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Abstract

1 ABSTRACT

Within the mononuclear phagocyte system (MPS), monocytes represent the unique
population able to operate as both effector and precursor cells. These incredibly plastic cells,
mainly present in peripheral blood, are essential components of the innate immune system and
play central roles both in homeostatic and pathological conditions. Monocytes are key
determinants for the surveillance of endothelial integrity and repair, regulation of wound
healing and replenishment of tissue resident macrophages (TRMs). Moreover, they serve as
first line of defence against infections and hold a key position in several human diseases.
Despite the fact that current classification distinguishes three major subsets (classical,
intermediate and non-classical), monocytes represent an extremely heterogeneous population
in terms of phenotype and specialized functions.

To overcome the remarkable lack of consensus on the identity and interrelationship of
monocyte subsets, we have performed a single cell RNA sequencing analysis on circulating
mononuclear cells of healthy donors. We identified 8 cluster of monocytes. CO and c2
resembled neutrophil-like monocytes (NeuMo) and, together with cl1, displayed distinct
inflammatory programs and activation states. Of the two other clusters of classical monocytes,
c7 significantly expressed high levels of antiviral genes, including IFN-related genes, while
c12 corresponded to circulating monocyte-platelet aggregates (MPA). C6 and c3 resembled the
intermediate and non-classical monocyte populations, respectively. Finally, a small cluster of
CD16" cells (c13) was characterized by the specific expression of genes of the complement
system. We then moved to the analyses of a public transcriptomic dataset obtained from
peripheral blood mononuclear cells (PBMCs) of gastrointestinal cancer patients at 3 time
points of treatment. We were able to identify all previously defined monocyte subsets.
Preliminary data showed the specific expansion of the IFN-related cluster c7 exclusively in
responder patients after treatment with immunotherapy, suggesting a potential role of this
population in response to therapy.

Analyses of the Membrane-Spanning 4-domain subfamily A (MS4A) protein family,
representing a set of proteins whose roles in regulating myeloid cell function are now emerging,
identified MS4A4A as potential markers for the commitment to circulating non-classical
monocytes in humans. The expression of MS4A4A on a fraction of CD16" monocytes was
further confirmed at the protein level by flow cytometry. Given the selective expression of this
protein on CD16" cells and based on solid preliminary data from our laboratory, we

hypothesized that MS4A4A may play a role in the biology of this subset of cells. Interestingly,
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Abstract

bulk RNA sequencing of CD16 MS4A4A", CD16"MS4A4A and CD16*MS4A4A* monocytes
revealed enrichment of the Fc gamma receptor (FcyR) and Fc epsilon receptor (FceR) pathways
in MS4A4AP* cells. Implementation of these findings with functional assays is in program and

will be essential to deeper investigate a possible role of MS4A4A as modulator of FcRs

function in monocytes.



2 LIST OF ABBREVIATIONS

AD
ADCC
BCR
BM
cMoP
CMP
Csf-1
CyTOF
DC
DCMo
DEGs
EAE
EMP
FceR
FeyR
GMP
HLA
HSC
HSPCs
IFN
IRF8
KLF4
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MDP

MHCII
moDC

Alzheimer disease

antibody-dependent cellular cytotoxicity
B-cell receptor
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common monocyte progenitor
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human leukocyte antigen

hematopoietic stem cell

hematopoietic stem and progenitor cells
interferon

interferon regulatory factor 8
Kruppel-like factor-4
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Abbreviations

MP monocyte precursor

MPA monocyte-platelet aggregates

MPP multipotent progenitor

MPS mononuclear phagocyte system

MS4A Membrane-Spanning 4-domain subfamily A
NeuMo  neutrophil-like monocytes

PBMCs  peripheral blood mononuclear cells

PSGL-1 P-selectin glycoprotein ligand-1

SatM segregated-nucleus-containing atypical monocyte
ScCRNA-seq single-cell RNA sequencing

SLAN 6-sulfo LacNAc

SSGSEA  single sample Gene Set Enrichment Analysis
STREAM Single-cell Trajectories Reconstruction, Exploration And Mapping
TipDC  TNF/iNOS-producing dendritic cell

TLR toll-like receptor

TRM tissue resident macrophage

Tspans  tetraspanins

WAM wound-associated macrophage



3 NOTE TO THE READER

This thesis provides an insight into the heterogeneity of human monocytes. In view of the
lack of consensus about the multiple subtypes and the exact task-division among them, we
chose to dissect the diversity of monocytes taking advantage from the power of single cell and
RNA sequencing technologies in dissecting lineage heterogeneities and cellular process. The
work described in this dissertation originates from the closed collaboration with the
bioinformatician engineer Alessandra Castagna, who works in our laboratory and handled the
dataset under my continuous inputs and supervision.

In pathological conditions, including tumours, monocytes are amply recruited into tissues,
where they may differentiate into monocyte-derived macrophages. Given the long-standing
interest of the laboratory in the biology of macrophages in tumours, the data originated from
previous studies and our recent data on monocytes, we have begun to explore the phenotype,
tissue distribution and localization of macrophages in human cancers. However, since this part

is still in its infancy, we preferred not to report this preliminary data in this thesis.



Introduction

4 INTRODUCTION

4.1 MONOCYTES

Monocytes represent a population of innate immune cells belonging to the so called
“mononuclear phagocyte system” (MPS). The definition of this system dates back to the 1972
and was motivated by the necessity to classify populations of cells, including macrophages
(Me), monocytes and their precursors, which are different in terms of localization, maturation
state, phenotype and specialized functions, but with a certain degree of similarities in their
origin, morphology and phagocytic capacity [1]. The subsequent extensive collection of
literature on this subject has highlighted the vast heterogeneity within these and other immune
cells, from the characterization of macrophage states with poor phagocytic activities [2], to the
increasingly emerging closed relation between MPS members and dendritic cells (DCs). More
research efforts are thus needed to deepen our understanding on this branch of the innate
immune system, both in health and disease.

4.1.1 SUBSETS OF MONOCYTES

Monocytes have been considered a homogeneous cell population for almost a century, since
their identification in 1880 by Paul Ehrlich [3]. The advent of multiparametric technologies,
like flow cytometry, and the generation of engineered mice to perform fate-mapping studies
[4], allowed the first description of different monocyte subsets. Both in humans and in mice,
two populations were initially characterized based on cell function, morphology and the
expression of surface markers, namely “inflammatory” monocytes (CD14*CD16™ in human,
Ly6C*CXsCR1°CCR2" in mice) and “patrolling” monocytes (CD14°CD16" in human,
Ly6C CX3CR1"CCR2™ in mice) [5-7]. However, the term “inflammatory”, used to identify
CD14" monocytes in the steady state, soon became a source of confusion, and subsequent
studies showed that also CD16" cells exert pro-inflammatory activities in different contexts,
such as in response to viruses [8, 9]. Moreover, monocyte complexity was further evidenced
by the description of a third major intermediate population, characterized by high levels of both
CD14 and CD16 [10, 11]. The functional distinction between inflammatory and non-

inflammatory monocytes was therefore considered too simplistic, leading to the adoption, in
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2010, of a more general nomenclature: the “classical”, “intermediate” and “non-classical”
monocytes (Table 4.1) [12]. This classification is now widely adopted for humans, where the
proportion of classical, intermediate and non-classical monocytes in peripheral blood is
respectively, 85-90%, ~5% and ~10% [9]. Conversely, in mice, the intermediate population
has not been fully recognized as a distinctive monocyte subset, despite the fact that cells with
an intermediate phenotype have been described [13, 14]. For instance, it has been shown a
differential expression of the triggering receptor Treml4 within the three subpopulations, and
that Ly6C"/™9Treml4* monocytes represent an intermediate subset between Ly6C"Treml4-
and Ly6C'°Treml4* cells [15].

Human Mouse
Classical CD14*CD16~ Ly6ChCD43°CX3CR1°CCR2M
Intermediate CD147°CD16" Ly6CntCD43RCX3CR1MCCR2M
Non-classical CD14CD16M Ly6Cl°CD434CX3CR1MCCR2-

Table 4.1. Three major subtypes of human and mouse monocytes.

Monocyte subsets are typically determined by flow cytometry, using either a trapezoid- or
rectangular-based gating strategy. However, this system appears to be imprecise and
subjective, especially in the separation of the intermediate and non-classical populations. Such
difficulties arise from the evidence that, as well as the lipopolysaccharide receptor (CD14) and
the FcyRI11 (CD16), the vast majority of monocyte markers are expressed as a continuum along
the three subsets. One possible approach to overcome this problem is to set the gate separating
the intermediates and non-classicals in correspondence of the endpoint of CD14 expression by
classical monocytes [16]. In addition, using cytometry by time-of-flight (CyTOF) and mass
spectrometry, it has been shown that the addition of others cell markers, including CCR2,
CD36, HLA-DR, and CD11c, to the conventional panel improves subset definition and purity
[17, 18]. Recently, 6-sulfo LacNAc (SLAN) has been proposed as a marker for human non-
classical monocytes [19]. SLAN identifies a specific O-linked glycosylation of the P-selectin
glycoprotein ligand-1 (PSGL-1), not found in mice [20]. At the time of its discovery, when this
antigen was first targeted by the monoclonal antibody M-DC8, SLAN™ cells were classified as
a novel circulating dendritic cell (DC) subset [21, 22]. Later on, several studies demonstrated
that these blood cells actually belong to the monocyte lineage, sharing the same phenotype and
functional properties of the non-classical subtype, including a lack of the CCR2 chemokine

receptor and low levels of CD14 expression [23-26]. Additionally, more recent studies have
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demonstrated that SLAN™ monocytes represent only a fraction of CD16** [27, 28], questioning
the idea of nominating SLAN as a marker for the distinction between intermediate and non-
classical monocytes, whilst also highlighting the vast heterogeneity within human monocytes.
TIE-2 angiopoietin receptor is another protein that has been suggested as cell marker for
segregating the monocyte populations, even independently of the official system based on
CD14 and CD16. It is expressed by a portion of monocytes, representing around 20% of the
total [29]. TIE-2 has been long considered an endothelial cell-specific marker, till the
identification of proangiogenic and pro-tumoral TIE2P® monocytes, both in human and in
mouse. Lacking CD146 and AD133, human Tie-2* monocytes can be distinguished by rare
peripheral blood endothelial and endothelial progenitor cells [30, 31]. Numerous subsequent
studies demonstrated the role that Tie-2 positive monocytes play within the tumour
microenvironment, with a consequence for local tumour progression and distant spreading, as
discussed in more detail in paragraph 4.1.4.1.

Given all the above, it is now clear how current monocyte classification masks the extensive
inter-cellular heterogeneity within classical, intermediate and non-classical subsets. With the
advent of powerful single-cell profiling techniques, such heterogeneity becomes more and
more evident, however an exact task-division among the different subsets has not been defined
yet, and there are still many open questions regarding the distinct monocyte functional
phenotypes, as discussed below. Recently, single-cell RNA sequencing (SCRNA-seq) of human
blood monocytes identified four clusters: Monol and Mono2 corresponding to classicals and
non-classicals, respectively; Mono3 and Mono4 both containing intermediate cells. These two
last subsets were enriched in genes involved in cell cycle, differentiation and trafficking
(Mono3) or in cytotoxicity (Mono4) [32]. A deeper analysis of the same scCRNA-seq data
identified cluster Mono4 as CD16" contaminating NK cells, and cluster DC4, identified as a
population of CD16™" DCs in the study by Villani et al., actually corresponding to SLAN?*
monocytes [33, 34]. On the same line, but adopting different strategies, investigation by high-
dimensional mass cytometry described eight phenotypically different monocyte clusters [28].
Specifically, four subsets were classified as classical monocytes (one small CD14IgE"
monocyte population, one group characterized by TREM-1 positivity and two subsets different
on the levels of CD93/CD11a), three subsets fell within non-classical monocytes (one Slan"™?
and two distinct SlanP® populations with increased migration and efferocytosis activities) and
one cluster corresponded to the intermediate population. Even in this case, subsequent studies
speculated that some cell types had been misclassified. In particular, using flow cytometry,

Dutertre et al. have suggested that the cluster comprising CD14*IgE™ cells actually
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corresponded to a subset of CD14* conventional DCs (cDCs) [34]. In the same study, high-
dimensional single-cell protein expression analysis of human circulating myeloid cells revealed
the presence of 8 clusters of classical-, 2 clusters of intermediate- and 3 clusters of non-
classical-monocytes. However, the differences among them have been not discussed. On the
other hand, indexed scRNA-seq analysis on monocytes identified only three groups, probably
due to the slow number of FACS-sorted cells: two clusters of CD14"CD16" (characterized by
either high levels of CD14 and inflammatory S100 proteins or high levels of BNIP3L, the
leukocyte immunoglobulin like receptor A5 and the purinergic receptor P2X 7), and one cluster
of CD16" [34].

Collectively, these studies indicate that the current monocyte classification into three main
subtypes provides only a general overview of monocytic cell phenotypes and functions, and
that the scenario is likely to be much more complex.

4.1.2 ORIGIN OF MONOCYTES

The definition of monocyte origin, development and fates is a very crucial point to
understand their biology. Two distinct differentiation pathways characterize foetal and adult
monocyte origin.

In the foetus, these mononuclear cells are produced by erythro-myeloid precursors (EMPs).
Arising from the yolk-sac blood islands of the embryo at embryonic day 7.0 (E7.0) in mice,
EMPs are multipotent progenitors crucial in both the first and the second embryonic
hematopoietic programs [35, 36]. Indeed, during the primitive haematopoiesis, c-kit™ “early”
EMPs generate mast cells and macrophage precursors without any intermediate monocytic
state. By E9.5, a portion of the c-kit" CD41" “late” EMPs colonize the foetal liver and give rise
to different myeloid cells, including erythrocytes, megakaryocytes, granulocytes and
monocytes [35, 37-39]. In the specific case of monocytes, they first emerge in the foetal liver
during the transient hematopoietic wave, at around E12.5 [40]. Finally, the third (definitive)
hematopoietic wave produces, besides functionally active cells derived from either EMPs or
lympho-myeloid progenitors (LMPs), a pool of undifferentiated hematopoietic stem cells

(HSCs). The latter serves as long-term reservoir to maintain hematopoietic production.
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Figure 4.1. Schematic representation of (A) classical model and (B) new proposed model of monopoiesis. In
the classical model, different progenitors give rise to monocytes in a linear hierarchy, from the common myeloid
progenitor (CMP), via the granulocyte and macrophage progenitor (GMP), the monocyte/DC progenitor
(MDP), to the unipotent common monocyte progenitor (cMoP). Recently, a new model of monopoiesis has been
proposed. In this scenario, monocytes with characteristic flavours, including neutrophil-like (NeuMo) and DC-
like (DCMo) cells, can arise directly from both the GMP and the MDP, respectively. (Mod. from Wolf A.A. et

al, Front. Immunol., 2017).

During the perinatal period, HSCs present in the liver migrate to their definitive location in
the bone marrow, forming the hematopoietic stem cell niche [41]. Here, multiple commitment
steps occur before the release of mature monocytes into the blood circulation. These steps
consist of several progenitors at different progressive stages, including multipotent progenitors
(MPPs), common myeloid progenitors (CMPs), granulocyte and macrophage progenitors
(GMPs), monocyte/DC progenitors (MDPs) and unipotent common monocyte progenitors
(cMoPs) [42]. Until recently, these cells have been considered to arise one from another in a
linear hierarchy, creating a unique monocyte developmental pathway (Figure 4.1A). However,
new studies proposed the existence of two distinct routes of monocyte differentiation, each of
which resulting into characteristic mature cells, distinguishable on the basis of their phenotype.
Adoptive transfer and lineage tracing experiments demonstrated that both GMPs and MDPs
can directly and independently give rise to intermediate progenitors that will differentiate into
mature monocytes [43]. Specifically, MDPs can differentiate into cMoPs and, subsequently,
into mature neutrophil-like monocytes (NeuMo), while immunoregulatory Ym1* Ly6C" cells
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and monocytes with DC-like gene expression (DCMo) derived from the differentiation of
GMPs into monocyte precursors (MPs) [43-45] (Figure 4.1B). Likewise, lineage trajectory
analyses applied to ScRNA-seq data reinforce the idea of two routs of monocyte differentiation
[46, 47]. Overall, the precise ontogeny of monocytes and whether the different origin of
monocyte subpopulations affects their functions remain to be largely elucidated, both in human
and in mouse.

Monocyte development in the bone marrow requires the accurate balancing of specific
lineage-determining transcription factors (LDTFs) activity. The expression of PU.1, a master
LDTF in monocyte production, progressively increases through the development of these cells.
During the early stages, PU.1 binds to C/EBPo (CCAAT enhancer-binding protein o), and this
complex formation is crucial for the transition of HSC towards the CMPs [48, 49]. At the time
of CMP commitment to GMP, the continuous increase of PU.1 coincides with progressively
decrease in Gata2 expression [50], while increasing amount of interferon regulatory factor 8
(IRF8) restrains mononuclear phagocyte progenitors from transiting into neutrophils [51, 52].
These two factors play a key role in monocyte differentiation, as indicated by the identification
of GATAZ2 mutation in patients with monocyte deficiencies [53, 54], and the accumulation of
monoblasts and monocyte-committed progenitors in Irf8-deficient mice [55]. Kruppel-like
factor-4 (KLF4) is another key transcription factor for the production of mature monocytes.
Accordingly, deletion of KIf4 led to the absence of classical monocytes [56]. In Ly6C"
monocytes, the levels of both PU.1 and IRF8 are still high, and their active role in the induction
of KIf4 expression has been shown through their binding to the KLF4 enhancer [56]. Both
progenitors and mature monocytes relay on colony-stimulating factor 1 (Csf-1) for survival
[57].

