moreover, in the
above-mentioned paper that identifies 6 types of immune microenvironment, C6 is characterized by an
abundant lymphocytic infiltrate associated with a TGF-B-enriched microenvironment. Interestingly, TGF-f is
known to favour IgA switching (13) and C6 is the type of microenvironment associated with the worst
outcome (6). Hence, the clusters of IgA+ plasma cells, observed in thick melanomas, likely contribute to local
immune suppression in melanoma, and thereby to their unfavourable prognosis. The sentinel lymph node,
which is the first lymph node that drains the lymph derived from the area of the primary melanoma, has
extensively been studied in melanoma, and has been found to represent an area undergoing immune
suppression, either at the level of dendritic cells (14) (15), cytokine release (16) or activation status of
lymphocytes (17). We have recently observed sentinel nodes from melanoma patients in which clusters of
IgA+ plasma cells were found near the subcapsular sinus (Fig 1). In view of the immunosuppressive properties
of IgA, we will conduct a retrospective study of the incidence and significance of IgA+ plasma cells in
uninvolved and involved sentinel lymph nodes.

With Chapter Ill of the thesis we moved from a population-centered approach to a
microenvironment-based approach. Recently, Johnson et al. identified MHC Il positive melanomas as an
immunotherapy-responsive phenotype (18). While the two mechanisms of MHC Il expression, i.e.
constitutive and IFNg-induced, have been extensively elucidated (19), the data on the immunological context
underlying MHC Il positive melanoma areas is still controversial, being associated not only with the presence
of TILs and better survival but also with TNF-producing CD4+ T cells that dampens cytotoxic T activation (20).
In this chapter, we aimed to obtain a global view of the inflammatory milieu associated with HLA-DR
expression using two “bulk” analysis approaches, next generation sequencing and multiplex ELISA. This
approach allowed us to associate these HLA-DR+ areas with the humoral immune response, in particular the
stage of maturation of the B cell after antigen presentation, a passage that takes normally place in the
germinal center. The functional similarity of the HLA-DR-expressing areas with a germinal center has not been
documented before, and this novel information therefore brings us one step closer to elucidating the biology
behind response to checkpoint therapy. The expression of germinal center citokines, in fact, could prevent
primed dendritic cells and tumor infiltrating lymphocytes from re-circulating to the lymph node and from
stimulating the arrival of waves of activated inflammatory cell at the tumor site. Moreover, tumor infiltrating
lymphocytes that are prolongedly kept in HLA-DR positive areas would eventually become exhausted, but
this may represent an advantage in case of start of PD-1 therapy, since those cells would be immediately
available to be reactivated in loco against the tumor.
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Figure 1. Clusters of plasma cells in the subcapsular sinus of a sentinel lymph node (upper image). Immunohistochemistry
for IgA revealing these plasma cells as IgA-producing (lower image).
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During the first years in which this doctorate was taking place, the development and widespread use
of single cell technologies was so relevant that in July 2017 Nature published an issue focusing on the topic.
While it was clear that bulk analysis produced data that were only the result of an average of the single cell
data in the tissue, single cell analysis allows the characterization of the vast multitude of cells that forms that
specific tissue (21). Most of the developed techniques focus on genomic analysis, the so-called single-cell
sequencing. Single cell sequencing brought a revolution in the immunology field, allowing to identify
numerous new subtypes of inflammatory cells (22). On the other hand, there are some delicate points to
take into account regarding this technique. First, due to the small amount of RNA the data are produced with
a higher background noise and have a much more enunciated batch effect. Second, the amount of data
produced is so massive that the development of these techniques had to be followed by the parallel
development of bioinformatic methods to analyze these data (23). Finally, for the study of immune cells, it
was highly recommended that modifications of the state of the cells in the original tissue should be
minimized, in order to mimic the reality and not to favour a specific cell type and losing information about
other cell types (24). As said previously, high resolution will not only characterize the heterogeneity of the
immune infiltrate but will also define the spatial distribution and the function of the cells involved. With
single cell sequencing the spatial information is lost due to the dissociation of the cells in the tissue.
Therefore, all the spatial relationships and the functional information that can be derived from it are lost. To
overcome this problem, several tissue multiplex staining techniques, based on immunofluorescence or
immunohistochemistry, were developed in the past few years. Different techniques have been developed
that allow the detection of multiple markers on a single section in an amount that is adequate to give high
throughput data. These include bleaching/quenching of the fluorochrome, cocktails of antibodies raised in
different species or of different isotype that are delivered on the section serially or simultaneously without
removing them or stripping of the antibodies from the slide. All these methods have pros and cons. Important
problems are, for example, the loss of cells between the cycles for bleaching/quenching techniques (25), the
steric hindrance between sequentially deposited antibodies that target nearby epitopes and that may mask
the detection of the epitopes in later staining cycles when tyramide-based amplification methods are used
(25) and the costs and difficulties for metal- or nucleotide-conjugated antibody techniques, that will reveal
only regions of interest (and not the whole slide), that are burdened by long scanning times, that have a
limited amount of validated pre-conjugated antibodies and, in case of homemade antibody conjugation,
require reagents diluted in media without PBS; in addition, validating the panels of antibodies is not so
straightforward as it may seem (based on personal experience of the author). For this reason, the multiplex
staining used in this doctorate was performed jointly with the university of Milano-Bicocca, where important
problems such as the development of an efficient stripping method (26), antigen retrieval method (27) and
a technique to preserve the antigenicity of the tissue (28) were addressed and troubleshooted. A multiplex
technique for high dimensional single cell analysis on tissue sections was developed, harboring the great
advantage to use well characterized antibodies that are already widely used in the histopathology laboratory
(29). Once the raw data from the staining of a tissue micro-array (TMA) with some 40 different immunological
markers was obtained, a pipeline for Image Analysis was developed in collaboration with the university of
Milano-Bicocca, and in collaboration with ProtAtOnce Ltd (Athens, Greece), we also developed an R-based
bioinformatic pipeline for data analysis. At the end, we were able to obtain the high resolution picture we
were aiming at in Chapter IV of the thesis, thereby accomplishing the aim of untangling the
microenvironment in the “brisk” and “non brisk” morphologic categories of tumor infiltrating lymphocytes,
not only quantitatively but also functionally through neighbour analysis. We obtained a functional
classification of the T-cell infiltrates that could be considered more accurate than what was previously done
in literature; indeed, instead of measuring the activation or exhaustion of T-cells through application of a

