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PREFACE

Immunology, the branch of medicine dedicated to the study of the Immune System, explores
the complex defense mechanisms employed by living organisms to protect themselves
against pathogens, foreign substances, and tumors. Immune system cellular and molecular
components exert complex responses aimed at maintaining immune tolerance to self-
proteins and cells and at defending the body against viruses, bacteria, fungi, protozoa,

metazoan parasites, and cancer.

Advancements in immunology have deepened our knowledge of several basic biological
processes and led to outstanding therapeutical improvements against both infectious agents
and neoplastic conditions, among which vaccines and immunotherapy probably represent

the most important discoveries.

The use of laboratory animals is of pivotal importance to investigate the complexities of the
immune system. Among laboratory animals, rodents, particularly mice and rats, have
emerged as indispensable tools for immunology investigations, since they share significant

genetic, anatomic, and immunologic similarities with humans.

This thesis was aimed at characterizing immune system cells in both physiological and
pathological conditions of laboratory mice through the application of histology,
immunohistochemistry, and, when suitable, digital image analysis. After a general
introduction to the immune system, four studies investigating immune cells in murine
models, each introduced by a dedicated introduction, are presented, starting with steady state

organs, and followed by inflammatory conditions and neoplastic disease.



1. INTRODUCTION TO THE IMMUNE SYSTEM

The immune system is a complex network of organs, cells and molecules aimed at protection
against noxious stimuli and cancer development and at maintenance of self-tolerance
(Kumar et al. 2018 b). The immune system is, in fact, able to detect components of
pathogens, toxins or neoplastic cells, generally termed antigens, eliminating them, with

minimal damage to the host tissues (Chaplin et al. 2010).

The immune response is broadly divided into 2 main categories: the quicker and less
specific innate immunity and the secondary, specific, and more efficient adaptive immunity.
Although didactically described as 2 distinct entities, innate and adaptive immune responses
are deeply interconnected and represent a continuum of the same bodily response (Kumar et

al. 2018 b).
1.1. Innate Immunity

Innate immunity relies on a combination of anatomical structures such as epithelial barriers
of cutaneous or mucosal linings and on a set of cellular elements which share a limited
number of antigen-recognizing molecules. Because these recognition molecules are
expressed broadly on numerous cells in the body, and because these cells are strategically
located in tissues with the highest chance of meeting a pathogen, innate immunity can act
rapidly, within few hours, against target threats representing the first line of defense of the
organism against pathogens and their toxins (Chaplin et al. 2010). Innate immunity deploys
a stereotypical response against all pathogens and foreign substances and is, therefore,

defined as non-specific (Kumar et al. 2018 b).
1.1.1. Epithelial Barriers

The epithelial covering of skin and of reproductive, respiratory, and gastro-intestinal
mucosae functions as a mechanical barrier against pathogen penetration from the
environment thanks to the presence of adherent cell junctions strongly interconnecting
epithelial cells one to each other (Moens et al. 2012). However, these epithelia are not just
inert barriers: intra-epithelial lymphocytes and the production and secretion of a plethora of
antimicrobial peptides such as defensins and secretory immunoglobulins of the A class
(IgAs) capable of eliminating pathogens or limiting their adhesion to mucosal surfaces, assist
and boost epithelial protective activity (Kumar et al. 2018 b; Chaplin et al. 2010).
Furthermore, mucus production and cilia movement aid in the elimination of exogenous
particles, particularly in the respiratory tract. Even further than that, epithelial cells sense

luminal and external microorganisms, selecting a commensal population of bacteria, fungi,
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and protozoa of pivotal importance for organism homeostasis maintenance and for pathogens

proliferation prevention (Moens and Veldhoen 2012, Constant 2021).
1.1.2. Cdlular Elements

The innate immune response is carried out by numerous effector cells including
polymorphonucleated granulocytes (neutrophils, eosinophils and basophils), monocytes,
macrophages involved in both phagocytosis and cytokines production, innate lymphoid
cells, natural killer cells and dendritic cells, the latter acting as antigen presenting cells
(APCs) triggering the adaptive immune response (Kumar et al. 2018 b). All these cells exert

their function along with epithelial cells, mast cells and endothelial cells.
1.1.2.1. Polymorphonucleated Granulocytes

Neutrophils are the first immune cells recruited to a site of inflammation by chemotactic
molecules including C5a complement factor, IL-8 and leukotriene B4 (Nagy et al. 1984).
These cells are specialized in bacterial and fungal phagocytosis, killing through both oxygen
dependent and independent mechanism and can undergo NETosis, a particular form of cell
death in which neutrophils extrude their DNA mixed to bactericidal molecules creating net-
like structures entrapping pathogens and limiting extracellular infections (Nauseef 2007;
Mesa 2013). Neutrophils can express MHC-II functioning as non-professional APCs
stimulating T lymphocytes and activating the adaptive immune response and can modulate
B and T cell maturations in lymph nodes through interaction with macrophages and dendritic

cells, with still not-fully elucidated mechanisms (Yang et al. 2010; Li et al. 2019).

Similarly to neutrophils, albeit less effectively, eosinophils can phagocytose
pathogens and kill them in phagosomes through the activity of lytic proteins such as major
basic protein (MBP) and eosinophil cationic protein (ECP)(Lehrer et al.1989; Ramirez et al.
2018). Through degranulation, they release cytotoxic compounds active against helminths
and other metazoan parasites (Ramirez et al. 2018). Eosinophils also carry out important
immunomodulatory functions: they act as non-professional APCs presenting antigens on
MHC-II molecules and stimulate T helper cells and B lymphocytes to produce IL-4 and IL-
5 or parasite specific immunoglobulins respectively (Long et al. 2016; Mawhorter et al.

1994),

Basophils are the least common polymorphonucleated granulocytes found in peripheral
blood. These cells release histamine, a vasoactive mediator, prostaglandins and leukotrienes,
IL-4 and IL-5 and express high affinity receptors for the constant region of immunoglobulins

E (FceRI) (Chirumbolo et al. 2018). Although traditionally associated to allergic reactions
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together with mast cells, basophils also participate to the anti-helminthic response releasing
IL-4 and IL-13 and trigger adaptive immune response by secreting IL-6 stimulating T helper
cells activation and proliferation (Wakahara et al. 2012; Webb et al. 2017).

1.1.2.2. Mononuclear Phagocytes

The mononuclear phagocyte system (MPS) comprises an heterogenous population of
embryo and bone-marrow derived monocytes, macrophages (M®s), and dendritic cells
(DCs) found in all body systems and involved in a vast array of physiological and
pathological functions comprising pathogen detection and destruction, stimulation of the
adaptive response, tissue repair, and homeostasis maintenance (Figure 1) (Van furth 1972;

Guilliams et al 2015).

Embryonal precursors originating from the yolk sack of the developing fetus (Yolk
sack M®s) or from the fetal liver (fetal liver monocytes) seed various tissues establishing a
population of tissue-resident cells capable of constant self-renewal, independent from
circulating monocytes (Yona and Gordon 2015). Examples of these cells are Kupffer cells
in the liver, Langerhans cells in the skin or microglial cells in the central nervous system
(Samokhvalov et al. 2007; Hoeftl et al. 2012; Ginhoux et al. 2010). Exceptions, however,
exist with cardiac, intestinal, and dermal tissue resident mononuclear phagocytes requiring
a constant renewal by circulatory, bone-marrow derived monocytes (Tamoutounour et al.
2013; Molawi et al. 2014). These tissue based MPS cells act against invading pathogens and
necrotic cells and are fundamental in tissue development, remodeling, and homeostasis

(McGrath et al. 2015; Wu et al. 2021).

Hematopoietic stem cells (HSCs) in the bone marrow give rise to common monocyte
progenitors from which two subsets of monocytes develop: classical Ly6CM&" monocytes
and non-classical Ly6C®" monocytes (Zhao et al. 2018; Hettinger et al. 2013). While
classical monocytes represent a circulatory reservoir of tissue resident cardiac, intestinal,
and dermal M®s and migrate into tissues, under physiologic or inflammatory conditions,
differentiating into monocyte-derived M®s or monocyte-derived DCs, non-classical
monocytes remain in circulation, patrolling blood vessels, eliminating circulating debris and

damaged endothelium (Guilliams et al 2014; Wynn et al. 2013).

From another maturation line of bone marrow HSCs, common dendritic cell
precursors give rise to conventional and plasmacytoid DCs (¢cDCs and pDCs) through a
series of intermediate maturation stages (Hettinger et al. 2013; Onai et al. 2007). Both ¢cDCs

and pDCs are tissue-based cells specialized in antigen phagocytosis and processing,



subsequently migrating to lymph nodes presenting antigens to T and B cells, thus
representing the bridge between the innate and adaptive immune response (Kumar et al. 2018
b). cDCs are found in all tissues of the body, particularly at sites with greatest chance of
meeting antigens such as skin or mucosae and are divided into ¢cDCs type 1 and 2 based on
transcriptional profiles, phenotype, and function (Guilliams et al. 2014; Guilliams and Van
der 2015). While type 1 ¢DCs present antigens on MHC-I molecules triggering a T helper 1
mediated cytotoxic response, type 2 cDCs present antigens on MHC-II molecules,
stimulating T helper 17 cells (Balan et al. 2019). Plasmacytoid DCs are found in lymphoid
organs and morphologically resemble plasma cells. Upon activation they behave as DCs,
developing dendritic processes and producing a high amount of type 1 INFs (Guilliams et

al. 2014; Guilliams and Van der 2015).

Yolk sack Fetal Liver

i ¢ -y

Yok sack Mips  Fetal bver monacytes Comman meracyse progenitors Comman Dencrilic progenions

! ! 4

.- .: m

i

Tisse rasident Mes Tissue resicent Mgs  Bood derived Mds/BCx Tigsiee DCs

Figure 1. MPS cells ontogenesis. Yolk sack M®s and Fetal liver monocytes give rise to
most tissue resident macrophages. Hematopoietic stem cells (HSCs) in the bone marrow give

rise to either classical and non-classical monocytes or to conventional and plasmacytoid

DCs.



1.1.2.3. Innate Lymphoid Cellsand Natural Killer Cells

Innate Lymphoid Cells (ILCs) are lymphoid progenitor-derived, tissue resident lymphocytes
that lack T cell receptors and regulate the immune response through cytokines production
(Kumar et al. 2018 b et al.2018; Eberl et al 2015). Currently, based on secreted cytokines, 3
subtypes of ILCs are recognized: type 1 ILCs activated by IL-12, IL-15 and IL-18 and
producing TNF-a and INF-y, Type 2 ILCs activated by IL-25 and IL-33 and producing IL-
4, IL-5 and IL-13 and type 3 ILCs activated by IL-1p and IL-23 producing IL-17, IL-22 and
granulocyte-macrophage colony stimulating factor (GM-CSF). These cells functionally
mirror CD4+ T-helper 1, 2 and 17 cells, respectively (Eberl et al. 2015). A particular subset
of ILCs are natural killer cells (NK cells), which can eliminate IgGs coated cells by means
of CD16 receptor, in a process known as antibody-dependent cellular toxicity or kill infected
or neoplastic cells characterized by decrease expression or loss of MHC-I molecules (Kumar

et al. 2018 b; Liu et al. 2021).
1.1.2.4. Endothelial Cellsand Mast cells

Beyond their functions in vascular hemodynamics and permeability regulation, endothelial
cells carry out important immune functions such as pathogen and damage associated
molecules recognition, cytokines secretion and antigens presentation through class I Major
histocompatibility complex (Shao et al. 2020). Endothelial cells also express adhesion
molecules such as P and E-selectins and vascular cell adhesion molecule (VCAM) which
interact with leukocytes sialylated oligosaccharides and integrins respectively, favoring
leukocytes rolling and subsequent endothelial firm adhesion, essential passages for

diapedesis of inflammatory cells (Kumar et al. 2018 a; Filippi 2016).

Mast cells are found in close association to blood vessels, in the interstitial connective
tissue of all organs and regulate vascular caliber and permeability through the release of
vasoactive mediators such as histamine, thus playing a pivotal role in initiation of
inflammation (Dimitriou et al. 2020). Activated mast cells also release cytokines, mainly IL-
10 and TGF-B and chemokines recruiting and activating polymorphonucleated granulocytes

(Menzies-Gow et al. 2004; Doener et al. 2013).
1.1.3. PlasmaProteins

Fundamental innate functions are played by soluble proteins circulating in blood such as
mannose-binding lectin, C-reactive protein and the complement system. Mannose-binding

lectin binds to a range of sugars found on viruses, bacteria, fungi, and protozoa allowing
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complement fixation with an antibody and C1-indipendent manner, also known as the lectin

pathway of activation (Turner 2003).

C-reactive protein is an acute inflammatory protein mainly synthesized by hepatocytes
under the influence of IL-6, which binds to pathogen surface molecules favoring
complement fixation or macrophages phagocytosis in a process knowns as opsonization

(Sproston et al. 2018).

The complement system is composed of several blood circulating proteins produced by
the liver. When activated, these proteins act in a cascade of bindings and cleavages,
culminating with pathogen opsonization and elimination (Merle et al. 2015). The
complement system can be activated, depending on the context, in three different manners:
the classical (antibody-dependent), the alternative (antibody-independent) and the lectin
pathways, all resulting in the cleavage of the inactive fragment C3 in the C3a and C3b
fragments and in the production of the C5 fragment which subsequently allow the formation
of the membrane attack complex (MAC) and the osmotic lysis of the target. (Dunkelberger
et al.2010; Merle et al. 2015)

1.1.4. Pattern Recognition Receptors

The innate immune system can recognize a plethora of either pathogen associated molecules
defined pathogen-associated molecular patterns (PAMPs) or released by damaged and
necrotic cells, defined as damage-associated molecular patterns (DAMPs) through a set of
receptors specific for different ligands, known as Pattern recognition receptors (PRRs) (Li

and Wu 2021). Five different classes of PRRs have been described:

e Toll-like receptors (TLRS). Ten TLRs in humans and thirteen TLRs in mice, each
recognizing different ligands have been identified both on the cellular surface and on
the endosome membranes of a plethora of cells including M®s, DCs, neutrophils,
eosinophils, basophils, and epithelial cells(Li and Wu 2021; Kawai et al. 2010). Even
though the majority of human and murine TLRs recognize bacterial molecules such
as LPS, peptidoglycan or membrane-associated lipoproteins, some can recognize
viral dsDNA or ssRNA (TLR7, TLR8, TLR9) or even protozoa components (murine
TLR11 and TLR12) (Li and Wu, 2021, Kawa et a. 2010) triggering a signal
transduction cascade leading to transcription factors activation and inflammatory
cytokines production (O’neil 2007; Li and wu 2021).

¢ Nucleotide oligomerization domain (NOD)-like receptors (NLRs). More than 20
NLRs are found in epithelial cellsand M®s’ cytoplasms. These receptors recognize
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intra-cellular components of gram-positive and gram-negative bacteria such as
muramyl dipeptide as well as viral ssSRNA or “danger signals” of damaged cells (Li
and Wu, 2021; Girardin et al. 2003; Geddes et a 2009). Upon activation NLRs
initiate an intracellular signal cascade leading to cytokines production, NF-kB and
interferon regulatory factors stimulation or even to caspase-1 activation with
subsequent pyroptosis (Correa et al. 2012; Martinon 2007).

C-typelectin receptors (CLRs). Several CLRs, mainly found on M®s and DCs cells,
can recognize pathogen sugar moieties (o-mannose, fucose) and glycoproteins.
(Hoving et a. 2013). Although mainly involved in fungi-related molecules
recognition (Nikolakopoulo et al. 2020) some CLRs recognize bacteria such as
Mycobacteria spp. or Yersinia pestisor even viruses, though mostly with detrimental,
Immune-suppressive effects as observed with the human HIV (Chen et al. 2013) or
Measles viruses (Miyake et al. 2013; Zhang et al. 2008; Harman et a. 2013; Avota
et al. 2013).

Retinoic acid-inducible gene-l (RIG-1)-like receptors (RLRs) can recognize
intracytoplasmic virak RNA or short chains of viral dsDNA, prompting the
production of different classes of interferons (INFs) (Rehwinkel et al. 2020; Li and
Wu 2021). INFs act in an autocrine and paracrine manner activating the JAK-STAT
pathway and promoting a virus-resistant state (Majoros et al. 2017).

Absent in melanoma-2 (AIM2)-like receptors (ALRS) are cytosolic receptors that
recognize intracytoplasmic bacterial or viral dsDNA triggering INFsclass | secretion
(Hansen 2011; Munoz-Wolf et a 2016; Wu et Li 2021).

The activation of one of these PRRs, generally leads to an intracellular signal cascade

culminating in the activation of transcription factors and in the consequent production and

secretion of molecules, mainly represented by adhesion molecules favoring inflammatory

cells diapedesis or of pro and anti-inflammatory cytokines (Franchi et al. 2009; Lowrence

2009; Kawai et al. 20006).

1.1.5. Cytokinesand Interferons

Cytokines are small, secreted proteins acting as mediators of inflammation, triggering,

modulating, and eventually resolving inflammation (Liu et al. 2021; Kany et al. 2019).

Although representing a complex set of molecules belonging to different families such as

Tumor necrosis factors (TNFs), Interleukins (ILs), Lymphokines, Monokines, Interferons
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(INFs), Colony stimulating factors (CSFs) and Transforming growth factors (TGFs), all
cytokines share some common properties (Liu et al. 2021). They, in fact, act in an autocrine,
paracrine or, in some instances, endocrine manner and often trigger cascades of production,
as one cytokine often stimulates a target cell to produce more cytokines (Zhang et al. 2009).
Different cytokines can exert the same biological function, a property known as redundancy,
and, on the contrary, the same cytokine can exert different biological functions, a property
known as pleiotropy. Cytokines redundancy and pleiotropy, together with their synergistic

or antagonistic action, allow a subtle regulation of the immune response (Zhang et al. 2021).

Cytokines can be broadly divided into either pro-inflammatory cytokines such as IL-
1, IL-6 and TNF-a or anti-inflammatory, immune-suppressive cytokines such as IL-4, IL-10
or TGF-B. Nevertheless, it has been recognized that the very same cytokine can play a pro
or anti-inflammatory role depending on the inflammatory context (Zhang, Liu et al. 2021;

Boshtam et al. 2017).

Among cytokines, interferons (INFs), so called because able to interfere with viral
replication, play a notable role in viral infections, favoring an anti-viral state (Negishi et al.
2018). Based on the cellular receptor through which they signal, INFs are classified into
three different types (Negishi et al. 2018):

e Typel INFs are generally produced by fibroblasts and innate immune cells after
viral PAMPs recognition. Type | INFs bind to a membrane receptor known as IFN
ao/p receptor. Examples of type | INFs are INF-a, INF-B, INF-t and INF-o (Negishi
et al. 2018).

e Typell INF (INF- y) isproduced by a plethora of cells comprising type 1 T helper
cells and cytotoxic T cells, under the stimulation of 1L-12 and bind to IFNGR
receptor. INF-y is the only member of type Il INFs and is also involved in M®s
stimulation in the context of T helper 1 response.

e Typelll INFs (INF-AL, INF-A2, INF-A3) are the least characterized INFs. They
arenot highly expressed on hematopoietic cells and act mainly on epithelial surfaces,
binding to a heterodimeric cytokine receptor composed of IL10R2 and IL28R
subunits (Uzé et a. 2007).

As aresult of INFs-receptor interaction several molecules are produced by target cells among
which are P53 protein favoring apoptosis of virus-infected cells and protein kinase R (PKR)
and RNAse L, which reduce both host and viral protein synthesis (Takaoka et al. 2003; Jha
etal. 2011)
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Table 1. Anatomical, cellular, and molecular components of the innate immune system.
(Adapted from Aristizabal et al. 2013).

MECHANICAL BARRIERES
Skin Pathogen entrance prevention
Mucosa Pathogen entrance prevention, soluble antimicrobial peptide secretion
CELLULAR COMPONENTS
CELLTYPE FUNCTIONS LOCATION
Neutrophils Microbial killing, NET formation Blood. Tissues
Basophils Histamine release. Active against parasites Blood. Tissues
Eosinophils Active against parasites and fungi Blood. Tissues
Mast Cells Vasodllgtlon (heparin and' histamine release). ECM Tissues
remodeling and wound healing
Monocytes Mds and’ DCs precursors. Endothelial debris Blood
phagocytosis
Macrophages Phagocytosis. Stimulation of other immune cells Tissues
Dendritic Cells Antigen presentation to T cells Tissues. Lymph
nodes
Innate Lymphoid Cells Immune response regulation Tissues
Natural Killer cells TCR-mdependent killing of neoplastic and viral- Blood. Tissues
infected cells
CELLULAR RECEPTORS
TLRs Recognition of extra and intra-cytoplasmic PAMPs and DAMPs
NLRs Recognition of intra-cytoplasmic PAMPs and DAMPs
CLRs Recognition of sugar moieties on Fungi, Bacteria and Viruses
RLRs Recognition of viral dsDNA and viral RNA
ALRs Recognition of viral and bacterial dSDNA
CYTOKINES
IL-1, IL-6 Pro-inflammatory effects
TNF-a Pro-inflammatory effects, Cell death promotion
Type I, IT and IIT INFs Resistance to viral infections
INF-y Macrophage activation. Resistance to intracellular pathogens
1L-10 Suppression of cellular immunity; decreased cytokines production
IL-12 INF- y production by NK cells and T lymphocytes
IL-15 NK cells proliferation
TGF-p Immune cells proliferation inhibition
Chemokines Immune cells chemotaxis

PLASMA PROTEINS

Complement System

Opsonization and Pathogen lysis

C Reactive Protein

Opsonization and Complement activation

Mannose-binding lectin

Opsonization and Complement activation
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1.2. Adaptive Immunity

The adaptive immune system takes over the innate immune system when a noxious stimulus
persists, acting days to weeks after the first exposure. Differently from the innate system,
which recognizes a limited set of molecules shared among pathogens, the adaptive response
targets specific components of a pathogen or its products, carrying out an extremely effective
response and allowing the formation of memory cells, immediately reacting at the second

exposure of the organism to the same antigen (Kumar et al. 2018 b; Molnar and Gair 2021).
1.2.1. Cedlular Components of the Adaptive Immune System

Key effectors of innate immunity are T lymphocytes, exerting the so-called cellular
immunity, active against neoplastic cells and intra cellular microbes and B lymphocytes,
exerting the humoral immunity by transforming into antibodies-producing plasma cells,
protective against extracellular microbes and their toxins and involved in the antibody-
mediated killing (Kumar et al. 2018 b; Snyder, Cano and Lopera 2013). These cells are
activated by professional (M®s, DCs and B cells themselves) and less frequently non-
professional (endothelial and epithelial cells) APCs, which phagocytose and process
antigens in their cytoplasms, subsequently presenting them on MHC class I and Il molecules

(Sprent 1995).
1.2.1.1. T Lymphocytes

T lymphocytes origin from hematopoietic stem cells in the bone marrow and mature in the
thymus (Cano and Lopera 2013). During their maturation, T cells acquire a multiproteic
receptor called T cell receptor (TCR) composed of two variable antigen-binding chains
(either af or y0) and by an invariable domain (CD3/ CD247) (Wucherpfenning et al. 2010).
TCRs recognize antigens presented on MHC-II molecules by APCs or on MHC-I of other
cell types (Kapsemberg 2003; Eiz-Vesper et al. 2020).

After maturation, naive, not activated, T cells migrate to secondary lymphoid organs
(Ilymph nodes, spleen, tonsils, and mucosa-associated lymphoid tissues) where they can
recognize antigens presented on MHC molecules (Cano and Lopera 2013). The binding of
an antigen presented on MHC-I or MHC-II with the TCR, associated with the signal of a co-
stimulatory molecule initiates an intracellular signal cascade, culminating with IL-2
production. IL-2 prompts T cells clonal expansion, generating large number of identical T
lymphocytes all recognizing the antigen that initiated the proliferation process. After the

clonal expansion, approximately 90% of these clones undergo apoptosis, which limits
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excessive lymphocytes proliferation and contributes to high-affinity-clones selection (Malek

et al. 2004).

T Ilymphocytes are divided, based on the expression of surface molecules, into CD4+

T helper (Th) cells and CD8+ T cytotoxic cells (Cano and Lopera 2013). T helper cells

stimulate B cells to transform into plasma cell and produce different sets of cytokines,

depending on their subtype:

Thl areinduced by INF-y, and IL-12 secreted by DCs and M®s and produce mainly
INF-y stimulating M®s and triggering an immune response particularly active
against intracellular pathogens and neoplastic cells. This subset is aso involved in
autoimmune diseases pathogenesis and delayed hyper-sensitivity. (Kumar et al. 2018
b; Cano and Lopera 2013)

Th2 are mainly induced by IL-4 and produce IL-4, IL-5 and IL-13 stimulating IgE
production and eosinophils and mast cells activation. Th2 are therefore involved in
allergic reactions and immune response against helminthic and metazoan parasites.
Th17 are induced by severa molecules among which IL-1, IL-6 and TGF-p and
produce IL-17 and IL-22, actively involved in monocytes and neutrophils
recruitment active against extracellular bacteria and fungi.

T regulatory cells (Tregs) are T cells expressing the forkhead box 3 transcription
factor FoxP3. Endowed with immune-suppressive properties they are fundamental
to prevent autoimmune diseases and to limit inflammatory-related tissue damage
(Cano and Lopera2013). They are also present in neoplastic tissues, usually favoring
an immunosuppressive, tumor-permissive microenvironment (Li et al. 2020).

Th9 Th22 and Follicular helpers are other, somewhat recently described T helper
subtypes. While Th9 release IL-9 promoting mast cells activation and are mainly
involved in anti-helminthic response, Th22 areinduced by IL-6 and TNFsand mainly
release | L-22 favoring the production of anti-microbial peptides and promoting neo-
angiogenesis and fibrosis. (Eyerich et a. 2009; Ma et a. 2010). Follicular helpers
are, instead, found in lymphoid germinal centers and stimulate B cells differentiation
into plasma cells together with the production of antibodies of different isotypes and

memory B cells formation (King 2009).