Mature monocytes produced in the bone marrow (BM) are subsequently released into
circulation. CXCR4- and CCR2-signalling are key pathways in the regulation of monocyte
retention in the BM or egress to the circulation, respectively. Indeed, the rapid transition of
CXCR4" pre-monocytes into Ly6C"CXCR4 monocytes coincide with the upregulation of
CCR2 [58]. These axes are crucial in monocyte trafficking, according to the increase number
of trapped Ly6C" in the BM and the strong reduction of circulating monocytes observed in
mice deficient in CCR2 or its ligands [59, 60]. It has been shown that, during inflammatory
conditions, different stimuli, such as the lipopolysaccharide (LPS), induce the expression of
CCL2 (monocyte chemoattractant protein-1, MCP-1) in Nestin™ stromal cells present in the

haematopoietic niche, leading to the internalization of CCR2-CXCR4 complexes in the
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juxtaposed monocytes. This mechanism causes the desensitization of monocyte response to
CXCL12 (ligand of CXCR4), and the consequent egress of cells in the circulation [61, 62].
Regarding non-classical monocytes, it seems that their egress in the blood is dependent on the
S1PR5 receptor, according to the lack of circulating Ly6C' monocytes but normal count in the

bone marrow observed in S1IPR5-depleted mice [63].

4.1.3 DEVELOPMENT AND FUNCTIONS IN HOMEOSTASIS

In recent years, research on monocyte biology has brought to light the extraordinary
peculiarity of these MPS cells to serve not only as cellular precursors of tissue M and moDCs,
but also to function as effector-cells, each subset exerting distinct activities and retaining

peculiar properties [64].

Once in the circulation, classical monocytes, in contrast to the non-classical counterpart, roll
along vessels without interacting closely with the endothelium [65]. They present a more pro-
inflammatory phenotype compared to the other monocyte subtypes and are involved in tissue
repair and immune responses. As it will be explained in the next section, this subpopulation is
primed for migration and responsible for efficient phagocytosis, ROS production, response to
fungi and bacteria, and secretion of pro-inflammatory cytokines, such as CCL2, CCL3, CCL5,
IL-6, IL-8, but also of the anti-inflammatory IL10 [8, 66, 67]. Classical monocytes have a short
lifespan of about 20-24h [68]. Among the molecules that regulate the survival of these cells, a
recent work has uncovered the crucial role played by the pro-apoptotic protein BIM, whose
expression is modulated by the long non-coding RNA Morrbid [69]. Such a short lifetime is
explained by the fact that classical monocytes represent a transient cell population [42] that can
essentially meet three fates.

First of all, these cells can extravasate and migrate into tissues and lymph nodes. Different
chemokine receptors highly expressed by classical monocytes, including CXCR1, CXCR2,
CCR1, CCR2 and CCR5, are required for their traffic [66, 70]. In the embryo, foetal monocytes
colonize essentially every tissue, and differentiate into resident macrophages. For almost half
a century, it has been thought that TRMs in adulthood rely exclusively on circulating BM-
derived monocytes for replenishment in steady state. However, there is now a consensus on the
fact that most tissue Mo are established prenatally and can be maintained, during the course of

life, through self-renewal [71, 72]. Different studies, based largely on fate mapping and
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depletion systems in mice, have shown the embryonic origin of TMRs, such as Kupffer cells
in the liver, Langerhans cells in the skin, alveolar macrophages in the lung and cardiac
macrophages in the heart [73-77]. Notably, in contrast to what happens in adulthood, foetal
monocytes traffic into tissues without the involvement of the CCR2-CCL2 axis, and their
generation is independent from the expression of the CSF-1 receptor [35, 78]. Growing
evidence thus suggests foetal liver monocytes as the main progenitors of almost all adult TRMs.
This concept, however, is not in contrast with previous and new findings of TRMs origin, in
adult life, from circulating monocytes, as shown, for example, in the dermis, intestine, pancreas
and testis [79-84]. Indeed, the current view is that tissue macrophages, both in humans and in
mice, are represented by a dual pool of cells: monocyte-derived and self-sustained [85]. Under
homeostatic physiological conditions, the proportion between these two populations vary
primarily according to the tissue. Example of organs in which contribution of circulating
monocytes to the replenishment of TRMs is little or even inconsistent are the epidermis and
the central nervous system (with reference to perivascular macrophages, meningeal
macrophages, choroid plexus macrophages and microglia) [86, 87]. Conversely, the gut
represents a very peculiar district largely dependent on BM-monocytes. Indeed, due to its
constant exposure to the commensal microbiota, this organ is in a perpetual status of low-grade
inflammation, necessitating a dynamic modulation of the immune compartment [88]. Recently,
three gut macrophage populations have been identified on the bases of the apoptotic cell-uptake
receptor Tim-4 and CD4: Tim-4 CD4" M¢ had a slow turnover from blood monocytes, Tim-
4-CD4 Mo were found to be the subset with the highest monocyte-replenishment rate, while
Tim-4"CD4* Mo were locally maintained [89]. Interestingly, distinct macrophage populations,
located in separate anatomical niches and originating from different monocyte subtypes, have
been described also in the lung. Using a humanized mouse model, Evren et al. showed the
coexistence of interstitial and alveolar Mg, derived from classical CD14" circulating
monocytes, as well as of pulmonary intravascular Mg, derived from non-classical CD16*
circulating monocytes [90]. Importantly, once in the tissues, circulating monocytes undergo
significant epigenetic, transcriptional and phenotypic transformations to adapt to the new
environment and to acquire new functions. Indeed, monocyte-to-macrophage differentiation
represents a gradual progress through distinct cellular stages defined, for example, by the
upregulation of HLA-DR, CD206 and CD209 in the lung; the upregulation of early
gene transcription factors (Rgrl, 2 and 3) and the concomitant downregulation of C/EBP, E2F
family members and PU.1 in the intestine; the expression of Nr1h3 (encoding LXRa) upon

monocyte interaction with the Nothch ligand DLL4 expressed by the sinusoidal endothelial
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cells in the liver [90-92]. It can not be excluded that some monocytes, once in peripheral tissues,
maintain their general monocyte-like state without really differentiate into macrophages.
However, our notions about tissue monocyte functions are still largely unknown because of the
lack of efficient surface markers that can discriminate these cells from their differentiated
counterparts [93].

Extravasating classical monocytes, rather than differentiate into TRMs, can also reach
specific districts where they accumulate maintaining their monocyte phenotype. These niches
act as local monocyte reservoirs [42]. In the lung, the calibre of microvessels is so small that it
forces Ly6" monocytes, whose migration in steady state is regulated by CXCR4 [58], to
interact with the vasculature, leading to leukocyte accumulation and the creation of a “marginal
pool” [94, 95]. Also, the subcapsular red pulp of the spleen functions as secondary emergency
reservoir, besides the BM, for almost all tissues [96]. It has been shown that monocytes egress
from the spleen and their migration to atherosclerotic lesions or into the heart during a
myocardial infarction are mediated by Angiotensin I1-signalling, but not by the classical CCR2
pathway [96, 97].

The last possible fate of circulating classical monocytes is their maturation and progressive
transition into non-classical monocytes. In a recent elegant study, Petel et al. have investigate
the kinetic of human monocyte maturation and have shown, using in vivo deuterium labelling,
the transition of classical monocytes into the intermediate cell population. The latter has been
found to circulate in the blood for about 4 days before either dye, migrate in tissues or
differentiate into non-classical monocytes. Finally, CD14"CD16" monocytes have been
reported to have a longer lifespan in blood of around 7 days [98]. These findings are in line
with previous evidence about the origin of non-classical monocytes from the classical subtype,
both in humans and in mice [14, 74, 99]. However, it is not to be excluded that other routs of

development might give rise to CD16" cells [42].

As previously discussed, the intermediate population is less studied than the other subsets,
representing the intermediate state between the classical and non-classical populations and,
thus, poorly clearly distinguishable among them. One notable exception is represented by a
fraction of intermediate monocytes found in mice specifically characterized by the expression
of CD209a and major histocompatibility complex class Il (MHCII) molecules [13]. Also,
human CD14"CD16" double-positive monocytes are characterized by high levels of human
leukocyte antigen (HLA)-DR molecules [98, 100, 101]. These cells also express high levels of
CCR5, making them susceptible to HIV-1 infection [102], and it has been shown to be
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responsive to toll-like receptor (TLR) stimulation, secreting various cytokines, including TNF-
a, IL-6, IL-10, IL-17 and IL-1B [103, 104].

Development and survival of non-classical monocytes rely on fractalkine (CX3CL1), ligand
of CX3CR1[105, 106], and on the orphan nuclear receptor Nr4al and the TF C/EBPf involved
in its regulation, as shown by the phenotypic dysfunctions (abnormal cell cycling and enhanced
apoptosis) and the drastic reduced number of Ly6'" cells in both Nr4al-deficient and C/EBPS-
deficient mice [13, 107, 108]. Moreover, E2 super-henancer region upstream of Nr4al in mice
and of CD16" in humans was found essential for the survival of the non-classical population
[109].

In the vasculature, non-classical monocytes exert the specific role of patrolling. This
peculiar ability is dependent on CX3CR1 and the lymphocyte function-associated antigen
(LFA)-1. The activated endothelium plays a critical role in stimulating Ly6'® monocytes to
scavenge cellular debris in the lumen and to eliminate necrotic endothelial cells by the
recruitment of neutrophils via the local nucleic-acid-mediated TLR7 “danger” signal [110,
111]. Overall, during homeostatic conditions, non-classical monocytes act as caretakers and
sentinels of the vascular tissue, essentials for tissue repair and to maintain homeostasis. Further
insight into non-classical monocyte functions and properties will be thus critical to understand
their contribution during pathology, such as in hematologic disorders.

In contrast to the classical counterpart, under physiologic conditions, CD16" cells primarily
remain in the vasculature and do not serve as main precursors to TRMs, as indicated by the
normal amount of macrophages observed in mice lacking non-classical monocytes in almost
all organs [112]. Interestingly though, mice lacking Ly6' cells lose a typical thymic

macrophage population specialized in the clearance of apoptotic thymocytes [107].

4.1.4 FUNCTION DURING INFECTION AND DISEASES

Besides their function in TRMs replenishment, wound healing, and surveillance of
endothelial integrity and repair during homeostatic conditions, monocytes play a key role in
the defence of our organism from pathogens and injuries. The functions of monocytic cells
during infection and diseases will be discussed in more detail in the following section, with

particular focus on cancer.
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Leukocytes, including monocytes, are rapidly recruited into inflamed tissues with the
primarily aim to eradicate the inflammatory trigger and, later, restore the damaged tissue. They
are attracted at injury sites by different mediators produced by pathogens (pathogen-associated
molecular patterns, PAMPs), by the local immune system or by components derived by the
injured host cells called damage-associated molecular patterns (DAMPSs) [113]. Patrolling
monocytes, rolling more closely to the vascular endothelium compared to the classical subset,
are suitable for extravasation in a very short time [64]. In transgenic Cx3cr19"* mice, Ly6C'°
monocytes invade tissues exposed to aseptic wounding, irritants or infection with Listeria
monocytogenes within 1h [111], while classical cells reach distal tissues slower. CD14*
monocytes were enriched in bronchoalveolar lavage following LPS inhalation within 8h, in the
nasal mucosa following allergen triggering within 12h, and in skin blister within 24h after its
formation [114-116]. Nonetheless, LyC6" monocytes can also reach rapidly inflammatory sites
once meet vascular microhaemorrhages [117].

Once in tissues, crucial mediators like M-CSF, GM-CSF and FIt3 ligand may induce
monocyte differentiation into specific subtypes of macrophages and monocyte-derived
dendritic cells (moDCs). This transition is supported by transcriptional, morphological and
phenotypic changes, including metabolic modifications, increasing in cell size, and, in case of
classical monocytes, loss in Ly6C and the concomitant increased expression of F4/80,
CX3CR1 and CD11c [112, 118]. However, given that the process of monocyte differentiation
into monocyte-derived cells is extremely gradual, the exact distinction between these cells is
often very hard. On the other hand, effort in the field has led to the identification of specialized
monocytes and tissue Mg and moDCs, characteristic of specific pathological conditions, timing
and/or districts.

TNF/iNOS-producing DCs (TipDCs) were found essential for TNF and iNOS supply and
for clearance of primary bacterial infection in a model of Listeria monocytogenes-infected mice
[119]. Interestingly, monocytes represent the major source of TipDCs, as shown by the absence
of these cells in CCR2-deficient mice. TipDCs were subsequently identified during infections
caused by many other pathogens and, given their key role in the clearance of microbes, were
inferred to actually be part of macrophage-like cells [120-122].

Monocytes are also found to infiltrate atherosclerotic plaques during the very early stages
of their formation and are considered essential player in the developmental process of
atherosclerosis. Recruited into the intima of arteries by stimuli like CCL2 and lipid deposition,
these cells differentiate into inflamed macrophages, DCs and, especially, foam cells,

macrophages rich in cholesterol vacuoles derived from monocytes that have phagocytized
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lipids, precipitated cholesterol crystals and oxidized lipid species [103]. Using scRNA-seq and
genetic fate mapping profile of mouse plagues, Lin et al. characterized several Mo subtypes in
a spectrum of activation states and, interestingly, discovered a new population of proliferating
and undifferentiated stem-like monocytes. The authors speculated about their possible
persistence in the plaque as a specific self-renewal pool of foam cell progenitors [123].

AB42-stimulated PBMCs from Alzheimer disease (AD) patients are enriched in CD14*
CD16'CCR2**CX3CR1'" monocyte/macrophages compared to aged-matched healthy donors
[124]. This cell population expresses higher levels of toll-like receptors (TLR-2, TLR-3, TLR-
4 and TLR-8) and superior ability to secrete cytokines like IL-6, CCL2 and IL-23. Interestingly,
among all PBMCs, presence of MHC-II/AB42 complexes can be detected selectively on
monocytes. These results indicate that monocyte/macrophages from AD patients are
characterized by a pro-inflammatory phenotype and reveal the possibility for monocytes to be
recruited within the proximity of deposited AP plaques in vivo [124]. However, the presence
of BM-derived monocytes in AD brain is still controversial. The role played by these cells in
the pathogenesis and progression of Multiple sclerosis (MS), another disease of the central
nervous system, is better documented. In an experimental autoimmune encephalomyelitis
(EAE) mouse model of MS, monocyte infiltration within the tissue has been sown to correlate
with the progression to the paralytic stage of the disease [125]. The blocking of classical
monocyte traffic within the blood-brain barrier prevents the progression of the disease.
Conversely, Nr4al-depleted mice (lacking the patrolling population) showed increased levels
of norepinephrine and leukocyte infiltration, and a general EAE exacerbation [126, 127]. These
and other numerous studies provide evidences of the crucial role of monocytes in this
neuroinflammatory autoimmune disorder, opening to the possibility of electing specific
subpopulations as therapeutic targets in MS [128].

The decisive contribution of monocytes/macrophages, along with other innate immune cells,
during the initial and acute phase of inflammation, has been extensively documented in the
literature, but these cells are also important mediators of the resolution phase of the
inflammatory response. Within the injured tissue, characteristic monocyte-derived M, named
wound-associated macrophages (WAMs), represent key players in the control of wound
inflammation. These cells transit from an initial inflammatory state, characterized by high
production of TNFa and IL6, to an immunoreglatory/tissue remodelling phenotype, defined by
substantial secretion of TGFp [129]. Specifically, 4 WAM populations with distinct dynamics
and transcriptomic profiles were identified in the granulation tissues bases on their expression
of Ly6C and MHCII: the Ly6c°MHCII"®, the Ly6cMHCIIM Ly6c"MHCII"®, and the
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Ly6c"MHCIIM. Of those, Ly6c'®MHCII" WAMs represent the subpopulations with a non-
inflammatory transcriptomic profile, prompt to produced cytokines, including IL-17a, which

favoured wound closure [130].

Monocytes have been long considered to be important also during pathological conditions,
when they are already within the injured tissue. However, it is increasingly evident that distinct
subsets, each with singular functions, begin to have important impacts on the course of disease
before their recruitment to the lesion as well, or just remaining in the blood. Indeed, non-
classical monocytes were found to be primed for TLR7- and TLR8-mediated immune activities
against nucleic acids and viruses, responding with the secretion of cytokines like CCL3, TNF-
a and IL-1p [8]. In particular, circulating SLAN™ cells triggered by TLR ligands show higher
expression of inflammatory cytokines such as IL-1, IL6, TNF, IL-12, but lower levels of IL-10
compared to SLAN negative monocytes [19]. It has been also demonstrated that, during acute
gastrointestinal infection, circulating Ly6C" triggered with E. coli lysate express higher levels
of IL-10 and PGE; even prior to their recruitment to the small intestine lamina propria [131].
In inflamed glomeruli, MHCII®™ monocytes are retained to patrol the glomerular
microvasculature for a prolonged time compared to homeostatic conditions and, within
glomerular capillaries, present intravascular antigens to effector CD4" T lymphocytes [131].
Similarly, the number of non-classical monocytes crawling along the lumen of blood vessels
with atherosclerotic plaques formation in a CX3CR1-independent fashion is increased in
mouse models of hyperlipidaemia and atherosclerosis [132]. The protective role of these cells
in the maintainance of the vascular homeostasis was demonstrated by the expanded apoptotic
endothelial damage along the vessel wall in Wester diet-fed Nr4al/ApoE’ mice compared to
controls [132].