single activation/inhibition marker per tissue section, we now analysed the simultaneous expression of the
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4 activation/inhibition markers that we selected through principal component analysis, and thus were able
to sense the fine tuning of activation/exhaustion in CD8+ cells.

Novel methods to analyse the tumor microenvironment (TME) are urgently needed to stratify melanoma
patients for adjuvant immunotherapy. Tumor-infiltrating lymphocyte (TIL) analysis, by conventional
pathologic methods, is predictive but is insufficiently precise for clinical application. Moreover, compared to
other recent papers on the evaluation of the immune infiltrates in melanoma on tissue sections, our methods
shows definitely a higher performance. Compared to Gartrell et al that performed a quantitative 6-plex
immunofluorescence analysis based on the Opal™ System (PErkin Elmer, Waltham, Massachusetts, Stati
Uniti) (30) our approach allowed to analyse many more markers, thereby giving a more global and in depth
understanding of the heterogeneity and spatial relationships between different subtypes of inflammatory
cells. Another study used a multispectral approach based on the Vectra Intelligent Slide Analysis System
(PerkinElmer, Waltham, Massachusetts, Stati Uniti) (31), but their staining of the markers was carried out on
serial tissue sections instead of the same section, therefore losing the single cell resolution. At this very
moment, there are no other commercially available methods that can give a similar performance to the one
applied in this thesis.

The conclusion that can be derived from our studies is that, in the perspective of building a multiplex
panel of biomarkers in order to predict the response to immunotherapy, it will be necessary to take into
account a deeper immune-profiling of both the T cells and B cells, including the evaluation of the functional
status for the T-cells, and the type of immunoglobulin production and germinal center-related markers for
the B-cells. Concerning the cells of myeloid lineage, melanophages should be included as potential
immunosuppressive cells. Hence, when building a predictive panel of biomarkers, one will have to consider
enough markers so to cover all players involved in the local immune response in melanoma. Some predictive
markers associated with the response to checkpoint therapy have already been identified, i.e. a signature of
325 genes enriched in genes associated with the humoral and cellularimmune response that predicts durable
responses (32) and, on the contrary, a genetic signature that predicts resistance to checkpoint inhibition (33).
Further predictive characteristics are the load of somatic gene mutations, responsible for sensitivity of cancer
cells to T-cell-based immunotherapies (34); a heavy T cell infiltration as well as the T cell landscape (35), (31)
(36) (37) (38); an increased number of circulating central memory T cells, NKT cells and activated T cells (39);
relative/absolute lymphocyte, monocyte and eosinophil counts in peripheral blood (40); an imbalanced ratio
between circulating T-cells and pretreatment disease burden (41); MHC Il expression on melanoma cells (18);
and PD-L1 positivity, even if it is still highly debated (42) (43) (44) (45) (46). The source of these markers is
highly variable: some are taken from blood, some from the genetic landscape of the tumor, and some from
proteins expressed by the tumor tissue. The association of data collected from the tumoral tissue can benefit
from the association of data collected from the peripheral blood, in view of the known interconnection
between the tumor tissue and the systemic immune response through cytokines and growth factor secretion
(7). Therefore, to guarantee the best predictive power, different parameters depicting different aspects of
the immune response (tumoral burden, mutational burden, amount and function of the inflammatory cell
subtypes, T and B cell clonality, etc.) need to be integrated, as anticipated already in the concept of the
“cancer immunogram” described in the introduction of this thesis (47). In my personal view, the evaluation
of the immune response done directly on tissue section from the patient through an high-dimensional
multiplex technique should be integrated with the evaluation of other predictive parameters derived from
peripheral blood, as well as with markers obtained with other methods, i.e. genomic and epigenomic
evaluations. In the effort to include as many significant parameters together as possible, an “Immunogram
2.0” will be obtained that depicts the complexity of the immune microenvironment and that should reach a
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satisfactory predictive power in clinical practice. The aim of this Immunogram 2.0, that currently is merely
centered on predicting the response to immunotherapy, should evolve in the future to represent a tool to
decide which type of treatment the patient should receive. By applying it not only at the beginning of the
therapeutic path of the patient but also during the course of the treatment, it will represent a tool to follow
the evolving tumoral landscape and it will allow to closely monitor response of the patient to the therapeutic
protocols, thereby fulfilling the need for a completely personalized therapy for the patient.
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Dagmar Kulms, prof. Thomas Sauter, prof. Martin Leverkus, prof. Patrizia Agostinis, prof. Leonidas
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123



Hans-Uwe Simon and Dr. Isabela Aparicio for the incredible guidance, thorough teaching and good
atmosphere that they infunded in the project, and above all to my companions in the MEL-PLEX journey,
Vesna, Greta, Marco, Biswajit, Anna, Laura, Nicole, Sebastien, Jan, Valerie, Cristiano, Katja, Romina, Alba,
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| left for last my closest friends, because they know that | am a little bit of a weirdo, and | like to play it cool
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124