CD8+ Cytotoxic cells are instead capable of destroying neoplastic or infected cells inducing

their apoptosis both through the release of cytolytic proteins such as perforin or granzyme

or through the expression of surface proteins such as Fas ligand, triggering the extrinsic

apoptosis pathway (Cox 2013; Lieberman 2003).
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1.2.1.2. B Lymphocytes

B cells arise from bone-marrow derived hematopoietic stem cell precursors (Cano and
Lopera 2013). During their maturation in the bone marrow, a process of gene recombination,
initiated by the complex of proteins RAG1 and RAG2, allows the formation of a wide
repertoire of membrane IgMs and IgDs, known as B cell receptors (BCRs) capable of
recognizing 5 x 10'° antigens (Pieper et al.2013; Herzog et al. 2009; Kumar et al. 2018 b).
B cells then migrate to secondary lymphoid organs organizing in follicles and receiving

antigens through lymphatic circulation (Cano and Lopera 2013).
B lymphocytes are activated by two categories of antigens:

= T cdl dependent antigens. These antigens are recognized by APCs and
endocytosed, degraded and displayed on MHC-II complexes for recognition by T
helper cells. T helper cells are, then, activated and express CD40 ligand and
cytokines which stimulate B cells proliferation and differentiation into plasmacells

= T cel independent antigens. These antigens, mainly constituted by lipids and
polysaccharides cannot bind to MHC molecules but are still recognized by BCRSs,
directly stimulating B cells proliferation and differentiation.

Whereas T cell independent antigens trigger a quite simple response, stimulating plasma
cells producing IgMs, T cell dependent antigens stimulate a more complex response. T
helpers can, in fact, stimulate the production of immunoglobulins of other classes than [gMs,
in a process known as isotype switching and favor the production of antigens with high
affinity for the target antigen, a quality known as affinity maturation (Kumar et al. 2018 b,
Cano and Lopera 2013).

Different B cells subsets based on location, cell surface molecules and activation routes have

been described:

e Bl cellsexpress CD9 and CD45RA and populate the peritoneal and pleural cavities,
recognizing self-components and bacterial antigens and subsequently transforming
into plasma cells. They are the main source of circulating IgMs (Cano and Lopera
2013; Inoue and Kurosaki 2023).

e Follicular B cells aso known as B2 cells are mainly located in follicles of the
secondary lymphoid organs. They are activated by both T dependent and T

independent antigens. Because they are located adjacent to the T cell zone of
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lymphoid organs, they can easily interact with T helper cells, responding to lymph-
borne antigen presented by APCs. However, follicular B cells can recircul ate through
the bone marrow where they are usually located around sinusoids, responding in a
T-cell independent manner to circulating antigens (Cariappa et al. 2007; Pilla et al.
2009)

Marginal zone B cells are mainly located in the splenic marginal zone, at the
interface between the blood in the marginal sisus and the lymphoid tissue of the white
pulp, but they can also be found in lymph node subcapsular sinus, in the tonsillar
crypts’ epithelium and in the sub-epithelial dome of intestinal Peyer’s patches. These
cells are activated both through T cell dependent and independent mechanisms but,
interestingly, express high levels of TLRs, allowing them to participate in the innate
immune response (Cerutti et al. 2013; Cano and Lopera 2013)

Memory B cells originate in germinal centers of spleen, lymph nodes and mucosa
associated lymphoid tissue and circulate in the bloodstream for decades in a
quiescent state (Crotty et a. 2003). They share the same BCR of the original
stimulated B cell and activate a quick and strong immune response when exposed to
the original antigen (Weisdl et al. 2017)

Regulatory B cells contribute to maintain self-tol erance against self-antigens and to
modulate and limit an excessive inflammatory response mainly through IL-10
production, inhibiting pro-inflammatory cytokines, reducing MHC-1I molecule
expression, and favoring Tregs differentiation (Cano and L opera 2013; Mauri 2012).
These cells aso play a role in tumor development, mainly favoring a tumor-
permissive microenvironment through cytotoxic response suppression (Michaud et
a. 2021).

As already mentioned, B cells differentiate into plasma cells producing antibodies.

Antibodies bind to microbes preventing them from infecting host cells or from adhering to

mucosal surfaces, opsonizing them favoring their phagocytosis by macrophages and

neutrophils which express receptor for the immunoglobulins Fcs tails or fixing the

complement by the classical pathway (Kumar et al. 2018 b).

1.2.2. Lymphocytes Activation

Lymphocytes activation generally requires the recognition of antigens displayed on MHC

molecules by means of TCR/BCRs and an additional signal given by costimulatory
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molecules such as CD80 for T cells and CD40 for B cells (Kumar et al. 2018 b; Frauwirth et
al. 2002; Kotsias et al. 2019). Professional and non-professional APCs in epithelia and
tissues phagocytose and metabolize antigens and migrate to draining lymph nodes through
lymphatic circulation (Kumar et al. 2018 b). Then, APCs display antigens on class I or II
MHC molecules: class I MHC molecules display intracellular proteins, either normal
cytoplasmic components or tumor or viral related proteins, while class I MHC molecules

display extracellular antigens (Kumar et al. 2018 b; Kotsias et al. 2019).

CD8+ T cytotoxic cells recognize antigens displayed on class I MHC molecules,
while CD4+ T helper cells recognize antigens displayed on class II MHC molecules, apart
for some polysaccharides and lipids that cannot be exposed on MHC (Vos et al. 2000; Allman
et al. 2019). The antigen recognition, together with the binding between CD80 and CD86
(B7 proteins) on APCs and CD28 on naive T cells or between the complement c3b
component and the protein complex formed by CD21, CD19 or CD81 (B cell coreceptor
molecules) on B cells, activate an intracellular cascade (Kumar et al. 2018 b; Dempsey et al.
1996; Esensten et al. 2016). Activated lymphocytes proliferate and enter the bloodstream to
reach the primary site of antigenic stimulation or remain in blood and blood-marrow

sinusoids as memory cells (Kumar et al. 2018 b).

While activated CD8+ cytotoxic T lymphocytes destroy target infected or neoplastic
cells, activated CD4+ T helper lymphocytes produce different classes of cytokines,
differentiating into Thl, Th2, Th17 or other subtypes. T helper cells also produce CD40
ligand, which binds to the CD40 molecule on B cells surface, stimulating B cells
proliferation and differentiation into plasma cells (Frauwirth et al. 2002; Kumar et al. 2018

b).
1.3. Immune System in Steady State Conditions

Apart from the constant protection against noxious stimuli, immune system cells and

molecules have been associated with several physiological processes:

e Embryogenesis. Both innate and adaptive immune systems play a crucia role in
regulating organogenesis of the developing fetus. It has been demonstrated, for
example, that innate myeloid cells and M®s are involved in ovary and testes
morphogenesis and guide gonads vascular development, and that numerous tissue
resident M®s regul ate target organs maturation (Gu et al. 2022; Feyaertset al. 2022).
Langerhans cells, in fact, support angiogenesis and regulate chemotaxis in the

developing skin, while Kupffer cells have been associated with iron regulation and
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erythropoiesisin the liver asred pulp M®s in the developing spleen (Reynolds et al.
2021; Li et al. 2019; Kurotaki et al.2015). Although embryogenesis seems mostly
regulated by cells of macrophagic origin, other immune cellsareinvolved aswell: in
the central nervous system, CD4+ and CD8+ T cells have been associated to
neurogenesis rate and in the early phases of pregnancy, materna neutrophils have
been shown to interact with T cells, inducing the differentiation of a pro-angiogenic
population of regulatory T cellsin fetal tissues. (Prinz et al. 2011; Nadkarni et al.
2016)

Tissue homeostasis. After birth and after reaching maturity, the immune system
contributes to tissue homeostasis maintenance, removing apoptotic debris and
guaranteeing the proper function of severa celular elements in al systems
(Antonangeli et a. 2021; Rankin et al. 2018). In the central nervous system, tissue-
resident microglial cells support neurona function and neuropile integrity while
meningeal, choroid plexus and perivascular M®s regulate cerebrospina fluid
composition and immune cells entry in the neuroparenchyma (Prinz et al- 2017).
Ms, eosinophils and innate lymphoid cells support white adipose tissue metabolic
functions and stimulate, under the proper stimuli, the transition from white adipose
tissue to brown adipose tissue, in a process known as “beiging”, limiting obesity
(Brestoff et a. 2014). Intracardiac M®s can regulate electric conduction in
cardiomyocites, particularly in the atrioventricular node (Hunselman et a. 2017).
Tissuerepair. Beyond killing pathogens the immune system promotesinflammation
resolution and damage tissue repair. M2 M®s play a pivota role in tissue repair, by
removing pathogens and necrotic debris and by producing mediators that stimulate
fibroblasts proliferation and tissue cells replication such as IL-6, VEGF, and PDGF.
(Kumar et a. 2018 a). The repair process is carried out by a complex interaction
among immune cells, fibroblasts, mesenchymal stem cells and cells of the damaged
tissue and has variable outcomes depending on damage severity as well as tissue-
specific regenerative properties (Godwin et al. 2017). When a compl ete regeneration
of the tissue cannot be achieved, there is deposition of scar tissue, mainly guided by
TGF-B and IL-10.

Physiological functions. Immune dysfunctions have been associated with
neurological impairment and change in behavior. Disturbance of the delicate
interactions between glial cells and neurons has been associated with autism,
dementia and schizophrenia, highlighting the importance of immune system activity
for neurologic functions (Rankin et al. 2018). Other than cellular elements, serum
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and cerebrospina fluid levels of numerous cytokines, particularly of IL-1 and TNFs
have been associated with sleep propensity while others such as IL-4 and 10 with
sleep inhibition (Majde et al. 2005). Increased or decreased levels of interleukins
have also been shown to regulate other physiologic functions such as appetite or
thermoregulation (Majde et a. 2005; Li et al 2021). If it is true that the immune
system influences numerous physiologic functions, it isa so true that immune system
cellsand mediators are, in their turn, influenced by processes such as aging, nutrients
intake and sexual activity. It has, in fact, been demonstrated that advanced age is
associated with a decreased response to self and foreign antigens and to a chronic
low-grade inflammatory state and that a regular sexual activity increases secretory
IgA in humans (Castelo-Blanco et al. 2013; Charnetski et al. 2004).

Microbiome selection. In the last decades, the interaction between the immune
system and the mucosal microbiome, especially of the gut, has been extensively
studied unravelling a complex interplay (Thaiss et a. 2016). The immune system
selects non-pathogenic viruses, bacteria, fungi and protozoa that, in turn, shape
immune system functions, providing beneficial nutrients such as vitamins and short-
chains fatty acids and promoting immune functions maturation (Shi et al. 2017).
Dyshiosis of the gut microbiome has been associated with numerous disorders such
asrheumatoid arthritis, asthma, and inflammatory bowel disease (Sartor 2008; Chen
et a. 2016; Huang et al. 2015).

1.4. Immune System in Tumors

The immune system protects the organism from cancer development, constantly patrolling

the body, detecting, and eliminating neoplastic clones. In the last decades the interaction

between tumor and immune system has been extensively studied, giving rise to the so-called

immunoediting concept in which three different phases known as elimination, equilibrium,

and escape have been described (Gubin et al. 2022). A schematic representation of cancer

immunoediting process can be seen in Figure 2.

Elimination. The elimination phase, also known as immunosurveillance, involves both

adaptive and innate immune responses aimed at recognition and killing of neoplastic cells

(Ponomarev et al. 2019). The most effective anti-tumoral response is carried out by CD8+

cytotoxic T lymphocytes which recognize tumor antigens presented on MHC-I and by NK

cells, able to detect cells with low or no expression of MHC-I molecules (Mittal et al. 2014).
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If the immune response successfully eliminates all cells undergone malignant

transformation, neoplastic growth is prevented.

Equilibrium. The immune system exerts a Darwinian selection on neoplastic clones through
the constant action of cytotoxic cells stimulated by INF-y and IL-12 production (Walsh et al.
2023). As a result, the most immunogenic cells are eliminated while the less immunogenic
cells survive, even for long periods of time, in a quiescent state. With time, neoplastic cells
accumulate new mutations, increasing tumoral heterogeneity and giving rise to new, highly

immune-resistant clones (Kim et al. 2013).

Escape. Neoplastic cells survived during the equilibrium phase progress to an overt
neoplastic disease evading immune response either by “hiding” from the immune system or
by activating mechanisms that suppress cytotoxic response (Kumar et al. 2018 b). Several

neoplastic mechanisms of immune evasion have been recognized:

e Antigen negativevariantsselection. Neoplastic cells express aplethora of antigens,
either in the form of abnormal proteins produced from mutated genes (neoantigens)
or intheform of excessive expression of normal cellular proteins. These proteins are
recognized by innate and adaptive immune cells, particularly cytotoxic T cells and
destroyed (Kumar et a. 2018 b). The immune system thus eliminates the most
immunogenic clones, selecting the less immunogenic ones which can survive and,
ultimately, progress the disease.

e MHC-I loss or reduced expression. Neoplastic cells can reduce or lose the
expression of MHC-1 molecules, thus avoiding aberrant antigen exposure and the
consequent immune response. NK cells are, however, able to recognize and kill cells
with loss of MHC-I expression (Kumar et a. 2018 b; Dhatchinamoorthy et al. 2021).

¢ Immune checkpoints molecules. Neoplastic cells can promote the expression of
molecules and receptors, with immune-modulatory effects. The most known are the
Programmed death-1 (PD1) protein and itsligands PDL 1 and PDL 2 and the cytotoxic
T lymphocyte antigen 4 receptor (CTLA4) and its ligands CD80 and CD86, also
known as B7 molecules (Han et a. 2020; Van Coillie et al.2020). Neoplastic cells
can overexpress PDL1 and PDL2 molecules, which prevent T cells activation by
binding to their PD1 surface molecules. Tumor cells can aso stimulate CTLA4
expression on T cells: the binding between CTL4 and the B7 molecules prevents the
binding between the CTLA4 and the costimulatory molecule CD28, impeding T cell
activation (Han et al. 2020; Van Coillie et a. 2020). In the last decades, monoclonal
antibodies active against CTLA4 or PD1, and capable of blocking the immune-
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suppressive pathways, have been produced with outstanding results in oncologic
patients (Kumar et a. 2018 b; Liu et al. 2022).

e Secretion of immune-suppressive factors. Neoplastic cells produce several
molecules able to suppress theimmune response (Kumar et al. 2018 b). Among these
mediators, 1L-10 and TGF-B are widely recognized as the main immune suppressive
intratumoral molecules (Mirlekar 2022).

e T regulatory cells recruitment. As already seen, tumor infiltrating T regulatory
cells exert an immune suppressive immune response, with various mechanism
including CTL4 induction on cytotoxic T cells, production of IL-10 and TGF-p and
granzyme-mediated apoptosis induction of cytotoxic and NK cells (Gondek et al.
2005; Walker et a. 2011).

e Macrophagic infiltration. M®ds are an extremely plastic and heterogeneous
population exerting multiple even contrasting functions (Kumar et al. 2018 b). In an
oversimplified way, they can be classified as pro-inflammatory, anti-tumoral M1
macrophages and anti-inflammatory, pro-tumoral M2 macrophages, the latter
involved in inflammatory response modulation, angiogenesis, and tissue repair
promotion (Yunnaet a. 2020). M2 tumor-infiltrating M®s possess tumor-promoting
properties, stimulating angiogenesis, producing immune-suppressive cytokines, and

stimulating neoplastic cells proliferation (Allavena et a. 2007).

The study of these mechanisms and the deep understanding of the molecular pathways
involved in cancer-related immune suppression has been the key to develop new drugs,
mainly in the form of monoclonal antibodies, with outstanding improvements in the

oncologic field (Kim and Cho 2021).
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Figure 2. Cancer immunoediting. During the elimination phase, immune system cells,
mainly CD8+ cytotoxic cells and NK cells remove neoplastic cells, preventing tumor
development. Under the selective pressure of immune cells supported by IL-12 and IFN-y
secretion, resistant neoplastic clones can arise. These clones can activate several immune
suppressive mechanisms comprising IL-10 and TGF-f secretion or Tregs and M2 oriented

macrophages recruitment, supporting their growth and resulting in overt neoplastic disease.
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1.5. Of Miceand Men: Immune System Similarities and Discrepancies.

Laboratory animals are widely used in biomedical research with up to 8,624,692 animals
and 3,879,691 mice used every year in the European Union (Eu statistics). Among laboratory
animals, mice are the most used and the most studied species: they are, in fact, easy to keep
in animal enclosures, bred easily guaranteeing many animals in a low amount of time and,
since their lifespan is of approximately 3 years, their entire life cycle can be investigated in

a relatively short amount of time (Masopust et al. 2017).

Mice share more than 90% of the genome with human beings and it has been
demonstrated that the general architecture and functioning of the immune system is
preserved in the two species (Waterston et al. 2002; Haley 2003). Mice have been used to
successfully investigate the immunopathogenesis of several human infectious diseases and
to gain insights on numerous auto-immune and immunologic conditions (Bosma et al. 1983;

Morel et al. 2004; Gomes-Solecki et al. 2017; Clever et al. 2023).

Nevertheless, some immune species-specific features have been recognized and must
be bear in mind when translating data from the mouse model to humans. As a starting point,
neutrophils, and lymphocytes ratio in the two species is different: even if a functional impact
of this difference has still to be determined, neutrophils are the predominant population of
circulating immune cells in humans, representing up to 70% of blood leukocytes while, in
mice, lymphocytes are the predominant cell population, being up to 90% of circulating cells
(Doeing et al. 2003). Concerning innate immunity, defensins are present in both species as
important antimicrobial peptides, but, while, in humans, neutrophils are a major source of
defensins, in mice, defensins are mainly produced by epithelial cells (Risso et al. 2000).
Murine classical monocytes lack TLR4, TLR7, TLR8 and TLRI10 response (Bjotrnson-
Hooper ZB et al. 2022) and IL-15, a trophic cytokine for NK cells and memory T cells is
expressed by human granulocytes and monocytes but only by some murine myeloid cells
(Sellers et al. 2017). Differences in Arginase and iNOS expression by murine and human
macrophages have, also, been demonstrated: even though both enzymes have been detected
in human and murine M®s, it seems that iNOS is less expressed by human M®s and that,
arginase, a murine marker of M2 M®s, is preferentially expressed in azurophilic granules of

human neutrophils (Zschaler et al. 2014; Munder et al 2005).

Differences in macrophage subsets ratio have also been recognized. Gata6b+
peritoneal macrophages have been described in both species but while, in mice, they

represent the most abundant population of cells, in humans they represent less than 10% of
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the macrophages in the peritoneum with the predominant population being of CD206+,
Lyvel+ cells (Han et al. 2024). In addition to that, type 2 DCs, present in both species, were
more numerous in humans (Han et al 2024). Human and murine macrophages also display
metabolic differences upon stimulation: LPS-activated, monocyte-derived macrophages fail,
in fact, to undergo metabolic reprogramming towards glycolysis, relying on oxidative
phosphorylation for ATP generation while, in murine LPS-activated bone marrow-derived
macrophages, there is an increase of glycolysis with decreased oxygen consumption rate

(Visajan et al. 2019).

Concerning adaptive immune system, while approximately 100% of murine T cells
use CD28 as a costimulatory molecule only 80% of human CD4+ T helper cells and only
50% of human CDS8+ cytotoxic cells express CD28. This highlights differences in T
lymphocytes activation and potentially explains differences of treatment efficacy when using
CD-28 blocking drugs (Lenschow et al. 1996; Mestas et al. 2004). Activated human CD4+
T cells trigger a more rapid and robust TH17 response than mice and highly express TNIP3,
a NF-kB pathway inhibitor, which, on the contrary, appears to be non-functional in mice
(Sellers et al. 2017). On the other hand, LAG3, an immune checkpoint molecule with
inhibitory properties, is upregulated in activated murine T cells but not in human cells
(Sellers et al. 2017). Furthermore, once activated, human T cells express MHC-II molecules
while activated murine T cells do not. (Barnaba et al. 1994). As an additional difference,
mice tend to have a higher percentage of yo T cells in the intestinal mucosa compared to
humans, and, while in both species they produce a notable amount of INF-y, murine cells

produce more IL-17 compared to the human counterpart (Sellers 2017).

Humans and mice also differ in immunoglobulins isotype production. Murine plasma
cells produce IgA, IgD, IgE, IgM and 4 subtypes of IgGs (IgG1, IgG2a, IgG2b and 1gG3)
while human plasma cells express 2 classes of IgAs (IgA1 and IgA2), IgD, IgE, IgM and 4
subtypes of IgG (IgG1, IgG2, IgG3 and 1gG4) (Mestas et al. 2004; Snapper 1999). Even
though the different subtypes differ in the ability to bind FcRs or to fix the complement
system, functional differences between the two species are, generally, considered irrelevant

(Mestas et al. 2004).

Immune differences of mice and men are reviewed in detail in Mestas et al. 2004;
Bailey et al. 2013; Zschaler et al. 2014; Sellers et al. 2017; Evren et al. 2020). Despite all
the aforementioned differences that must be kept in mind, mice remain the most used animal
model in biomedical research and provide invaluable data in several medical fields,

comprising immunology (Mestas et al. 2004; Masopust et al. 2017).
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1.6. Immunohistochemical Markersfor Murine Immune Cells Char acterization

Immunohistochemical phenotyping of immune system cells serves as a fundamental
approach in the field of immunology, enabling the precise identification and characterization
of immune cell populations within tissue specimens, preserving both cellular morphology
and tissue architecture. Unlike other methods, immunohistochemistry enables the
localization of immune cells within examined organs and provides information on cells
morphology as well as on their interactions with other cell types, both in physiological
conditions and in pathological contexts. To achieve a complete characterization, different
antibodies must be applied to identify the vast array of cell types making up the immune

system.

Provided below is a brief overview of the antibodies applied in this thesis. Technical
details on stain protocols can be found in supplemental Table 1 and in the material and

methods sections of each work.

Ibal. The Ionized calcium binding adaptor molecule 1 (Ibal) is a 17-kDa calcium-binding
protein with an actin-bundling activity involved in membrane ruffling and phagocytosis in
macrophages and microglial cells as well as in calcium and RHO proteins pathway signaling
(Oshawa et al. 2004). Although initially described as a microglia specific marker, Ibal is
now considered a pan-macrophagic marker and its expression has been reported in numerous
macrophage populations and, more recently, also in cDCs and MoDCs (Kohler et al. 2007;
Elizondo et al. 2017; Elizondo et al. 2019).

F4/80. F4/80 is a murine-specific, cell-surface 160-kDa glycoprotein with an epithelial
growth factor-like extracellular domain and a seven-transmembrane motif like those
observed in G protein-coupled receptors with still not well determined function (Cassado
2017). F4/80 has been found to be expressed in mature macrophages as well as some tissue-
resident macrophages such as Langerhans cells and Kupffer cells and is used as a

macrophagic marker in murine tissues (Vermaelen et al. 2004).

MARCO. MARCO (Macrophage Receptor with Collagenous structure) is a 210-kDa
scavenger class A receptor expressed by some subsets of macrophages and involved in
binding and internalization of bacterial components such as LPS as well as in inflammatory
response modulation (Kraal et al. 2010). This marker is particularly expressed by splenic
marginal zone macrophages, and lymph node macrophages highlighting their specialization

in lymph-borne antigens capture (Kraal et al. 2010).
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CD206. CD206, also known as macrophage mannose receptor, is a 175-kDa transmembrane
glycoprotein that belongs to the C-type lectin family, expressed predominantly by subsets of
tissue macrophages, but also by selected lymphatic or liver endothelial cells and mesangial
cells (Azad et al. 2014). CD206 binds to a wide range of ligands such as peptide hormones,
lysosome enzymes, mannose and fucose glycoproteins, collagen as well as microbial DNA
and is involved in endogenous molecule clearance and antigen processing and presentation
triggering an anti-inflammatory response (Nielsen et al. 2020). CD206 is, therefore, used as

a M2 macrophages marker in murine tissues (Kaku et al. 2014).

Arginase 1. Arginase 1 is a key enzyme of the urea cycle responsible for the hydrolysis of
L-arginine to L-ornithine and urea, highly expressed in liver and moderately to minimally
expressed in other tissues such as pancreas, stomach, brain and cells of myeloid lineage,
including neutrophils and myeloid-derived suppressor cells (MDSCs) (Yang and Ming 2014;
Barron et al. 2017; Rodriguez et al 2013). In macrophages, Arginase 1 expression decreases
the intra-cytoplasmic L-arginine which, in inflammatory context, serves as substrate for NO
production, hence decreasing the pro-inflammatory capacity of these cells, directing their
phenotype towards an alternative activation (Yang et al. 2014). As CD206, Arginase 1 is a

marker of alternatively activated M2 macrophages.

Ym1 (Chil3). Ym1, also known as chitinase-like protein 3 (Chil3), is a rodent-specific
member of the chitinase-like proteins, a class of chitin degrading enzymes with roles in
innate immunity against chitin-containing pathogens (Raes et al. 2002). Y mlis produced by
neutrophils and macrophages and is considered a marker of aternatively activated M2
macrophages in murine tissues (Kang et a. 2022). Ym1 is constitutively expressed by some
tissue-resident macrophages such as aveolar or splenic macrophages, although its specific
functions remain poorly understood (Kang et al. 2022).

INOS. Three forms of nitric oxide synthase (NOS) exist in tissues. the endothelial (eNOS)
the neuronal (NNOS) and the inducible (iINOS) isoforms. While eNOS and nNOS are
constitutively expressed by tissues, where they areinvolved in vessel caliber regulation and
neurotransmission, INOS is not normally present in physiological conditions and isinduced
by pro-inflammatory cytokines and or bacterial components (Sharma et a. 2007; Cinelli et
al. 2019). iNOS converts L-arginine to L-citrulline with concomitant production of nitric
oxide, essential for pathogen clearance and is, therefore, considered a marker of classically
activated M1 macrophages (Xue et al. 2018).
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HO-1. Heme oxygenase-1 is a 32-kDa inducible enzyme, part of the heat shock protein
family, that converts heme groups into biliverdin, carbon monoxide and iron (Vijayan et al.
2018). This enzyme is induced in several conditions such as hypoxia and oxidative stress
and has antioxidant and anti-inflammatory properties. It has been demonstrated that
macrophage exposure to heme can lead to an anti-inflammatory M2 phenotype and HO-1 is,
therefore, considered a marker of alternatively activated macrophages in murine tissues
(Vijayan et al. 2018).

MHC-I1. MHC-II molecules are heterodimers composed of an a and B chain, normally
expressed by professional antigen presenting cells such as dendritic cells and macrophages
where it is involved in the activation of the innate immune response (Duffy et a. 2017).
After phagocytosis and processing of extracellular proteins, cells expose target peptides onto
MHC-1I molecules for T helper cells recognition (Duffy et al. 2017). It has been
demonstrated that M1 macrophages are characterized by high levels of MHC-11 while low
levels of MHC-I1 favor a M2 response (Baumgart et al. 1998). MHC-I1 expression has also
been recognized in a plethora of cells comprising thymic, intestinal, biliary, and bronchial
epithelia cells and even tumoral cells (Schrumpf et al. 2015; Wosen et al. 2018; Axelrod et
a. 2019).