Investigations about altered monocyte numbers, frequency and phenotype in the blood of
patients are increasing, adding a new dimension to our understanding of their role in disease
and may be considered as new prognostic/predictive markers. Only few examples are reviewed
below. A retrospective multicentre cohort study proposed the total number of classical
monocytes as biomarker of poor prognosis in patients with fibrotic diseases [133]. Patients
with Chronic Obstructive Pulmonary Disease (COPD) showed increased levels of total
circulating monocytes and of non-classical subset, with reduced M2-like phenotype compared
to subjects with moderate COPD [134]. In serum transfer-induced arthritis (STIA) mice, the
number of circulating non-classical monocytes positively correlated with mediators of tissue

destruction [135]. In both treated and untreated MS patients, it was observed an expansion of
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CD16" monocytes and concomitant reduction in the CD14" counterpart compared to healthy
donors [136]. SLANTCXCR6" monocytes are more frequent in the blood of coronary artery
disease subjects, in line with their function as patroller and their augmented responsiveness to
CXCL16 produced by the foam cells within the atherosclerotic plaques [28]. Moreover, ex vivo
stimulation with LPS of monocytes isolated from patients with severe symptomatic coronary
atherosclerosis showed higher production of pro-inflammatory cytokines associated with lower
histone 3 lysine 4 trimethylation (H3K4me3) and lower H3K27me3 on the TNFo promoter
compared to cells from patients with asymptomatic carotid atherosclerosis [137]. Finally,
studies from the current coronavirus disease 2019 (COVID-19) pandemic caused by infection
with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) showed a significant
expansion of CD14"CD16" monocytes producing IL-6 in PBMCs of COVID-19 patients
treated in intensive care units compared with those patients who did not require hospitalization
[138].

4.1.4.1 Monocytes in cancer

The role played by an inflammatory tumour microenvironment in cancer progression is now
largely recognized, and has led, in 2011, to include cancer-related inflammation within the
“hallmarks of cancer” [139]. In the last decades, the role of the tumour microenvironment has
been closely investigated, both with focus on the adaptive immune system and on the innate
counterpart, bringing a lot of attention to macrophages as critical orchestrators of tumour
progression and distal spreading. Nevertheless, the extraordinary ability of M¢ to adapt and
respond to different environmental cues enables them to acquire either anti-tumour or tumour-
promoting phenotypes in a context-depending manner [140-142]. Recently, monocytes have
been also shown to display diverse functions at different stages of tumour growth and
progression, depending on their phenotype and cancer type.

Monocytes were found to invade different primary tumours from their early stages, and
continue to be recruited within the tissues throughout the process of cancer progression, even
in metastatic lesions [93]. Such enrolment is strongly dependent on CCL2, both in mice and
humans. Indeed, in MMTV-PyMT mouse models of breast cancer, it was observed an impaired
recruitment of CCR27-monocytes within the mass [112, 143, 144]. Also, in human lung tumour
tissues, the decreased production of CCL2 correlates with increased proportion of dead CD14"
cells [145].
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As it happens in homeostatic conditions or during inflammation, once monocytes reach the
tumour tissues they can differentiate into moDCs or macrophages. TAMSs are thus a mixture of
monocyte-derived and resident macrophages, and they also continue to accumulate within the
mass thanks to their proliferative capability, as shown by the normal rate of TAM accumulation
in CCR2-deficient mice, at least in breast tumours [146]. Though, surprisingly, the inhibition
of inflammatory Ly6C*/CD14* monocyte recruitment suppresses the formation of metastatic
breast cancer in the lung [144, 147]. Interestingly, the differentiation of monocytes into TAMs
seem to follow a specific spatial distribution along time. Arwert et al. have recently described
this unidirectional transition process: circulating monocytes recruited into the tissue via the
CCR2 signalling differentiate into migratory macrophages (a specific subpopulation involved
in the guidance of neoplastic cells toward blood vessels), promoted by cancer cells via TGF-p-
dependent upregulation of CXCR4 in monocytes; motile TAMs migrate toward the blood
vessels promoted by perivascular fibroblast via CXCL12 and, finally, migratory TAMs
differentiate into perivascular macrophages (a cell subpopulation that supports cancer vascular
invasion) [145]. Angiopoietin 1 receptor (TIE2) is amply expressed by perivascular TAMs,
both in mice and humans, and TIE2P° macrophages have been reported as important promoters
of angiogenesis and tumour growth [30, 31, 148]. As previously mentioned, TIE2 is also
expressed in monocytes, allowing the identification of a specific monocyte subpopulation. It
has been shown that tumour endothelial cells recruit TIE2® monocytes and TAMs via
angiopoietin 2 (ANGPT2), leading to their accumulation within blood vessels and thus
promoting angiogenesis and blood vessel sprouting [29, 30, 149].

Monocytes represent not only a source of tissue macrophage precursors, but they also exert
direct immunological functions, even in the context of cancer biology. In early-stage human
lung cancers, it has been observed an accumulation of HLA-DRMCD14* cells within the tumour
lesion as compared to blood and distant tissue. Notably, tissue monocytes showed suppressive
effects on T cell responses, in contrast to the normal T-cell stimulatory activity displayed by
TAMs [150]. Conversely, Namasimhan et at. have recently demonstrated the crucial role
played by patrolling monocytic subtype in the prevention of lung tumour metastases via the
recruitment and activation of NK cells, according with the increased tumour burden and the
impairment of NK cell enrolment observed in E22/2-depleted mice lacking in non-classical
monocytes [109]. In a Lewis lung carcinoma mouse model, circulating human TIE2-2 positive
monocytes were found to express higher levels of VEGFA, COX-2, WNT5A and

metalloproteinase-9 (MMP-9) already in blood in steady state, compared to their counterpart
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TIE2™9, indicating that they are innately pro-angiogenetic cells and they exhibit a broader pro-
tumoral phenotype [151]. Moreover, in mice bearing lymphoma EL4 and lung LLC tumours,
CD11b*Gr1* myeloid cells mediate refractoriness to anti-VEGF treatment, according to the
significant reduction of tumour weight and volume after anti-VEGF and anti-Grl combined
therapy [152]. Monocytes from women with endometrial and breast cancer show significant
transcriptional differences compared to healthy donors, including enrichment in pathways
involved in angiogenesis, cell communication and cell migration, as well as increased
expression of pro-angiogenic factors [153].

Several in vitro experiments have demonstrated the capability of monocytes to kill cancer
cells. CD16*SLAN™ cells from diffuse large B-cell lymphoma (DLBCL) patients performed a
very efficient rituximab antibody-dependent cellular cytotoxicity (ADCC) of B lymphoblasts
[154]. Conversely, monocytes isolated from peripheral blood or ascites of patients with ovarian
cancer showed reduced ADCC and antibody-dependent cellular phagocytosis (ADCP) of
neoplastic cells [155]. Activation with INF-a or INF-y induce the expression of TRAIL in
human monocytes, which thus acquire the ability to mediate tumour cell apoptosis. Moreover,
interferon stimulation cause a synchronous downregulation of monocyte TRAIL receptor 2,
leading to the acquisition of resistance to TRAIL-mediated apoptosis in these cells [156].

To date, antibodies recognizing tumour-associated antigens used in targeted therapies are
all 19gG. However, the employment of antibodies of other classes could represent a great
advantage, since each class exerts peculiar functions through different Fc receptors in different
tissues [157]. According to this, evidence has been collected pointing to anti-cancer efficacy
of engineered IgE antibodies recognizing tumour antigens [158, 159]. Based on this evidence,
a mouse/human chimeric Igg Ab (MOv18-IgE) against folate receptor-alpha has been
developed and is in a phase 1 clinical trial in advanced cancers (https://ichgcp.net/clinical-
trials-registry/NCT02546921). Of note, monocytes have been shown to play a critical role in
MOvV18-I1gE-dependent anti-tumour functions [160]. Specifically, Pellizzari et al. have shown,
in a nude-mouse model of ovarian carcinoma treated with MOv18-IgE, prolonged survival,
associated with highly enrichment of injected human PBMCs within the tumour. Notably,
monocytes in vitro were able to kill ovarian tumour cells in MOv18 IgE Ab-mediated
phagocytosis [157].
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4.1.4.2 Emergency monopoiesis and trained immunity

Monocytes serve as plastic and reactive immune cells playing a key role during the first line
of defence against pathogens or injury, as well as during chronic inflamed conditions.
Therefore, the control of their availability, both in blood and tissues, becomes a crucial aspect.
Under inflammation, emergency and stress conditions, when the request of rapid monocyte
recruitment in the circulation and within the site of injury necessitates accelerated production
and mobilization of cells from the bone marrow, the shortened routs of monocyte development
are potentiated [42]. Thus, the number of NeuMo, originated from the GMP progenitor
bypassing the canonical developmental pathway (4.1.2), is strongly increased [43]. Moreover
a population of atypical Ly6'° monocytes directly developing from the GMP without passing
through a classical phenotype has been recently reported as relevant in the progression of
fibrosis, and it has been named segregated-nucleus-containing atypical monocytes (SatM)
[161]. Hematopoietic stem and progenitor cells (HSPCs) can directly respond to different
pathogens by expansion, mobilization and differentiation, while some microbes, including
Ehrlichia chaffeensis, Anaplasma phagocytophilum and Listeria monocytogenes, lead to the
reduction in the number of HSPCs [162]. Different studies in rodents have shown the effect of
emerging haematopoiesis in response to different stimuli, both in acute and in chronic
scenarios. In a colitis mouse model, IFNy-dependent HSPCs accumulation and IL-23-
dependent skew toward GMP production led to the accumulation of inflammatory monocytes
in the intestine [163]. Systemic TLR ligands triggered TLR signalling via Myd88 adaptor
protein in HSPCs, stimulating the rapid differentiation of myeloid progenitors into monocytes
bypassing some usual growth requirements [62, 164]. A recent study showed, in a human
experimental endotoxemia model, that LPS injected systemically induced a transient
monocytopenia (2h), followed by the replenishment of classical CD14"CD16" monocytes, and,
sequentially, of the intermediate and non-classical populations [98].

During emergency monopoiesis, the repertoire of monocytes produced is not only dependent
on the velocity of their developmental process, but is even more dependent on the functionality
of such distinct monocyte populations [165]. Such selective enhancement is regulated by
stimuli produced locally in the bone marrow or reaching the BM niche through the circulation.
As an example, during T. gondii infection, NK cells in the BM, secreting cytokines like IFNy,
induce the production of Sca-1*CXCR1Ly6C" monocytes [131]. Also, NOD?2 triggering in

Ly6C"9" monocytes induce their conversion into patrolling Ly6C'" cells [166].
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It is now emerging the concept of trained immunity, or rather, the long-term functional
reprogramming of non-adoptive immune system (including innate immune cells and tissue-
resident stem cells), which results in a stronger or lower response in cells previously challenged
by exogenous or endogenous insults [167]. There are different examples of the trained
immunity phenomenon. In humans, Bacillus Calmette-Guérin (BCG) vaccination has been
associated with the induction of pro-inflammatory phenotype in monocytes with a consequent
better protection against malaria and virus infections [168, 169], and with the promotion of
monocyte anticancer functions in several tumours, such as leukaemia, lymphoma, melanoma
and bladder cancer [170-173]. Superior killing capability of Mycobacterium tuberculosis was
found in BCG-trained BM-derived macrophages, both in vitro and in vivo, phenomenon
occurring through changes in the transcriptional landscape of hematopoietic stem cells [174].
Furthermore, cases of individual tissue trained immunity have been described [167]. Mice
chronically infected with gamma herpesvirus showed mild house dust mite-induced asthma,
and this phenotype was found to be associated to the long-term production and maintenance of
monocyte-derived regulatory alveolar macrophages in the lung [175]. Instead, adenovirus
infection induced immune memory responses in alveolar macrophages, which consequently
activated a stronger CD8" T cell-dependent antibacterial immunity [176].

Interestingly, it seems that the major changes occurring in the trained immunity processes
are epigenetic modifications rather than transcriptomic reprogramming, involving, for

example, histone modifications of pro-inflammatory genes like TNF and IL-6 [42, 177].

4.2 THE MS4A FAMILY

The capability of a cell to respond to all the different environmental stimuli it is exposed to
depends on the translation of extracellular cues into intracellular signalling pathways.
Typically, this process is made possible by the formation of signalling complexes in specific
subcellular domains of the plasma membrane [178]. Tetraspanins (Tspans), a large family of
cell-surface proteins characterized by four a-helical transmembrane regions, are key players in
this process, functioning as organizers of peculiar tetraspanin-enriched microdomains (TEMs)
[179]. MS4A (membrane-spanning 4-domain family, subfamily A) represents another protein
family composed of molecules with similar polypeptide sequence and predicted to span the
plasma membrane four times [180]. Differently from Tspans, most of the MS4A proteins are
still not well characterized at both the protein and function levels; however, given their
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topological similarity with Tspans and the relatively limited literature on the subject, it seems
that they play a role as adaptor proteins or ion channels [181].

In the following sections, | will provide a short overview of MS4A members’ structure,
including the well-known MS4A1 (CD20) and MS4Az2, and of our current knowledge about

the other members expressed on myeloid cells.

4.2.1 MS4A FAMILY STRUCTURE

At the beginning of the century, new genes closely related to CD20, FceRIp and HTm4 were

identified and cloned, leading to the definition of a new gene family, named MS4A [182-184].
These genes shared an overall amino acidic identity of 25-40% and highly hydrophobic
profiles. Subsequently, besides humans and mice, MS4A orthologues have been identified in
other species, such as rat, dog and horse [185-187].
In humans, MS4A genes are clustered along a ~600-kb region on chromosome 11g12-13
(chromosome 19 in the mouse genome). In addition, TMEM176B and TMEM176A, two
MS4A related genes family, were identified in chromosome region 7936.1 (chromosome 6 in
mice) [181]. They all share typical structure features and common intron/exon splice
boundaries [188, 189]. The overall domain organization is consistent among the members,
counting four potential transmembrane domains (with the exception of MS4AGE, having only
two membrane-spanning domains), two extracellular loops and both the short N- and C-
terminals, constituted by ~ 20-90 amino acids lacking polar residues, located in the cytosol
[180, 183]. Table 4.2 shows the 18 MS4A family members described to date.
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MS4A Predicted Alidis Genomic
desgnation topology localization
MS4A1 €020 119122
MS4A2 FeeRIp  1lg12.1
MS4A3 HIma 11q12.1
MS4AdA - 11q12.1
MS4AdE - 11q12.2
MS4A5 TETMA.1  11q12.2
MS4AGA - 11q12.2

MS4A Predicted Alias Genomic MS4A Predicted i Genomic
desgnation topology localization desgnation topology localization
MSAAGE - 11q12.2 MS4A14 NYD-SP21 11q12.2

MS4A7 CFFM4  11q12.2

MS4ALS MGC35295 11q12.2
MS4ASB L985P  11q12.2

MS4A18 —_ 11q122
MS4AL0 - 11q12.2

TMEM176A HCA112  7q36.1
MS4A12 - 11g12.2

TMEM1768 LR8 7q36.1
MS4A13 TETM4.2 119122 TORID

Table 4.2. MS4A gene family (Mod. from Kuek et. al, ICB, 2016)
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422 MS4AL (CD20)

Among the MS4A proteins, CD20 is certainly the most studied. It was first identified in
1994 by Tedder and Engel as a marker involved in the cell signalling and progression of B
lymphocytes [190], and it was then adopted as important clinical target. Indeed, given its
selective expression on mature and neoplastic B cells but not in mature plasma cells nor early
progenitors, different therapeutic monoclonal antibodies (mAbs) against this glycosylated
phosphoprotein  have been designed (i.e. obinutuzumab, tositumomab, ublituximab,
ocrelizumab, ofatumumab and rituximab). CD20 mAbs are now currently adopted in the
treatment of B-cell lymphomas, including non-Hodgkin’s lymphomas and mantle cell
lymphomas, revolutionizing the treatment of CD20* lymphoid malignancies [191, 192]. Anti-
CD20 mAb-mediated B cell depletion therapy is also adopted in the treatment of certain
autoimmune diseases, such as systemic lupus erythematosus, rheumatoid arthritis and multiple
sclerosis [193].

Curiously, despite decades of studies, the exact role of MS4A1 is not completely elucidated.
It has been shown to exist as a homodimer and homotrimer in the plasma membrane, which in
turn associated with other proteins within specific microdomains. Similar association was
found with other tetraspanins, including CD81, CD82 and CD53, the major histocompatibility
complex class | and class Il, CD40, the B-cell receptor (BCR) and C-terminal src kinase-
binding protein (CBP) [194]. Surprisingly, given the importance of these interactomes, lack in
CD20 showed only mild phenotypes. In a patient with loss of MS4A1 production caused by a
gene homozygous mutation, normal precursors B-cell differentiation and normal circulating
IgM were reported [195]. Conversely, memory B cell impairment was found, indicated by the
reduced numbers of these cells and IgG in the blood. Also, different CD20-depleted mouse
models didn’t show any defects in terms of B-cell differentiation, isotype switch or maturation
[196, 197]. Instead, in vitro studies came out with more promising results. CD20 silencing in
B-cell lines resulted in reduced BCR-activated calcium flux, while CD20 crosslinking induced
the opposite result of increased calcium flux in human lymphoma cell lines [198, 199].
Moreover, MS4A1-silencing in malignant B cells demonstrated the importance of this protein
in BCR signalling [200].
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42.3 MS4A2 (FceRIB)

In humans, the cell-surface Fc receptor for IgE (FceRI) exists in two molecular forms: as
trimer, binding the a-chain (FceRIa) and a -chain (FceRIp), or as tetramer, binding, in addition
to the a- and B- chains, a homodimer of y-chains (FceRIy) [201]. Conversely, in rodents, FceRI
is restricted to its tetrameric form. MS4A2 thus represents a component of the FceRI, mainly
expressed on basophils and mast cells, and takes part to the allergic immune response [202].

Two slice variants of MS4A2 have been described [203, 204]. The MS4A2¢unc Variant
contains a consensus immunoreceptor tyrosine-based activation motif (ITAM) in its C
terminus, and functioning as amplifier of the receptor expression and signal transduction. On
the contrary, the Bt variant is a truncated proteins that have lost the ITAM motif and
significantly reduced the expression of FceRI on the cell surface of mast cells and basophils by
binding to the immature form of the receptor and trafficking it to the proteasome for
degradation [180]. Both variants are expressed in cells and compete with each other, and thus
the balance between these two proteins play a crucial role in controlling FceRI expression and
efficacy of its signal transduction [202].

MS4A2 has been shown to play a role also in in the pathogenesis of arthritic inflammation,
as shown by the exacerbated arthritic inflammation, leukocyte infiltration into the knee joint,
and bone erosion and tissue cytokine expression observed in FcRp-deficient arthritis mouse
models (treated by LPS and anti-CIl mAbs) [205].

4.2.4 MS4A4A AND OTHER MS4A PROTEINS EXPRESSED ON MYELOID CELLS

As mentioned, to date little is known about the function of the other MS4A members. Prevailing
literature about these genes associate different polymorphisms from MS4A locus with late-onset
Alzheimer’s disease (LOAD) risk. The two genes more likely involved in the disease are
MS4A4A and MS4A6, whose levels are the most altered in Alzheimer’s patients [206, 207].
In the centre nervous system, the expression of these proteins, together with MS4A7, were found
to be restricted to microglia [208]. Despite the numerous evidence suggesting a crucial role of
MS4A4A, MS4A6A and MS4A7 in the pathology, there is no data about their functions in the
brain. The only speculation is that they may act upstream of the receptor expressed on myeloid
cells 2 (TREM2), key player in microglial biology and LOAD belonging to the
immunoglobulin superfamily [208, 209].
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MS4A4A is becoming an emerging protein in other contests. Our laboratory has been very
much focused on the biology of phagocytes and interested in their polarization for a long time
[85, 210, 211]. Several years ago, a transcriptomic profile performed in the group aimed at
deciphering the key pathways regulating differentiation of human macrophages from
monocytes and their further polarization toward M1 or M2 [212]. From this study, a complex
network emerged, comprehensive of common immune molecules, such as chemokine and
cytokine receptors, cytokines and, among others, the tetraspanin-family molecule MS4A4A.
Particularly, MS4A4A resulted as the most overexpressed membrane receptor in M2
macrophages, suggesting a role in the transcriptional program of these cells. Based on this
evidence, over years, following studies in the group have tested MS4A4A as a critical molecule
in tumour-associated macrophages [213]. Its expression was found upregulated in
macrophages undergoing IL-4- and dexamethasone-dependent alternative activation in vitro,
in several human tissue resident and tumour-associated macrophages. Moreover, MS4A4A
localized in macrophage lipid rafts where it interacted with MS4A6A, MS4A7 and the pattern
recognition beta-glucan receptor Dectin-1, upon its engagement by zymosan. Gene-targeted
animals demonstrated that MS4A4A performed a critical role during metastatization, being
required for Dectin-1 signalling and NK cell-mediated anti-tumour responses towards tumours
with aberrant expression of beta-glucans. These findings are consistent with other studies
reporting MS4A4A as an M2-like Me and TAM marker [214-217]. Moreover, it has been
recently demonstrated that the tetraspanin-like molecule regulate Argl expression without
compromising other relevant macrophage genes, such as Ym-1, Mrc-1 and Marco, in peritoneal
exudate cells from a MS4A4A-delated mouse model [218]. Interestingly, in RAW264.7 cells
transfected with the murine sequence for MS4A8B (Ms4a8a), another tetraspanin-like member,
the upregulation of Argl and other M2-like markers was detected [219].

MS4A4A is thus emerging as an important player in the formation of lipid raft-associated
signalling complexes and receptor regulators. In mast cells, MS4A4A has been shown to
regulate the endocytic recycling of the receptor tyrosine kinase KIT. Mechanistically, the
tetraspanin-like protein controlled the recruitment of KIT to caveolin-1-enriched lipid rafts and
thus regulated its signalling activity [220]. Also, Arthur and colleagues have recently
demonstrated that MS4A4A functions in mast cell degranulation through FceRI, both
promoting FceRI-PLCyl complex interaction with signalling molecules in lipid rafts and
favouring IgE-dependent store-operated Ca2+ entry (SOCE) [221]. Overall, more research is
needed to understand the functions of the MS4A family, exploring the cellular function of its

components as scaffold proteins, ion channels or signalling receptors in different contexts.
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5 AIM OF STUDY

This dissertation aims to dissect the human monocyte heterogeneity.

Specifically, by this study we had three main objectives:
O characterize circulating monocyte populations during homeostatic conditions;
O investigate the expression and distribution of the MS4A family of proteins within
peripheral monocyte subsets;
O determine if alteration in monocyte phenotype and frequency occur during

pathological conditions.
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6 METHODS

6.1 Single cell RNA sequencing

6.1.1 SAMPLE COLLECTION AND ISOLATION OF PERIPHERAL BLOOD
MONONUCLEAR CELLS (PBMCs)

Peripheral blood was obtained after informed consent, from 5 male adult healthy donors
recruited to the IRCCS-Humanitas Research Hospital and collected in EDTA-coated tubes (BD
Vacutainer K2E). Peripheral Blood Mononuclear Cells (PBMCs) were isolated from fresh
blood by Lympholyte® Cell Separation density gradient solution (Cederlane Laboratories,
Burlington, Canada). Briefly, 15 mL of fresh blood were first diluted in a 1:1 ratio with sodium
chloride physiological solution. Diluted blood was added to the Lympholyte® solution in a
volume ratio of 1:4 and centrifuged for 25 minutes at 400 rcf at room temperature without
brake. The interphase ring containing mononuclear cells was collected, washed with sodium
chloride physiological solution and centrifuged two times for 10 minutes at 170 rcf. Any
residual erythrocytes were removed via Ammonium-Chloride-Potassium (ACK) Lysing Buffer

(Lonza) treatment for 60 seconds at room temperature.

6.1.2 FLUORESCENCE-ACTIVATED CELL SORTING (FACS) STAINING

To assess PBMC vitality, cells were stained with viability dye (Zombie NIR; Biolegend) for
15 minutes at room temperature. Fc-block was performed with 1% human serum for 10 minutes
at room temperature before staining. For cell sorting prior single cell RNA sequencing
(scRNA-seq), PBMCs were stained for 15 minutes at room temperature with the following
antibody cocktail: anti-CD45 (BioLegend, clone HI30), anti-CD3 (BioLegend, clone UCHT1),
anti-CD19 (BioLegend, clone HIB19), anti-CD56 (Biolegend, clone 51H11), anti-HLA-DR
(BD, clone L243), anti-CD66b (BioLegend, clone G10F5), anti-CD14 (BD, clone M5E2), anti-
CD16 (Bio-Legend, clone 3G8). Finally, cells were washed in 2% fetal bovine serum/PBS and
immediately FACS sorted on a FACSAria I11 (BD Biosciences).
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6.1.3 cDNA LIBRARY CONSTRUCTION AND SINGLE CELL RNA SEQUENCING

Cells were FACS-sorted as previously described and resuspended in 0.5 ml PBS 1X plus
0.04% BSA and washed once by centrifugation at 450 rcf for 7 min. Cells were then
resuspended in 50 ul and counted with an automatic cell counter (ThermoFisher; Countess I1).
Approximately 7,000 cells of each sample were loaded into one channel of the Chromium Chip
B using the Single Cell reagent kit v3 (10X Genomics) for gel bead emulsion generation into
the Chromium system. Following capture and lysis, cDNA was synthesized and amplified for
14 cycles following the manufacturer’s protocol. 50 ng of the amplified cDNA was then used
for each sample to construct Illumina sequencing libraries. Sequencing was performed on the
NextSeq550 Illumina sequencing platform following 10X Genomics’ instructions for read

generation, reaching at least 35,000 reads as mean reads per cell.

6.1.4 SINGLE CELL MAPPING AND CLUSTERING

FASTQ files were generated by demultiplexing raw base call (BCL) files (mkfastq function,
Cell Ranger v.3.0.2). Count function allowed alignment, preliminary filtering, barcode
counting, and UMI counting; GRCh38 — hg 38 was used as reference genome; chemistry
“Single Cell 3' v3” was specified in the function parameters.

Preliminary filtering, data integration and marker analyses were performed with R (v.3.6.1),
using the Seurat package (v.3.1.5). Only genes expressed by at least 3 cells and only cells
expressing at least 500 genes were taken into consideration. Moreover, cells were filtered
considering mitochondrial expression genes (cells with a mitochondrial expression lower than
10% were considered). A matrix of 21,507 genes per 26,474 cells was obtained. In order to
integrate the 5 samples, for each one 2,000 variable genes were determined
(FindVariableFeatures; vst method) and used as anchors in FindIntegrationAnchors function.
Data were log normalized and scaled (scaling factor: 10,000). Cells were plotted in a UMAP
(Uniform Manifold Approximation and Projection).

Clustree package, v.0.4.2 was used to create a plot of a cluster tree (Figure 6.1). Clusters
were set out with Louvain Algorithm (FindClusters) function. We decided to use the value of
0.45 as it represented the adequate resolution to identify the largest number of cell clusters
retaining the possibility to appreciate cluster differences. Finally, The average expression
matrices were calculated through the AverageExpression() function. Cells were organized and
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averaged considering clustering or donor belonging. Only cells expressing genes participate in

mean calculation.
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Figure 6.1. Plot of clustering tree at different resolutions (from O to 0.5; each level is increased by 0.05).
Relationship between clusters at different resolutions and proportion and count of cells within each cluster are

shown. Clusters at 0.45 resolution value are pointed out by a red box.

6.2 Cluster annotation

As first approach, the SingleR R package (v.1.0.6) was used to annotate clusters, allowing
us to have directions about cluster cell types. Afterwards, cell type-based cluster annotation
was performed adopting a scoring signature method. Each cell was firstly subjected to single
sample Gene Set Enrichment Analyses (GSEA) using manually curated signatures considering
canonical cell lineage markers (Table 6.1). Scores were elaborated and normalized in order

to achieve a cluster-signature score system ranging from 0 to 1.
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Table 6.1. List of gene signatures used to identify distinct cell lineages.

CD14* mono [CD16™ mono |DCs progenitors [NK cells [B cells
CD14 FCGR3A D2 KIT NKG7 BLK
VCAN LST1 IRF4 CD34 GNLY BTK

S$100A8 AlF1 FCER1A FLT3 GIMA CD19
S100A9 IFITM3 CLEC4C GATA1 GZMH MS4A1
S100A12 SERPINA1T IL3RA GATA2 GZIMM | CD79A
FCN1 MTSS1 cbD1C MS4A3 KLRD1 IGHM
LYZ TCF712 IRF8 SOX4 NCR3 CDh22
RNASE2 CSF1R CLEC10A HOXA9 KLRF1 FCRL2
CD3s SIGLEC10 CD74 HOXA10 CTIswW CD24
NCF1 RHOC HLA-DQA1 CYTL1 IL2RB
HLA-DPB1 KLRB1
HLA-DPA1 PRF1
HLA-DQB1
HLA-DRB1
HLA-DMA

In order to better characterize clusters belonging to the same lineage, we evaluate the

expression of selected genes typical of monocyte, NK and dendritic cell subpopulations (Table

6.2).

;':::"“' ':‘::OM L"'::’;é:'m mene | nea kDC1  [pDC  |pre-DC  NK NKT
D14 FCGR3A HLA-DPAI CDIC_ | CLEC9A | IL3RA | AXL | GIMA | GZma
VCAN CSFIR HLA-DPB1 FCERIA | CADM1 | CLECAC | SIGLEC6 | GIMH | GIMH

HLA-DQAI CLECTO0A NRP1 | DAB2 | GIMM | GZMM
HLA-DQB! NKG7 | NKG7
HLA-DRB1 PRFI | PRFI
HLA-DRA CD3D
D3t
cp3c

Table 6.2. List of genes used for manual cluster annotation.

We identified markers specific to each cluster using the FindAllMarkers() Seurat function,

choosing wilcox as the

statistical test. Only genes with InFC greater than 0.25 were

considered, expressed by at least 3 cells per group (first group: cluster under analysis; second

group: all the remaining clusters together). We defined cluster markers only genes with:

pvalue,q; < 0.05,pctl = 0.1, pct2 = 0.1, log, FC = 0.5.

Markers in a subset of clusters (e.g. in monocytes clusters) were defined with the

FindMarkers().. as well as the differential analyses of one versus one cluster.
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6.2.1 TRAJECTORIES ANALYSIS

With regard to single cell trajectories exploration, the STREAM package (v.1.0) was applied
(developed in Python v.3.6.11). The analysis was performed in a subset: only cells previously
annotated as progenitors, dendritic cells and monocytes were considered as input raw counts
dataset. The variable genes were calculated and applied for branching analysis. The Spectral
Embedding (SE) was chosen as reduction method on the basis of the characteristics of our
dataset. The model was optimized with finetuning branching nodes, pruning branches, shifting
branching nodes and extending leaf nodes as intermediate steps. The 5th state (S5) was chosen

as the root node.

6.2.2 STATISTICS

Statistical analysis was performed in R (v.3.6.1).

Pearson’s correlation was calculated in order to confirm sample homogeneity and
investigate MS4 family genes relative behaviour. Plots were performed using tidyverse,
GGally and ggplot2 libraries. Enrichment analysis were conducted by using Hallmark,
GeneOntology or REACTOME (https://www.gsea-msigdb.org/gsea/msigdb/collections.jsp).
sSGSEA was performed with the packages: AnnotationDbi v.1.48.0, org.Hs.eg.db v.3.10.0,
qusage, GSVA v.1.34.0.

6.3 FACS analysis

6.3.1 SAMPLE COLLECTION, ISOLATION OF PBMCs AND FACS STAINING

Peripheral blood was obtained after informed consent, from adult healthy donors recruited
to the Humanitas Clinical and Research Center and collected in EDTA-coated tubes (BD
Vacutainer K2E). PBMCs were then isolated and stained as described for scRNAseq
experiment (see above), with the following modification:

- addition to the antibody cocktail of anti-MS4A4A (BioLegend, clone C512/MS4A4A) and,
in selected experiments, of anti-SLAN (Miltenyi, clone REA1050), anti-CD89 (BD

Bioscience, clone A59), anti-FceRlIa (BioLegend, clone AER-37), anti-CD64 (BioLegend,
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clone 10.1), anti-CD32 (BioLegend, clone FUN-2) and anti-CD23 (BiolLegend, clone
EBVCS-5);

- at the end of the staining, cells were fixed in 1% paraformaldehyde/PBS for 15 min and
then acquired on a BD LSRFortessa (BD Biosciences).

Data were analyzed with FlowJo v10 software.

6.3.2 CYTOSPIN

PBMCs were obtained, stained and FACS sorted as for the bulk RNA sequencing. Cytospins
were prepared from 10* sorted monocytes, using 300 g for 5 minutes (CytoSpin 4
Cytocentrifuge, Thermo Scientific, Thermo). Cytospin preparations of monocytes were stained
by ematoxylin and eosin for morphological evaluation. Representative images were acquired
using Widefield BX53 Micrscope (Olimpus).

6.4 Bulk RNA sequencing

6.4.1 SAMPLE COLLECTION AND ISOLATION OF PBMCs

Human peripheral blood mononuclear cells were isolated from buffy coats of healthy donors
in accordance with clinical protocols approved by the ethical committee of Humanitas Clinical
and Research Center. PBMCs were isolated from buffy coats by Lympholyte® Cell Separation
density gradient solution (Cederlane Laboratories, Burlington, Canada). Briefly, 15 mL of
blood were first diluted with 35 mL of sodium chloride physiological solution and centrigufed
for 8 minutes at 1250 rpm at room temperature, acceleration 6 and brake 2. Supernatant plasma
was removed and cellular pellet resuspended in sodium chloride physiological solution to 35
mL. Diluted blood was added to the Lympholyte® solution in a volume ratio of 1:2 and
centrifuged for 25 minutes at 400 rcf at room temperature without brake. The interphase ring
containing mononuclear cells was collected, washed with sodium chloride physiological
solution and centrifuged two times for 10 minutes at 170 rcf. Any residual erythrocytes were
removed via Ammonium-Chloride-Potassium (ACK) Lysing Buffer (Lonza) treatment for 60

seconds at room temperature.
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6.4.2 FACS SORTING AND BULK RNA SEQUENCING

Monocytes were stained as for FACS analysis and CD16 MS4A4A™ (C), CD16"MS4A4A
(CD16n) and CD16"MS4A4A™ (CD16p) monocytes were FACS sorted from 5 healthy donors.
Samples were recovered in 0.5ml of PBS™ with 0.04% BSA (Sigma Aldrich), centrifuged at
450 rcf for 7 min and cells were lysed by TRIzol reagent. Total RNA was isolated using
DirectZOL RNA Miniprep kit (ZymoResearch) according to the manufacturer’s instruction.
Quantification and quality check (RNA integrity number RIN>7) were assessed by using
Qubit4 (Invitrogen) instrument. Total RNA extracted from sorted monocytes were subjected
to poly(A) mRNA sequencing. Libraries were constructed by SMARTer-Stranded Total RNA
Kit (Clontech), according to manufacturer’s instructions. Sequencing was performed with the
NextSeq 500 (Illumina). All libraries were sequenced twice in paired-end mode (75-bp length)

to produce an average of 80M of reads per sample.