CD3e. The CD3¢ peptide, together with the CD3y, 6, and C subunits and with the a/p or /3
heterodimers, form the T cell receptor complex, involved in the recognition of antigens
bound to MHC molecules (Mariuzza et a. 2019). Since the TCR is expressed on T cells

membranes, this marker is used for the detection of these cells in murine tissues.

B220. B220, aso known as CD45, is a 220-kDa transmembrane protein expressed on the
surface of B cells and involved in B cells maturation as well as in signal transduction
initiation upon B cell receptor engagement by antigens. In murine tissues B220/CD45 is a
pan B cells marker (Bleesing et a. 2003).

CD4 and CD8. CD4 is a55-kDa co-receptor molecule expressed on the surface of T hel per
lymphocytes, composed of 4 immunoglobulins-like domains. CD4 stabilizes the binding
between TCR and the peptide-MHC-II complex and activates T helper cells, inducing
various cytokines sets secretion (Miceli et a. 1991). CD8 is a co-receptor molecule
expressed predominantly on cytotoxic T lymphocytes, composed of an o and 8 chains linked
by a disulfide bond. By interacting with antigens bound to MHC-1, CD8 stabilizes the
binding between TCR and the peptide-MHC | complex, prompting T cell activation and
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target cell lysis (Micdli et a. 1991). CD4 and CDS8 are, therefore, utilized as markersfor T
helper cellsand T cytotoxic cells detection respectively.

FoxP3. FoxP3, is a transcription factor composed of a forkhead domain, responsible for
DNA binding, a leucine zipper like domain and a zinc finger motif with unknown function
that plays a key role in the development and maturation of Tregs (Mercer et al. 2009). The

nuclear expression of Foxp3 is a marker of T regulatory cells in murine specimens.

Ly6G. LY6G, also known as lymphocyte antigen 6 complex, locus G, is a protein that is
primarily expressed on the surface of mature neutrophils. This marker is particularly useful

in distinguishing neutrophils form other leukocytes in murine tissues.
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2. AIM OF THE THESIS

This PhD research project aimed to investigate immune system functions in healthy and
pathologic experimental murine models, through immunohistochemical characterization of

immune cell populations in healthy steady state, inflammatory and neoplastic settings.

The following fields were investigated:

Study I — Mononuclear phagocyte system cells in murine healthy organs and selected

pathological conditions.

Study II — Sex-dependent modulation of inflammation in a murine caerulein-induced acute

pancreatitis model.

Study III — Comparison between two methods of digital image analysis (hot-spot fields vs
whole-slide) for the assessment of immune cell infiltrations in a murine caerulein-induced

acute pancreatitis model.

Study IV — Tumor immune system interaction in a murine model of orthotopic pleural

mesothelioma.
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3. STUDY I. IMMUNOHISTOCHEMICAL CHARACTERIZATION OF CELLS
OF THE MONONUCLEAR PHAGOCYTE SYSTEM IN THE MOUSE

3.1. Introduction

An introduction to murine MPS cells origin, function and classification can be found in the

thesis introduction, chapter 1.1.2.2.

MPS cells identification and characterization represent a significant challenge in the
biomedical research due to the significant phenotypic and functional overlapping among
cells (Guilliams et van de Laar, 2015). This is further complicated by cellular plasticity, since
MPS cells can often rapidly transform into one another, but is of critical importance to shed
light on physiological functions and diseases’ pathogenesis (Guilliams et van de Laar, 2015).
Among the plethora of available useful techniques, including next generation sequencing,
transcriptomics, proteomics and flow cytometry, valuable data can be obtained through
immunohistochemistry which allows identification of MPS cells in the morphological and
spatial context of the tissue, providing information not only on cells themselves but also on
interactions with other cells, hence on their functions (Hume et al. 1983; Chow et al. 2011;
Nakagawa et al. 2017; Nordlohne et al. 2021).

Although numerous studies investigated MPS cells through immunohistochemistry in
the mouse, reports are often limited in organs evaluated and antibodies used and often
investigate only pathological conditions or mice with specific mutations or under specific
experimental conditions (Hume et al. 1983; Hume et al. 1984; Perry et al 1985; Zhu et al.
2017; Le et al. 2021). The aim of this study was, therefore, to phenotypically characterize
MPS cells in healthy murine tissues through the application of a wide panel of macrophagic
immunohistochemical markers. Furthermore, the panel of antibodies was applied to a subset
of representative pathological conditions, to assess its effectiveness in detecting variations
of MPS cells between healthy and pathological conditions and to investigate its applicability
to pathological samples. By doing so, we sought to provide thorough information on MPS

cells distribution in tissues.

3.2. Materialsand Methods

For the investigation, formalin-fixed paraffin embedded (FFPE) samples were retrieved

from the archives of the Mouse &Animal Pathology Laboratory (MAPLab).
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Healthy tissues

For healthy tissues, FFPE samples from 9 C57BL/6N male mice and 7 C57BL/6N female
mice ranging from 4.5 to 12 months and from 2 C57BL/6J male mice and 3 C57BL6/] female
mice of 4 months were selected. Only control, not manipulated animals without spontaneous
background lesions were included in the study. Sections from liver, gallbladder, spleen,
kidney, adrenal glands, lymph nodes, pancreas, testes, lungs, heart, and thymus were

evaluated as reported in Table 1.
Selected pathological conditions

For pathological conditions, FFPE samples from a total of 4 mice were selected, including
the liver of a 9-month-old, female Crl:CD1-Foxn 1™ nude mouse with a spontaneous necro-
suppurative hepatitis, the lungs of a CD40L" C57BL/6 mouse experimentally infected with
Pneumocystis murina, a SCID mouse with human synovial sarcoma xenograft transplant and
a tdTomato™" C57BL/6 mouse with murine fibrosarcoma syngeneic transplant. Organs and
tissues evaluated are listed in Table 2.

Serial sections for each healthy or pathological case were cut at 4 pm and processed
for immunohistochemistry directed towards Ibal, F4/80, MARCO, CD206, Arginase 1,
Yml, iNOS, HO1 and MHC-II. For all markers adequate positive controls (murine lymphoid
organs) and negative controls (omission of primary antibody) were included.
Immunohistochemical protocols and a list of the positive controls implemented in the study

are summarized in supplemental Table 1.
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Table 1. List of organs of healthy C57BL/6 mice examined per sex and age.

4 mo 4.5 mo 6 mo 9 mo 12 mo
Total

Number M F M F M F M F M F
2 [ 1@ |O & |6 |O @O [ [
LIVER 16 \ \ 2 \ 3 3 1 1 3 3
GALLBLADDER 13 \ \ 2 \ \ 3 1 1 3 3
SPLEEN 16 \ \ 2 \ 3 3 1 1 3 3
KIDNEY 16 \ \ 2 \ 3 3 1 1 3 3
PANCREAS 8 2 3 \ \ 1 1 \ \ 1 \

TESTIS 3 \ n/a \ \ 3 n/a \ n/a \ n/a

ADRENAL 5 \ \ \ \ \ \ \ \ 2 3
LYMPH NODES 3 3 \ \ \ \ \ \ \ 1 2
LUNG 7 2 3 2 \ \ \ \ \ \ \
HEART 5 2 3 \ \ \ \ \ \ \ \
THYMUS 5 2 3 \ \ \ \ \ \ \ \

Table 2. List of pathologic samples included in the study

Strain Age Sex Pathological condition Organ/Tissue evaluated
Necrosuppurative Hepatitis of )
Crl:CD1-Foxnlnu 9 mo F ) ] Liver
undetermined etiology
Experimental Pneumocystis
CD40L"- C57BL/6 9-12 mo F ' _ Lung
murina infection
Human Synovial Sarcoma Skeletal muscle
SCID \ \ )
(Xenograft Transplant) (quadriceps)
Murine Fibrosarcoma Skeletal muscle
TdTomato"* C57BL/6 \ \ . .
(Syngeneic Transplant) (quadriceps)
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For all markers, except for F4/80, 4 um sections underwent deparaffinization and heat
induced epitope retrieval (HIER) in a water bath for 40 min at 100°C (Dewax and HIER
Buffer H, Thermo Scientific Lab Vision, cat. No. TA-999-DHBH). For F4/80 staining, slides
were deparaffinized and hydrated through serial passages in alcohol, rinsed in PBS and
unmasked with 1% trypsin for 30 minutes at 37°. All slides were then rinsed in PBS and
placed in an autostainer (Lab Vision® Autostainer 480S-2D Thermo Fischer scientific) after
application of PAP pen (Liquid Daido Sangyo Co. Ltd.). In the autostainer, endogenous
peroxidase activity was blocked by incubating sections with 3% H>O> for 10 minutes. Slides
were rinsed, incubated with PBS containing 10% normal goat serum (IBA1, MARCO,
CD206, Yml, iNOS, HO-1) or 10% normal rabbit serum (F4/80, Arginase 1, MHC-II) for
30 min at room temperature to prevent nonspecific background staining and subsequently
incubated for 1 hour at room temperature with primary antibodies (Table 3). Sections were
rinsed in PBS and incubated with a biotinylated secondary antibody (goat anti-rabbit, Vector
Laboratories, USA, cat. No. BA-1000 for IBA1, MARCO, CD206, Ym1, iNOS, HO1; rabbit
anti-rat Vector Laboratories, USA, cat. No. BA-4001 for F4/80 and MHC-II; rabbit anti-goat
Vector Laboratories, USA, cat. No. BA-5000 for Arginase 1) and labelled through avidin-
biotin-peroxidase procedure (VECTASTAIN® Elite ABC-Peroxidase Kit Standard, Vector
Laboratories, USA, cat. No.PK-6100). The immunoreaction was visualized with 3,3’-
diaminobenzidine substrate (DAB, Peroxidase DAB Substrate Kit, Vector Laboratories,
USA, cat. No. SK-4105). Sections were counterstained with Mayer’s hematoxylin,
dehydrated in a graded alcohol series and coverslipped with resinous mounting medium.

All slides were digitalized at 40x high resolution (0.23 pm x pixel) through the
NanoZoomer-XR Digital slide scanner (Hamamatsu, C12000) at the Unitech Nolimits
facility (UNIMI, Milan). Digital slides were visualized using the NDP.view2 Viewing
software (Hamamatsu, U12388-01).

3.3. Evaluation of markersexpression in normal and pathological mouse tissues

For each tissue, the number and shape of IHC-positive cells to each marker were evaluated
under a light microscope. The number of positive cells was semi-quantitatively scored
according to the following criteria: \ (absence of positive cells), + (rare positive cells), ++
(moderate number of positive cells), +++ (numerous positive cells), ++++ (myriads of
positive cells). According to their shape, cells were classified as round (no dendritic

processes), spindle (narrow, elongated cells), stellate (cells with two or more dendritic

35



processes) or polymorphic (round, spindle, and stellate without a predominant cellular
morphology).

For each cell population, two parameters were additionally evaluated: staining
intensity and staining pattern. Staining intensity was evaluated through a semi-quantitative
scoring system as + (weak staining intensity), ++ (moderate staining intensity), and +++
(strong staining intensity). The staining pattern was described as either nuclear, cytoplasmic
and/or membranous.

When cells with different shapes were present in the same anatomical location or
when cells with the same shape but different staining intensity with the same antibody were
present in the same location, they were considered as distinct populations. In the former case,
the amount of cells of a particular subpopulation was expressed in percentage, i.e. % of
positive cells to a specific marker with that particular shape on the total positive cells to that

marker in the tissue.

3.4. Resultsand Discussion

Raw data of the semiquantitative evaluation are reported in supplemental Tables 2 to 19.
3.4.1. Healthy organs

Liver. Four main mononuclear phagocyte populations are described in the liver, namely
capsular macrophages (CMos) in the hepatic capsule, resident Kupffer cells in sinusoids, a
minor subset of pDCs in the hepatic parenchyma and monocyte-derived macrophages
(MoMaes), monocyte-derived DCs (MoDCs) and conventional dendritic cells (¢cDCs) mainly
populating portal spaces (Kulle et al. 2022; Lau et al. 2003; Rahman et al. 2013; Bleriot et
al. 2019). A few Ibal+ and F4/80+ spindle cells were detected within the capsule and
identified as CMes. Although MHC-II expression has been reported in CMes, we did not
observe any MHC-II positive signal in our samples (Bleriot et al 2019). We identified
numerous intra-sinusoidal stellate Ibal+, F4/80+, MARCO+, rarely HO-1+ and MHC-II+
cells consistent with Kupffer cells (Figure 1, A-D). MARCO+ Kupffer cells were present in
periportal and midzonal and only rarely in centrilobular areas and have in fact been
correlated to host defense against bacterial infections and to tolerogenic and anti-
inflammatory functions, particularly in periportal regions (Devey et al 2009, Bjorkstrom NK
2022 Paris and Henderson 2022). Rare round Ibal+, F4/80+, MARCO+, Ym1+ and HO-1+
macrophages were found within portal and centrilobular vessels lumen and classified as

circulatory monocytes (Figure 1, D-E). In portal spaces, moderate numbers of Ibal+,
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F4/80+, MHC-II+, rarely MARCO+ stellate cells were classified as either MoM@s, MoDCs
or cDCs (English et al. 2022).

Gallbladder. Limited data regarding MPS cell populations of the gallbladder are available,
with most reports focusing on inflammatory, degenerative, or neoplastic conditions and no
classification of MPS cells in the normal organ has been proposed so far (Hadson and
Hopwood, 1986; Guarino et al. 2008; Li et al. 2023). A moderate number of predominantly
stellate Ibal+, F4/80+ cells in the lamina propria and rare to moderate Ibal+, F4/80+ and
CD206+ spindle cells in the muscular layer were identified (Figure 2, A-C). Rare stellate
MHC-II+ cells in the lamina propria were also present. These cells could either be a
population of resident macrophages or represent MoM®s or MoDCs/cDCs recapitulating
the subsets observed in the intra-hepatic biliary tree. While CD206 is considered a marker
of alternatively activated M2 macrophages, possibly involved in gallbladder homeostasis, it
can also be expressed by DCs, thus complicating classification attempts (Taylor et al. 2005;
Mondanelli et al. 2017). Occasionally, Ibal+, F4/80+, MHC-II- cells exhibited intra-
epithelial cytoplasmic processes. F4/80+ cells with intra-epithelial processes have been
previously described in the gallbladder but, although morphologically reminiscent of DCs,

it was not possible to unequivocally define their origin (Hume et al. 1984).
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Figure 1. Liver A. Immunohistochemistry for F4/80, 20x B. Immunohistochemistry for
Ibal, 20x. Numerous stellate Ibal+, F4/80+ Kupffer cells were identified along sinusoids of
all regions of the hepatic lobule. C. Immunohistochemistry for MARCO, 20x. A moderate
number of stellate MARCO+ Kupffer cells were stained with rare to absent positivity in the
centrilobular region. D. Immunohistochemistry for HO-1, 20x. Rare stellate HO-1+ Kupffer
cells are found in the sinusoids. Note the round positive monocyte on the endothelium of the
centrilobular vein. Inset, 80x: A stellate HO1+ Kupffer cell is visible in a sinusoid. E.
Immunohistochemistry for Yml, 20x. Round Yml+ cells interpreted as circulatory
monocytes/ myeloid cells were observed in sinusoids. F. Immunohistochemistry for CD206,
20x. No positive cells were identified in sinusoids and centrilobular veins. Note the CD206+

endothelial cells of sinusoids surrounding centrilobular vein.
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Figure 2. Gallbladder. A. Immunohistochemistry for Ibal, 20x. Inset: 80x B.
Immunohistochemistry for F480, 20x. Inset: 80x C. Immunohistochemistry for CD206,
20x. Inset: 80x A moderate number of stellate to spindle and occasional round Ibal+,
F4/80+ and CD206+ cells were identified in the gallbladder lamina propria and muscular
layer. Note the presence of cytoplasmic F4/80+ processes, extending in the gallbladder

epithelium in the B inset.

Spleen. The splenic parenchyma, composed of red and white pulp separated by a marginal
sinus, hosts different subsets of mononuclear phagocytes namely red pulp macrophages
(RPMos) in the red pulp and white pulp macrophages (WPMgs) in the white pulp
comprising marginal metallophilic macrophages (MMM s) and marginal zone macrophages
(MZMegs) located in the inner and outer regions of the marginal zones respectively, tingible
body macrophages (TBMgs) and follicular dendritic cells (FDCs) in lymphoid germinal
centers, as well as a plethora of MoDCs/ cDCs/ pDCs, particularly located in the T zone and
marginal sinus areas (Hey et al. 2012; Fujiyama et al. 2019; Mcllroy 2001; Cesta et al. 2006;
Sathe et al. 2008). Numerous Ibal+, F4/80+ and HO-1+, moderate numbers of MHC-II+
and rare MARCO+, CD206+, Ym1+ polymorphic cells and Arginase 1+ round cells, were
identified in the red pulp (Figure 3, A-D). Although MHC-II and HO-1 could also be
expressed by DCs in the red pulp, most of these cells most-likely represent RPMes involved
in hemocatheresis (Fukaya et al.2012; Kurotaki et al. 2015). Apart from rare Yml+
polymorphic cells consistent with tissue resident M@s, Ym1 staining detected numerous
small round cells interpreted as immature myeloid cells in the context of physiological
extramedullary myelopoiesis (Nio et al. 2004; Kang et al. 2022). Concerning the white pulp,
4 main MPS cell subsets were identified. In the germinal centers of lymphoid follicles,
stellate Ibal+, MHC-II+, HO1+ cells were classified as FDCs, while round Ibal+, MHC-
I+, occasionally HO1+ cells with intra-cytoplasmic apoptotic bodies as TBM®s (Figure 3,
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E-F). Notably, TBM®s were marked only with Ibal and MHC-II and occasionally by HO1.
It has been in fact recognized that TBMes are devoid of most MPS surface markers including
F4/80 (Leluoard et al 2010, Bonnardel et al. 2015). In the marginal zone (MZ), Ibal+,
MARCO- cells in the inner MZ and Ibal+, MARCO+ in the peripheral MZ were identified
as MMM®s and MZM®s, respectively. Since there is not a clear demarcation between the
outer and inner regions of the marginal zone in murine spleens, MARCO positivity allowed
for the definitive identification of MZM®s, as this scavenger receptor is specifically
expressed by this macrophagic subset specialized in blood-borne particles capture (Figure 3,
C)(Cesta 2006; Borges da Silva 2015). A moderate number of MHC-II+ cells was
additionally detected in the marginal zone. Since MZM®s and MMM®s are reportedly
MHC-II-, these cells most likely represent either MoDCs or ¢cDCs (McGaha et al. 2011;
Eloranta et al. 2019). Interestingly, although F4/80 is considered a pan macrophagic marker
and low F4/80 expression in MMM®s and MZM®s by flow cytometry has been reported in
literature, no to rare F4/80+ cells were identified in splenic marginal zones in our samples
(Figure 3, B) (Fujiyama et al 2019; Borges da Silva 2015). Lastly, numerous Ibal+, HO-1+
and rare F4/80+ round to stellate cells were identified in PALS and follicular mantle zone
and classified as either WPM®s/ MoM®s, while Ibal+ and MHC-II+ cells as MoDCs /cDCs
or pDCs (Cesta, 2006; Hey et al. 2012).
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Figure 3. Spleen. A. Immunohistochemistry for Ibal, 20x. Numerous polymorphic Ibal+
RPMegs/DCs in the red pulp and numerous WPMegs comprising MoMes/DCs in PALS,

MMMes and MZMaes in the white pulp marginal zone and numerous TBMs and FDCs in
lymphoid follicles germinal centers were identified. Inset, 80x: Note the polymorphic shape
of red pulp and marginal zone Ibal+ cells. B. Immunohistochemistry for F480, 20x.
Numerous polymorphic F4/80+ RPMes are visible in the red pulp. Only a few F4/80+
WPMos could be appreciated in splenic PALS and lymphoid tissue. Inset, 80x: note the
polymorphic morphology of F4/80+ RPM¢s. C. Immunohistochemistry for MARCO, 20x.
Numerous stellate MZMeos in the marginal zone outer layer are visible. Inset, 80x:
MARCO+ MZMgs have a stellate morphology. D. Immunohistochemistry for HO-1, 20x
Numerous polymorphic RPMes in splenic red pulp, rare HO-1+ MoMgs in the marginal
zone and a few to moderate round HO-1+ TBMes and stellate FDCs in follicles germinal

centers are visible. Inset, 80x: HOI+ RPMgs have a polymorphic morphology. E.
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Immunohistochemistry for Ibal, 40x. Numerous stellate Ibal+ FDCs and round TBMes can
be appreciated in germinal centers, together with a moderate number of stellate Ibal+ cells
in the mantle zone F. Immunohistochemistry for MHC-II, 40x. A round MHC-II+ TBM¢o
engulfing apoptotic debris is visible in a follicle germinal center. Note the weak positivity of

stellate cells in the germinal center, interpreted as FDCs and in the mantle zone.

Lymph Node. Lymph nodes have a complex anatomical architecture, with different
functional domains populated by several well-known subsets of mononuclear phagocytes
specialized in lymph-borne antigen uptake and processing (Gray et al. 2012). Major
populations are subcapsular sinus macrophages (SSM®s) and medullary sinus macrophages
(MSM®s) in cortical and medullary sinuses respectively, medullary cord macrophages
(MCM®s) along medullary cords, interfollicular T zone macrophages (TZM®s) a recently
discovered resident population of macrophages involved in apoptotic debris clearance, DCs
populating the paracortex and TBM®s and FDCs in lymphoid germinal centers (Gray et al.
2012; Baratin et al 2017; Bellomo et al. 2018). The applied panel of antibodies allowed a
clear distinction between cells populating the subcapsular and medullary sinuses and cells
populating cortical and paracortical regions and medullary cords (Figure 4, A-F and Figure
5, A-D). In the sinuses we detected numerous round Ibal+, MARCO+, CD206+ and HO-1+
cells which were classified as either F4/80- subcapsular sinus macrophages (SSM®) or
F4/80+ medullary sinus macrophages (MSM®) depending on the anatomical location
(Figure 4, A-D; Figure 5, A, B, D). In the cortex, round Ibal+, MHC-II+ cells
morphologically consistent with TBM® and stellate Ibal+, MHC-II+ cells consistent with
FDCs were detected in reactive germinal centers, while in the mantle and marginal zones
moderate number of stellate Ibal+ and rare MHC-II+ cells were detected and classified as
MoDCs or c¢DCs, based on F4/80 negativity. In the paracortex, numerous Ibal+, MHC-I1+
cells were classified as DCs or TZM® (Figure 4, A; Figure 5, B, C). (Baratin et al 2017,
Bellomo et al. 2018). A moderate number of round Arginase 1+ cells were also detected in
the paracortex together with a moderate number of round Ym1+ round cells mainly located
at the cortico-medullary junction (Figure 4, E-F). Arginase 1 expression has been recognized
in M2 macrophages as well as innate myeloid derived suppressors cells (MDSCs), but since
MDSCs are not present in healthy murine lymph nodes, the stained cells most likely
represent a population of M2 oriented Ms, possibly involved in adaptive immune response
regulation (Bronte et al. 2003; Mills et al. 2000; Gabrilovich et al. 2009; Tumino et al. 2023).

We were, instead, unable to retrieve information about Ym1+ Mes in lymph nodes; Ym1 has
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been recognized as a marker of alternatively activated Mos in the mouse, but, to the authors’

knowledge, no report of a cortico-medullary localization exists in literature (Kang et al.