6.4.3 SEQUENCE DATA PROCESSING

The bcl2fastq v2.20.0.422 tool allowed us to demultiplex samples and generate FASTQ files
starting from base call (BCL) files. Fastq files were subjected to quality control using fastQC
version 0.11.8. Mapping and sorting were performed with the STAR v.2.7.3a tool, and UMI
counting; GRCh38 — hg 38 was used as reference genome. Count matrix was then generated
with featureCounts (Subread v.2.0.0). Raw counts data was elaborated with the EdgeR
Bioconductor package. The Principal Component Analysis was performed with the DESeg2 R
libraryand sample clustering was checked calculating Pearson’s correlation. Due to the fact
that one sample behaved as an outlier, accordingly also with complexity preliminary analysis,
we decided to exclude that sample from the data set and outputted for further investigation
(Figure 6.2Figure 6.2). Genes were filtered by expression with the filterByExpr() function.

Finally, the count matrix was normalized generating cpm (counts per million) matrix.
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Figure 6.2. Bulk RNA-sequencing quality control. Gene expression profiles were subjected to (A left) principle
component analysis visualized with t-SNE projection and (B left) Pearson’s correlation analysis. Based on the
results obtained, one sample (indicated by the arrow) has been excluded from data. The new data set was re-
subjected to (A right) principal component analysis and (B right) Pearson’s correlation analysis to confirmed
Lib_ARI_03 as outlier. In A, shapes represent expression profiles of the different donors. The different
monocyte subsets are circled and are represented by different colours as in legend. In B, Pearson’s coefficient
values are coloured coded from blue (lower) to red (higher); rows and columns are ordered by hierarchical

clustering.

6.4.4 DATA ANALYSIS

An ad hoc design matrix was delineated so as to perform differential analyses. The
glmQLFit model was adopted and p-values were adjusted with the Benjamini Hochberg

correction.

39



Methods

Pathway analyses were performed with the IPA software (Qiagen Ingenuity Pathway

Analysis, v01-13). Lists of differentially expressed genes (pvalueygjystea < 0.05; log, FC =

0.5) for each comparison were used for identification of significantly enriched pathways.
Pre-ranked GSEA differential analyses were performed on logFC (GSEA v.4.0.3).

6.4.5 GENE CLUSTERING

Considering the differential analyses previously performed (16n vs C, 16p vs C and 16p vs
16n), protein coding genes were selected (pvaluegqjysiea < 0.05, log, FC = 1). Only genes
respecting the thresholds were taken into consideration, defining a list of selected genes. For
the selected genes, CPM replicates values were averaged and a submatrix was obtained. Data
were first log transformed and secondly were scaled by gene values. Genes were divided in 12

groups characterizing the possible behaviors a gene can have in three cell types.

6.5 GSE130157 dataset Analysis

Counts matrix of the public scRNAseq dataset from Griffiths et al. [222] was obtained from
the Gene Expression Omnibus (GEO) database. Only data from time point C1 (baseline), C3
(reflecting treatment with only chemotherapy) and C5 (reflecting treatment with chemotherapy and
immunotherapy) were considered. Preliminary filtering, data integration and marker analyses
were performed as for our scRNAseq dataset (considering 1,000 as variable genes). A matrix
of 16,657 genes per 55,293 cells was obtained.

As first approach, cell clustering was set out with Louvain Algorithm (FindClusters)
function), choosing the value of 0.6 for the resolution. Then SingleR R package (v.1.0.6) was
used to annotate clusters. Only cells computationally annotated as monocytes were selected for
further analyses. Computational annotation is not accurate in distinguishing among DC,
progenitors and monocytes. For this reason, computationally predicted monocytes were
additionally checked considering lineage markers (as defined above). After markers checking,
DC and progenitors were discarded.

In order to classify monocytes from Griffiths et al. dataset on the bases of the classification
we set up a machine learning model. The model was developed using the caret R package,

considering a polynomial Kernel support vector machine.
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The healthy monocyte dataset was divided randomly in two parts: one training set (80% of
the healthy monocyte dataset) and one test set (20%). 161 features were selected in order to
train the model; features were obtained as the intersection of monocyte marker genes
(previously defined in the HD dataset) and variable genes in the tumor dataset. The quality of
the model was evaluated considering sensitivity, specificity and accuracy. It was tested in order
to avoid overfitting typical error in machine learning developmental model. Cross validation
(tenfold) was performed. After accurate evaluations, the model trained in the healthy monocyte
dataset was applied in the tumour dataset and monocyte cells (from the GP dataset) were
classified considering features patterns. In this way, we were able to recognize the defined
clusters of the healthy dataset in the tumour immune dataset.

The “new” defined clusters of the tumour dataset were analyzed considering the frequency

among the samples.

41



Results

7 RESULTS

7.1 Single-cell analysis of human circulating mononuclear cells

Monocytes consist of different subsets with distinct developmental and functional
properties. The most credited classification is based on the CD14 and CD16 markers and
defines classical monocytes (CD147*CD16"), non-classical monocytes (CD14""CD16") and an
intermediate population (CD14'°CD16") [42]. However, current monocyte classification might
mask a possible inter-cellular heterogeneity in terms of phenotype and, consequently, in terms
of function within these subsets, even though an exact task-division among the different subsets
has not been defined yet. To investigate the heterogeneity of blood monocyte populations, we
performed a sScCRNA-seq analysis on circulating mononuclear cells from five healthy donors.
PBMCs were isolated by density gradient and FACS sorted as live CD45", HLA-DR™, lineage
negative cells (Lin: CD3, CD19 and CD56 cells) (Figure 7.1). It’s obvious that by adopting
this gating strategy, we also considered other non-monocyte cell types, such as dendritic (DCs)
and natural killer (NK) cells. In fact, we preferred to include non-monocyte populations, which
we could have easily recognized after annotation, instead of being more stringent in the gating

strategy, thus possibly loosing unknown monocyte subsets.

FACS sorting strategy
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Figure 7.1. Illustration of the experimental workflow and gaiting strategy adopted for the scRNAseq. Blood
samples were collected from 5 healthy donors and PBMCs were isolated by Lympholyte density gradient. Live
lineage-HLA-DR* cells were FACS-sorted and load for 10X Genomics platform based scRNA-seq. Lin: CD3,
CD19 and CD56 cells.

We then obtained the transcriptomes of individual cells by performing droplet-based 10X
Genomics’ scRNA-seq. In total, we sequenced 35.635 cells. After quality control and filtering,
we obtained 26.474 cells, with a median of 2.270 genes and a median of 65.897 reads detected
per cells (Table 7.1).
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Estimated Number |[Mean Reads |Median Genes [Total Genes

of Cells per Cell per Cell ‘Defecfed
501 7.746 64.048 2.293] 22.673
s02 7.186 68.804 2.270| 22.707
}s03 7.785 65.220 2.270 22.668
s04 5.932 65.897 2.156 21.686
sO5 6.986 71.024 2.342 22.970

Table 7.1. Number of recovered cells calculated by Cell Ranger™ Analysis Pipelines and relative number of
reads and genes after each step of quality control filtering. s01-05, sample 01-05 (each sample corresponds to

one donor).

Unsupervised clustering identified 20 distinct cell populations that were annotated
according to significant expression of canonical gene signatures (Errore. L'origine riferimento
non e stata trovata. and Errore. L'origine riferimento non e stata trovata. in Materials and
Methods). We identified 8 clusters of monocytes (c0, c1, c2, 3, ¢6, c7, ¢12 and c13), 6 clusters
of dendritic cells (c5, ¢8, c15, c16, c18 and c19), NK cells (c4, c9 and c10), B cells (c17) and
immature precursors (c11 and c14) (Figure 7.2). We next sought to better delineate the
populations identified. Out of the whole monocytes, 5 clusters were classical (c0, c1, c2, c7,
c12) based on expression, among others, of CD14 and VCAN, and 2 clusters (c3, c13) were
non-classical, expressing FCGR3A and CSF1R (Figure 7.3). One cluster (c6) was annotated
as intermediate, presenting mid-levels of CD14 and FCGR3A compared to the classical and
non-classical monocytes, as well as a general signature resembling intermediate monocytes
described in the literature [103] (Figure 7.3). Both myeloid and plasmacytoid DC populations
were present. Myeloid DCs (clusters c5, ¢15 and c19) expressed high levels of HLA- genes
(Figure 7.3). Based on increased expression of CD1C, FCER1A and CLEC10A, cluster 5 and
cluster 19 were annotated as conventional DC2, while ¢15 expressed the highest levels of
CLEC9A and CADM1, discriminative markers of myeloid cDC1 [223] (Figure 7.3A-B). C8
and c16, showing expression of IL3RA/CD123, CLEC4C and NRP1, were recognized as
plasmacytoid DCs [223] (Figure 7.3A-B). Finally, we observed a small population of AXL-
expressing pre-DCs with a profile generally similar to pDCs (c18) (Figure 7.3A-B). Among
the NK cells, we identified two clusters ascribing to CD56™9 or contaminating CD569™ NK
cells (c10 and c4), given the exclusion of CD56" cells during the gating strategy adopted for
the scRNAseq (Figure 7.1) and their expression of CD16 (Figure 7.3) [224], and one
population of NKT cells (c9) (Figure 7.3C). The latter was identified based on its expression
of typical NK markers such as lytic granule genes (GZMA, GZMH, GZMM, NKG7 and PRF1)
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and CD3D, CD3E and CD3G (Figure 7.3A-B). Two small clusters representing 1% and 0.6%
of the total population (c11 and c14, respectively) showed different sets of immature precursor
myeloid genes, such as CD34, GATA1, GATA2 and SOX4, allowing annotation as common
myeloid progenitors (Figure 7.2B and Figure 7.3A and C). Finally, the small cluster 17
expressed high levels of MS4Al (CD20) and was thus confirmed as population of
contaminating B cells (Figure 7.3A and C).
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Figure 7.2. Single-cell RNA sequencing of healthy peripheral blood HLA-DR™ cells identified 20 cell clusters
belonging to 5 distinct cell lineages. (A) UMAP projection of CD45*Lin"HLA-DR* cells (n = 26,474) showing
20 clusters belonging to 5 major immune cell subsets. Clusters are numbered according to their size, from the
largest (cluster 0) to the smallest (cluster 19). Each dot represents an individual cell. (B) Dot-plot showing
annotated immune cells by lineage signatures (genes belonging to each signature are listed in Errore. L'origine
riferimento non e stata trovata.Errore. L'origine riferimento non e stata trovata. in Material and Methods).
SsGSEA-score based signature expression is coloured-coded from blue (low) to yellow (high); circle size
indicates the fraction of cells expressing the signature. CD14* mono indicates classical CD14* monocytes;

CD16" mono, non-classical CD16* monocytes; DCs, dendritic cells; NK cells, natural killer cells.
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Figure 7.3. Manual cell cluster annotation after unsupervised clustering the scRNA-seq data. (A) Feature plot
showing the expression of key genes used for manual cell cluster annotation. Gene expression is coloured-
coded from grey (low) to red (high). (B) Dot-plot showing the expression of key genes adopted for manual cell
cluster annotation. Gene expression is coloured-coded from grey (lower) to blue (higher); circle size indicates
the fraction of cells expressing the gene. (C) UMAP projection of CD45"LinHLA'DR* cells (n = 26,474)
showing 20 clusters individually annotated. Clusters are numbered according to their size, from the largest

(cluster 0) to the smallest (cluster 19). Each dot represents an individual cell.
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Importantly, cells from all five donors contributed to every cell type, indicating that
clustering was donor-independent, as confirmed by the significant reproducibility among
biological replicates (Figure 7.4). Indeed, Pearson’s correlation coefficients between the
average expression of genes in each cell in each donor ranged from 0.98 to 0.99.

Once identified all distinct mononuclear cells we focused on monocytes.
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Figure 7.4. Under steady state, number and frequency of human peripheral blood HLA-DR™ cells populations
are analogous in all 5 healthy donors. (A) Scatter plot matrix representing Pearson’s correlation coefficients
of gene expression values in each cell between pairwise donors (s01-05). Rows and columns represent samples.
Abscissa and ordinate axes show the logarithmic gene expression. Each dot represents a gene. (B) Bar plot
showing the fraction, from 0 to 1, of each of the 20 identified cell clusters per donor (s01-05). Clusters are

coloured according to cluster designation.

7.2 Circulating monocytes present distinct profiles in
homeostatic conditions

The coexistence of distinct circulating monocyte subsets in homeostasis suggests that they
may be dedicated to executing different tasks. In order to gain insights into their functional
specialization, we better characterized their transcriptomic features by applying the single
sample Gene Set Enrichment Analysis (ssGSEA) of the Hallmark gene sets to each cell. Some
pathways were almost equally enriched within clusters belonging to the same major population:
genes involved in angiogenesis, cell adhesion and cell-matrix interactions were upregulated in
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the clusters of classical monocytes, while the Notch signalling pathway was enriched in non-

classical cells (Figure 7.5).
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Figure 7.5. Pathways found equally enriched in clusters belonging to the same monocyte macro-group
(classical and non-classical monocytes). Boxplot showing the normalized enrichment score (ssSGSEA) of
selected Hallmark signatures. All Hallmark scores were taken into consideration in normalizing values. Colour

code: dark red, classical monocytes; pink, intermediate monocytes; yellow, non-classical monocytes.

Conversely, some pathways were selectively enriched in distinct subpopulations, regardless
which macro-category they belonged to. Indeed, cells in cluster 0, compared to other classical
monocyte clusters, had lower activation of pathways related to adipogenesis, fatty-acid
metabolism, complement system and oxidative phosphorylation. The same pathways were
slightly upregulated in non-classical cells from c13 compared to the ones from ¢3 (Figure 7.6).
Notably, many genes involved in response to alpha and gamma interferons were selectively
upregulated in cluster 7 and 13 (Figure 7.6). Overall, these results are consistent with the large
body of evidence representing the classical and the non-classical monocytes as two distinct
populations [223], but also provide evidence of functional differences within each of the two
groups, suggesting that monocyte populations with distinct functional profiles coexist in
homeostasis. We therefore addressed to deepen our understanding of the heterogeneity within

each macro-group.
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The subsets of classical monocytes cO, cl1 and c2 were the most abundant monocyte

subtypes, comprising 28.5%, 23.5% and 16.8% of the total monocyte population, respectively.

They all shared a similar transcriptomic profile, with high levels of the most conventional

classical genes, including the pattern recognition receptors CD14, VCAN and the chemokine
receptor CCR2 (Figure 7.3A and Figure 7.7).
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Figure 7.7. Ridge plot showing the expression levels of typical genes highly expressed in classical monocytes.

Only monocyte subsets are shown and clusters are coloured according to cluster designation.
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In our dataset, clusters cO and c2 were strictly related, as appears from the Pearson’s

correlation analysis (Figure 7.8).

Figure 7.8. Heatmap representing Person’s correlation between 8 subtypes of monocytes. Pearson’s coefficient
values are coloured coded from blue (lower) to red (higher). Rows and columns are ordered by hierarchical

clustering.

Looking at the top 5 discriminative genes, both cO and c2 emerged as the cell subsets that
expressed the highest levels of proinflammatory genes S100A8, S100A9 and S100A12, (Figure
7.9A). Emerging studies, both in mouse and humans, have classified a classical monocyte
population expressing common neutrophilic markers, such as the S100A proteins, as
“neutrophil-like monocytes” (NeuMo) [43, 44, 225]. Differential expression analysis (one
monocyte cluster vs all the other monocyte cells) revealed higher expression of
proinflammatory CXCL8 and TREM1 and of the transcript regulators DUSP6, KLF6 and FOSB
in cO (Figure 7.9B). Moreover, consistent with the up-regulation of the arachidonate 5-
lipoxygenase-activating gene (ALOX5AP), differential expressed genes (DEGs) analysis
showed a significant enrichment of the leukotriene synthesis pathway. Instead, in c2 we found
higher levels of genes involved in cell migration (SELL and VCAN), as well as of pro-
inflammatory and antimicrobial RETN, PADI4 and the lysozyme gene LYZ. Accordingly,
pathways involved in the cellular defence against pathogens were up-regulated (Figure 7.9B
and C). Cluster 1 exhibited a functional activation phenotype and pro-inflammatory features
as well. Indeed, among its top-five cluster marker genes, we identified NFKBIA, which exerts
an autoregulatory loop that sustains a positive regulation of NF-kB activity [226], interleukin
1B (IL1B), and both the chemokine CCL3 (MIP-1-alpha) and CCL3L1 (Figure 7.9A).
Moreover, cl significantly upregulated the TNF-a signalling pathway, displaying high levels
of the TNF Alpha Induced Protein 3 (TNFAIP3) and NFKBIA (Figure 7.9B and C). Overall,
these observations suggest that the three major clusters of classical monocytes display distinct

inflammatory programs and activation states.
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Figure 7.9. Characterization of transcriptional heterogeneity among human circulating monocytes. (A) Same
UMAP projection as in Figure 7.3C, highlighting only monocyte clusters (c0, c1, c2, c3, c6, c7, c12 and c13).
Up to five cluster marker genes are listed in boxes next to each cluster. Cluster marker genes are defined as in
Material and Methods. (B) Single cell gene expression heatmap showing significant differentially expressing
genes (pvalueyy; < 0.05,pctl = 0.1,pct2 = 0.1,log, FC = 0.5) among monocyte cell subsets. Selected
gene names are labelled; gene expression is coloured coded from purple (lower) to yellow (higher); gene
expression level is scaled by row. (C) Key pathways enriched in individual populations of monocytes.
HALLMARK (orange), GO (blue) and REACTOME (violet) pathway analysis of differentially expressed genes
(one cluster of monocyte vs all the other monocyte cells). Only upregulated genes were considered.

—log _10(pvalue) is shown in the x axis; values greater than 1.3 are significant.