2022). In the medulla, numerous round to stellate Ibal+ and rarely MHC-II+ cells were

detected along the medullary cords and classified accordingly as MCM® (Figure 4, A inset;
Figure 5, C) (Bellomo et al. 2018). Notably, although TZM® and MCM® are reportedly

F4/80+, we did not detect any F4/80+ cells in interfollicular T zones or along medullary

cords in our samples (Figure 5, A) (Bellomo et al. 2018; Grey et al 2012).
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Figure 4. Lymph node A. Immunohistochemistry for Ibal, 20x. Numerous round Ibal+
SCSM®s and MSM®s were identified in the subcapsular and medullary sinuses
respectively. Numerous stellate Ibal+ MoM®s and TZM®s in the paracortex and a moderate
number of stellate Ibal+ MoM®s/ DCs in the cortical tissue and of MCM®s along medullary
cords were detected. Inset, 80x: note the round morphology of Ibal+ MSM®s and the
stellate morphology of Ibal+ MCM®s B. Immunohistochemistry for MARCO, 20x. C.
Immunohistochemistry for CD206, 20x. D Immunohistochemistry for HO-1, 20x. Insets,
80x. Numerous round MARCO+, CD206+ and HO-1+ SCSM®s and MSM®s were stained,
the latter cells more numerous with MARCO. No positive cells were observed in the cortical
region and along medullary cords for all markers, except for rare, positive, round HO-1+
MoM®s. At high magnification these cells have a round morphology E.
Immunohistochemistry for Arginase 1, 20x. Rare Arginase 1+ round cells interpreted as M2
oriented MoM®s were observed in the paracortical region as well as in the marginal and
mantle zones. Inset, 80x: note the round morphology of arginase 1+ cells K
Immunohistochemistry for Yml, 20x. A moderate number of round Yml+ positive cells
were detected along the cortico-medullary region, possibly representing M2 oriented
MoM®s. Inset, 80x: note the round morphology of YmIl+ cells at the cortico-medullary

junction.
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Figure 5. Lymph node. A. Immunohistochemistry for F4/80, 20x. Numerous round F4/80+
MSM®s were stained. No positive cells are visible in the paracortical region and along the
medullary cords. Inset, 80x: F4/80+ MSM®s have a round morphology B.
Immunohistochemistry for Ibal, 20x. Numerous round Ibal+ MSM® as well as numerous
stellate Ibal+ TZM® /MoM®s/ DCs in the paracortex and MCM®s along medullary cords
are visible. Inset, 80x: note the round morphology of Ibal+ MSM®s C.
Immunohistochemistry for MHC-II, 20x. Rare to moderate number of round MHC-II+
MSM® and moderate to numerous stellate MoM®s /TZM® / DCs in the paracortex and
MCM®s along the medullary cords were identified. Inset, 80x: a moderate number of round
MHC-II+ along medullary cords and rare round MHC-II+ MSM®s are visible. D.
Immunohistochemistry for CD206, 20x. Numerous round CD206+ MSM®s were stained.
No to rare CD206+ cells were observed in the paracortical region, while no CD206+ cells
were observed along medullary cords. Inset, 80x: round CD206+ MSM®s are visible in

medullary sinuses.
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Thymus. Despite their importance in organ homeostasis, thymic mononuclear phagocytes
have seldom been investigated, with existing reports mainly relying on flow-cytometry and
transcriptomic data (Zhou et al. 2022; Guerri et al. 2013; Wood 1985; Wang et al 2022). In
the cortex, we identified a moderate number of Ibal+ and HO-1+ stellate cells, with
occasional expression of F4/80 and Ym1 (Figure 6, A, E, F). The lack of MHC-II expression
suggests that these cells are most likely M2-oriented macrophages possibly involved in
organ homeostasis and apoptotic debris clearance, hence classified as thymus resident
macrophages (ThyMgs) or MoMes (Figure 6, B) (Tsai et al. 2022; Zhou et al. 2022). In the
medulla, numerous stellate Ibal+ and MHC-I1+ cells were identified together with moderate
number of Arginase 1+, YmI+, HO-1+ and iNOS+ cells and rare MARCO+ and F4/80+,
predominantly stellate cells (Figure 6, A-F). Most of these cells most likely represent cDCs
or MoDC:s as reported in thymic medulla and cortico-medullary regions (Kroger et al 2017;
Zhou et al. 2022; Wang et al. 2022). This is further supported by the expression of iNOS,
which was found in high amount in thymic antigen presenting cells. (Aiello et al. 2000).
Despite this, a definitive distinction between DCs and ThyMes/MoMes with antigen-
presenting function remains difficult also with flow-cytometric analysis since it has been

demonstrated that both express dendritic markers such as MHC-II (Zhou et al. 2022).
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Figure 6. Thymus. A. Immunohistochemistry for Ibal, 20x. Moderate to numerous stellate

Ibal+ MoM®s/ThyM®s in both the cortical and medullary regions and numerous Ibal+
stellate MoM®s/ ThyM®s/DCs in the medulla were identified. Inset, 80x: Ibal+ cells have
a stellate morphology B. Immunohistochemistry for MHC-II, 20x. Numerous stellate MHC-
II+ cells were observed in the medulla, representing either MoM®s/ThyM®s/ or DCs. Inset,
80x: MHC-II+ MoM®s/ThyM®s/DCs  have a  stellate  morphology C.
Immunohistochemistry for Arginase 1, 20x. D. Immunohistochemistry for iNOS, 20x. E.
Immunohistochemistry for Ym1, 20x. Insets, 80x. A moderate number of round to stellate
Arginase 1+, iNOS+ and Yml+ MoM®s / ThyM®s are present in the thymic medullary
region. In the insets, the round to stellate morphology of the positive cells can be appreciated
F. Immunohistochemistry for HO-1, 20x. Rare stellate HO-1+ MoM®s / ThyM®s are
present in both the medulla and cortex. Inset, 80x: note the stellate morphology of HO1+

cells.
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Kidney. Although playing important functions in homeostasis and disease, the study of renal
mononuclear phagocyte cells is still at an early stage (George et al. 2017). Our panel detected
a moderate to rare number of spindle Ibal+, F4/80+ and CD206+ cells and rare to no
Arginase 1+ cells in the capsule classified as MoMes or renal resident macrophages
(ReMgs). Rare arginase 1+ and Ym1+ spindle cells were also present along the capsule.
These cells could possibly represent capsular MoM@s/ReMes as well as monocytes
circulating in stretched capsular vessels which could explain their spindle morphology. A
moderate number of stellate Ibal+, F4/80+ and MHC-II+ cells, with rare expression of
Arginase 1 and Ym1, were detected in close association to cortical and medullary tubules,
while a moderate number of CD206+ round to stellate cells were identified around blood
vessels (Figure 7, A-D). These cells were classified as either MoMgs, ReMegs or ¢DCs /
MoDCs (Soos et al. 2006). Interestingly, CD206+ cells were also identified in the glomeruli
as this marker is expressed by glomerular mesangial cells (Figure 7, C) (Linehan et al. 1972).
According to flow cytometric data, the most common renal mononuclear phagocytes are
F4/80+, MHC-II+ and CD11c+ cells often simultaneously expressing macrophagic and DCs
markers even though molecular and functional data strongly suggest that only a minority of
these are true dendritic cells (Gautier et al. 2012; Kawakami et al. 2013; George et al. 2017;
Nelson et al. 2012). Furthermore, rare round Arginase 1+ and Ym1+ cells within the lumen
of interstitial blood vessels were interpreted as circulating monocytes. Notably, in the renal
papilla, only rare to moderate numbers of Ibal+ and CD206+ round to stellate cells were
detected (Figure 7, E, F). Because molecular investigations on kidney macrophages
highlighted specific transcriptomic profiles in renal papilla MPS cells, suggesting the
existence of a specific population of mononuclear phagocytes in this location, the renal
papilla could be populated by mononuclear cells expressing different markers than the ones
tested (Cheung et al. 2022). In the renal pelvis, rare to moderate number of stellate and
spindle Ibal+, F4/80+, MHC-II+, CD206+ and Arginase 1+ cells were identified in the
lamina propria and classified as MoMegs / ReMgs or cDCs/ MoDCs, while round CD206+,
Arginasel+ cells as MoMes / ReM@s. Furthermore, rare perirenal Ibal+, F4/80+, CD206+
and Arginasel+ round to spindle cells were classified as white adipose tissue macrophages
(WAT Mds). These data are consistent with other reports and corroborate the anti-
inflammatory M2 function of WAT M®s in mice in steady state condition (Lumeng et al.

2007).
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Figure 7. Kidney, cortical region. A. Immunohistochemistry for Ibal, 20x B.
Immunohistochemistry for F4/80, 20x. C. Immunohistochemistry for CD206, 20x. D.
Immunohistochemistry for MHC-II, 20x. A moderate number of stellate Ibal+ and F4/80+
and rare stellate MHC-1I+ MoMgs/ ReM@s/ MoDCs/ ¢DCs were identified among tubules,
in both the cortical and medullary interstitium. Moderate numbers of CD206+ MoMes
/ReMos were present around medium caliber arterioles. Insets, 80x: Note the stellate
morphology of Ibal+, F4/80+ and MHC-II+ cells among tubules and the round to stellate
morphology of CD206+ cells around arterioles. E-F. Kidney, pelvis, and renal papilla. E.
Immunohistochemistry for Ibal, 20x F. Immunohistochemistry for CD206, 20x. Rare to
moderate numbers of stellate Ibal+ and CD206+ mononuclear phagocytes were observed in
the renal papilla. Note the presence of stellate Ibal+ and CD206+ Megs and DCs in the pelvis
lamina propria. Insets, 80x. Spindle to stellate Ibal+ cells (arrows) and CD206+ cells are

visible in the renal papilla interstitium.
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Adrenals. Resident mononuclear phagocytes have been reported in the adrenal glands
although a precise classification is lacking (Ozbek et al. 2006). A moderate number of Ibal+
stellate cells in all cortical regions, more numerous in the zona glomerulosa and rare MHC-
[T+ stellate cells in the zona glomerulosa were identified in the cortex while occasional Ibal+
and MHC-II+ stellate cells were noted in the medulla (Figure 8, A, C). Rare arginase 1+
round cells were also observed in the adrenal cortex, often in blood vessels hence classified
as circulating monocytes (Figure 8, B). Based on the examined markers, most of these cells
represent either resident adrenal M®s (AdM®s) or MoMes intermixed to rare cDCs/MoDCs
(Dolfi et al. 2022).
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Figure 8. Adrenal gland. A. Immunohistochemistry for Ibal, 30x. Numerous stellate Ibal+
AdM®s/ MoM®s were present in both the medulla and the cortex, in the latter region more
numerous in the zona glomerulosa. Inset, 80x: Ibal+ cells have a stellate morphology. B.
Immunohistochemistry for Arginase 1, 30x. Rare round arginase 1+ cells are visible in the
adrenal cortex, often within blood vessels (arrow). Inset, 80x: note the round morphology
of arginase 1+ cells C. Immunohistochemistry for MHC-II, 30x. Rare stellate MHC-II+ cells
representing MoDCs/ cDCs are visible in both cortex and medulla. Inset, 80x. Note the

presence of stellate MHC-II+ cells in the adrenal medulla.
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Small Intestine and Stomach. In steady state conditions, a population of continuously
renewed MoMgs and MoDCs involved in gut protection against pathogens, immune
tolerance towards luminal antigens as well as in gastro-intestinal motility and secretion is
found along the gastro-intestinal system (Bain et al. 2018, Scott et al. 2020; Caer et al. 2020;
Yip etal. 2021; Delfini et al. 2022). MPS cells were mainly detected in the intestinal mucosa
and submucosa and in the gastric submucosa, both in the forestomach and glandular regions
(Figure 9, A-D). In the intestinal mucosa lamina propria, there were numerous stellate to
spindle Ibal+, F4/80+ cells, moderate number of stellate MHC-II+ cells and rare stellate
CD206+ cells representing either MoM@s or MoDCs intermixed to less numerous round
Ibal+, F4/80+, CD206+, Arginasel+, Ym1l+, HO-1+, CD206+ cells and rare iNOS+ cells
classified as MoMgs. Although highly phagocytic, intestinal mononuclear cells do not elicit
overt inflammatory responses, as supported by expression of M2 markers, while iNOS
expression has been related to smooth muscle relaxation more than inflammation (Smythies
et al 2005; Bain 2018; Mori et al. 2014). MPS cells with a similar phenotype were observed
in the stomach, particularly in the submucosa, although no Yml1+ and iNOS+ cells were
identified. A few polymorphic Ibal+, F4/80+ and round and spindle CD206+ cells in the
intestinal submucosa, classified as MoMgs and a few Ibal+, CD206+ round to spindle cells
in tunica muscolaris and a few round to spindle Ibal+, Arginasel+, CD206+ cells on the
serosa were detected in both stomach and intestine. These cells were classified as MoMos
and have been linked to submucosal vasculature integrity maintenance and to peristaltic
activity regulation (Muller et al. 2014; De Schepper et al. 2018; Viola et al. 2020, Delfini et
al. 2022). While no gastric associated lymphoid tissue was observed in our samples,
lymphoid aggregates in the small intestine had moderate number of round Ibal+, MHC-II+
TBMs and stellate Ibal+, iNOS+, MHC-II+ FDCs in the germinal centers and moderate
amount of stellate Ibal+, MHC-II+ (MoMgs/ DCs) and round Ibal+, iNOS+, Arginasel+
and rare HO-1+, Ym1+ cells (MoMes) in the mantle zones (Hasui et al. 2000; Bonnardel et
al. 2015).
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Figure 9. A, B. Forestomach, and glandular stomach. A. Immunohistochemistry for Ibal,
20x B. Immunohistochemistry for F4/80, 20x. A moderate number of round to spindle
MoMe@s/MoDCs are visible, particularly in the submucosa. Inset, 80x: Ibal+ , F4/80+ cells
have a round to spindle morphology. C, D. Small intestine. C. Immunohistochemistry for
Ibal, 20x D. Immunohistochemistry for F4/80, 20x. Numerous polymorphic MoMes are
visible along villi lamina propria. Inset, 80x: note the polymorphic shape of positive cells.
E, F. Peyer’s Patches E. Immunohistochemistry for Ibal, 20x F. Immunohistochemistry for
iNOS, 20x. A moderate number of round Ibal+ TBMgs and of stellate Ibal+, iNOS+ FDCs
in the germinal center zone and of stellate Ibal+, iNOS+ MoMags in the mantle and marginal
zones are visible. Inset, 80x: note the round, Ibal+ TBMgs engulfing basophilic apoptotic
debris and the stellate morphology of iNOS+, Ibal+ FDCs and MoMaes.
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Testis. Currently, two tissue-resident macrophagic populations are recognized in the testis:
yolk-sack derived interstitial macrophages (IntM®s) among Leydig cells and monocyte
derived peri-tubular macrophages (PTM®s), closely associated to peritubular myoid cells
(Mossadegh-Keller et al. 2017; De Falco et al. 2014; Lokka et al. 2020). Together with DCs,
they make up the testicular MPS (Da Silva et al. 2015; Bushan et al. 2020). Numerous Ibal+
and moderate number of polymorphic CD206+ and rare stellate F4/80+ in the testicular
interstitium were classified as IntM®s/ MoM®s, while rare Ibal+ spindle cells closely
associated to the tubular walls as PTM®s (Figure 10, A-C). A recent publication highlighted
that MPS cells in the testes, under physiological condition, exhibit immunosuppressive
activity maintaining a local immune tolerance through cytokines production and MHC-II
suppression (Shi et al 2022). Although their presence is reported in humans and other
mammals, no MHC-II+ cells were identified in the testicular interstitium of the examined
samples while moderate number of stellate MHC-II+ cells were stained in the epididymis

(Pollanen et al. 1988; Guney saruhan et al. 2017; Bhushan et al. 2020).
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Figure 10. Testis. A. Immunohistochemistry for Ibal, 40x. Numerous stellate Ibal+
IntM®s/ MoM®s and rare spindle PTM®s (arrow) were identified in the testis. B.
Immunohistochemistry for CD206, 40x. Moderate number of stellate CD206+ IntM®s/
MoM®s populate the interstitium C. Immunohistochemistry for F4/80, 40x. Rare stellate
F4/80+ IntM®s/ MoM®s among tubules are visible.
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Heart. Resident embryo-derived cardiac macrophages (CaM®s), MoM®s and DCs,
represent the primary resident immune cells in the heart, with a suggested role in cardiac
immunity, homeostasis, and pathological conditions (Sanmarco et al. 2018; Sansonetti et al.
2020; Van der Borght et al. 2018). We identified rare, round to spindle, Ibal+ cells in the
examined epicardium, myocardium and endocardium, mainly in the atria. Apart from the
epicardium, these cells were F4/80 negative and variably expressed markers associated to
M2 polarization, particularly CD206 in myocardium, hence classified as CaM®s/ MoM®s
(Figure 11, A-C). (Revelo et al. 2021). Despite valvular pigmentation making it challenging
to evaluate immunohistochemical positivity, rare round to spindle Ibal+ cells were identified
in this region (Figure 11, D-F). Although DCs are reported in the heart, no MHC-II+ cells in

myocardium endocardium and epicardium or valves were identified in the evaluated
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Figure 11. Heart. A. Immunohistochemistry for Ibal, 20x. B. Immunohistochemistry for
CD206, 20x C. Immunohistochemistry for F4/80, 20x. Rare Ibal+, CD206+ and F4/80+
spindle CaM®s/ MoM®s along the epicaridial surface and rare myocardial Ibal+ cells are
visible. D. Mitral valve. H&E, 20x E. Mitral valve. Immunohistochemistry for Ibal, 20x
F. mitral valve. Immunohistochemistry for Ibal, 60x. Altough the presence of coarsely
granular melanin pigment hampers immunohistochemical signal interpretation, a few Iba+

cells are present in the valvular stroma.
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Lungs. In steady state, fetal liver-derived alveolar macrophages (AM®s) in the alveolar
spaces and bone-marrow derived interstitial macrophages (IM®s), DCs and circulating
monocytes in the pulmonary interstitium make up the pulmonary MPS (Misharin et al. 2013;
Gibbings et al. 2017; Gibbins et al. 2018; Baharom et al. 2017). Numerous round MARCO+
and Ym1+ cells, a moderate number of round F4/80+ and rare CD206+, HO-1+ and MHC-
I+ cells in the alveolar spaces and occasionally in the bronchiolar lumina were identified as
AM®s (Figure 12, B-E) (Misharin et al. 2013; Arredouani et al. 2004). Ibal expression by
AM®s is controversial, and interestingly, we did not observe Ibal expression by this
population (Kohler et al 2007; Donovan et al. 2018). A moderate number of spindle to stellate
Ibal+, F4/80+ and CD206+ cells and rare spindle to stellate MHC-11+, Ym1+, Arginase 1+
cells representing IM®s/ MoDCs/ ¢cDCs and rare Ibal+, F4/80+, Arginase 1+ round cells,
classified as circulating monocytes were visible along the alveolar septa (Figure 12, A-F). In
the peribronchial/perivascular tissue, numerous polymorphic Ibal+ cells, moderate number
of polymorphic CD206+, moderate number of spindle to stellate MHC-II+ cells and rare
F4/80+ and Ym1+ spindle to stellate cells were identified and classified as IM®s/ MoM®s/
MoDCs or ¢cDCs (Figure 12, A-C, E).
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Figure 12. Lung. A. Immunohistochemistry for Ibal, 20x. Numerous perivascular and
peribronchiolar polymorphic Ibal+ IM®s, MoDCs and cDCs and occasional round to
spindle Ibal+ IM®s in the alveolar septa are visible. Inset, 80x: peribronchiolar and septal
Ibal+ cells have a polymorphic morphology. B Immunohistochemistry for F4/80. Rare
spindle to stellate F4/80+ perivascular and peribronchiolar IM®s and a moderate number of
round F4/80 AM®s in the alveolar spaces are detected. Inset, 80x: round F4/80+ AM®s and
a round IM®s in the alveolar septa are visible. C. Immunohistochemistry for Ym1, 20x.
Numerous YmI+ round AM®s are visible in the alveolar spaces together with rare round to
spindle IM®s both in alveolar septa and perivascular and peribronchiolar space. Inset, 80x:
note the round morphology of Ym1+ AM®s and the presence or round to stellate IM®s along
the septa. D Immunohistochemistry for Marco, 20x. Moderate to numerous MARCO+
AM®s were identified in pulmonary alveolar spaces. No positive cells were instead
identified along alveolar septa or in peribronchiolar and perivascular space. Inset, 80x:
round Marco+ AM®s are visible. E Immunohistochemistry for CD206, 20x. Moderate to
numerous polymorphic CD206+ perivascular and peribronchiolar IM®s and rare CD206+
round AM®s in alveolar spaces are visible. Inset, 80x: spindle to stellate CD206+ IM®s
around bronchioles and rare round AM®s in the alveolar space are visible. F
Immunohistochemistry for Arginase 1, 20x. A moderate number of round to spindle Arginase
1+ IM®s in peribronchiolar and perivascular space and along alveolar septa are visible.

Inset, 80x: note the presence of round to spindle cells in the alveolar septa interstitium.

Pancreas. The murine exocrine pancreas is populated by DCs and by two subsets of
macrophages: yolk-sac derived resident pancreatic macrophages (PaMes) scattered in the
interstitium among acini and bone-marrow derived macrophages (MoMegs) mainly
surrounding pancreatic ducts (Calderon et al. 2015). We identified rare spindle to stellate
Ibal+, MHC-II+, F4/80- cells within the acinar interstitium, classified as PaM@s/ MoDCs/
cDCs (Figure 13, D-F). In the periductal interstitium, moderate number of spindle to stellate
Ibal+ cells with occasional expression of F4/80+, CD206+, MHC-II+, were classified as
MoMes or MoDCs/ ¢cDCs while round Arginase 1+, HO-1+ cells as MoMgos (Figure 13, G-
I). Pancreatic islets were infiltrated by rare Ibal+, F4/80+ MHC-II+ stellate cells classified

as Islet macrophages (IslMos) (Figure 13, A-C). It has been demonstrated that islet-
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associated phagocytes are distinct from DCs and are mainly resident yolk-sack derived
macrophages (Zinselmeyer et al 2018), with regulatory functions on insulin release (Weitz
et al. 2019; Calderon et al. 2015) although MHC-II+ stellate cells observed in pancreatic
islets, could also represent islet-associated DCs. Finally, round to spindle Arginase 1+ cells
at the islet periphery were also present. Based on negativity to other phagocyte markers
tested, these cells most likely represent alpha and/or beta-cells, as arginase production has

been reported in both cell types (Marselli et al. 2021).
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Figure 13. Pancreas, Islets of Langerhans . A. Immunohistochemistry for Ibal, 40x. B.
Immunohistochemistry for F4/80, 40x. C. Immunohistochemistry for MHC-II, 40x. Rare
spindle to stellate Ibal+, F4/80+ and MHC-II+ IsIM@s/ MoDCs/ ¢DCs are visible among
pancreatic endocrine cells. Pancreas, exocrine tissue. D. Immunohistochemistry for Ibal,
40x E. Immunohistochemistry for F4/80, 40x. F. Immunohistochemistry for MHC-II, 40x.
Among pancreatic acini a few Ibal+ and MHC-II+ stellate PaM@s / MoDCs/ ¢cDCs and no
F4/80+ cells were identified. Pancreas, Peritubular connective tissue. G.
Immunohistochemistry for Ibal, 40x H. Immunohistochemistry for F4/80, 40x. I.
Immunohistochemistry for MHC-II, 40x. A moderate number of spindle to stellate Ibal+
and rare spindle to stellate F4/80+ and MHC-II+ MoMgs / MoDCs / cDCs are visible around

blood vessels and pancreatic ducts connective tissue.
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3.4.2. Pathological conditions.

The examination of a subset of pathological conditions allowed comparison with healthy
organs. Since different strains were enrolled in the study, their different genetic and immune
system background must be taken into consideration when interpreting the results, since their

peculiar background could impact on MPS cells development, recruitment, and activation.

The case of necrosuppurative hepatitis was characterized by multiple nodular,
coalescing foci with a central necrotic core surrounded by a rim of mixed inflammatory cells,
mainly composed of degenerated neutrophils and mononuclear cells. Excluding the central
necrotic area, where the signal was considered non-specific, immunohistochemical staining
highlighted two distinct concentric regions of the inflammatory rim: a peri-necrotic inner
layer, immediately adjacent to the necrotic core and a peripheral outer layer. Ibal was
expressed by a multitude of stellate cells both in the peri-necrotic and peripheral layers, as
well as in the adjacent hepatic parenchyma. In the peri-necrotic layer, numerous MHC-II+,
INOS+, Arginase 1+ cells, a moderate number of stellate MARCO+ and rare Ym1+ stellate
cells were identified (Figure 14, A-H). Rare F4/80 expression and no Arginase 1 expression
were noted in the peripheral layer (Figure 14, B, D). The cells of both layers were classified
as infiltrating MoM®s, with MHC-II+ cells representing either MoDCs or MHC-II-
expressing M®s with APC properties. It has been demonstrated that these cells are, in fact,
recruited to necrotic liver lesions where they are able to evoke an inflammatory response
and trigger a reparative process (Feng et al. 2023). Interestingly, particularly in the peri-
necrotic area, there was co-expression of both M1 (MHC-II, iNOS) and M2 (Arginase 1,
HO-1 and Ym1) markers. These findings may be interpreted considering lesion timing and
MPS cells plasticity: these cells can, in fact, rapidly transform from M1-like macrophages
with pro-inflammatory pathogen killing activity in the early phase of the lesions to their M2-
like counterparts with anti-inflammatory and wound healing properties acting in later phases
depending on the extracellular milieux (Ley, 2017; Tizard, 2018). Moreover, an increased
number of Ibal+, F4/80+, MHC-II+ and MARCO+ intra-sinusoidal, plump, Kupffer cells
were present in the unaffected adjacent hepatic parenchyma, compared to the healthy
controls (Figure 15, A-F). Although some studies report difficulties in distinguishing reactive
MoM®s and Kupffer cells in pathological samples based on a flow-cytometric approach due
to overlapping markers expression, the cellular morphology and the intra-sinusoidal
localization prompted us to classify them as Kupffer cells (Guilliams and Van der Laar 2015;
Ju et al. 2016). Nevertheless, the enhanced expression of MARCO and MHC-II indicates an

increased antigen recognition, metabolization and presentation of Kupffer cells in the
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inflammatory context as demonstrated in human hepatitis cases underlying, once more, the
plasticity of the murine MPS (Chen et al. 2005; Ju et al. 2016; Pinto et al. 2018; Zhang et al.
2021; Zheng et al. 2023).
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Figure 14. Necrosuppurative hepatitis A. Inmunohistochemistry for Ibal, 10x. Numerous
Ibal+ MoM®s/ MoDCs/ ¢cDCs are detected in both perinecrotic and peripheric layers. Inset,
80x: perinecrotic and peripheral Ibal+ cells have a stellate morphology. Note the plump
Kupfter cells along sinusoids in the adjacent hepatic parenchyma. B. Immunohistochemistry
for F4/80, 10x. Rare F4/80+ stellate MoM®s were detected only in the peripheric layer while
numerous Kupffer cells are visible along sinusoids. Inset, 80x: rare F4/80+ stellate cells in
the peripheric layer and plump Kupffer cells are visible C. Immunohistochemistry for iNOS,
10x. D Immunohistochemistry for Arginase, 10x. Numerous stellate iNOS+ and Arginase
1+ cells were observed only in the perinecrotic layer. Note the absence of signal in the
peripheric layer. Insets, 80x: at higher magnification, iNOS+ and Arginase 1+ cells have a
stellate morphology E. Immunohistochemistry for MARCO, 10x. Excluding the central
necrotic core signal, considered non-specific, a moderate number of stellate MARCO+
MoM®s are visible in both the perinecrotic and peripheric layers. Inset, 80x: MARCO+
cells have a round to stellate morphology. F. Immunohistochemistry for CD206. No positive
CD206+ cells are detected in either the perinecrotic or peripheral layer. Inset, 80x: no
CD206+ cells are seen in either the perinecrotic or peripheric layers. G.
Immunohistochemistry for Ym1, 10x. Rare Ym1+ stellate cells in the perinecrotic layer and
a moderate number of Ym1+ stellate MoM®s in the peripheric layer are visible. Inset, 80x:
note the stellate morphology of Ym1+ cells H. Immunohistochemistry for MHC-II, 10x.
Moderate number to numerous MHC-II+ stellate cells are visible in both the perinecrotic

and peripheric layers. Inset, 80x: MHC-II+ cells have a stellate morphology.
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Figure 15. Healthy liver (A, C, E) compared to necrosuppurative hepatitis (B, D, F). A-
B. Immunohistochemistry for Ibal, 20x. C-D. Immunohistochemistry for MARCO, 20x. E-
F. Immunohistochemistry for MHC-II, 20x. An increase of stellate Ibal+, MARCO+, MHC-
1+ cells, mostly representing hepatic Kupffer cells, is apparent among hepatic sinusoids. E-
F, insets, 50x. Contrary to steady state bile ducts, MHC-II+ biliary ducts were found in

periportal spaces of the necrosuppurative hepatitis case.

In the Pneumocystis murina experimental infection, the examined lungs were
characterized by a severe, diffuse, histiocytic, interstitial pneumonia with intra-alveolar cyst
forms associated to a concurrent eosinophilic crystalline pneumonia. Compared to the
healthy lungs, an increased number of MHC-II+ cells in both the alveolar spaces and

interstitium and an increase in interstitial Ibal+ cells were identified. Furthermore, in the
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alveolar spaces, there was a higher number of Ym1+, Arginasel+, HOI+ cells, a marked
decrease of MARCO+ cells and the appearance of numerous iNOS+ and Ibal+ intra-alveolar
round cells, compared to the healthy controls (Figure 16, A-F; Figure 17 A-F). Most of the
identified intra alveolar round cells most-likely represent monocyte-derived cells recruited
by the inflammatory milieu intermixed to scatterer residual AM®s as supported by Ibal
positivity of these cells and by the decreased number of MARCO+ cells in the alveolar
spaces (Figure 17, E, F). Notably, concomitant expression of M2 and M1 markers was
observed in this population. Although it must be noted that YmI1+ was also expressed by
alveolar macrophages in steady state conditions, and that its expression was enhanced by the
intra-histiocytic accumulation of Ym1 proteins in the context of the eosinophilic crystalline
pneumonia, an M2-polarization of MPS cells can be hypothesized based on the increased
number of arginase 1+ and HO1+ cells found in the infected lung compared to healthy
controls. An adaptive immune response characterized by M2 macrophage polarization is, in
fact, ultimately required for the effective clearance of pneumocystis pathogen in
immunocompetent mice while immunocompromised animals usually mount a M1-skewed
response (Nelson et al 2011; Nandakumar et al 2017). Interestingly, although the examined
CD40L" strain is partially immunocompromised, we observed the presence of numerous
reactive cells positive to M2 markers. Despite the absence of CD40, required for APCs-
CD4+ T cells interaction, macrophage recruitment and polarization in these mice may not
be affected by their genotype since it is dependent on cytokine production (Van Kooten and

Banchereau 2000, Gordon and Martinez 2010, Tizard 2018).
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Figure 16. Lung with Pneumocystis murina infection. A. Immunohistochemistry for Ibal,
20x. Numerous polymorphic Ibal+ cells along alveolar septa and around blood vessels and
bronchioles and numerous round Ibal+ MoM®s/ DCs are visible. B Immunohistochemistry
for Arginase 1, 20x. Rare to moderate stellate perivascular and peribronchiolar arginase 1+
IM®s and numerous intra-alveolar arginase 1+ round MoM®s are visible. C.
Immunohistochemistry for MARCO, 20x. Only rare round MARCO+ cells could be
appreciated in the pulmonary airways, interpreted as residual AM®s. Inset, 60x: A
MARCO+ AMO is apparent in an alveolar space D. Immunohistochemistry for Ym1, 20x.
Rare spindle to stellate Ym1l+ IM®s in the perivascular and peribronchiolar tissue and
numerous round Yml+ MoM®s / AM®s are visible E. Immunohistochemistry for iNOS,
20x. Numerous round iNOS+ MoM®s are visible in alveolar space F.

Immunohistochemistry for CD206, 20x. Rare round CD206+ MoM®s are detectable in
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alveolar space. Inset, 40x: Higher magnification of rare CD206+ round MoM®s in alveolar
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Figure 17. Healthy lung (A, C, E) compared to Pneumocystis murina infection (B, D, F).
A-B. Immunohistochemistry for Arginase 1, 20x C-D Immunohistochemistry for iNOS, 20x.
E-F. Immunohistochemistry for MARCO, 20x. Pneumocystis lungs are characterized by an
increase of intra-alveolar Arginase 1+ and iNOS+ round MoM®s and a decrease of

MARCO+ round AM®s.

Neoplastic conditions. Both the human synovial sarcoma xenograft and the fibrosarcoma

syngraft were markedly infiltrated by MPS cells, mostly with overlapping results. Numerous
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Ibal+ and F4/80+ classified as tumor associated macrophages (TAMs) were especially
located in peri-necrotic intratumoral areas and at tumor periphery. F4/80 staining could not
be evaluated in the murine fibrosarcoma syngraft due to over-fixation of the examined
sample. Numerous spindle to polymorphic CD206+ cells, at tumor periphery and Arginase
1+ cells in the bulk of the tumor as well as variable amount of HO-1+ cells were observed
in both conditions while no MHC-II+ cells and no to rare INOS+ cells were identified
(Figure 18, A-F, Figure 19, A-F). Based on these results, both tumors were characterized by
a tumor permissive microenvironment populated by numerous alternatively activated M2
macrophages and few pro-inflammatory M1 macrophages. Furthermore, Arginase 1 was
expressed by round, spindle, and stellate cells with similar distribution to Ibal+ TAMs
although they could represent Myeloid derived-suppressor cells (MDSCs) which are known

to express Arginase 1 in the tumor microenvironment (Hirohashi and Sato, 2011).
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Figure 18. Murine fibrosarcoma syngraft. A, B, C. Tumor periphery. D, E, F. Tumor bulk
and peri-necrotic areas. A, D. Immunohistochemistry for Ibal, 20x. B, E.
Immunohistochemistry for Arginase 1, 20x C. F. Immunohistochemistry for CD206, 20x.
Insets, 80x. Innumerable spindle to stellate Ibal+, numerous spindle CD206+ and Arginase
1+ M2 oriented MoM®s at the periphery of the mass and innumerable Ibal+ polymorphic
TAM®s, numerous arginase 1+ stellate and rare stellate CD206+ TAM®s in the bulk of the

tumor and around necrotic areas are visible.
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Figure 19. Human synovial sarcoma xenograft. A-F. Human synovial sarcoma xenograft.
A, B, C. Tumor periphery D, E, F. Tumor bulk and peri-necrotic areas. A, D.
Immunohistochemistry for Ibal, 20x. B, E. Immunohistochemistry for F4/80+, 20x C. F.
Immunohistochemistry for Arginase 1. 20x. Insets, 80x. Innumerable Ibal+ spindle
TAM®s, numerous F4/80+ and moderate number of CD206+ polymorphic TAM®s at the
tumor periphery and numerous polymorphic Ibal+, F4/80+, Arginase 1+ cells are visible in
the tumor bulk and perinecrotic areas. In the proximity of the necrotic tissue, positive cells

tend to assume a round morphology.
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3.43MPSmarkers

Ibal marked the highest number of MPS cells in almost all the examined tissues,
occasionally more numerous than F4/80, the other pan-macrophagic marker, with the
notable exception of alveolar macrophages, which were F4/80+/Ibal. Initially considered a
microglia specific marker, Ibal has been found useful to generally detect macrophage
subpopulations in tissues (Kohler et al. 2007). More recently its expression has been detected
also in ¢cDCs and MoDCs, even though only CD11c was investigated as marker of DCs in
these studies; since CD11c can also be expressed by monocytes and macrophages, there is
still no definitive conclusion about the identification of DCs by Ibal (Elizondo et al. 2017,
Elizondo et al 2019;). Although F4/80 has been found expressed by a small fraction of DCs,
DCs positivity could explain why Ibal was able to detect more cells compared to F4/80
(Elizondo et al 2019; Vermaelen et al. 2004). Ibal and F4/80 were able to identify numerous
MPS cells in all pathological conditions, but it was not possible to evaluate F4/80 expression
in the pneumocystis-infected lungs and in the murine fibrosarcoma syngraft, presumably due
to over fixation of the samples. In fact, according to the authors’ experience, despite the
application of enzymatic epitope retrieval, F4/80 antigen is particularly affected by over-
fixation. Furthermore, no peri-necrotic F4/80+ cells were observed in the hepatitis case
(while F4/80+ Kupffer cells were present), possibly due to necrosis-related effects on F4/80

antigenicity.

MARCO, a class A scavenger receptor, was able to detect a subset of periportal and
midzonal Kupffer cells, splenic MZM®s, lymph nodal SCM®s and MSM®s, lung AM®s
and medullary ThyM®s in steady state conditions. While MARCO+ Kupffer cells, splenic
MZM®s and alveolar M®s are involved in blood-borne antigen clearance, MARCO+ lymph
node subcapsular and medullary macrophages are specialized in lymph-borne antigen
recognition (Arredouani et al 2004; Gray and Cyster, 2012). MARCO expression has been
reported in the murine thymus but, to the author’s knowledge, no immunohistochemical
investigation has been carried out (Milne et al. 2005). MARCO+ ThyMgs or thymic MoMs
could be involved in apoptotic debris clearance. Interestingly we noted an increased number
of MARCO+ Kupfter cells in sinusoids adjacent to the necro-suppurative foci in the hepatitis
case and a reduction of MARCO+ AM®s in the pneumocystis infection sample, suggesting
an increase in antigens uptake in the liver and a decrease of AM®s in the affected lung,
possibly related to the recruitment of monocyte-derived M®s or of pulmonary IM®s with

loss or substitution of the pre-existing AM®s.
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The enzyme Arginase 1 is a marker of alternatively activated M2 macrophages,
despite being also expressed by hepatocytes and cells of myeloid lineage, including
neutrophils and myeloid-derived suppressor cells (MDSCs) (Yang and Ming 2014; Barron
et al. 2017; Rodriguez et al 2013). Our study confirms the presence of Arginase 1+
hepatocytes and myeloid cells. Based on morphology it was possible to discriminate between
granulocytes (i.e. small round cells with polylobate nuclei) and mononuclear phagocytes (i.e.
large cells up to 20 um in diameter with round to oval nuclei with variable morphology
ranging from round to spindle/stellate). In general, Arginase 1+ large round cells were found
in several organs and occasionally in blood vessels lumen representing M®s and circulating
monocytes respectively. Despite not being characteristic of any specific MPS subset,
Arginase 1 positivity combined with cellular morphology, made it possible to speculate on
the M2-like function of positive cells in the examined organs. Numerous stellate to
polymorphic arginase 1+ cells both at the periphery and in the bulk of the examined tumors
as well as numerous arginase 1+ round cells in the alveoli of the pneumocystis infected lungs
and stellate cells in the peri-necrotic areas of the hepatitis case were detected, again reflecting
their M2-oriented phenotype in these pathological conditions as well as, their possible role

as MDSCs in the tumor microenvironment (Hirohashi and Sato, 2011).

Yml1 (Chil3), a rodent-specific chitinase-like protein, is constitutively expressed by
some subsets of M®s such as AM®s and splenic macrophages and is induced in a vast range
of pathological conditions including autoimmune diseases or fungal and parasitic infections
(Roszer et al. 2005; Kang et al. 2022). In the mouse, it is considered a marker of M2 M®s,
but it is also expressed by monocytes and by mature and immature neutrophils (Shibuya et
al. 2021; Kang et al. 2022). In general, we detected rare positive round monocytes in blood
vessels and few positive round to spindle Ym1+ cells in most of the examined organs except
for pancreas. As expected, Ym1 was expressed by splenic RPM®s and by numerous myeloid
precursors and by AM®s in the lungs in steady state conditions. Numerous Yml+ intra-
alveolar macrophages were also found in the Preumocystis murina infected lungs while only
rare YmIl+ cells at the periphery or in the bulk of the examined tumors and occasional

Yml+cells in both the perinecrotic and peripheral layers in the hepatitis cases were detected.

CD206 also known as Macrophage Mannose Receptor (MMR), is a glycoprotein
involved in pathogen phagocytosis expressed by M®s, DCs, lymphatic and endothelial cells
and glomerular mesangial cells and considered a marker of M2 polarization (Azad et al.
2014; Linehan et al. 1972, Tizard 2018). Our results highlighted the presence of round or

stellate/spindle CD206+ cells in various organs representing either tissue resident or
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MoMes, most likely with M2 functions. CD206+ cells were abundant in neoplastic
conditions, particularly at the periphery of the masses, and absent in the necro-suppurative
hepatitis sample. In the lungs rare to moderate CD206+ were identified, with only minor
differences between healthy and pathological conditions, particularly related to a higher

number of CD206+ cells in peribronchial and perivascular regions of healthy lungs.

MHC-II is essential for antigen presentation to T cells and is expressed by antigen-
presenting cells, namely DCs, M®s, and B cells although in the mouse, its expression has
been observed in T cells, keratinocytes, and endothelial cells in steady state conditions and
in various epithelial and stromal cells in inflammatory conditions as well (Tizard 2018;
Kambayashi et al. 2014). MHC-II+ stellate cells were observed in most of the examined
organs except for the heart and testis. Notably, MHC-II+ cells were markedly increased in
the hepatitis sample and there was an increase of MHC-II+ cells in the pulmonary
interstitium in the pneumocystis infected lung, while, interestingly, no MHC-II+ cells were
identified in the neoplastic samples, possibly supporting a M2 polarization of the
investigated TAMs. Notably, in the hepatitis case, MHC-II expression was also found in
biliary epithelial cells: epithelial cells can, in fact, express MHC-II capturing and processing
antigens as a non-professional APC (Schrumpf et al. 2015).

HO-1 is an inducible enzyme involved in HEME metabolization with a critical role
in inflammation and iron homeostasis expressed by M®s, DCs, regulatory T cells as well as
tumoral stromal and neoplastic cells and considered a marker of alternatively activated M2
macrophages (Pae et al. 2003; Chaveau et al. 2005; Vijayan et al. 2018). Round to spindle
HO-1+ cells were observed in liver, spleen, thymus, pancreas, lung and lymph nodes
(particularly sinuses). Rare HO-1+ peri necrotic cells in the hepatitis case, rare to moderate
numbers of HO-1+ cells at the periphery and in the bulk of the examined tumors, and
numerous round HO-1+ cells in the alveoli of the lungs with pneumocystis infection were

found, representing M2 oriented macrophages in all pathologic conditions investigated.

iNOS is expressed by pro-inflammatory M1 macrophages although it has been found
expressed also in mature DCs and plays a fundamental role in host defense against pathogens
(Xue et al. 2018). In steady state condition no iNOS expression was noted in the majority of
the examined organs apart from round to stellate cells in the thymus medulla where the iNOS
expression has been associated to APCs activity and apoptosis induction (Aiello et al. 2000;
Wallace 2018) In contrast to healthy samples, iNOS+ AM®s in the pneumocystis-infected

lung and more numerous iNOS+ cells in the hepatitis samples were observed, while only
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rare iINOS+ cells were detected in the syngeneic fibrosarcoma sample, exclusively at the

periphery of necrotic areas.

3.5. Conclusions

This study presents some limitations, primarily related to its retrospective nature. The
use of FFPE samples introduces, for instance, pre-analytical variables pertaining to fixation
times or sample processing protocols that can influence the outcome of the
immunohistochemical staining. It is worth noting, furthermore, that the markers used in this
thesis were restricted to those designed for use on FFPE tissues. Other markers commonly
employed for MPS cells characterization in flow cytometry such as CD11b, CX3CRI1,
CD14, CD16, Ly6C1, CD64, are only applicable to fresh samples, thereby limiting their
applicability for immunohistochemistry. Additionally, unlike flow cytometry, where
multiple markers can be assessed simultaneously in a single cell, immunohistochemistry
typically allows the evaluation of only one marker expression at a time. Nonetheless, unlike
alternative techniques, immunohistochemistry permits the assessment of cellular
morphology and considers the spatial arrangement of cells, providing crucial insights into
their location within tissue and their interactions with neighboring cells, hence, offering

valuable clues regarding their functions.

The investigated organs covered the main body systems, comprising the most
frequently evaluated parenchymal organs (lung, liver, kidneys) as well as lymphoid organs
(spleen, thymus, lymph nodes). The central nervous system and the female reproductive tract
were, instead, excluded from the study since the anatomic complexity of the first and the
marked variability of the second, based on hormonal influences and cycle activity, would
require dedicated studies. Given their importance, an immunohistochemical characterization
of MPS cells in these organs remains crucial and should be implemented in future studies.

The application of both pan-macrophagic and MPS subset-specific markers
highlighted the extreme heterogeneity and plasticity of MPS in murine tissues in steady state
condition and in selected pathological conditions. The combination of morphology, tissue
localization and immunohistochemical positivity has made it possible to differentiate
different MPS cells in the examined organs and, in specific cases, to precisely identify MPS

subsets such as Kupfter cells in the liver or MZM® and MMM®s in the spleen.

Our data highlighted the morphological and immunophenotypic heterogeneity of the

cells composing the MPS of the mouse. The broad immunohistochemical panel applied
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allowed to differentiate MPS populations based on their microanatomical location, cellular
morphology and immunohistochemical positivity to specific MPS markers and occasionally
to precisely identify specific MPS subsets, providing valuable data on MPS cells in the tissue

context.
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4. STUDY II. SEX-DEPENDENT MODULATION OF CAERULEIN-INDUCED
ACUTE PANCREATITIS IN C57BL/6J MICE: HISTOPATHOLOGICAL AND
IMMUNOHISTOCHEMICAL CHARACTERIZATION

This study was conducted in collaboration with the Department of Pharmacological and
Biomolecular science of the University of Milan. Application SEED 2019 — Linea 3 of the
University Project for Research Support. Project title: Peritoneal macrophages: sex-
dependent modulation of transcoelomic migration and tissue repair in a model of acute

pancreatitis (MACROGENDER).

4.1. Introduction

Acute pancreatitis (AP) is a sudden life-threatening condition caused by release and
activation of acinar enzymes leading to glandular self-digestion and to potentially fatal
systemic inflammatory states (Drake et al. 2021, Roberts et al. 2017). AP prevalence
worldwide is increasing, and it has been linked to numerous risk factors and etiologies in
human patients such as smoke, alcohol consumption, gallstones, hyperlipidemia,
hypercalcemia, drug reactions and trauma (Munsell et al. 2010; Majidi et al. 2017; Zheng et
al. 2021).

Biomedical research has mainly relied upon animal models, particularly mice and rats, to
get insights on different features of normal and diseased pancreas (Yang et al. 2020).
Different mechanical and chemical AP murine models have been developed with
supramaximal caerulein-induced AP being one of the most used models to investigate
pancreatic inflammatory conditions (Silva-Vaz et al. 2019, Yang et al. 2021). This
cholecystokinin analogue oligopeptide induces pancreatic acinar enzymes release causing a

self-limiting dose-dependent AP (Niederau et al. 1985; Shi-Ping et al. 2003).

Although the exact chain of events occurring after caerulein stimulation has not been fully
elucidated yet, it has been demonstrated that this molecule causes pancreatic trypsinogen
activation which rapidly leads to ROS formation, NF-kB and intrinsic apoptosis pathways
activation, and DAMPs release with subsequent immune cells recruitment, immune cells
PRRs-mediated activation, and cytokines production (Lerch et al. 2013, Kim et al. 2008;
Watanabe et al. 2017). Both innate and adaptive immune cells play a role in pancreatitis
pathogenesis and macrophages appear to be key players as they are involved in both the

development of acute inflammation as classically activated (M1) macrophages and in the
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reparative response as alternatively activated (M2) macrophages in more advanced phases
of inflammation (Watanabe et al. 2017; Hu et al. 2020; Peng et al. 2021). The subsequent
pancreatic regeneration is unique among the body organs and occurs through a process
known as acinar to ductal metaplasia (ADM) in which damaged acinar cells de-differentiate
into ductal like precursors expressing cytokeratin-19 (CK19), which are then capable of
proliferation and differentiation to form new acini, re-establishing the normal pancreatic

architecture (Murtaugh et al. 2015).

In the last decades, sex has been extensively recognized as an important biological
variable modulating both physiological and pathological processes in different organs,
including pancreas (Lopes Ramos et al. 2020; Gay et al. 2021; Wang et al. 2021). Although
the overall incidence of pancreatitis seems not to differ significantly between sexes in
humans, the rate of some forms of pancreatitis as well as pancreatic related mortality was
reported to be higher in males compared to females, with estrogens proposed as potentially
protective hormones in premenopausal women (Drake et al 2021, Wang et al. 2021). Studies
investigating the role of sex in AP resulted in contrasting results, with some studies
highlighting sex-dependent differences in pancreatitis extent and severity and others failing
to detect such differences (Obafemi et al. 2018; Rao et al. 1982; Kubat et al 2013; Hagen et
al. 2022; Diakopoulos et al. 2015). More investigations into the sex-related differences of
AP and chronic pancreatitis are needed to improve prevention, clinical management,

diagnostics, and therapeutics.

The aim of this study was, therefore, to investigate sex-dependent differences in
pancreatitis development and subsequent resolution in a mouse model of caerulein-induced
AP in C57BL6/J] mice through a combination of clinical chemistry, histopathology,

immunohistochemistry, and digital image analysis.

42 Materialsand Methods
4.2.1. Animals

The use of animals in this study was approved by the internal organism for animal welfare
of the University of Milan and by the Italian ministry of Health (authorization number
970/2020-PR). A total of 36 (19 females and 17 males) C57BL/6J mice of 4 months of age
were purchased from Jackson laboratories (France) and housed at the animal facility of the

Department of Pharmacological and Biomolecular Sciences at the University of Milan.
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Animals were allowed to food and water access ad libitum and kept in temperature-

controlled facilities on a 12-hours light and dark cycle.
4.2.2. Pancreatitisinduction

Mice were injected intraperitoneally with PBS (vehicle) (14 mice) or 70 pg/kg of caerulein
(Sigma-Aldrich C9026) (20 mice) every hour for 8 times a day, for 2 consecutive days. (Gitto
et al. 2022) Mice were sacrificed 12 hours, 2 days, and 7 days after the last injection. After
general anesthesia induction through xylazine and ketamine subcutaneous administration (6
and 78 mg/kg, respectively), blood was collected through intra-cardiac puncture using a 23
G needle. Mice were then sacrificed through cervical dislocation. Two non-manipulated
control mice were also included in the study and sacrificed after 12 hours together with
treated animals (Table 1). All mice were weighted daily before and after treatment until

sacrifice.

Table 1. Summary of treatment group

TIME POINT GROUP M F TOTAL MICE

Not manipulated Not manipulated 1 | 2
Vehicle (PBS) 3 3 6

12 Hours
Caerulein 3 4 7
Vehicle (PBS) 2 2 4

48 Hours
Caerulein 3 3 6
Vehicle (PBS) 2 2 4

7 Days

Caerulein 3 4 7
TOTAL MICE \ 17 19 36

4.2.3. Clinical chemistry

Cardiac blood samples were collected in plain tubes (Eppendorf, Germany, Hamburg) and
left to incubate for 30 minutes at room temperature to allow clot formation. Subsequently
samples were centrifuged for 10 minutes at 2000 x g at 4°C (Eppendorf centrifuge 5415R,
Eppendorf, Germany, Hamburg) and the harvested sera were then frozen at —20 °C until
analysis. Glucose concentration (GOD-POD method) and amylase (CNP-G3 method) and
lipase (DGGR method) activity were measured on sera with an automated spectrophotometer
(BT3500, Biotecnica Instruments s.p.a. Rome, Italy) using reagents provided by the

manufacturer of the instrument. Quality control procedures were performed before each
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analysis with two levels of human based control sera (Control serum N and Control serum
P) and with a human based calibrator (Multicalibrator) provided by the manufacturer of the
instrument. To reduce the analytical variability of results, analyses were performed in batch

within 10 days from sampling.

4.2.4. Histopathology

At sacrifice, pancreas was dissected from the duodenum, fixed in 10% neutral buffered
formalin for 24 hours at room temperature, routinely processed for paraffin embedding,
sectioned at 4 um thickness, and stained with hematoxylin and eosin (H&E).

Pancreas sections were evaluated according to a newly designed semi-quantitative
grading system reported in Supplemental Table 16. The examined findings included
interstitial edema, interstitial inflammatory cell infiltration, acinar cell apoptosis, ADM, and
pancreatitis extent, with a score ranging from 0 to 4 based on increasing severity.

A total pancreatitis histological score was then calculated by adding together the
interstitial edema, interstitial inflammatory cell infiltration, and apoptosis scores and

multiplying the sum by the pancreatitis extent score.

4.2.5. Immunohistochemistry

The following primary antibodies were applied: Ibal, F4/80, CD206, HO-1, MHC-II, B220,
CD3g, Ly6G, Cleaved-caspase 3 and CK19. Details on the applied antibodies is reported in
supplemental Table 1. For all markers, except for F4/80, 4 pm sections of pancreas
underwent deparaffinization and heat induced epitope retrieval (HIER) in a water bath for
40 min at 100°C (Dewax and HIER Buffer H, Thermo Scientific Lab Vision, cat. No. TA-
999-DHBH). For F4/80 staining, slides were deparaffinized, rehydrated, rinsed in PBS, and
unmasked with 1% trypsin (Sigma-Aldrich, T1426) for 30 minutes at 37°C. All slides were
rinsed in PBS and placed in an autostainer (Lab Vision® Autostainer 480S-2D Thermo
fischer scientific) after application of PAP pen (Liquid Daido Sangyo Co.,Ltd.). Endogenous
peroxidase activity was blocked by incubating sections with 3% H>O- for 10 minutes. Slides
were rinsed, incubated with PBS containing 10% normal goat serum (IBA1, CD206, HO-1,
Cleaved caspase-3, CK19) or 10% normal rabbit serum (F4/80, CD3e, B220, Ly6G, MHC-
IT), for 30 min at room temperature to prevent nonspecific background staining and
subsequently incubated for 1 hour at room temperature with primary antibodies

(supplemental Table 2). Sections were rinsed in PBS and incubated with a biotinylated

76



secondary antibody (goat anti-rabbit, Vector Laboratories, USA, cat. No. BA-1000 for Ibal,
CD206, HOL, Cleaved caspase-3 and CK19; rabbit anti-rat, Vector Laboratories, USA, cat.
No. BA-4001 for F4/80, B220, MHC-II and Ly6G; rabbit anti-goat Vector Laboratories,
USA, cat. No. BA-5000 for CD3e) and labelled through avidin-biotin-peroxidase procedure
(VECTASTAIN® Elite ABC-Peroxidase Kit Standard, Vector Laboratories, USA, cat.
No.PK-6100). The immunoreaction was visualized with 3,3’-diaminobenzidine substrate
(DAB, Peroxidase DAB Substrate Kit, Vector Laboratories, USA, cat. No. SK-4105).
Sections were counterstained with Mayer’s hematoxylin, dehydrated in a graded alcohol
series and coverslipped with resinous mounting medium. Adequate positive controls were
used for all markers.

All slides were digitalized in 40x high resolution mode (0.23 um x pixel) through the
NanoZoomer-XR Digital slide scanner (Hamamatsu, C12000) at the Unitech Nolimits
facility (UNIMI, Milano) and were visualized using the NDP.view2 Viewing software
(Hamamatsu, U12388-01).