Clusters ¢7 and ¢12 (7.7% and 1.2% of all monocytes, respectively) were less represented
among the classical monocytes. Despite the fact that they expressed typical markers of classical
monocytes, such as NCF1, a crucial component of the NADPH oxidase complex, and the
scavenger receptor CD36 (Figure 7.7), they both displayed strong characteristic transcriptional
profiles, highlighting specific functional properties of these subpopulations. Cells in c7
significantly expressed high levels of antiviral genes, including 1ISG15, MX1 and IFIT3, the
top-three upregulated genes of the cluster, whereas the profile of c12 was associated with
cellular motility and migration (TUBB1, CCL5, CD9) (Figure 7.9A and B). A robust profile
of cells with anti-viral activity was confirmed in ¢7 by the differential expression analysis; thus,
various interferon-induced proteins, such as CXCL10, HERCS5 and proteins belonging to the
IFIT, IFI and OAS family, were upregulated in this cluster (Figure 7.9B). Accordingly, DEGs
analysis showed enrichment of IFNa and IFNy responses and defence response against viruses
(Figure 7.9C). Instead, cluster c12 showed upregulation of pathways related to
intracellular cytoskeleton reorganization and trafficking processes, as suggested by the

elevated expression of MYL9, MYL12 and tubulin genes (Figure 7.9B and C). Interestingly,

51



Results

the top-two genes characteristic of this cluster were platelet related genes: the pro-platelet basic
protein (PPBP) and the platelet factor 4 (PF4) (Figure 7.9A). Moreover, different platelet
associated DEGs and pathways were significantly upregulated, corroborating the idea that c12
may correspond to circulating monocyte-platelet aggregates (MPA) (Figure 7.9B and C) [227,
228].

Non-classical monocytes clustered into two distinct groups: the majority of cells were
included into c3, while a small number contributed to c¢13 (11.7% and 1.1% of the entire
monocyte population, respectively). These two clusters were found to share almost the same
transcriptome profile, showing high levels of genes associated with cell activation (LST1, LYN,
IFITM3, SIGLEC10, SOD1, RPS19) and regulation of the cell cycle (MTSS1, CDKN1C)
(Figure 7.9A-C and Figure 7.10).
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Figure 7.10. Ridge plot showing the expression levels of typical genes highly expressed in non-classical

monocytes. Only monocyte subsets are shown and clusters are coloured according to cluster designation.

Involvement of non-classical monocytes in complement-mediated phagocytosis as well as
in the pathway of the complement system has been reported [66, 100]. Notably, in our dataset,
the complement genes C1QA, C1QB and C1QC were exclusively expressed by cells in ¢13 and
the DEGs analysis confirmed the enrichment of complement pathway in this cluster (Figure
7.9A-C), demonstrating that this CD16* population was more specialized for complement
activation. To better characterize the identity of ¢3 and c¢13 and find discriminative genes
between the closely related non-classical clusters, we performed a differentially expression
analysis, selectively between these two monocyte populations. As expected, we didn’t find
many differentially expressed genes. However, we interestingly observed higher levels of HLA
genes in cluster 13, as confirmed by the major histocompatibility class Il antigen
presentation pathway enrichment in this subset (Figure 7.11 and Figure 7.9C). Instead, we
found cluster 3 enriched in genes involved in cell motility and chemotaxis (ANXAL, ANXA2,
RHOC, PECAM).
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Figure 7.11. Single cell gene expression heatmap showing significant differentially expressing genes

(pvalueyy; < 0.05,pctl = 0.1,pct2 = 0.1, | log, FC| = 0.5) among non-classical monocyte cell subsets
(c3 and c13). Gene expression is coloured coded from purple (lower) to yellow (higher); gene expression level

is scaled by row.

Finally, cluster 6 comprised 9.5% of the total monocytes. As reported previously, the
intermediate monocytes were strongly characterized by high levels of HLA genes, and the

consequent enrichment of antigen presentation pathways (Figure 7.9B and C) [66].

Taken together, the transcriptional profile of monocyte populations in human blood at
single-cell level suggests a profound heterogeneity, whereby distinct populations are

programmed to exert specific functions.

7.3 Trajectory reconstruction of monocyte populations

Many studies have demonstrated that classical monocytes are able to give rise to the non-
classical population in mice [14, 74, 229, 230]. Recently, the same program has been shown
also in humans [98], even though the hypothesis that some CD14"CD16" cells can arise
following another rout of development cannot be excluded [42]. Since we found several subsets
of monocytes in our data set, we asked whether their developmental paths were connected and
how. To this aim, Single-cell Trajectories Reconstruction, Exploration And Mapping
(STREAM) analysis was performed. This tool allows capturing the transcriptional trajectory

among subsets, grouping cells that share most of the transcriptional program in states. Then,
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the states are aligned along an artificial pseudotime, thus helping understand how closely the
subsets are related. We decided to carry out the investigation on myeloid progenitors, most
likely precursors of our subsets of interest, monocytes and dendritic cells. DCs were included
in the analysis because their closed relation with monocytes in terms of development. Indeed,
as previously discussed in paragraph 4.1.2, both these lineages originate from the same
monocyte/DC progenitor (MDP) and monocytes, during inflammation, can differentiate into
dendritic cells, originating monocyte-derived DCs (moDCs). The analysis uncovered five

cellular trajectories, as shown in Figure 7.12.
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Figure 7.12. UMAP (left) and subway map plot (right) visualization of inferred developmental trajectory of
myeloid progenitors, monocytes and DCs by STREAM. Cells are coloured according to the cluster of origin as

shown in the legend.

Starting from myeloid progenitors, cells bifurcated into plasmacytoid dendritic cell lineage
(branch S4-S6) and a branch that further separated into three sub-branches: classical monocytes
(belonging to c1, c2, ¢7, ¢12) and cDC2 (from c5) primarily localized into node SO and branch
S0-S3. Branch S0-S1 mainly consisted of classical monocytes from c0, cDC1 and cDC2s from
c19. Finally, branch S0-S2 identified a clear directional progress from the intermediate to the
non-classical cells (Figure 7.12 and Figure 7.13). This outcome is partially consistent with
evidence reported in the literature. Certainly, plasmacytoid DCs are easily discernible from the
other DCs and from monocytes, and thus clearly separated from other clusters, while higher is
the transcriptomic similarity of cDCs with monocytes [223, 231]. Moreover, the consequential
distribution and progression of classical, intermediate and non-classical monocytes along the
pseudotime trajectory, as well as the cell distribution within the UMAP projection (

Figure 7.13 and Figure 7.12), are in line with new evidence suggesting a sequential

transition from intermediate and non-classical monocytes in humans [98].
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Figure 7.13. Stream plots visualization of inferred developmental trajectory of myeloid progenitors, monocytes

and DCs by STREAM. Each plot show in pink one single cluster from the scRNA-seq.
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Interestingly, focusing on CD14*CD16™ monocytes, we found a clear separation between
the branch mainly composed of cells from cO and all the other classical monocytes.
Furthermore, while branch SO-S1 progressed along the pseudotime projection, the shorter
branch SO-S3 did not. This scheme could suggest that cells belonging to cluster O are in an
active state of transition and maturation. Previous results showing many functional pathways
downregulated in cO compared to all the other clusters of classical monocytes (Figure 7.6)
possibly support this idea. To further investigate this hypothesis, we looked at gene expression
of transition markers, genes whose mRNA values correlate with the pseudotime. As shown in
Figure 7.14, among the genes more expressed in cells located at the endpoint of the branch
considered, we found ferritin heavy/light chain (FTHL1/FTL), crucial molecule in the iron
retention metabolism and involved in the response to stimuli and pro-inflammatory responses
in monocytes/macrophages [232-234], inflammatory S100 proteins (S100A8, S100A6,
S100A4) and FOS. It thus seems that monocytes in cluster 0 are evolving towards a pro-

inflammatory state.
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Figure 7.14. Identification of transition markers along branches S0-S1 and S0-S2 of the inferred developmental
trajectory of myeloid progenitors, monocytes and DCs by STREAM. (A) As schematized in the figure, transition
markers are genes expressed by cells between two nodes of the trajectory (in the example, SO and S1), whose
MRNA value positively (green) or negatively (red) correlates with the pseudotime. (B) Bar plot shows the top-
20 transition markers significantly most correlated with the pseudotime calculated in branch S0-S1 (left),
containing classical monocytes from cluster 0, or branch S0-S2 (right), containing intermediate and non-

classical monocytes from c6, ¢3 and c¢13. 10 genes positively and 10 genes negatively correlated are shown.
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Finally, transition markers of branch S0-S2 confirmed our previous observation that
describes a progressive transition from classical to non-classical monocytes, given that typical
genes of CD14" monocytes, like LYZ, S100A8, S100A9, NCF1 and VCAN, were enriched near
the node SO and progressively decreased along the branch, while genes characteristic of CD14"
monocytes, such as FCGR3A, LST1 and CDKN1C, followed the opposite trend (Figure 7.14).

Collectively, STREAM analysis reconstructed the general cell lineage hierarchy of myeloid
progenitors, circulating DCs and monocytes, even though we weren’t able to discriminate the
rout of differentiation of all classical monocytes. More in-depth analyses into the
developmental relationship between monocytes subtypes are still needed to better characterize
their connection, and hence to understand their responses in steady-state homeostasis and
inflammation. Notwithstanding, such kind of analyses are not easily performed on human

settings and more commonly take advantage of fate-mapping approaches in preclinical models.

7.4 MS4A gene family in human monocytes

Membrane-Spanning 4-domain subfamily A (MS4A) protein family represents a new
emerging set of proteins structurally related to conventional tetraspanins. Some of these
tetraspanin-like molecules have been reported by us and others as highly expressed in
alternative activated macrophages [212, 213, 215]. In particular, in a previous study performed
in our laboratory, it has been reported the expression of MS4A4A, MS4A6A and MS4A7 in
tumour-associated macrophages, both in human and murine tumours, and it has been shown
that they are involved in the formation of lipid raft-associated signalling complexes in
macrophages [213]. Moreover, genome-wide association studies have shown a correlation
between single nucleotide polymorphism variants within the MS4A/MS4A6A locus and the late-
onset Alzheimer’s disease and the cutaneous systemic sclerosis [235, 236].

Given the emerging role of MS4A proteins in macrophages, we decided to investigate this
gene family also in monocytes, their cellular precursors. We thus first evaluated the expression
of the MS4A genes in our dataset and found three genes expressed in myeloid cells: MS4A4A

and MS4A7 were mainly expressed by non-classical monocytes, while variable levels of
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Figure 7.15. Expression distribution (violin plot) showing normalized expression levels of MS4A genes in
human circulating HLA-DR™* cell populations. CD14* mono (c0, cl, c2, ¢7, ¢12); CD16* mono (c3, c13);
intermediate mono (c6); myeloid DCs (c5, c15, c19); plasmacytoid DCs (c8, c16); preDCs (c18); NK cells (c4,
10); NKT cells (c9); myeloid progenitors (c11, c14); B cells (c17).

MS4A7 expression were also found in intermediate and classical monocytes, as well as in
dendritic cells. Finally, MS4A6A was highly expressed by cDC2, pDCs and both CD14"CD16"
and CD14"CD16" monocytes (Figure 7.15). To finer depict the gene expression pattern
described above, we computed a Pearson’s correlation analysis of the three molecules in each
population. This information may be helpful to capture the cross-regulation of the members of
this family and in future studies aimed at analysing their function. In monocytes, we observed
a strong negative linear correlation between MS4A6A and MS4A7 mRNA expression (r=0.959).
Similarly, MS4A4A and MS4A6A were linearly negatively correlated (r=0.981), while MS4A7
appeared to be positively correlated with MS4A4A (r=0.974). As regarded dendritic cells, we
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Figure 7.16. Scatter plot showing Pearson’s correlation between MS4A4A, MS44A6A and MS4A7 genes in
monocytes and dendritic cells. All Pearson’s correlation coefficients, reported in the graph, are significant (P
=<0.05).

obtained weak correlation between genes, with opposite results compared to what detected in
monocytes: positive correlation between MS4A6A and MS4A7 (r=0.429), positive correlation
between MS4A4A and MS4A6A (r=0.490), and negative correlation between MS4A6A and
MS4A7 (r=0.235) (Figure 7.16). Overall, the three molecules under examination showed
inverse expression patterns in monocytes and in dendritic cells. Moreover, we observed a
distinct trend in MS4A4A, MS4A6A and MS4A7 expression in monocytes compared to our
previous data on in macrophages. Indeed, as mentioned, in macrophages the three MS4A
proteins are co-expressed and associate at the level of the plasma membrane forming clusters
[213]. Conversely, the expression of MS4A4A transcript in monocytes is almost restricted to
the non-classical population (c3 and c13), MS4A7 is enriched in CD16™ monocytes, while
MS4A6A was expressed, for the most part, by the classical subtype. To validate these
observations, we interrogated The Human Cell Atlas public Immune System gene expression
database, which confirmed our results (Figure 7.17).

As already discussed previously, circulating monocytes are critical contributors to the pool
of resident tissue macrophages. However, the precisely measure for such contribution, both
under steady state and during inflammation, is still an area of intense investigation. A recent
fate-mapping study, aiming to develop a mouse model to estimate the contribution of

monocytes to RTMs and discern monocytes from DCs, identified Ms4a3, belonging to the
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Figure 7.17. Transcription level of MS4A4A, MS4A6A and MS4A7 in human blood cells. MS4A4A, MS4A6A
and MS4A7 transcript levels in human blood cell types based on the Human Cell Atlas, Immune System. CD16+
monocytes (Mo. 16%) were sorted as HLA-DR*CD16MCD14"° PBMCs; CD14* monocytes (Mo. CD14%) were
sorted as HLA'DR*CD16"CD14"° PBMCs.

membrane-spanning 4A gene family, as a specific gene to track the GMP and the cMoP
precursors in mice [68]. Given our previous results, we thus asked whether MS4A4A, MS4A6A
and MS4A7A may be suitable as blood markers for the commitment to monocytes or dendritic
cells in humans. We thus came back to the STREAM analysis of trajectories, focusing now on
the MS4A gene family members, and found that MS4A6A was highly expressed by cells present
in node SO and gradually decreased along each myeloid branch following the pseudo-time
trajectory. Conversely, MS4A7 and MS4A4A upregulation within the intermediate and non-
classical monocytes progressively increases along branch S0-S2 in the trajectory (Figure 7.18).
Also, within the transition markers of the trajectory branch composed of intermediate and non-
classical monocytes (S0-S2), we identified MS4AGA as gene whose expression was inversely
correlated with the pseudotime, and MS4A7 in the top genes progressively upregulated

following the trajectory (Figure 7.14).

Collectively, this data suggests MS4A4A as marker for the commitment to circulating non-

classical monocytes in humans.
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developmental trajectory as in Figure 7.13. Gene expression is coloured code from blue (lower) to yellow
(higher).

Stream plot showing the expression of myeloid MS4A genes along the same inferred

7.5 Focus on MS4A4A in human monocytes

This second part is focused on MS4A4A, one of the molecules that we found potentially

valuable as a marker of non-classical and, as mentioned, molecule of interest in the group.

7.5.1 MS4A4A PROTEIN IS EXPRESSED BY A FRACTION OF CD16™ MONOCYTES

Preliminary data from our laboratory suggests that MS4A4A interacts with a restricted
set of molecular partners. Specifically, based on a yeast two-hybrid assay performed on RNA
extracted from human monocyte-derived macrophages treated for 24h with Dexamethasone,
relevant interactors resulted Dectin-1, as mentioned, but also the FcR signal transduced FceRIy
chain, indicating a potential role of MS4A4A for FcyR signalling (unpublished data). Given
the selective expression of MS4A4A gene in the CD16" non-classical population in monocytes,
we decided to gain insight on the relevance/role of MS4A4A in this subset.

When investigated at the protein level by flow cytometry, only a fraction of CD16"
monocytes stained positive for MS4A4A, whereas all the other monocyte subtypes (the
classicals, most of the intermediates and a portion of non-classicals) were negative (Figure
7.19). MS4A4A expression pattern in non-classical monocytes was, therefore, consistent with
MRNA levels detected in cluster 3 and cluster 13, albeit, compared to our transcriptomic data,
MS4A4A was detected also by 15% on average of intermediate monocytes (Figure 7.19B).

This divergent observation could be explained by the difficulty in dissecting the intermediate
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Figure 7.19. Frequency of MS4A4A in classical, intermediate and non-classical monocyte subsets of healthy
donors. (A) Representative flow cytometry dot plot of MS4A4A expression in circulating human monocytes. (B)
Percentage of MS4A4AP cells in circulating monocytes of healthy donors (N=10). Data plotted as mean+SEM
(*P<0.05; **P<0.01; ***P<0.001; one-way ANOVA test).

and non-classical monocytes by FACS based only on the levels of CD14 and CD16, as
confirmed by the numerous research efforts focused on the identification of new markers to
overcome this issue [17-19].

Recently, SLAN has been proposed as a marker for human non-classical monocytes [19].
Given that SLAN" cells constitute a subset of CD16" monocytes, we asked whether MS4A4A*
and SLANT circulating monocytes represent the same cell subtype. Flow cytometry analysis
showed that, even though both MS4A4A* and SLAN' monocytes localize within the non-
classical monocyte gate, they do not constitute the same cell population: indeed, we detected
cells expressing only MS4A4A or SLAN, as well as cells double positive for these two markers
(Figure 7.20).
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Figure 7.20. MS4A4A and SLAN expression in human monocytes. FACS Representative flow cytometry dot
plot of frequency of classical, intermediate and non-classical (top left), SLAN distribution (top right) and
MS4A4A distribution (bottom left) in human monocytes according to the expression of CD14 and CD16.
Representative flow cytometry frequency of MS4A4A'SLAN*, MS4A4ATSLAN*, MS4A4A*SLAN:, and
MS4A4A'SLAN- cells is shown (bottom right).

Since morphology of human phagocytes is a peculiar feature exploited to classify them, we
performed a cytospin of sorted cells to capture potential differences. However, no evident
differences in terms of morphology were recorded between MS4A4A positive and MS4A4A
negative cells (Figure 7.21).