4.2.6. Digital image analysis

The total pancreatic area and the pancreatitis area (i.e. area affected by pancreatitis) were
manually outlined excluding peri-pancreatic adipose tissue, pancreatic lymph nodes and fat
associated lymphoid clusters, using QuPath software (Bankhead et al. 2017). The percentage

of pancreatitis area to total pancreas area was then calculated.

In sections immunostained with Ibal, F4/80, CD206, HO-1, MHC-II, B220, CD3¢
and Ly6G, positive cells were detected using the positive cell detection function of QuPath,
running a single threshold analysis after optimizing nucleus parameters, intensity parameters
and reducing cellular fragmentation by modifying sigma and median filter radius parameters.
Data were exported in excel and, for each marker, the number of positive cells per mm? of
total pancreas area and the number of positive cells per mm? of pancreatitis area were

calculated.

For cleaved caspase-3 and CK 19, positive area was calculated after running a color
deconvolution through the pixel classifier tool (create thresholder function). A threshold that
could avoid non-specific signals was set and the positive area calculated. Data were exported
in excel and the percentage of positive area per total pancreatic area and positive area per

pancreatitis area for each marker was calculated.
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4.2.7. Statistical analysis

Data were analyzed using Graph Pad Prism version 9.0 (GraphPad Software, San
Diego, CA, USA). Non-manipulated and PBS (vehicle) treated animals were considered
together as controls in the analysis since no differences were identified between the two
groups. Shapiro-Wilk Normality test was performed to assess data distribution. Comparisons
between the groups were performed using Mann—Whitney U test. P-values < 0.05 were

considered statistically significant.

4.3. Results
4.3.1. Body Weight and clinical data

After the first day of injections, caerulein-treated animals showed moderate manifestations
of pain, as demonstrated by orbital tightening, nose bulge, changed ear position and scruffy
coat. Caerulein-treated mice were also less active compared to vehicle-treated animals. All
these signs of pain were exacerbated following the second day of injections, at 12 hours;
animal behavior was restored at 48 hours. No differences in pain levels and manifestation

were observed between males and females.

A significative reduction in body weight was observed in both caerulein-treated male and
female mice after the first day of injections compared to vehicle-treated and non-
manipulated control mice. The body weight of caerulein-treated female mice returned to
basal levelsthree days after the last caerulein injection, while the body weight of caerulein-
treated male mice took longer to return to basal levels (6 days) (Figure 1). No significant
changes were detected in the body weight of vehicle-treated and non-manipulated control
animals at all the time points analyzed.
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Figure 1. Female and male mice body weights expressed in % compared to day-1 weights.

4.3.2. Clinical chemistry

No significant differences were observed between male and female mice in glucose

concentration and amylase and lipase activity. Pancreatic amylases were highest at 12 hours

in both sexes as compared to vehicle-treated animals with a progressive return to basal levels

at 48 hours and day 7.. No other significant differences were observed among time points

and between treated and control mice (Figure 2).
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Figure 2. Glucose concentration and amylases and lipases activity in male and female mice.
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4.3.3. Histopathology

Results of the histopathological evaluation are summarized in Table 3 and in Figure 4. Raw
datais reported in Supplemental Table 17.

Lesionswereidentified in the pancreas of 20 out of 20 (100%) caerulein-treated mice
at al examined time points (12 hours, 48 hours, 7 days), involving exocrine pancreas and
interstitium but sparing the endocrine pancreas and ducts. No lesions were observed in non-

mani pulated control mice or vehicle treated mice.

Overdl, pancreatitis was characterized by interstitial edema, interstitial infiltration
of inflammatory cells, apoptosis of acinar cellsand presence, particularly in later time points,

of tubular-like structures resembling pancreatic ducts (consistent with ADM).

At 12 hours, in both sexes, there was moderate to severe interstitial edema with
frequent individualization of pancreatic acini, interstitial infiltration of inflammatory cells
mainly composed of macrophages and neutrophils admixed with rare lymphocytes and
plasmacells, and rare apoptotic acinar cells. The extent of pancreatitis was higher in female

mice than in male mice.
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Table2. Summary of semi-quantitative pancreatitis evaluation. Results are expressed as median values. N: neutrophils, M:macrophages, L : lymphocytes,
P: plasmacells. Total pancreatitis histological score was calculated as the sum of Edema, Interstitial infiltrates and Apoptosis scores multiplied per the
Extent score. ADM was not used to calculate total score since it was considered part of the healing process.

Time

Interstitial

Inflammatory

Total pancreatitis

Group Paint Number Sex | Edema Infiltrates Cédll types Apoptosis | ADM | Extent Histology Score
Not 12 hours 1 M 0 0 n/a 0 0 0 0
Manipul ated 1 F 0 0 n/a 0 0 0 0
12 hours 3 M 0 0 n/a 0 0 0 0
3 F 0 0 n/a 0 0 0 0
Control 48 hours 2 M 0 0 a 0 0 0 0
2 F 0 0 n/a 0 0 0 0
2 M 0 0 n/a 0 0 0 0
7 days
2 F 0 0 n/a 0 0 0 0
3 M 3 3 N, M, rareL and P 1 0 2 14
12 hours
4 F 25 35 N, M, rareL and P 0 0 35 215
. 3 M 2 3 N, M, rareL and P 4 2 2 18
Caerulein 48 hours
3 F 1 2 N, M, rareL and P 2 2 1 5
3 M 0 1 M, L,PandrareN 3 3 1 4
7 days
4 F 0 1 M, L, PandrareN 0.5 2 1 15




At 48 hours, interstitial edema decreased in both sexes, interstitial inflammatory cells
and more numerous apoptotic figures involving both pancreatic acinar cells and recruited
inflammatory cells, more numerous in males compared to females and early ADM were
found (Figure 5, A, B and Figure 6, A, B)

At day 7 there was an aimost complete recovery in both sexes with only residual
scattered, patchy areas of pancredtitis characterized by fibroplasia, inflammatory
mononuclear infiltration, residual apoptoses, (higher in males than in females) and, in the
residual affected areas, presence of well- defined, neo-formed pancreatic ducts, slightly
higher in males than female mice, indicative of ADM. (Figure4 E, F, Figure 6, C, D)

Based on the total pancrestitis histological score, femaes reached a peak of
pancreatitis severity at 12 hours followed by a progressive decrease at later time points and
almost complete resolution at day 7, while, in males the peak of pancreatitis severity was
delayed at 48 hours with residual lesions (mainly in terms of apoptosis) still detectable at
day 7 (Figure 3 A).

Digital image analysis of the extent of pancreatitis confirmed that, at 12 hours, the %
of pancreatitis area was increased in females compared to males (64% in females and 33%
in males), while, at 48 hours, the extent of pancredtitis was higher in males compared to
females (mean of 24% in males and 8% in females). No differences were identified at day 7
(2.70% in males and 2.53% in females) (Figure 3 B).
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Figure 3. A. Total pancreatitis histology score B. pancreatitis extent (digital image analysis)
in male and female mice. In male mice, the peak of pancrestitis was delayed as compared to
female mice (48h and 12h, respectively). Digital image analysisreveaed ahigher pancreetis

extent in female mice at 12 hours and a higher pancreatitis extent in males at 48 hours.
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Figure 4. Caerulein-induce acute pancreatitis, mouse, Hematoxylin, and eosin (HE), 20x. A,

B. Acute pancreatitis 12 hours after last caerulein treatment. Male mice (A) were
characterized by lower interstitial inflammatory cells compared to female mice (B). C, D.
Acute pancreatitis 48 hours after last caerulein treatment. Male mice had more extensive
pancreatitis areas (C) compared to femalemice (D). E, F. Acute pancreatitis 7 days after last
caerulein treatment. residual areas of pancreatitis, characterized by fibroplasia and
mononuclear inflammation were seen in both males (E) and females (F).
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Figure 5. Caerulein-induced acute pancreatitis, mouse. A, B. Hematoxylin, and eosin (HE)

C-D. Immunohistochemistry for cleaved caspase-3. More numerous apoptotic cells and
cleaved caspase-3 positive cells were observed in males (A, C) compared to females (B, D)
at 48 hours after last caerulein treatment.
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Figure 6. Caerulein-induced acute pancretitis, mouse. A, C. Hematoxylin and eosin (HE).
B, D. Immunohistochemistry for cytokeratin-19 (CK19). 48 hours after the last caerulein
treatment, ill-defined ducts still resembling pancreatic acini and characterized by a mild
expression of CK19 were evident (A, B). 7 days after the last caerulein treatment well
defined, CK19 positive ducts, morphologically indistinguishable from normal intra and

interlobular ducts were present (C, D).
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4.3.4. Immunohistochemistry

Results of quantification by digital image analysis of immune cells, ADM (identified by
CK19) and apoptosis (identified by cleaved caspase 3) performed on pancreatitis area and

total pancreatic area are reported in Figures 7 and 8. Representative images are shown in

Figures 5, 6,9, 10 and 11.

The immunohistochemica analysis revealed that 1bal+ and F4/80+ macrophages
were the most prominent inflammatory cell population in the pancresas of treated animals at
al examined time points, infiltrating the pancreatic interstitium at 12 hours, 48 hours, and
day 7. Rare CD3e+ T cells and B220+ B cells were scattered in the interstitium at 12 hours
and progressively increased at 48 hours and at 7 days in both sexes. Ly6G+ cells were rare
in al time points in both sexes and showed a progressive decrease from 12 hours to day 7
(Figure9).

Ibal+ and F4/80+ cells progressively increased from 12 hoursto day 7 in pancreatitis
areas with no statistically significant differences between sexes. When considering Ibal+
and F4/80+ positive cells on total pancreatic area, positive cells were characterized by a
progressive decrease from 12 hoursto day 7 and were higher at 48 hours in males compared
to females although failing to reach a significant P value for both Ibal and F4/80 (Figure
10).

CD206+ macrophages progressively increased from 12 hoursto day 7 in males and
increased at 48 hours followed by a mild decrease at day 7 in females, with males having
higher CD206+ cells at 48 hours and day 7 (Figures 10 and 11). When considering CD206+
cellson thetotal pancreatic areaaprogressive decreasein both sexeswere present with males
having more CD206+ cells than females at 48 hours similarly to what observed for |bal+
and F4/80+ cells, and at day 7

HO1+ macrophages in pancredtitis areas exhibited a different trend compared to
CD206+ cells, with a progressive decrease of HO1+ cells from 12 hoursto day 7 in males
and a decrease at 48 hours followed by an increase at day 7 in females, without differences
between sexes. When considering HO1+ cells on the total pancreatic area a progressive
decrease of positive cellswas observed in both sexes with males exhibiting more HO1+ cells

at 48 hours compared to females.

MHC-I1+ cells progressively increased from 12 hoursto day 7 in both sexes, with a
marked increase in males and a mild increase in females at day 7 (Figure 11). When

considering the MHC-I1+ cells on the total pancreatic area males were characterized by a
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progressive increase from 12 hoursto day 7 while females showed a progressive decrease of
MHC-11+ cells.

CD3e+ cells increased in both sexes from 12 hours to day 7 (Figure 9). When
considering CD3e+ cells on the total pancreatic area, females had higher T cell infiltration
compared to males at 12 hours even though not statistically significant, and there was a
progressive decrease at 48 hours and day 7 in males and a decrease at 48 hours followed by

amild increasein females at day 7, with no differences between sexes.

B220+ cellsin pancreatitis areaincreased in both sexes from 12 hoursto day 7, with
dlightly higher B220+ cells in females compared to males at day 7 (Figure 9). When
considering the number of B220+ cellson the total pancrestic area, males were characterized
by a mild increase at 48 hours followed by a decrease at day 7, while females were
characterized by a higher concentration at 12 hours followed by a decrease at 48 hours and

subsequent increase at day 7.

Ly6G+ cellsdecreased from 12 hoursto day 7 in both sexes, with higher Ly6G+ cells
in males compared to females at 48 hours (Figure 9). When considering the Ly6G positive
cells on the total pancreatic area there was a progressive decrease from 12 hours to day 7,
with males showing higher Ly6G+ cells compared to females at 48 hours. Interestingly, a
moderate number of polymorphonucleated cells, morphologically consistent with

neutrophils, were not stained by Ly6G marker.

Cleaved Caspase-3+ areaincreased at 48 hours and subsequently decreased at day 7
in both sexes with higher positive area in females at 12 hours and higher positive area in
males at 48 hours and day 7. When considering cleaved caspase 3 positive area on total
pancreatic area, females had higher % of positive area compared to males at 12 hours while
males had higher positive area at 48 hours. No overt differences were observed at day 7 in

both sexes.

Different patterns of CK 19 expression wereidentified at 12 hours, 48 hours, and day
7 in treated animals. At 12 hours there was a diffuse cytoplasmic staining of mild intensity
of pancreatic acinar cells with a higher % of positive area on total pancreas area and
pancreatitis area in females compared to males. At 48 hours, CK19 was expressed by
multiple, tubular-like structures resembling pancreatic ducts but lined by plumper cells and
less intensely stained compared to normal intra and interlobular pancreatic ducts (Figure 6,
B). There was a dlightly higher % of CK19 positive area in females compared to males in

pancreatitis area and higher CK19 positive area in males compared to females on tota
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pancreatic area. On day 7, CK19 stained numerous newly formed ducts indistinguishable
from intra and interlobular pancreatic ducts, for morphology and staining intensity. There
was a higher % of CK positive area on pancrestitis areain males compared to females, while
no differences could be identified between sexes regarding % of positive area on total

pancreatic area.
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Figure 7. Graphs of positive cells and % of positive area on pancreatitis area.
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Figure 8. Graphs of positive cells and % of positive area on total pancreatic area.
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Figure9. Caerulein-induced acute pancreatitis, mouse, immunohistochemistry for CD3e (A,
D, G),B220 (B, E, H) and Ly6G (C, F, I). T lymphocytes and B lymphocytes progressively
increased from 12 hours to 7 days after last caerulein treatment. Neutrophils progressively
decreased from 12 hours to 7 days after the last caerulein treatment.
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Figure 10. Caerulein-induced acute pancreatitis, mouse, immunohistochemistry for Ibal (A,
D, G), CD206 (B, E, H) and F4/80 (C, F, I). Ibal+, CD206+ and F4/80+ macrophages
progressively increased from 12 hoursto 7 days after the last caerulein treatment.
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Figure 11. Caerulein-induced acute pancreatitis, mouse, immunohistochemistry for MHC-
IT (A, B) and CD206 (C-F). At 7 days after last caerulein treatment, male mice had more
numerous MHC-II positive cells (A) compared to female mice (B). At both 48 hours (C, D)
and 7 days (E, F) male mice had more numerous CD206+ macrophages (C, E) compared to
females (D, F).
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4.4. Discussion

The aim of the study was to investigate the role of gender in acute pancreatitis devel opment
and resolution through the application of clinica chemistry, histology, and
Immunohistochemistry in a murine caerulein-induced pancrestitis model.

Both clinical chemistry and histopathologic results were indicative of an acute
pancreatic inflammatory process followed by a quick, amost compl ete resolution in a 7-day
interval in both male and female mice. Peak of pancreatic amylases at 12 hours with return
to baseline levels after 48 hours, similarly to previous reports, highlighted a very fast
pancreatic damage followed by a quick resolution without sex-related differences (Altavilla
et a. 2003; Norkina et al. 2006; Hashimoto et al. 2008). No significant differences were
observed in glucose concentration between control and treated animals in both sexes,
indicating aminimal impact of pancreatitis on glucose metabolism. The slight and transitory
reduction of glucose concentration observed at 12 hours both in male and female treated
animals could be adirect effect of caerulein on pancreatic endocrine activity, with enhanced
insulin release, as previously reported in rodent’s pancreas (Nielsen et a. 1981; Sakamoto
et al. 1985).

Caerulein administration was previously demonstrated to cause a dose-related, time-
dependent, self-limiting pancredtitis, histologically characterized by variable interstitial
edema, interstitial neutrophilic and mononuclear cellsinfiltration, pancresatic acinar disarray,
degeneration, apoptosis and ADM. Although differences in caerulein doses, administration
protocols and evaluated time points exist in literature, lesions observed in our study are
consistent with other published reports (Willemer et al. 1993; Norkina et al. 2006; Zhang et
a. 2014).

Pancreatitis histological score in female mice resulted increased at 12 hours and
decreased at 48 hours and day 7 compared to male mice, suggesting a faster onset and a
faster resolution of pancregtitis in female mice. This is further supported by the higher
expression of CK19 in females at early time points, indicative of aquicker or more efficient
reparative process compared to males and by alower presence of ADM in later time points,
suggestive of an advanced reparative process in females compared to males. At day 7, both
male and female mice in our study had residual pancreatic lesions in the form of acinar
atrophy and macrophagic and lymphocytic inflammation. Although numerous studies on the
caerulein induce model report a complete recovery of pancreatic architecture, residua

lesions at day 7 have been reported by some authors and could be attributed to differences
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in caerulein administration protocols and doses, caerulein commercia product specificities
or even mouse strain used since strain-dependent susceptibility to caerulein effects has been
recognized (Lugeaet a. 2006; Norkinaet a. 2006; Hashimoto et al. 2008; Hagen et al. 2022;
Wang et a. 2010; Zhang et a 2017).

Few studies comparing male and female mice in caerulein-induced AP exist in
literature, often focusing on knockout mice strains in specific experimental settings (Kubat
et a. 2013; Hagen et a. 2022). A study comparing caerulein-treated male and female
corticotropin-releasing factor receptor 2—deficient (Crhr2”-) mice showed that necrosis,
polymorphonuclear cell infiltration and zymogen depletion were significantly increased in
male Crhr2”~ mice, whereas only necrosis and acinar vacuolization were significantly
increased in females compared to sex-matched wild type controls, thus hypothesizing a sex
modulating role in pancrestitis pathogenesis (Kubat et a 2013). Hagen and colleagues
demonstrated that female mice deficient in LAT1, an amino acid transporter involved in
pancreatic metabolism, had delayed regeneration compared to male LAT1 deficient mice,
hypothesizing a sexual influence on pancreatic amino acid metabolism (Hagen et al. 2022).
A study using autophagy deficient PtflaCreex1;Atg5F/F mice demonstrated a lower
incidence and severity of chronic pancreatitis in females compared to males, attributed to a
higher efficacy of steroid-dependent ROS metabolism in female mice (Diakopoulos et al.
2015). Nevertheless, it is worth mentioning that a study investigating sex differences in a
caerulein induced model of chronic pancreatitis in wild type C57BL/6 mice failed to detect
differences in male and female mice regarding both disease severity and recovery (Obafemi
et al. 2018).

Apoptosis has been recognized as an important protective mechanism against
pancreatic oxidative stress-induced necrosis in the caerulein-induced pancreatitis model
(Mareninova et a. 2006; Lugea et a. 2006; Kim et a. 2008; Boonchan et a. 2021). In our
study, apoptosis of both acinar cells and intertitial inflammatory cellsincreased at 48 hours
and subsequently decreased at day 7 in both sexes as reported in other studies (Zhang et al.
2017). However, our results revealed that males had more apoptosis than females at both
48h and day 7, suggesting a sex-modulation of apoptosis. An estrogen receptor-mediated
inhibitory influence of estrogens on apoptosis pathways has been recognized in both acinar
and innate and adaptive immune cells (Hilgendorf et al. 2001; Lewis-Wambi et al. 2009;
Kovats 2015).

As pancreatic regeneration occurs through ADM, CK19, a marker of ducta
differentiation, has been proven useful in the investigation of pancreatic regeneration and
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post-inflammatory recovery (Storz 2017). At 12 hours, pancreatic acinar cells of both male
and female mice were characterized by a diffuse slight cytoplasmic CK19+ staining. Since
in controls no CK19 staining was observed at the level of acinar cells and CK19 mRNA
expression was previously detected as soon as 12 hours after caerulein administration, the
diffuse dlight staining observed in pancreatic acinar cells was interpreted as an early CK19
expression by acinar cells (Hagen et al. 2022). Females showed higher CK19 expression
compared to males, potentially suggesting a quicker or more efficient regenerative response.
At 48 hours CK19 positive ill-defined ducts interpreted as acinar cells phenotypically
transitioning to pancreatic ducts were stained, consistent with ADM, without relevant
differences between sexes. At day 7, in the residual affected areas, CK 19 stained numerous
well-differentiated ducts resembling normal intra and interlobular ducts, and the % of CK 19
positive area on pancreatitis area was higher in males compared to females, potentially
suggesting a protracted pancreatic regeneration in males compared to females. Overall data
support a quicker onset and more efficient reparative response in female C57BL/6J mice
compared to males.

The two pan macrophagic markers Ibal and F4/80 showed a similar trend of
positivity in treated male and female mice, with Ibal detecting more numerous cells than
F4/80, possibly because of its ability to mark other mononuclear phagocytes such as various
subsets of dendritic cells (Elizondo et al. 2019). Ibal+ and F4/80+ macrophages represented
the predominant inflammatory population observed in the pancreas of both treaded male and
female mice, with increasing concentration in pancreatitis areas and decreasing
concentration in the overall pancreatic tissue from 12 hoursto day 7 and with more numerous
Ibal+ and F4/80+ positive cells in males in the total pancreatic area at 48 hours, reflecting
the larger area of pancreas involved by pancreatitis in males compared to females in this
time point. Although quantification methods of immune cells hugely vary among studies,
our data are consistent with what reported in literature where on the total pancreas, F4/80+
macrophages were observed to increase in the very acute phases and progressively decrease
over time (Folias et al. 2014; Wu et a. 2020; Lu et a 2021). CD206+ macrophages were
found higher in males compared to females at both 48 hours and day 7 in both pancrestitis
and total pancreatic areas. Wu and colleagues, using both Balb/c and C57BL/6 mice showed
that CD206+ cells reached a peak at day 3 after caerulein administration, followed by a
progressive decrease in other time points as observed in males in our study and correlated
CD206 cdlls infiltration to a pro-resolving anti-inflammatory response. Male mice in our
study had larger areas of pancreatitis and more CD206+ M 2 anti-inflammatory macrophages

compared to females at day 2, which, on the contrary, had less pancreatis areas and
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decreasing CD206+ cells, thus supporting a more severe and ongoing reparative responsein

males and a partially resolved response in females.

Heme oxygenase 1 (HO-1) is an anti-inflammatory and antioxidant enzyme
expressed by M2 macrophages and modulated according to specific pathophysiologic
conditions such as presence of hemorrhages and ROS (Vijayan et a. 2018). Although both
considered markers of M2 differentiation, CD206 and HOL in our study yielded different
results suggesting the existence of different subsets of aternatively activated macrophages
differentially expressing CD206 and HO1 markers. This differential expression was
demonstrated in other murine studies, where CD206+ cells expressing HO-1 were mainly
involved in ROS clearance (Choi et a. 2010; Rossi et a. 2021).

Although numerous studies demonstrated the predominant role of M1, classically
activated, pro-inflammatory macrophages in the first phases of inflammation (Wu et a.
2020; Shrivastava et a. 2010) our study revealed a peak of MHC-Il in males at day 7. This
is consistent with other reports demonstrating mild to no increase of MHC-11+ cells at the
12 hours-2-day interval and apeak at day 3 in a caerulein-induced model and at day 7 in a
pancreatic duct ligation model (Bedrosian et al. 2011; Van Gassen et al. 2015). While, in
females, there was a progressive decrease of MHC-I1+ cells, in males, MHC-I1+ cells were
characterized by a progressive increase, reaching a peak at day 7 with higher number
compared to females. The marked difference at day 7 could be related to the presence of
residual M1 pro-inflammatory macrophages in pancrestitis areas or to an increase of
dendritic cells or other professional APCs such as B lymphocytesinvolved in both T hel per

activation and immunotolerance in male mice (Adler et al. 2017).

B220+ cells and CD3e+ cells were rare and characterized by a progressive increase
in both sexesin the pancredtitis areas and a progressive decrease in the total pancreatic area.
Although lymphocytes are thought to play a margina role in pancreatitis
immunopathogenesis and are, thus, seldomly investigated in caerulein-induced models of
pancreatitis, a study using Rag” mice, deficient of both T and B lymphocytes, demonstrated
the development of an atypical pancreatic inflammation characterized by increase pancreatic
damage and M1 macrophagic infiltration in acute phases compared to wild type mice,
demonstrating arole of B and T cells in inflammatory modulation of pancrestitis (Folias et
al. 2014). Nevertheless, our data seem to support amarginal role of these cellsin AP of wild

type mice, with no differences between sexes.
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Ly6G+ cells were rare and characterized by a progressive decrease in both
pancredtitis area and total pancreatic areain both sexes, with males showing higher Ly6G+
cells on total pancreatic area compared to females at 48 hours reflecting, once more, amore
intense inflammation in male mice. Our results detected an unexpectedly low number of
Ly6G+ cells athough consistent with other reports highlighting higher neutrophilic
concentration in early phases of pancreatitis followed by a progressive decrease (Norkina et
al. 2006; Sendler et al. 2018). The recruited neutrophils observed in our cases, could
represent an immature pool of newly recruited neutrophils, which are characterized by alow
expression of Ly6G (Mackey et al. 2019; Deniset et al. 2017).

In conclusion, the results of this study revealed a faster onset and resolution of
pancreatitisin femal e mice compared to male mice. Male mice were characterized by higher
CD206+ cells at 48 hours and day 7, higher MHC-I1 cells at day 7, more prominent ADM at
day 7, and more numerous apoptoses at 48h and day 7 than females suggesting a protracted
damage or a delayed reparative response in males. Data presented in this study support a
sex-dependent effect on pancreatitis severity, apoptosis, and innate and adaptive immune

cdl infiltration in a caerulein-induced modedl of AP.
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5. STUDY III. A COMPARISON BETWEEN HOT SPOT FIELDS AND WHOLE
SLIDE IMAGE ANALYSIS FOR IMMUNE CELL INFILTRATES
INVESTIGATION IN A MURINE MODEL OF CAERULEIN-INDUCED ACUTE
PANCREATITIS.

5.1. Introduction

Digital image analysis (DIA) is increasingly used in histopathology to obtain quantitative
results from histological and immunohistochemical slides. DIA provides, in fact, numerous
advantages compared to a traditional semi-quantitative analysis minimizing evaluator-
dependent subjectivity, improving study reproducibility, and increasing statistical analysis
efficiency allowing to obtain numerical, quantitative data instead of qualitative data (Aeffner

etal. 2019).

DIA performed on conventional pictures or scanned slides is often based on color
deconvolution, a process in which color images, representing a combination of red, green,
and blue colors are split into different grayscale images, each representing the intensity of a
single stain of the original image (Alsubaie et al. 2017). These pictures are then analyzed
setting threshold values that highlight pixels with the desired staining intensity opposed to
the background.

Quantitative results from stained slides can be obtained either from pictures taken
randomly from an examined specimen or from the most positive fields of the samples (hot
spot fields) or evaluating all the available tissue or a large, manually, or automatically
detected, region of interest (ROI), the latter method requiring slide digitalization (whole slide
image) (Nofallah et al. 2022; Kunz et al. 2014). Both types of analysis are performed with
dedicated DIA software, each with different specificities, properties, interfaces, and costs.
Examples of free software are ImageJ or QuPath (Schneider et al. 2012; Bankhead et al.
2017).

Although DIA software and histopathologic slide digitalization are becoming
increasingly affordable, thus making whole slide DIA more appealing, selected hot spot
analyses are still applied successfully by researchers and diagnostic pathologists for a
number of reasons: lack of technical equipment or expertise in DIA software use, familiarity
with selected field analysis, high storage requirements for digital slides or use of diagnostic
cut offs based on selected fields such as mitotic counts evaluated in 10 high power fields in

several canine tumors comprising mast cell tumors, soft tissue sarcomas, pulmonary
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carcinoma and osteosarcoma (Flores et al. 2022; Barboza et al. 2023; Brugmann et al. 2012;
Avallone et al. 2021). Although the two approaches (hot spot field analysis and whole slide
analysis) have been and still are applied in both human and veterinary medicine, direct
comparisons between the two methods for histological specimens’ analysis have been rarely
performed (Mclntire et al. 2018; Cizkova et al. 2021; Luchian et al. 2023; Apaolaoza et al.
2021).

The aim of the study was, therefore, to compare the concordance of hot spot fields
analysis and whole slide image analysis on inflammatory cell infiltrates quantification in a

mouse model of caerulein-induced acute pancreatitis.

5.2. Materials and methods

A total of 20 pancreas from mice with pancreatitis, collected at 12 hours, 48 hours, and 7
days after last caerulein administration were routinely processed and
immunohistochemically stained with markers directed towards Ibal and F4/80
(macrophages), HO-1 and CD206 (M2 polarized macrophages), MHC-II (M1 macrophages/
antigen presenting cells), B220 (B cells), CD3e (T cells) and Cleaved caspase 3 (apoptotic
cells). Slides were digitalized in 40x high resolution mode (0.23 um x pixel) through the
NanoZoomer-XR digital slide scanner (Hamamatsu, C12000) at the Unitech Nolimits
facility (UNIMI, Milan). More technical details on the immunohistochemical staining can

be found in the material and methods section of study II (Chapter 3.2.5.).

Hot spot fields analysis. Three 20x, hot spot fields (corresponding to a total area of 1.84
mm?) were taken from each immunostained slide using NDP.view2 software (Figure 1, A).
Each acquired image was uploaded in ImageJ and split into 3 greyscale images using the
“split channels” function (color deconvolution). The channel with the highest contrast
between the immunohistochemical positive signal and the non-specific background staining
(blue channel) was selected. For each marker, a threshold value that could detect positive
signal avoiding non-specific background stain was selected and the % of positive area per

field calculated (Image 1, C, D, F, G, I, L).

Whole slide image analysis. The same digital slides were uploaded in QuPath software,
setting all slides as brightfield hematoxylin-DAB type. Because pancreatitis was not a
diffuse process, but multifocally affected pancreatic tissue, the areas of pancreatitis were

manually outlined in each sample, and, in these areas, positive pixels were classified through
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the classify > pixel classification = create thresholder commands, using very high-

resolution input (0.44 um /pixel) and the % of positive area per pancreatitis area calculated.

Results were analyzed with GraphPad version 9.0 (GraphPad Software, San Diego,
CA, USA). Shapiro-Wilk Normality test was performed to assess data distribution. Bland-
Altman test was used to evaluate concordance between the two methods measurements and
the Pearson correlation test was used to evaluate the linear correlation between the
measurements. Pearson correlation coefficients (r) greater that 0.6 were considered index of
strong correlation, while coefficients between 0.6 and 0.4 and between 0.4 and 0 were

considered index of moderate and low correlation respectively (Obilor et al. 2018).

5.3. Results

% of positive areas measured with QuPath (whole slide analysis) and ImagelJ (hot spot field
analysis) are summarized in Table 1. All measurements obtained can be found in

Supplemental Tables 23 and 24.

ImageJ (Hot spot fields) and QuPath (whole slide) % of positive areas showed strong linear
correlation for all the evaluated markers (Ibal r = 0.859; F4/80 r = 0.672; HO1 r= 0.754;
CD206 r=0.789; MHC-II r = 0.9449; B220 r = 0.690; CD3e = 0.739; Cleaved caspase 3
r=0.973) (Figure 2).

More than 95% of the measurements obtained with ImageJ and QuPath for each marker fell

within the confidence interval, as revealed by the Bland-Altmann test (Figure 3).

Table 1. Mean % of positive areas and standard deviation measured by QuPath and ImageJ.

QuPath (whole dslide) Imagel] (hot spot)
IBA1 0.07028 + 0.038 0.06218 + 0.029
F4/80 0.01949 + 0.011 0.01977 + 0.008
HO1 0.01508 + 0.008 0.00842 + 0.008
CD206 0.00842 + 0.007 0.01751 + 0.008
MHC-I| 0.00326 + 0.005 0.00299 + 0.003
B220 0.00096 + 0.001 0.00156 + 0.001
CD3e 0.00243 + 0.003 0.00280 + 0.002
Caspase 0.10674 + 0.131 0.20308 + 0.252
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Figure 1. Ibal immunohistochemical staining. A. Hot spot fields selection for Imagel
analysis. B. The pancreatitis area was manually selected in QuPath and a threshold detecting
positive signal applied (green signal). In the pictures below, the three selected hot spot fields
(C, F, I) can be seen together with ImagelJ threshold application outcome (red signal) (D, G,
L) and with QuPath threshold application outcome (green signal) (E, H, M).
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Figure 2. Pearson correlation test. For all evaluated markers a strong correlation between Imagel

values (hot spot) and QuPath measured values (whole slide) was obtained.
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Figure 3. Bland-Altman test. For all evaluated markers, more than 95% of the values fell within the

confidence interval, highlighting a high concordance between the measurements.
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5.4. Discussion

Our results highlighted a strong linear correlation between the % of positive area measured
with a hot spot field and whole slide approach for all markers. A strong linear correlation
indicates that the measurements obtained with the two methods are related, since they vary
in values proportionally, but does not imply agreement between values: in other words,
strong linear correlation does not stand for numerically similar values. For this reason,
Bland-Altman test was applied, revealing a good agreement among measurements: thus
indicating that obtained measurements were numerically similar and demonstrating that,
despite deploying a different algorithm and applying different threshold levels for pixel
quantification, with a tendency to systematically over or underestimate the values depending
on the marker, both software effectively and similarly measure positive area on

immunohistochemical stained slides.

Although DIA is extensively applied in research and diagnostics worldwide, only a
few studies directly compared hot spot and whole slide approaches for area quantification.
In a study measuring CD3 1+ area in xenograft samples, the hot spot analysis yielded a higher
positive area compared to the whole-slide analysis. This result is expected when the
immunohistochemical positive signal is not evenly distributed in the slide or when there is
high discrepancy between the hot spot area and total area examined. In these cases hot spot
fields tend, in fact, to overestimate positive areas (Chantrain et al. 2003; Kunz et al. 2014).
Discrepancies between hot spot and whole slide measurements are often related to fields
selection, which is often an evaluator-dependent process prone to inter-observer variability
(Van der Laak et al. 1998; Chantrain et al. 2003). When applied to the same test images, hot
spot and whole-slide analysis have been found to give similar results with Image] and
QuPath software used to quantify positive signals of target placental cells or renal fibrosis
on Masson’s trichrome stain or even to measure microanatomical structures such as
glomerular width or tubular diameter, with high agreement (Cizkova et al. 2021; Sanchez-

Jaramillo et al. 2022; Brahmadi et al. 2023).

ImageJ and QuPath are not only limited to area measurement but allow counting of
cells or target histologic structures, with variable agreements depending on the target. ImageJ
automated counts of adipocytes on selected micrographs identified statistically less
adipocytes compared to QuPath, taken an equivalent area (Maguire et al. 2020). QuPath and
ImagelJ mitotic counts in 40 high magnification images reached a good agreement (Ibrahim

etal. 2022) while in a study comparing QuPath and Image] efficiency in axons quantification
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in rat optic nerve samples, QuPath outperformed Axon J on axons quantification (Mysona et

al. 2020).

Since Imagel software has proven to be inaccurate in the detection of positive cells,
particularly of cells with dendritic/ stellate morphology, in the present study only positive
area data were obtained with the two software and compared. Concerning positive areas, the
hot spot fields selected for the ImagelJ analysis were, in most cases, highly representative of
all the examined pancreatitis tissue and positive cells and cleaved caspase 3 signal were
evenly distributed in the pancreatitis tissue, thus avoiding hot-spot related bias of
overestimation. As supported by literature data, these factors (selection of representative
areas for the analysis and staining uniformity) explain the high agreement among measures

obtained with ImageJ and QuPath (Kunz et al. 2014; MclIntire et al. 2019).

In conclusion, data obtained from our cases suggests that both a whole-slide field
and hot spot approach could be efficiently applied for immunohistochemical positive area

measurement of immune cell infiltrate and apoptoses.
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6. STUDY IV- IMPORTANT FUNCTIONAL ROLE OF THE PROTEIN
OSTEOPONTIN IN THE PROGRESSION OF MALIGNANT PLEURAL
MESOTHELIOMA.

This study was conducted in collaboration with Humanitas Research Hospital, Rozzano,

Milan and was in part published, on Frontiers in Immunology.*
6.1. Introduction

Malignant Pleural Mesothelioma (MPM) is a malignant neoplasm arising from the pleural
mesothelial lining of the lungs strongly associated, in humans, with long-lasting
inflammation induced by inhaled, non-degradable asbestos fibers (Mott 2012). MPM
typically carries a poor prognosis due to its aggressive behavior, the absence of useful early
diagnostic biomarkers, its tendency to grow with a diffuse, infiltrative pattern instead of

forming discrete masses and its chemotherapy resistance (Remon et al. 2012).

Three main histological subtypes of MPM have been recognized: epithelioid
mesotheliomas, the most common subtype, sarcomatous mesotheliomas associated to the
worst prognosis, and intermediate mesotheliomas, characterized by a combination of both

epithelioid and sarcomatous appearance (Brcic et al. 2012).

Over the last decades the pathogenetic mechanisms giving rise to this neoplasm have
been elucidated: after inhalation, asbestos fibers reach the pleura through lymphatics and
induce chronic inflammation with release of reactive oxygen and nitrogen species causing
DNA damage and progressive accumulation of DNA mutations initiating cancer

development (Xu et al. 2002; Bueno et al. 2016; Gogou et al. 2022).

Previous studies carried out by our research group into MPM tumor-promoting
inflammatory mechanisms highlighted a high expression, in human tumor samples, of the
Sppl gene, coding for the protein osteopontin (OPN). OPN is a highly phosphorylated
protein produced by macrophages, mesenchymal and epithelial cells. OPN interacts with the
transmembrane protein CD44 on target cells, regulating cellular motility, immune response,
and apoptosis with a pro-tumoral function (Scatena et al. 2007; Hattori et al. 2021). Although
OPN has already been investigated in MPM as a prognostic marker, with higher levels of

! Digifico E, et al. Important functional role of the protein osteopontin in the progression of

malignant pleural mesothelioma. Front Immunol. 2023. 14:1116430.
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serum OPN associated to worst prognostic outcome in human patients, studies investigating
the functional role of OPN in MPM progression are lacking (Schilebeecx et al. 2021;
Hollovoet et al. 2011).

Another important molecule that gained the attention of our research group was the
glycoprotein non metastatic B protein (GPNMB). Previous investigations highlighted that
soluble forms of GPNMB, mainly produced by tumor associated macrophages (TAMs),
interact with CD44 receptor on cancer cells decreasing pro-inflammatory cytokines
production, promoting angiogenesis and inducing IL-33 production, the latter promoting
expansion of cancer stem cells and favouring the acquisition of metastatic phenotype in
murine tumor models of pancreatic carcinoma, mammary carcinoma and fibrosarcoma

(Grigoriu et al. 2007; Rose et al. 2010; Hu et al. 2013; Liguori et al. 2021)

The aim of the study was, therefore, to investigate OPN and GPNMB role in
mesotheliomas development using a murine transgenic orthotopic model of MPM in
combination with CD44 receptor blockage. Additionally, immunohistochemical
characterization and quantification of intra-tumoral blood vessels and of TAMs and tumor
infiltrating lymphocytes (TILs) was carried out to investigate OPN and GPNMB effects on

tumor immune cells recruitment and angiogenesis.
6.2. Materialsand Methods

In this study, we mainly focused on the histopathologic and immunohistochemical analysis
of samples received from the Humanitas Research Hospital (Rozzano, Milan). For
completeness, details on mesothelioma cell lines generation and on in vivo procedures

performed are provided below.
6.2.1. Osteopontin-silenced Murine Mesothelioma Cell Lines Generation

A murine MPM sarcomatous cell line (AB1) and a murine MPM epithelioid cell line (AB22)
were generated in BALB/c mice through intraperitoneal injection of crocidolite asbestos
fibers according to previously published procedures (Davis et al. 2012). Cell lines were
cultured in RPMI 1640 (Lonza) supplemented with 10% FBS (Sigma), 2mM L-glutamine,
100 U/mL penicillin and 100 pg/mL streptomycin (Life Technologies Inc.) at 37°C and 5%
CO2. To silence the Spp! gene coding for osteopontin, AB1 and AB22 cells were stably
transduced with the lentiviral vector MISSION shRNA (SHCLNG, 10041725MN, SIGMA).
Viral particles were generated in HEK293T cells transfected with Lipofectamine2000
(ThermoFisher Scientific) according to manufacturer’s instruction. Selection of transduced

cells was performed using Puromycin (2 ug/ml for three days after each defrosting). A non-
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targeting shRNA (scrambled) was used to transduce the control cell lines. All cell types were

routinely checked for Mycoplasma contamination.
6.2.2. AB22 Mesothelioma Cell Linesin vivo Inoculation

Mice were used in compliance with national (D. L. N. 26, G.U. March 4, 2014) and
international law and policies (EEC Council Directive 2010/63/EU, OJ L 276/33, 22-09-
2010; National Institutes of Health Guide for the Care and Use of Laboratory Animals,
(authorization N° 296/2020-PR), and US National Research Council, 2011). 8 weeks old
BALB/c mice were purchased from Charles River. The procedures for the syngeneic
orthotopic mouse model have been previously described (Digifico et al. 2020). Since the in
vitro characterization of the engineered cells revealed that OPN silencing had no effect on
ABI1 cells proliferation, the in vivo experiment was carried out only with engineered AB22
cells. Mice were anesthetized with ketamine/xylazine and positioned on left lateral
decubitus. The thoracic area was shaved and sterilized with 70% ethanol. An 8-10 mm skin
incision was performed on the right thorax (close to the axillary region) and 5x10* cells
resuspended in 50 pl saline solution were injected between the third and the fourth costal
space, with the needle perpendicularly oriented on the rib cage (29-gauge needle of a 500 ul
syringe U100, BD Becton, Dickinson). To standardize the injection and avoid lung
perforation, the needle was overmounted by a 200ul tip, properly cut to expose the needle of
3 mm only. After cell injection, mice were sutured and kept under a heating lamp to recover

from the anesthesia.

Two separate experiments were carried out:
6.2.3. Experiment 1. Role of OPN in Murine MPM Growth

Fifteen Balb/c mice were inoculated with engineered AB22 mesothelioma cells: 10
with OPN silenced cells (shOPN) and 5 with control cells (shSCRB). 5 shOPN and 5
shSCRB mice were sacrificed at day 17 while 5 shOPN were additionally sacrificed at a later
time point, at day 59. Lungs and intra-thoracic masses were collected, fixed in 10% buffered
formalin, routinely processed for histopathology, cut at 4 pm thickness, and stained with
hematoxylin and eosin. Digital slides were obtained from hematoxylin and eosin-stained
sections using the NanoZoomer S60 Digital slide scanner (Hamamatsu, C13210-01) at 40x
resolution and visualized by NDP.view2 Viewing software (Hamamatsu, U12388-01). For
each case, pulmonary nodules were progressively numbered form the biggest to smallest and
were, subsequently, manually outlined using the free hand selection tool, obtaining the mass

area expressed in mm?. For each nodule, areas of lytic and coagulative necrosis as well as
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areas of blood vessels dilation (angiectasia) were additionally manually outlined obtaining
the corresponding area in mm?. For each mouse, the mean tumors number, mean tumoral
area of each mass, the total tumor area, area of necrosis per tumor area, % of tumors with

necrosis, area of angiectasia per tumor area and % of tumors with angiectasia were obtained.

Figure 1. Lung with multiple MPMs, HE. A. MPMs were enumerated from the largest to
the smallest mass. 1x. B. Higher magnification of MPM cells exhibiting an epithelioid
morphology, 40x. C. Areas of necrosis, characterized by clumps of amorphous eosinophilic
material intermixed to basophilic karyorrhectic debris were manually outlined, 20x D. Areas

of angiectasia, characterized by dilated, blood-filled, lacunae were manually outlined, 40x.

109



A 4 um section underwent deparaffinization and heat induced epitope retrieval (HIER) in a
water bath for 40 min at 100°C (Dewax and HIER Buffer H, Thermo Scientific Lab Vision,
cat. No. TA-999-DHBH). The slides were rinsed in PBS and placed in an autostainer (Lab
Vision® Autostainer 480S-2D Thermo Fischer scientific) after application of PapPen
(Liquid Daido Sangyo Co. Ltd.). Endogenous peroxidase activity was blocked by incubating
sections with 3% H>O; for 10 minutes. Slides were rinsed, incubated with PBS containing
10% or normal goat serum for 30 min at room temperature to prevent nonspecific
background staining and then incubated for 1 hour at room temperature with a primary anti-
OPN antibody. Sections were subsequently rinsed in PBS and incubated with a biotinylated
secondary antibody (goat anti-rabbit, Vector Laboratories, USA, cat. NO. BA-4000) and
labelled through avidin-biotin-peroxidase procedure (VECTASTAIN® Elite ABC-
Peroxidase Kit Standard, Vector Laboratories, USA, cat. No.PK-6100). The immunoreaction
was visualized with 3,3’-diaminobenzidine substrate (DAB, Peroxidase DAB Substrate Kit,
Vector Laboratories, USA, cat. No. SK-4105). Sections were counterstained with Mayer’s
hematoxylin, dehydrated in a graded alcohol series and coverslipped with resinous mounting
medium.

Slides were digitalized using the NanoZoomer S60 Digital slide scanner at 40x
resolution (Hamamatsu, C13210-01) and visualized by NDP.view2 Viewing software
(Hamamatsu, U12388-01). For each case, pulmonary nodules were progressively numbered
form the biggest to the smallest and 1, hot spot field at 20x magnification, was taken from
each of the biggest 10 masses, corresponding to fields with the highest density of positive
cells. Regions with necrotic tissue and cut/staining artifacts were carefully avoided. Images

were, then, processed in ImagelJ software (http://rsb.info.nih.gov/ij/). After color splitting of

original images into 3 greyscale images corresponding to the red, green and blue channels,
the blue channel was selected as the most appropriate to distinguish positive signal against
background. A threshold value that could avoid non-specific signals was selected and applied

to each hot-spot field to calculate the positive area/total area ratio expressed in percentage.
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Figure 2. Lungs with multiple MPMs. Immunohistochemistry for Ibal. A. A single, 20x,
hot spot field was taken from each of the biggest 10 masses. B. Original images were split
into greyscale images and the blue channel (C) was selected as the most appropriate for the
positive area measurement after the application of a proper Threshold (D) with Imagel

software.

6.2.4. Experiment 2: Inhibition of OPN Signaling Through CD44 Receptor
Blockage

Ten Balb/c mice were inoculated with engineered shSCRB AB22 mesothelioma cells on day
0. Five animals were treated intra-peritoneally with anti-CD44 mAb (BioXcell, BE0039, 10
mg/kg), while 5 were treated with an anti-irrelevant antibody at days 7, 12, 16 and 19 post
tumor injection and sacrificed at day 33. Tumor samples were collected and processed for

histopathology as described in experiment 1.
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Serial sections of 4 um were additionally obtained for each case and immunostained
with primary antibodies marking different TILs subsets (CD3g, CD4, CD8, FoxP3), TAMs
(Ibal), OPN, GPNMB and blood vessels (CD31). Details on primary antibodies used in the
study can be found in supplementary Table 1.

4 um sections underwent deparaffinization and heat induced epitope retrieval (HIER)
in a water bath for 40 min at 100°C (Dewax and HIER Buffer H, Thermo Scientific Lab
Vision, cat. No. TA-999-DHBH). The slides were rinsed in PBS and placed in an autostainer
(Lab Vision® Autostainer 480S-2D Thermo fischer scientific) after application of PapPen
(Liquid Daido Sangyo Co. Ltd.). Endogenous peroxidase activity was blocked by incubating
sections with 3% H>O; for 10 minutes. Slides were rinsed, incubated with PBS containing
10% or normal goat serum (IBA1, CD31, OPN), normal rabbit serum (CD3e, CD4, CDS,
FoxP3, GPNMB) for 30 min at room temperature to prevent nonspecific background staining
and then incubated for 1 hour at room temperature with primary antibodies. Sections were
subsequently rinsed in PBS and incubated with a biotinylated secondary antibody (goat anti-
rabbit, Vector Laboratories, USA, cat. NO. BA-4000, rabbit anti-rat, Vector Laboratories,
USA, cat. No. BA-4001, rabbit anti-goat, Vector Laboratories, USA, cat. No BA-5000) and
labelled through avidin-biotin-peroxidase procedure (VECTASTAIN® Elite ABC-
Peroxidase Kit Standard, Vector Laboratories, USA, cat. No.PK-6100). The immunoreaction
was visualized with 3,3’-diaminobenzidine substrate (DAB, Peroxidase DAB Substrate Kit,
Vector Laboratories, USA, cat. No. SK-4105). Sections were counterstained with Mayer’s
hematoxylin, dehydrated in a graded alcohol series and coverslipped with resinous mounting
medium. For all markers adequate positive controls (murine lymphoid tissues) and negative
controls (omission of primary antibody) were used.

Slides were digitalized using the NanoZoomer S60 Digital slide scanner
(Hamamatsu, C13210-01) at 40x magnification and visualized by NDP.view2 Viewing
software (Hamamatsu, U12388-01). For each case, all tumors, intratumoral areas of necrosis
and intratumoral areas of angiectasia were manually outlined using NDP.view2 Viewing
software obtaining the respective areas expressed in mm?. The total tumor area, the total
necrosis area and the total angiectasia area were divided per the number of tumors obtaining
the mean tumor area, the mean necrosis and the mean angiectasia area. Pulmonary nodules
were then progressively numbered from the largest to the smallest and 1, 20x magnification,
hot spot field was taken from each of the biggest 10 masses for every evaluated marker,
corresponding to fields with the highest density of positive cells. Regions with necrotic tissue
and cut/staining artifacts were carefully avoided for image analysis. Images were then

processed in Imagel software (http://rsb.info.nih.gov/ij/). After color splitting the original
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images into 3 greyscale images corresponding to the red, green, and blue channels, the blue
channel was selected as the most appropriate to distinguish positive signal against
background. A threshold value that could avoid non-specific signals was selected and applied

to each hot-spot field to calculate the positive area/total area ratio expressed in percentage.

6.2.5. Statistical analysis

Data were analyzed using Graph Pad Prism version 9.0 (GraphPad Software, San Diego,
CA). Data distribution was assessed with Shapiro-Wilk test. Statistical analyses of the results
were performed using the Mann-Whitney U test and the Kruskal-Wallis test. P-values < 0.05
were considered statistically significant. In both experiments, animals with no tumors or
identified as outliers by the statistical analysis software were excluded from the analysis.
Regarding digital image analysis, the analysis was performed both considering a mouse as a

statistical unit or considering each individual tumors as the statistical unit.

6.3. Results
6.3.1. Experiment 1
Results are summarized in Table 1.

ShOPN AB22 cells had a lower growth compared to the control ssISCRB AB22 cells at day
17, with statistically significant less numerous tumors (P < 0.0179) and lower total tumor
area (P < 0.0357). At the same time point, lower total angiectasia areas (P < 0.0357) and
lower mean angiectasia per tumor (P < 0.0357) were observed in shOPN AB22 group
compared to shSCRB AB22 cells. The 5 mice treated with shOPN AB22 cells and sacrificed
at day 59, had higher tumor area and more numerous tumors compared to shOPN AB22
treated animals sacrificed at 17 days, but still less numerous than shSCRB AB22 treated

animals, sacrificed at 17 days, although not statistically significant (Table. 1).

OPN expression was mainly detected in neoplastic cells and in macrophage
cytoplasms together with few scattered dots in the extracellular space, consistent with OPN

extracellular granules. No differences in OPN positive area were detected among the groups.
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Figure 3. Graphs of number of masses, Total tumor area, Total necrosis area and Total
angiectasia area in shSCRB AB22 and shOPN AB22 mice sacrificed at day 17 and shOPN
AB22 mice sacrificed at day 59. * P value < 0.05.
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Table 1. Results summary of experiment 1.