Classical MS4A4A- CD16+ MS4A4A- CD16+ MS4A4A+

Figure 7.21. Representative CD16"MS4A4A", CD16*MS4A4A and CD16*MS4A4* circulating monocytes sorted

from one healthy donor, cytospun and stained whith Hematoxylin and Eosin (scale bar = 200 pm).
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7.5.2 TRANSCRIPTOMIC ANALYSIS OF MS4A4A POSITIVE MONOCYTES

To get insights into the molecular programs linking monocyte MS4A4A expression to their
function, we decided to carry out bulk RNA-sequencing on the three major monocyte
populations previously identified based on MS4A4A expression: CD16-MS4A4A  (classical
MS4A4A", C), CD16"MS4A4A" (16n) and CD16"MS4A4A" (16p) monocytes (Figure 7.22).
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Figure 7.22. lllustration of the experimental workflow and gaiting strategy adopted for the bulk RNA
sequencing. Blood samples were collected from 4 healthy donors and PBMCs were isolated by Lympholyte
density gradient. Live monocytes were FACS-sorted, cells were lysed and the RNA extracted for SMART seq

data.

The gene expression Principal Component Analysis (PCA) pointed out the degree of
association between monocyte populations, showing that CD16"MS4A4A* and
CD16"MS4A4A" cells were most closely related, whereas the classical MS4A4A" and
CD16"MS4A4A" were most distantly clustered (Figure 7.23). To address cell heterogeneity
among populations expressing different levels of MS4A4A in an unsupervised and unbiased
manner, we calculated the differentially expressed genes in the dataset. 1,316 genes were found
significantly differentially expressed in CD16*MS4A4A* versus classical MS4A4A", 611
DEGs between CD16*MS4A4A" versus classical MS4A4A". Only 31 DEGs were detected
between CD16"MS4A4A" and CD16"MS4A4A", and surprisingly, among them, we found
some genes typical of natural killer cells, such as granzyme B and granulysin (Figure 7.23B),
leading us to consider the presence of a small proportion of contaminating CD16*CD56™ NK
cells within the non-classical MS4A4A-negative monocytes. These results indicate that the two
major monocyte populations distinguished by the traditional marker CD16 are clearly
transcriptionally distinct, confirming the consolidated data reported in literature and in our
single-cell analysis. On the other hand, the very high transcriptional diversity between
MS4A4A positive cells and classical monocytes strongly suggested that MS4A4A could

identify a subset of CD16" non-classical monocytes possessing a more mature phenotype
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Figure 7.23. CD16"MS4A4A" and CD16*MS4A4A*" monocytes are closely related. (A) Principle Component
Analysis (PCA) visualized with t-SNE projection of bulk RNA-seq data. Shapes represent expression profiles of
the different donors. The different monocyte subsets are circled and are represented by different colours as in
legend. (B) Volcano plot of the expression profile of the classical MS4A4A-, CD16+MS4A4A- and
CD16+MS4A4A+ monocyte populations sorted from 5 healthy donors. Horizontal dashed lines show —Log10
adjusted P value 1.3 (corresponding to FDR 0.05); vertical dashed lines show |log2 fold change| = 1).

compared to MS4A4A negative CD16" cells. This hypothesis was supported by the higher
expression of genes like CD14, CCR1, CCL3 and HLA-DQA1 in CD16*MS4A4A™ monocytes,
and the upregulation in CD16"MS4A4A" cells of genes whose transcription level was reported
to be increased in the non-classical monocytes, such as SOD1, TMTCL1 and the creatine kinase
B (CKB) [237] (Figure 7.24). Notably, among the differentially expressed genes between
MS4A4A-positive and MS4A4A-negative populations, we found the tetraspanin-like
molecules MS4A7 and MS4A6A (Figure 7.24), corroborating our previous findings and
reinforcing our proposal of nominating these molecules as markers of monocyte lineage

differentiation.
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To better characterize our monocyte populations, we created a list of differentially expressed
genes for at least one of the possible comparisons between 2 groups (Figure 7.25A-B). When
genes were clustered, MS4A4A positive monocytes were definitely confirmed the most mature
subset of CD16" cells, expressing genes typical of classical monocytes at the lower levels, and
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Figure 7.24. Gene expression profile from human circulating monocytes shows MS4A4A as marker of non-
classical monocytes. (A) Heatmap representing the top differentially expressed genes (FDR < 0.05; |log2 fold
change| > 1) in classical versus CD16"MS4A™9, classical versus CD16*MS4A4AP* and CD16*MS4A4A™
versus CD16*MS4A4AP monocytes comparisons. Gene expression is coloured coded from blue (lower) to red
(higher); each column represent one healthy donor as indicated in the legend (rep=biological replicate); gene
expression level is scaled by row. (B) Boxplot showing the gene expression of MS4A4A, MS4A6A and MS4A7
genes within the three monocyte populations of the bulk RNA-seq. Gene expression measured as Count Per
Million (CPM) mapped reads.

genes characteristic of non-classical monocytes at the higher levels (Figure 7.25C).

In particular, genes involved in the response to bacteria, inflammation, angiogenesis,
chemotaxis and coagulation were up-regulated in classical monocytes compared with
MS4A4A* non-classical ones. Conversely, genes implicated in the response to viruses and
stress, cell adhesion, cell cycle and FcR-mediated phagocytosis were most highly expressed by
cells expressing MS4A4A (Figure 7.25C). Instead, CD16"MS4A4A" monocytes represented
a subset of cells with intermediate phenotype. Finally, the very small cluster of up-regulated
genes related to natural killer cells observed within this population (Figure 7.25C), confirmed
the presence of some contaminating CD16 positive NK cells. In further experiments, the

inclusion of additional markers such as CD57 [238].

66



Results

CD16
1

MS4A4A

10g,CPM
b

b

Response to bacterium

Cc CD16n CD16p

10g;CPM
T S

c CD16n CD16p

Cellular responses to stress

log;CPM
» @

Cc CD16n CD16p

... @ ADM

== TLR2
@ CLECBA
<8~ CLEC4D
= = CLEC4E
@ STAB1
= RNASES
- LYZ

== CHGA
== CD36
== CD14

Wound healing and angiogenesis

L

16n

|} F K

Chemotaxis

log,CPM

C CD16n CD16p

Inflammation

& XBP1
-+ VEGFA
- DYSF
9+ THBST
== THBD
=~ PPARD
- [TGAS
- HIF1A
= EREG
[ CD16n CD16p
Cell cycle checkpoints
<5~ NBN &
» + FOXO1 A
@ SESN1
@ HSPH1 z
- HSPAB ‘§’;2
- HSPA1B 8
=~ HSBP1 1
- CAT
- ATM [
c CD16n CD16p
Cell motility and adhesion
4 == CORO1A
- RIPOR2
2. =~ CD83
- E7R
g 2 - SELPLG
g == PECAM1
= = LGALSY
L - TGAL
<. TG4
o * » CD47
c CD16n  CD16p @ RHOC

Coagulation

4 CXCL8 = = LGALS3
«8- IL1R1 «® CXCL3
%= CD9 =+ CXCL2
== ACKR3 =% CXCL1
== THBS1 =a= ILER
== SEMA3F=s= FPR2
4 CCL20 === CCR1

- coLs
- coL3
c cD16n  CD16p
cytotoxic genes

«+ILIR2 - SPHK1 .

@ ILIR1 5 SERINCS

<@ SLC11A1 = = PTPN22

@ IL1A v+ 5100412

8= IL1RAP 8= S100A9
== TNFRSF1A == S100A8

= = SERPINE1
<8 [TGB8
== PLSCR1
== PLAUR
== PLAU

- F13A1
- F5

@ SLA2 U= TGFBR3
«@» CCL5 = » RORA
* » CTSW @ STAT4
& PRF1 -8 KLRD1
+8» GZMB == IL2RB
@ [TK === GNLY

- |L1B == NLRP3 = = |KZF3 =a= ETS1
== PTGS2  =s= TNFSF8 ~~ CEP78=e= SLC383A1
—— GRN wi= NKG7 =a= CD247
- ZAPT0
Response to virus

= D MOND S & IFITV3 == PPMIB
- CDC23 == KIF2A o= IFITM2 == OAS1
== CDC16 "= CDKN1B 2 = IFITM1 e IRF7
@ TPs3 === CCNE1 z == IFIT5 = IRFS
<= RBBPE Q 2. @ IFIT3 == TLR7
« + RADT7 g & IFIT2
& PPP2RSA 1 « » POLR3K
«e MDM2 & POLRIF
- MCM7 o <&+ POLR3B

o] CD16n CD16p

FcR-mediated phagocytosis
2.
@ VAVI e KRAS

== PSMDY @ HRAS
- MAPK1 «a CALM2
== NFATC3 . . cALM1
- NFATC1 @ BTK
.= MAP3K1

#= RASGRP2

== VAV2

- LYN

log,CPM

| A~

Cc CD16n

CD16p

Figure 7.25. Clustering of differentially expressed genes and their expression in each monocyte subset. (A)
Transcriptomic analysis of CD16-MS4A4A- [C], CD16+MS4A4A- [16n] and CD16+MS4A4A+ [16p]

monocytes revealed 1,397 differentially expressed genes (FDR < 0.05; |log2 fold change| > 1) for at least one of

the possible comparisons between 2 subsets. Number of genes found in each comparison (represented by black

arrows) is shown. (B) Heatmap showing the clustering of the DEGs found as in [A]. Gene expression is coloured

coded from blue (lower) to red (higher); gene expression level is scaled by column. (C) Representative genes
enriched in CD16-MS4A4A- (C, pink square), CD16+MS4A4A- (CD16n, green square) and CD16+MS4A4A+

(CD16p, blue square) monocytes grouped according to their functional category. Gene expression measured as

Counts Per Million (CPM) mapped reads and shown as the log2CPM value normalized to the classical subset.
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We then performed the Ingenuity Pathway Analysis (IPA). Interestingly, among the
pathways upregulated in MS4A4A positive monocytes compared to classical cells (but not
found when comparing the CD16"MS4A4A™ and classical subtypes), we identified the Fc
Epsilon Receptor 1 signalling pathway (Figure 7.26).
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Figure 7.26. Bar graph showing pathways enriched in CD16"MS4A4A* or classical MS4A4A" monocyte
populations resulted from IPA analysis. Pathways positive regulated with a with a z-score > 2 (red) and

pathways negative regulated with a z-score < -2 (blue) are shown.

This finding was surprising, given that, to our knowledge, expression of the FceR and
activation of its pathway have never been reported specifically in non-classical monocytes.
We thus decided to better examine this aspect. To this aim, we first selected all the molecular
signatures related to FceR and FcyR signalling pathways listed in the Molecular Signature
Database (MSigDB) and found 5 signatures related to the FceR and 8 signatures related to the
FcyR (Figure 7.27A). Because of the overlap between the two receptor signalling transductions
[239], we compared all the signatures and identified the genes listed exclusively in one of the
two pathways or present in to both of them. When visualized as heatmaps in the three groups
of monocytes sorted for the bulk RNA sequencing, a general enhancement was found in
MS4A4A positive monocytes (Figure 7.27B). Finally, ssGSEA applied to the non-classical
monocyte subpopulations confirmed a significantly enrichment of both the Fcy and the Fce

receptors signalling pathways in MS4A4A" cells (Figure 7.27C).
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Figure 7.27. Gene and pathway analysis related to FCyR and FCeR signalling in human MS4A4A positive

Es

monocytes. (A) Venn-diagrams of genes belonging to the FCyR (left) and FCeR (right) related molecular

signatures of the Molecular Signature Database. (B) Heatmaps representing genes related to FCyR and FCeR

signalling selected as in [A] in the human monocyte subtypes of bulk RNA-seq: CD16-MS4A4A- [C],

CD16+MS4A4A- [16n] and CD16+MS4A4A+ [16p] monocytes. Each column represents one healthy donor;

gene expression is coloured coded from blue (lower) to red (higher); gene expression level is scaled by row.
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(C) GSEA results showing FcyR and FCeR signalling pathways as significantly enriched biological
processes in CD16+MS4A4A+ compared to CD16+MS4A4A- human monocyte populations. The green
curve represents the enrichment score, showing the measure to which the genes are overrepresented at the
top or bottom of a ranked list of genes. Vertical black bars indicate the position in the ranked list of each
gene, belonging to the gene set. Genes positioned in the red and blue sides are up-regulated and down-
regulated, respectively, in MS4A4A-positive monocytes compared with MS4A4A-negative ones. FDR and

normalized enrichment score (NES) are shown.

Further analyses are still ongoing to clarify FCRs expression in distinct monocyte subsets
and to assess the functional role of MS4A proteins in FcRs signalling in human monocytes.
Preliminary data at the protein level showed different expression of CD64, CD32, CD89 and
CD23 along the monocyte subtypes (Figure 7.28).
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Figure 7.28. Flow cytometry analysis of FcRs expression in human monocytes from healthy donor (N=1). (A)
t-SNE graphs showing the spatial distribution of MS4A4A and FcRs in CD45+Lin-HLA-DR+ cells. (B)
Expression of FcRs is visualized on CD45+Lin-HLA-DR+. Mean fluorescence intensity is coloured coded, from

blue (lower) to red (higher).

70



Results

7.6 A preliminary translation to pathology setting: i.e.
relevance of monocyte diversity in pathology

It is well established that in pathological conditions, including tumours, monocytes are
recruited into tissues where they reinforce and acquire new effector functions as well as
regulatory properties, but an exact task-division among the different subsets has not been
defined yet. This is a critical open question for tumour biology, as Fc receptors expressed by
monocytes/macrophages are exploited in cancer immunotherapy to design therapeutic
antibodies eliciting antibody-dependent cellular phagocytosis (ADCP) and antibody-dependent
cellular cytotoxicity (ADCC) of cancer cells [141, 240]. Moreover, recent work has suggested
that the frequency of different peripheral blood immune populations can offer a non-invasive
indicator of immunotherapy responsiveness [241].

To investigate phenotype changes and dynamics of the circulating monocyte subpopulations
previously characterized in homeostatic conditions, in response to targeted antibody-mediated
therapies, we inspected a published scRNA-seq dataset from Griffiths et al. [222]. This study
showed how the immune cell phenotypes in peripheral blood reflect into a tumour-immune
activity in the early phases of cancer therapy. Specifically, it comprises data from PBMCs
collected from 13 advanced (stage 3/4) gastrointestinal (GI) cancer patients (phase I clinical
trial, NCT02268825) at 3 time points of treatment: before treatment (C1), after two cycles of
only modified FOLFOX6 (mFOLFOX6) chemotherapy (C3), and after two cycles of treatment
with both mFOLFOX6 chemotherapy and anti-PD-1 immunotherapy (Figure 7.29A). What
we aimed at was to superimpose the transcriptional signature of monocytes on the published
dataset, localize “our” monocytes and test their response to anticancer strategies.

To enable a more precise comparison between our data of peripheral blood monocytes from
healthy donors and the data from GI cancer patients (hereinafter referred as “GP dataset”), we
re-analysed all the dataset following the same strategy we used in our SCRNA-seq (hereinafter
referred as “HD dataset”). After quality control and filtering, we obtained 55,293 cells.
Unsupervised clustering identified 25 distinct cell populations (Figure 7.29B). In the first
instance, SingleR was used to computationally annotate clusters. We thus identified 3 clusters
of B cells (c8, 9, c22), 3 clusters of CD4" T cells (c2, ¢6, c20), 5 clusters of CD8" T cells (c3,
c5, cl, c17, ¢23), 4 clusters of NK cells (c1, c12, ¢16, c21) and 10 clusters of monocytes (c0,
c4,c7,cl0,cll, cl4, cl5, c18, cl19, c24) (Figure 7.29B). This allowed us to reject lymphocytes
and NK cells in the first election round, and thus to focus our attention on the 21,209 cells

computationally predicted as monocytes. We next sought to manual revise the identity of this
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Figure 7.29. Single-cell RNA sequencing of PBMCs from 13 advance gastrointestinal cancer patients at 3 time
points of the treatment identified 5 distinct cell lineages. (A) Schematic illustration of the clinical trial treatment
strategy adopted in the study of Griffiths and colleagues (Mod. from Griffiths et al., PNAS, 2020). Advanced
Gl patients received mMFOLFOX6 chemotherapy at the beginning of the trial for 2 cycles (14 days per cycles).
From cycle 3 through 12, they received the combination of mMFOLFOX6 and anti-PD-1 immunotherapy. Blood
samples were collected at C1 (cycle 1, baseline), C3 (cycle 3) and C5 (cycle 5). PBMCs were isolated and frozen.
Single cell RNA sequencing was performed on the cryopreserved PBMCs samples using 10X Genomics
technology and sequenced on an Illumina HiSEq. (B) UMAP projection of Gl pts PBMCs (n = 55,293) showing
25 clusters (left) belonging to 5 major immune cell subsets (right). Clusters are numbered according to their

size, from the largest (cluster 0) to the smallest (cluster 24). Each dot represents an individual cell.

computationally predicted population, in order to check the probable presence of cell
contaminants, such as dendritic cells. To this aim, lineage gene signatures previously used in
the HD dataset were adopted. Out of the whole computationally cells predicted as monocytes,
5 clusters showed a phenotype typical of classical monocytes (cO, c7, c10, c11, c19) and 2
clusters were recognized as non-classicals (c4, c14). This approach did not allow us to identify
a distinct cluster of intermediate monocytes, probably because the cluster resolution value we
chose during this step, aimed at distinguish monocytes from other cell types, was too high. Two
clusters were recognized as cDC1 and cDC2 (c24 and c15, respectively) and finally cluster 19
was composed by cells with an intermediate phenotype of preDC and pDC (Figure 7.30). This

second step of “manual” annotation led us to specifically select monocytes, our immune cell
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Figure 7.30. Reviewed cell cluster annotation of the computationally predicted monocyte population of the GP
dataset. Dot-plots showing the expression of (A) lineage signatures (genes belonging to each signature are listed
in Material and Methods) and (B) key genes adopted for manual cell cluster annotation. Gene expression is
coloured coded from grey (lower) to blue (higher); circle size indicates the fraction of cells expressing the gene.
CD14" mono indicates classical CD14* monocytes; CD16" mono, non-classical CD16* monocytes; DCs,
dendritic cells. Clusters belonging to the computationally predicted monocyte population are highlighted (red
squares).

population of interest. Finally, we had to classify cells based on monocyte subtypes we of our
HD dataset, therefore, a third and final step of clustering was performed, taking in consideration
only cells selected as described above. This operation was carried out by the definition of a
machine learning model with high accuracy, sensitivity and specificity (see Material and
Methods section). We were thus able to recognize all the circulating monocyte subtypes
identified in healthy donors in the blood of cancer patients (Figure 7.31), indicating that these

subpopulations are generally conserved in steady-state and in disease, at least in gastrointestinal
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cancer patients. Yet, we observed an overlap between classical monocytes from cluster 0 and
cluster 2, making a clear division between them a difficult task. It is indeed not surprising,
given the already established close similarity of these two pro-inflammatory cell subtypes in
homeostatic conditions.

24 c0 > 712 cells
cl > 4,243 cells
c2 > 5,892 cells
c3 > 2,797 cells
c6 > 2,136 cells
c7 > 2,772 cells
—_— c12 - 1,202 cells
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Figure 7.31. Recognition of monocyte subpopulations previously characterized in the blood of healthy donors
in the circulation of advanced GI cancer patients. (A) UMAP projections of unsupervised clustering on Gl pts
PBMCs. Clusters are numbered according to their size, from the largest (cluster 0) to the smallest (cluster 24).
Only cells manually annotated as monocytes are shown (n = 20,292). Each dot represents an individual cell.
(B) UMAP projection of the same monocyte population as in [A] clustered using a machine learning model
developed to identify the subtypes of monocytes previously characterized in homeostatic conditions. Clusters

are numbered according to the matched cluster of the HD dataset.

To investigate if patient responsiveness to chemotherapy or immunotherapy was associated
with variations in the numerousness of selected immune cell subtypes, we analysed the
frequency of monocyte populations in the GP dataset within the three different time points,
comparing responders and non-responders. Overall, the cell frequency was not greatly altered
during chemotherapy treatment, both in responders and in non-responders (Figure 7.32).

Conversely, after two cycles of anti-PD-1 treatment, there was an increase in the number of
classical monocytes characterized by the expression of high levels of IFN-related genes (cluster
7) (Figure 7.32). Interestingly, such cellular expansion was specific to responders (Figure
7.32). These preliminary results provide motivation for deepen the role of monocyte
subpopulations in patient response to immunotherapy. Further investigations are ongoing and

will require an intense effort in retrieving samples from patients undergoing immunotherapy.
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Figure 7.32. Monocyte from cluster 7 are enriched in GI patients after immunotherapy. Pie-chart showing the

frequency of monocyte subpopulations in advance gastrointestinal cancer patients. Cell frequency was

examined in responders (upper panel) and non-responders (lower panel) patients at three time points: before

treatment, after two cycles of chemotherapy and after two cycles of chemotherapy combined with

immunotherapy.
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8 DISCUSSION

This thesis summarizes the key findings and results of my PhD project. The rationale of this
study stems on the strong interest of our laboratory in understanding the monocyte/macrophage
biology and on the emerging diversity of these cells, for which a clear evidence of functional
role has not been unequivocally defined. In particular, in this work we focused our attention on
the biology of monocytes.

In the setting of immune responses, monocytes represent versatile cells capable to rapidly
react to environmental signals and stimuli. They are fundamental orchestrators of acute and
chronic inflammation and take part in the pathogenesis and progression of several diseases,
including cardiovascular, respiratory, autoimmune and disorders, as well as cancer [103]. Until
now, the involvement of monocytes in pathological states has been mainly related to their role
as source of functional tissue resident macrophages and monocyte-derived dendritic cells. And
the same can be said for physiological conditions. However, growing evidence has shed light
on the unigque property of monocytes to act as both effector and precursor cells, and have led
to a paradigm shift of our understanding on the biology of these cells, both in homeostasis and
disease. Moreover, recent works adopting single-cell technologies have started to dissect the
complexity of such myeloid plasticity and brought to light the variety of mononuclear
phagocytes in several conditions [32, 153, 222]. Nevertheless, despite this new wide-ranging
body of literature showing the great heterogeneity of monocytes, the most credited
classification of circulating monocytic cells remain the one proposed in 2010 based on the
CD14 and CD16 markers [12]. Even though this monocyte division into classical
(CD14**CD16"), intermediate (CD14**CD16%) and non-classical (CD14""CD16"9")
monocytes depicts the general task [66], current monocyte classification emerges as
inappropriate, inasmuch it might mask a possible inter-cellular heterogeneity in terms of
phenotype and function. To overcome the remarkable lack of consensus on monocyte subset
identity and interrelationship, in this work | took advantage of single cell RNA sequencing
technology to investigate the heterogeneity of human circulating monocytes and their
complexity in steady state. We thus performed scRNA-seq on CD45*, HLA-DR?, lin™ (Lin:
CD3, CD19 and CD56 cells) PBMCs from healthy donors. We have thought a lot about the
possibility to restrict the gating strategy and sort only monocytes, but we preferred to keep
some contaminant cells (e.g. DCs or NK cells), rather than losing some rare monocyte

populations. Our clustering approach allowed the identification of 20 clusters, spanning, not
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surprisingly, monocytes, dendritic cells, natural killer cells, CD34" precursors and B cells.
Eight clusters were annotated as monocytes. Differential expression of CD14 and FCGR3A
(CD16) were capable to distinguish the classical from intermediate and non-classical
monocytes. In particular, classicals were composed of 5 distinct populations, of which three
(c0, c1, c2) were the most frequent and close related. In general, the three major clusters of
classical monocytes displayed distinct inflammatory programs and activation states but, even
their general similarity, we found transcriptomic differences that possibly explain why these
subsets do not cluster all together. Interestingly though, cO and c2 had a transcriptional profile
similar to the one of neutrophil-like monocytes, i.e. a population of monocytes expressing
common neutrophilic markers. The biology of these cells has been assessed in few studies and
they were reported to arise from GMP progenitors (which also produce neutrophils) and to
express several granule enzymes, suggesting that they could be specialized in direct pathogen
killing [43]. Also, given that their production is boosted by selective stimuli (e.g. LSP but not
CpG), it has been inferred that NeuMo could play a role during specific inflammatory settings
taking part to the emergency monopoiesis process [43]. Moreover, NeuMo expressing markers
of classical monocytes were recently found as tumour infiltrating myeloid cell type in non-
small cell lung cancer patients [225]. Interestingly, this population was distinct from the only
other cluster of classical monocytes found in the study. Overall, our data is in line with previous
finding and offers new indications about human NeuMo. Indeed, to the best of our knowledge,
this is the first time that two distinct populations of NeuMo were reported in humans. Given
the increased expression of genes associated to cellular motility in ¢2 compared to c0, and
considering that these are circulating monocytes in a healthy environment, it is possible to
hypothesize that these two clusters differentially interact with the endothelium, suggesting a
sort of sub-specialization, or that they could be monocytes captured at two different time points
of their life. This second possibility is sustained by the downregulation of different pathways
related to immune responses and cellular metabolism observed in cO and by our finding from
trajectories analysis discussed below. The other two classical clusters (c7 and c12) were very
interesting and seemed fairly specialized monocytes. Particularly, cluster 7 showed a strong
signature enriched in IFN-genes and caught our attention, as a potential population of cells
ready to respond to a viral infection. In our future plans, we would like to analyse the fate of
this subset in Covid patients. The last classical cluster had a profile enriched in platelet genes,
therefore suggesting that these cells could be monocyte-platelet aggregates. We could test

whether this population is somewhat affected in patients suffering of venous thrombosis.
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Two clusters were annotated as non-classical, and they presented an extremely similar
profile, except for a group of genes related to the complement family that was particularly
expressed in c13, with a consequent enrichment in complement pathway in this cluster.
Involvement of non-classical monocytes in complement-mediated phagocytosis as well as in
the pathway of the complement system has been reported [66, 100]. This could represent a
population of non-classical monocytes specialized in this important task. Finally, c6,
corresponding to CD14*CD16" subset, was found enriched in HLA genes, in line with the
robust literature describing intermediate monocytes as cells involved in antigen processing and
presentation [18, 66, 242].

The presence of two populations of precursors allowed us to investigate developmental
trajectories. Tracing the origin of immune cells is a critical point not easy to disentangle in
human studies. Commonly, fate-mapping studies performed in preclinical models are suitable
to answer questions related to ontogeny. The prevailing hypothesis is that classical monocytes
give rise to the non-classical population. This has been shown in mice [14, 74] and more
recently in humans [98]. Notwithstanding, some subsets could arise following another rout of
development [243]. We addressed whether the developmental paths of monocyte populations
were connected and how, by analysing the transcriptional trajectory and taking advantage of
the presence of DCs (whose origin is strictly linked to the one of monocytes) and CD34" cells.
Two notable facts emerged from this analysis. The first was the consequential distribution and
progression of classical, intermediate and non-classical monocytes along the pseudotime
trajectory, confirming the consensus view of a sequential transition from CD14**CD16* and
CD14"°"CD16"9" monocytes in humans [98]. The second was the separation between c0 and
the other clusters of classical monocytes, suggesting that cells in this cluster are evolving
towards a new state of maturation. However, we weren’t able to discriminate the rout of
differentiation of all classical monocytes. In general, such kind of analyses are not easily
performed on human settings, as mentioned. Moreover, the small number of CD34" myeloid
progenitors found in our dataset and the consequent large gap between them and the mature
monocytes may have masked developmental bifurcation points between distinct monocyte
subtypes.

Different single cell analyses have been conducted to dissect the heterogeneity of myeloid
cells. Nevertheless, until now, circulating monocytes are still not fully characterized. In the
study from Villani et al., which has been considered a reference paper in the field, 6 subsets of
DCs and 4 subsets of monocytes were identified in human blood under physiological conditions

[32]. However, subsequent analyses of the same dataset suggested a misclassification of Villani
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et al.’s clusters, probably due to the experimental strategy, where DCs and monocytes were
sorted and analysed separately [33, 34, 244]. Other studies, using the approach of high-
dimensional flow cytometry, highlighted the great heterogeneity among monocytes [28, 245].
Yet, the limitation of these analyses is that the markers used for the classification and
description of the cell subsets are chosen a priori. Also Dutertre and colleagues have studied
human peripheral mononuclear cells during homeostatic conditions [34]. However, the focus
of this study was on DCs, which were extensively characterized. Indeed, even though 13
clusters of monocytes were identified by a High-Dimensional Single-Cell Protein Expression
Pipeline (while, by using scRNA-seq, only the canonical 3 clusters of classical, intermediate
and non-classical were detected), the authors only partially studied their diversity, but rather
used it to clearly define the cDC2s identity. Overall, the results collected from this first part of
our study provide a new framework for analysing human monocytes both in health and
pathology. Certainly, more accurate functional analyses are needed to better characterize the 8

subsets of monocytes we have identified.

As mentioned, this project arises from the desire to elucidate aspects of
monocyte/macrophage biology still controversial in literature. Previous studies from our
laboratory have given significant contribution in the characterization of different biological
aspects of alternatively activated and tumour-associated macrophages. Our group and others
have recently reported on the upregulation of the tetraspanin-like protein MS4A4A in TAMs
[214-217], its interaction with the B-glucan receptor Dectin-1 and its role in Dectin-1 signaling
and relative NK-cell anti-tumor activities [213]. MS4A4A belong to the Membrane-Spanning
4-domain subfamily A (MS4A) protein family, which represents a new emerging set of proteins
(at least 18 members in humans) structurally related to conventional tetraspanins, each with an
expression profile restricted to specific cell types [182]. MS4A4A was found to be expressed
also in different normal human tissue, such as lung, colon and skin. Of note, its expression was
restricted to a subset of tissue resident macrophages CD163P%, while lung pDCs, colon DCs
and Langerhans’s cells did not express MS4A4A [213]. Moreover, studies aiming at clarifying
the connection between different polymorphisms from MS4A locus with late-onset
Alzheimer’s disease risk have shown the expression of MS4A4A restricted to microglia in the
brain [208]. It is well established that monocytes represent an important source for tissue
macrophages both in health and disease, but the exact task-division among the various
monocyte subsets in this process is not fully understood. Recent studies have shown a different

contribution of distinct monocyte populations in originating tissue M, depending on the
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district and the context [90, 119]. However this aspect remains to be elucidated and could have
major clinical implications. Translated to our research interest, the question was whether there
was a population of monocytes preferentially originating MS4A4A™ macrophages. Given that
other MS4A proteins have been reported to be expressed in hematopoietic cells, the
investigation was extended to all the MS4A family members. We confirmed MS4A4A
expression restricted to the monocytic-lineage. Different degrees of MS4A7 and MS4A6A
expression were detected in distinct clusters of both monocytes and DCs. Overall, our results
lead us to speculate about the possibility to elect expression of MS4A4A as marker for the
commitment to circulating non-classical monocytes in humans. Of note, MS4A7 has been
suggested as ontogeny marker for brain macrophages, since, both in brain macrophage
transplantation mouse models and in the brain from cases of Alzheimer’s and severe
cerebrovascular disease, its expression was selective in HSC-derived Mo but not in Y'S-derived
Meo neither in microglia (Bennett, 2018). Moreover, in mice, Ms4a3, another gene of the MS4A
family, has been identified as specific marker expressed by GMP progenitors [68].
Collectively, this evidence raises the interesting possibility that MS4A4A, MS4A6A and MS4A7
genes, irrespective of their significance, could serve as biomarkers of distinct monocyte and
DC subsets recruited in injured tissues during pathological conditions, such as
neurodegenerative diseases and cancer. This would have significant applications to our
understanding of the immune contexture in pathology and, in a therapeutic perspective, could
open to the possibility of the development of new therapies targeting monocytes/macrophages.
As mention, MS4A4A has been coupled with the scavenger receptor CD163, the pattern
recognition receptor Dectin-1 and arginase-1 [213, 218]. Our evidence of MS4A4A protein
expression in a subpopulation of non-classical patrolling monocytes suggest a specific immune
functional properties of these cells. Following this hypothesis, we characterized the
transcriptome of CD16'MS4A4A°, CD16*MS4A4A  and CD16*MS4A4A* monocyte
populations and found MS4A4A positive cells, within the non-classical population, displayed
a more mature phenotype. Moreover, we observed a significant enrichment of the FcyR and
FceR pathways in MS4A4AP% subset of CD16P* monocytes, in line with preliminary data
showing the interaction of MS4A4A with the FcR signal transduced FceRlIy chain, indicating
a potential role of MS4A4A for FcR signalling (unpublished data). A recent study have
demonstrated that MS4A4A function in mast cell degranulation through FceRI, promoting
FceRI-PLCy1 complex interaction with signaling molecules in lipid rafts and favoring IgE-
dependent store-operated Ca2+ entry (SOCE) [221]. It is therefore possible to speculate that

MS4A4A could amplify FcRs cell surface expression and augment signals transduced through
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Fc receptors also in monocytes, in the similar way as MS4Az2 in basophils and mast cells [246].
It will be interesting in the future to deepen our understanding of MS4A4A contribution in
FcRs function. We are already planning to clarify the expression and distribution of Fc-

receptors on human monocyte subsets, reinforcing our very preliminary flow cytometry data.

Many studies have addressed the question of whether the frequency and phenotype of
peripheral blood immune cells is altered in cancer patients compared to healthy donors. This
information could lead to the identification of new predictive/prognostic biomarkers.
Moreover, concerning monocytes, these studies could unravel specific functional subtypes
recruited within tumour lesions and functioning as mediators of critical relevance in the
mechanism of action of therapeutic antibodies. Melanoma patients responding to treated with
ipilimumab, an anti-CTLA-4 monoclonal antibody, displayed higher percentages and absolute
counts of circulating non-classical monocytes compared to healthy donors [244]. Interestingly,
ex vivo experiments demonstrated the selective capability of CD14 non-classical
CD14*"CD16"™" monocytes to mediate ADCC-mediated lysis of regulatory T cells (Treg) [244].
Moreover, a recent study showed that, in patients with stage IV melanoma, the frequency of
CD14*CD16 HLA-DR" monocytes before anti-PD-1 immunotherapy is a strong predictor of
progression-free and overall survival in response to the therapy [238].

Along this line, we inspected a published scRNA-seq dataset from Griffiths et al. [221] and
confirmed the presence of the 8 subtypes of monocytes we previously identified in homeostasis
also in advanced gastrointestinal cancer patients. However, classical monocytes from c0 and
c2 showed a degree of overlap, possibly suggesting a fully maturation of cO in patients
compared to healthy donors. Furthermore, we observed the expansion of classical monocytes
from cluster 7 (the one enriched in IFN-related genes and in pathways related to antiviral
responses) after the combination of chemo- and anti-PD-1 immuno-therapy selectively in
responders patients. These data are in line with the observation from Griffiths et al. of an up-
regulation of IFN stimulation genes in monocytes from responder patients after start of anti-
PD-1 therapy. Our analysis suggests that, among all monocytes, ¢7 could represent the specific
subset involved in the response to immunotherapy. More in depth investigations could disclose
mechanisms involved in the role of this monocyte population in immunotherapy-dependent

anti-tumour functions.
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