0,
No. of Total Mean Total Mean Tur::ors Total Mean % Tumors
Group Sacrifice Mouse D ) Tumor Tumor Necrosis | Necrosis . Angiectasia | Angiectasia with
Tumors with . .
Area Area Area Area . Area Area Angiectasa
Necrosis

6AD 26 24.69 0.95 7.57 0.12 19% 1.37 0.06 31%

6AS 32 49.24 154 1.70 0.04 22% 211 0.11 34%
AB22 6BD 16 37.09 232 2.00 0.04 25% 0.77 0.05 25%

shscre | P17

6BS 20 26.86 1.34 0.00 0.00 0% 0.55 0.04 25%

60 20 23.30 1.16 0.23 0.01 15% 1.03 0.05 35%

Mean 22.80 32.23 1.46 2.30 0.04 16% 117 0.06 30%

8AD 8 0.1931 0.02 0.00 0 0% 0.00 0.00 0%

8AS 0 0 \ \ \ \ \ \ \
AB22 8BD 2 0.387 0.19 0.00 0 0% 0.00 0.00 0%
ShOPN Day 17 | 8BS 0 0 \ 0.00 \ \ 0.00 \ \

80 1 0.0118 0.01 \ 0 0% \ 0.00 0%

Mean 2.20 0.12 0.07 0.00 0.00 0% 0 0.00 0%

Mean w/o 8AS 8BS 3.67 0.20 0.07 0.00 0.00 0% 0 0.00 0%

7AD 20 34.17 171 5.04 0.05 30% 0.88 0.04 25%

7AS 0 0.00 \ \ \ \ \ \ \
AB2? 7BD 1 26.60 26.60 13.3 0.50 100% 1.98 0.07 100%
ShOPN Day 59 | 7BS 2 17.28 8.64 111 0.07 100% 0.00 0.00 0%

70 0 0.00 \ \ \ \ \ \ \

Mean 4.60 15.61 12.32 6.48 0.21 7% 0.95 0.04 42%

Mean w/o 7AS 70 7.67 26.02 12.32 6.48 0.21 7% 0.95 0.04 42%
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Figure 4. Lungs with MPMs, HE, 1x (A, C, E) shSCRB mice (A) had more numerous
tumors and higher tumor area compared to both shOPN mice sacrified at day 17 (C) and day
59 (E). MPM, Immunohistochestry for OPN, 20x (B, D, F). No differences in OPN
expression was detected among shSCRB mice (B), shOPN mice sacrified at day 17 (D) and
shOPN mice sacrified at day 59 (F).
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6.3.2. Experiment 2
Results are summarized in Table 2.

No statistically significant differences between the two groups regarding number of tumors,
tumor area, tumoral necrosis area or tumoral angiectasia area were detected although anti-
CD44 treated mice had lower number of tumors and lower tumoral necrosis and angiectasia
areas compared to anti-irrelevant treated mice. Anti CD-44 treated group had more CD3+ T
cells, CD4+ T cells and less Foxp3+ cells infiltration, higher CD31+ area and lower
GPNMB+ area compared to control group. When considering each individual tumor as
statistical unit these differences resulted statistically significant: CD3 (P< 0.0085), CD4+ (P
<0.0221), FoxP3+ (P < 0.0016), CD31 (P <0.0421), GPNMB (P < 0.0090). No differences
in Ibal+ cells, CD8+ cells and OPN positive area were detected through DIA between the

two groups.
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Figure 5. Graphics of CD3, CD4, FoxP3 and CD31 % of positive area
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Figure 6. MPMs. Immunohistochemistry for CD3 (A, B), CD4 (C, D), FoxP3 (E, F) and
CD31 (G, H). Anti CD-44 treated mice had more intratumoral CD3+ (A), CD4+ (C),
FoxP3+ (E) infiltrating cells and more blood vessels (G) compared to anti-irrelevant mice

(B, D, F, H respectively).
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Table 2. Results summary of experiment 2.

0,
Total Mean Total : Total Mean % Tl_Jmors
No. of : Mean Necrosis % Tumors . . . : with
Group Mouse D Tumors Tumor Tumor Necrosis Area il eSS Angiectaisa | Angiectasia R ——
Area Area Area Area Area 9
Hemorrhage
2AD 32 3112 0.97 0.772 0.010 3% 0.65 0.062 28%
2AS 40 57.65 1.44 321 0.035 10% 1.25 0.021 15%
hSCRB 2BD 0 0.00 0.00 0.00 0.000 0% 0.00 0.000 0%
anti- 2BS 22 28.87 1.31 1.43 0.044 32% 2.12 0.103 55%
Irrelevante | 20 37 65.04 1.76 4.90 0.035 22% 3.02 0.047 35%
Mean 26.20 36.53 1.10 2.06 0.025 13% 141 0.05 27%
Mean w/o
2BD 32.75 45,67 1.37 2.58 0.03 17% 1.76 0.06 33%
3AD 26 27.67 1.06 2.39 0.048 12% 0.54 0.024 15%
3AS 16 17.25 1.08 0.00 0.000 0% 1.29 0.086 44%
hsC 3BD 32 71.35 2.23 0.38 0.015 13% 4.17 0.073 30%
RB o
anti-CDa4 3BS 24 21.64 0.87 0.26 0.013 8% 0.52 0.055 20%
30 5 2.69 0.54 0.00 0.000 0% 0.05 0.034 33%
Mean 20.60 28.12 1.16 0.60 0.02 7% 1.31 0.05 28%
Mean w/o 30 24.50 34.48 131 0.76 0.02 8% 1.63 0.06 27%
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6.4. Discussion

This study investigated the role of OPN expression in a murine orthotopic model of
MPM and its relationship with neoplastic growth and immune cell infiltration. Although
OPN has already been investigated as a prognostic marker in humans, studies on the
functional role of OPN in MPM development and progression were lacking (Grigoriu et
al. 2007; Rangaswami et al. 2006). OPN silencing of AB22 mesothelioma cells resulted
in decreased tumors number and decreased tumor area in mice sacrificed at both day 17
and day 59 post tumoral cells injection, compared to control not-OPN silenced mice,
supporting an OPN pro-tumoral role in MPM development. Elevated OPN levels have,
in fact, been detected in several malignancies including breast, prostate, colorectal and
lung carcinomas and melanoma and have been associated to tumor progression (Irby et
al. 2004; Thalmann et al. 1999; Zhou et al. 2005; Chambers et al. 1996; Cook et al.
2005). OPN tumor-promoting functions are achieved through different mechanisms: by
binding to CD44 membrane receptor triggering an intracellular pathway which favors
cancer cell survival, by activating MMPs leading to extracellular matrix remodeling and
tumor invasion enhancement and by PI3K/Akt pathway activation with promotion of
tumor angiogenesis (Rangaswami et al. 2006; Kariya et al. 2022). Interestingly, OPN
expression was immunohistochemically detected both in the cytoplasm of cells and
extracellular space, in its secreted form, without statistically significant differences
among groups. This could be attributable to OPN expression by tumor-associated

macrophages, since these cells can express OPN.

The blocking of CD44 in OPN producing MPM cells, although not statistically
significant, resulted in decreased tumoral growth, thus suggesting that the CD44/IL-33
pathway could be involved in MPM development. CD44 has in fact been related to
cancer cells proliferation, epithelial-mesenchymal transition and metastasis in several
human cancers, comprising gallbladder (He et al. 2018), prostate (Carneiro et al. 2019),
and ovarian carcinomas, (Mishra et al. 2019) oral squamous cell carcinomas (Yuan et al
2022) and melanomas (Dzobo et al. 2021). The immunohistochemical analysis revealed
that intra tumoral CD3+ T cells, CD4+ T cells and CD31+ blood vessels were increased
in anti-CD44 treated mice while FoxP3+ T regulatory cells were decreased compared to
anti-irrelevant treated mice. CD44 expression has, in fact, been correlated to M2 TAMs
and T helper cells tumor-immune cell infiltration (Liu S et al 2023) and CD44 expression

additionally promotes the expression of FoxP3 and T regulatory cells survival, thus,
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inducing cancer immunosuppression (Liu et al. 2009; Bollyky et al. 2009). These
findings suggest that the OPN-CD44 axis could impact immune cell recruitment in

MPMs, modulating the immune microenvironment.

Interestingly, anti-CD44 treated animals also had lower GPNMB expression, another
molecule interacting with CD44 receptor and associated with cancer
immunosuppression. GPNMB, in fact, promotes M2 macrophage infiltration and
suppresses pro-inflammatory cytokines. (Lazaratos et al. 2022). The lower expression of
this marker highlights how blockage of its receptor CD44 could lead to a decrease of
GPNMB.

Even with a higher vascular density, anti CD44 mice had lower tumor burden
compared to anti-irrelevant mice. This could be attributed to the lower
immunosuppressive presence of FoxP3+ cells or to others, not investigated, mechanisms.
CDA44/IL33 inhibition, could have led, for instance, to decrease activation of other tumor-
promoting pathways such as STAT3 or PI3K/Akt pathways leading to decreased growth
factors production or even to an increase in P53 activity with enhanced tumor apoptosis

(Bonelli et al. 2020; Huang et al. 2021).

In conclusion this study highlighted the pivotal role of OPN and of CD44 in MPM
development and growth. The silencing of OPN and the blockage of CD44 influenced
tumor growth and modulated tumor-immune system infiltrates and GPNMB expression
providing valuable data on OPN and CD44 as potential prognostic and therapeutic targets
in MPM patients.
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7. CONCLUSIONS

This thesis characterizes murine immune system cells across various physiological and

pathological conditions.

The first study characterized healthy tissue mononuclear phagocytes through a
combination of cellular morphology, tissue localization, and immunohistochemical analysis.
For each organ, a synoptic Table summarizing the findings has been provided, to facilitate
data consultation (supplemental Tables 2-19). This work serves as a valuable resource for
researchers employing histopathological and immunohistochemical techniques as well as
flow cytometry and molecular techniques, which provide data without considering tissue

context and cellular morphology.

The second study investigated potential sex-related differences in an inflammatory
model of caerulein-induced acute pancreatitis through a combination of histopathology and
clinical chemistry and focused on the characterization and quantification of macrophages, T
and B lymphocytes and neutrophils through digital image analysis. This study highlighted a
sex-related modulation of pancreatitis severity, apoptosis, regeneration as well as of M1 and

M2 macrophages recruitment.

The third study compared two methods of digital image analysis (DIA) on
pancreatitis samples, a whole slide approach and a hot spot field approach, aimed at immune
cells quantification. Given the increasing prevalence of image analysis in histopathology, as
evidenced by the high number of recent publications in the literature, and the lack of direct
comparisons among different analysis methods, a comparative analysis between whole-slide
and hot spot field approaches has been performed, discussing advantages and disadvantages

of each technique.

Lastly, in the fourth study, tumor infiltrating lymphocytes and tumor-associated
macrophages were studied and quantified in an orthotopic model of pleural malignant
mesothelioma, revealing an Osteopontin and a CD44 modulation on tumor growth,

vascularization, and T cells infiltration.

Overall, the data presented in this thesis significantly contributes to the
understanding of murine immune system dynamics in physiological, inflammatory, and
neoplastic conditions, providing valuable insights on immune system cells activity and
recruitment and presenting valuable observations for future investigations in murine

immunopathology.
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Appendix III — Supplementary Material

Supplemental Table 1. Primary antibodies used in the thesis.

Antigen Supplier Clonality Clone/ Codeno Ff\ert]::gve; Vgi?{]l,:ilgr? I nc_:_J ngon ggrsllttrlxg
Ibal Dako Rb poly? A0452 HIER 1:2000 1hRT Spleen
F4/80 Biorad Rat mono® MCA497G PIER 1:100 1hRT Spleen
MARCO Abcam Rb mono° ah239369 HIER 1:1000 1h RT Spleen
CD206 Abcam Rb poly? ab64693 HIER 1:4000 1hRT Spleen
Arginase 1 Santa Cruz Goat poly? sc-18354 HIER 1:2000 1hRT Spleen
Ymi StemCell Technologies  Rb poly? #01404 HIER 1:1000 1hRT Spleen
iNOS Abcam Rb poly? ab15323 HIER 1:100 1hRT Hepatitis
HO-1 Biorad Rb poly? 4915-1050 HIER 1:500 1hRT Spleen
MHC-II Biolegend Rat mono® M5/114.15.2 HIER 1:300 1hRT Spleen
CD3e Santa Cruz Goat poly® s-1127 HIER 1:1000 1hRT Spleen
B220 BD Biosciences Rat mona® AB394614 HIER 1:500 1hRT Spleen
Ly6G BD Biosciences Rat mono® AB551459 HIER 1:2000 1hRT Spleen
Cytokeratin 19 Abcam Rb poly? ab133496 HIER 1:2000 1hRT Pancreas
Cleaved caspase 3 Cell Signaling Rb poly? Aspl75 HIER 1:2000 1hRT Thymus
CD4 Invitrogen Rat mono® #14-0041-82 HIER 1:600 1h RT Spleen
CD8 Invitrogen Rat mono® #14-0808-82 HIER 1:800 1hRT Spleen
FoxP3 eBioscience Rat mono® FIK-16S HIER 1:200 1hRT Spleen
CD31 Abcam Rb poly? ab182981 HIER 1:2000 1hRT Lung
OPN R&D System Rb poly? MABS08 HIER 1:400 1hRT Mesothelioma
GPNMB R&D System Goat poly® AF2330 HIER 1:200 1hRT Mesothelioma

aRabbit polyclonal; bRat monoclonal; cRabbit monoclonal; dGoat polyclonal; HIER: Heat-induced epitope retrieval in dewaxing buffer H pH=9;

PIER: Protease-induced epitope retrieval with trypsin; 1h RT: 1 hour at room temperature
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Supplemental Table 2. Liver immunohistochemical evaluation.

Organ/structure Marker Location Cellular count Shape (%) Staining Intensity Staining Pattern 1D
Capsule + Spindle +++ Cytoplasm CMos
Sinusoids +++ Stellate +++ Cytoplasm Kupffer cells
Iba-1 Centrilobular veins + Round +++ Cytoplasm Circulating Monocytes
Portal Spaces ++ Stellate +++ Cytoplasm MoMgs/ MoDCs/ cDCs
Portal Vessels +/- Round +++ Cytoplasm Circulating Monocytes
Capsule + Spindle ++++ Cytoplasm CMos
Sinusoids +++ Stellate +/+++ Cytoplasm Kupffer cells
F4/80 Centrilobular veins + Round +H+++ Cytoplasm Circulating Monocytes
Portal Spaces +H++ Stellate +++ Cytoplasm MoMeos
Portal Vessels + Round +/+++ Cytoplasm Circulating Monocytes
Capsule \ \ \ \ \
Sinusoids ++ Stellate +++ Cytoplasm Kupffer cells
MARCO Centrilobular veins + Round/Spindle +++ Cytoplasm Circulating Monocytes
Portal Spaces +/- Stellate +++ Cytoplasm MoMegs/ MoDCs / ¢cDCs
Portal Vessels + Round/Spindle +++ Cytoplasm Circulating Monocytes
Capsule \ \ \ \ \
Sinusoids \ \ \ \ \
CD206 Centrilobular veins \ \ \ \ \
Portal Spaces + Stellate ++ Cytoplasm MoMegs/ MoDCs / ¢cDCs
Porta Vessels \ \ \ \ \
Capsule \ \ \ \ \
Sinusoids \ \ \ \ \
Liver Parenchyma Arg-1 Centrilobular veins \ \ \ \ \
Portal Spaces \ \ \ \ \
Porta Vessels \ \ \ \ \
Capsule \ \ \ \ \
Sinusoids + Round ++ Cytoplasm Circulating Monocytes
Yml Centrilobular veins +/- Round ++ Cytoplasm Circulating Monocytes
Portal Spaces \ \ \ \ \
Portal Vessels +/- Round ++ Cytoplasm Circulating Monocytes
Capsule \ \ \ \ \
Sinusoids \ \ \ \ \
iNOS Centrilobular veins \ \ \ \ \
Portal Spaces \ \ \ \ \
Porta Vessals \ \ \ \ \
Capsule \ \ \ \ \
Sinusoids + Stellate ++ Cytoplasm Kupffer cells
HO1 Centrilobular veins +/- Round ++ Cytoplasm Circulating Monocytes
Portal Spaces \ \ \ \ \
Portal Vessels +/- Round ++ Cytoplasm Circulating Monocytes
Capsule \ \ \ \ \
Sinusoids + Stellate ++ Cytoplasm Kupffer cells MoDCs/ cDCs
MHC-11 Centrilobular veins \ \ \ \ \
Portal Spaces ++ Stellate ++ Cytoplasm MoMegs/ MoDCs / ¢cDCs
Porta Vessals \ \ \ \ \
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Supplemental Table 3. Gallbladder immunohistochemical evaluation.

Organ/structure Marker Location Cellular count Shape (%) Staining Intensity Staining Pattern 1D
Stellate/Spindle Cytoplasm
Iba-1 Lamina propria ++ (80%) +++ MoMegs/ MoDCs/ ¢cDCs
Round (20%) +++ Cytoplasm MoMaos
Stellate/Spindle Cytoplasm
F4/80 Lamina propria ++ (70%) ++ MoMos
Round (30%) +++ Cytoplasm MoMaos
Mucosa MARCO Lamina propria \ \ \ \ \
CD206 +++ Spindle ++ Cytoplasm MoMegs/ MoDCs/ ¢cDCs
Arg-1 Lamina propria \ \ \ \ i
Ymil \ \ \ \ \
Gallbladder I:_\: 818 Lamina propria t t t t t
MHC-II Laminapropria +/- Stellate + Cytoplasm MoMeos/ MoDCs/ ¢cDCs
Iba-1 Muscular layer +++ Spindle ++ Cytoplasm MoMegs/ MoDCs/ ¢cDCs
F4/80 Muscular layer + Spindle + Cytoplasm MoMaos
MARCO Muscular layer \ \ \ \ \
CD206 Muscular layer +++ Spindle +++ Cytoplasm MoMeos/ MoDCs/ ¢cDCs
Muscular Layer Arg-1 Muscular layer \ \ \ \ \
Ymil Muscular layer \ \ \ \ \
iNOS Muscular layer \ \ \ \ \
HO1 Muscular layer \ \ \ \ \
MHC-II Muscular layer \ \ \ \ \
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Supplemental Table 4. Spleen immunohistochemical evaluation.

Organ/structure Marker Location Cellular count Shape (%) Staining Intensity Staining Pattern ID
lba-1 Chords/Sinuses ++++ Polymorphic ++/+++ Cytoplasmic/Membranous RPMgs, MoDCs/ cDCs / pDCs
F4/80 Chords/Sinuses ++++ Polymorphic ++/+++ Cytoplasmic/Membranous RPMes
MARCO Chords/Sinuses + Polymorphic + Cytoplasmic RPMes
CD206 Chords/Sinuses + Polymorphic +/++ Cytoplasmic RPMes
Red pulp Arg-1 Chords/Sinuses + Round +++ Cytoplasmic RPMes
Yml Chords/Sinuses +/- Polymorphic +4++ Cytoplasmic RPMes
iINOS Chords/Sinuses \ \ \ \ \
HO1 Chords/Sinuses +4++ Polymorphic ++/+++ Cytoplasmic RPMgs/ MoDCs/ cDCs/ pDCs
MHC Il Chords/Sinuses ++ Polymorphic +/++ Cytoplasmic RPMgs, MoDCs/ cDCs / pDCs
PALS +++[++++ Stellate ++ Cytoplasmic/Membranous MoMgs/ MoDCs/ cDCs / pDCs
Follicle - Mantle zone ++/+++ Stellate ++/+++ Cytoplasmic/Membranous MoMegs/ MoDCs/ cDCs / pDCs
Iba-1 . Stellate (70%) ++/+++ Cytoplasmic FDCs
Follicle - GCs o Round (30%) ++ Cytoplasmic TBMos
Marginal zone Inner/Outer layer +++ Stellate +4++ Cytoplasmic MZMgps/ MMMgs/ MoDCs/ cDCs
PALS + Stellate +++ Cytoplasmic MoMes
F4/80 FoIIicIe_— Mantle zone +- Stellate +++ Cytoplasmic MoMegs
Follicle - GCs \ \ \ \ \
Marginal zone Inner/Outer layer \ \ \ \ \
PALS \ \ \ \ \
Follicle - Mantle zone \ \ \ \ \
MARCO Follicle - GCs \ \ \ \ \
Marginal zone outer layer ++++ Stellate +++ Cytoplasmic MZMeos
PALS \ \ \ \ \
Follicle - Mantle zone \ \ \ \ \
Spleen cb206 Follicle - GCs \ \ \ \ \
Marginal zone Inner/Outer layer \ \ \ \ \
PALS \ \ \ \ \
_ Arg-1 FoIIicIe_— Mantle zone \ \ \ \ \
White pulp Follicle - GCs \ \ \ \ \
Marginal zone Inner/Outer layer \ \ \ \ \
PALS \ \ \ \ \
vmi Follicle - Mantle zone \ \ \ \ \
Follicle - GCs \ \ \ \ \
Marginal zone Inner/Outer layer \ \ \ \ \
PALS \ \ \ \ \
. Follicle - Mantle zone \ \ \ \ \
INOS Follicle - GCs \ \ \ \ \
Marginal zone Inner/Outer layer \ \ \ \ \
PALS ++ Polymorphic +++ Cytoplasmic MoMes
Follicle - Mantle zone + Polymorphic + Cytoplasmic MoMes
HO1 : Stellate (60%) +H++ Cytoplasmic FDCs
Follicle - GCs N Round (40%) +++ Cytoplasmic TBMes
Marginal zone Inner/Outer layer +- Polymorphic + Cytoplasmic MoMegs / MZMes(?) / MMMes (?)
PALS ++ Stellate + Cytoplasmic MoMgs/ MoDCs/ cDCs
Follicle - Mantle zone ++ Stellate + Cytoplasmic MoMes/ MoDCs/ cDCs
MHC Il ) Stellate (70%) + Cytoplasmic FDCs
Follicle - GCs A Round (30%) ++ Cytoplasmic TBMes
Marginal zone Inner/Outer layer +H++ Polymorphic + Cytoplasmic MoDCs/ cDCs/ pDCs
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Supplemental Table 5. Thymus immunohistochemical evaluation.

Organ/structure Marker Location Cellular count Shape (%) Staining Intensity Staining Pattern 1D
Iba-1 Cortex ++ Stellate +++ Membrane/Cytoplasmic ThyM®s /MoMaos
F4/80 Cortex +/- Stellate + Cytoplasm ThyM®s/ MoM®s
MARCO Cortex \ \ \ \ \
CD206 Cortex \ \ \ \ \
Cortex Arg-1 Cortex \ \ \ \ \
Yml Cortex + Stellate +++ Cytoplasm ThyM®s/ MoM®s
iNOS Cortex \ \ \ \ \
HO1 Cortex ++ Stellate + Membrane/Cytoplasmic ThyM®s/ MoM®s
Thymus MHC I Cortex \ \ \ \ _ \
Iba-1 Medulla +++ Stellate +++ Membrane/Cytoplasmic ThyM®s/ MoM¢@s/ MoDCs/ ¢cDCs
F4/80 Medulla + Stellate + Cytoplasm ThyM®s /MoMos
MARCO Medulla + Stellate +++ Cytoplasm ThyM®s / MoMos
CD206 \ \ \ \ \ \
Medulla Arg-1 Medulla ++ Round/Stellate +++ Cytoplasm/nuclear ThyM®s / MoMos
Yml Medulla ++ Round/Stellate +++ Cytoplasm ThyM®s / MoMos
iNOS Medulla ++ Round/Stellate +++ Cytoplasm ThyM®s / MoMgs / MoDCs/ ¢cDCs / pDCs
HO1 Medulla + Stellate + Membrane/Cytoplasmic ThyM®s / MoMos
MHC I Medulla +++ Stellate +++ Cytoplasm ThyM®s / MoMgs/ MoDCs/ ¢cDCs
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Supplemental Table 6. Lymph node immunohistochemical evaluation.

Organ/structure Marker Location Cellular count Shape (%) Staining Intensity Staining Pattern 1D
I1ba-1 Subcapsular sinus ++++ Round +++ Cytoplasmic/Membranous SCSMes
F4/80 Subcapsular sinus + Round + Cytoplasmic SCSMos
MARCO Subcapsular sinus ++++ Round +++ Cytoplasmic SCSMes
CD206 Subcapsular sinus +++ Round ++ Cytoplasmic SCSMos
Capsule Arg-1 Subcapsular sinus + Round +++ Cytoplasmic/Nuclear SCSMes
Yml Subcapsular sinus \ \ \ \ \
iNOS Subcapsular sinus \ \ \ \ \
HO1 Subcapsular sinus +++++++ Round ++ Membrane/ Cytoplasmic SCSMes
MHC I Subcapsular sinus +++ Round + Cytoplasmic SCSMos
. ++ Round +++ Cytoplasmic TBMeos
lba1 Germinal Center ++ Stellate +++ Cytoplasmic FDCs
Mantle zone ++ Stellate +++ Cytoplasmic MoMgs / MoDCs/ ¢DCs / pDCs
Marginal zone + Stellate +++ Cytoplasmic MoMgs / MoDCs/ cDCs/ pDCs
Germinal Center \ \ \ \ \
F4/80 Mantle zone \ \ \ \ \
Marginal zone \ \ \ \ \
Germinal Center \ \ \ \ \
MARCO Mantle zone \ \ \ \ \
Marginal zone \ \ \ \ \
Germinal Center \ \ \ \ \
CD206 Mantle zone \ \ \ \ \
Lymphnode Margind zone \ \ \ \ \
Germinal Center \ \ \ \ \
Cortex Arg-1 Mantle zone + Round +++ Cytoplasmic/Nuclear MoMos
Marginal zone + Round +++ Cytoplasmic/Nuclear MoMes
Germinal Center \ \ \ \ \
Yml Mantle zone \ \ \ \ \
Marginal zone \ \ \ \ \
Germinal Center \ \ \ \ \
iNOS Mantle zone \ \ \ \ \
Marginal zone \ \ \ \ \
Germinal Center \ \ \ \ \
HO1 Mantle zone \ \ \ \ \
Marginal zone \ \ \ \ \
. Round (80%) ++ Cytoplasmic TBMos
MHC Il Germinal Center - Stellate (20%) + Cytoplasmic FDCs
Mantle zone +/- Round/Stellate +++ Cytoplasmic MoDC¢/ cDCs/ pDCs
Marginal zone +/- Round/Stellate +H++ Cytoplasmic MoDC¢ cDCs/ pDCs
Iba-1 Paracortex +++ Stellate +++ Cytoplasmic MoMaegs / TZM@s/ MoDCs/ ¢cDCs / pDCs
F4/80 Paracortex \ \ + \ \
MARCO Paracortex \ \ + \ \
Paracortex CD206 Paracortex +/- Stellate + Cytoplasmic MoMes
Arg-1 Paracortex ++ Round +++ Cytoplasmic/Nuclear MoMaos
Yml Corti oopgéadolj’lrlﬁ(y region ++ Round + Cytoplasmic MoMgs (?)

151




iNOS Paracortex \ \ + \ \
HO1 Paracortex + Round + Membrane/ Cytoplasmic MoMes
MHC I Paracortex +++ Stellate +++ Cytoplasmic TZMgs / MoDCs/ ¢cDCs / pDCs
Chords +++ Round/Spindle +++ Cytoplasmic MCMgs/DCs
1ba-1 Sinuses ++++ Round +++ Cytoplasmic MSMes
F4/80 Chords \ \ \ \ _ \
Sinuses +++ Round +H/+++ Cytoplasmic MSMeos
Chords \ \ \ \ \
MARCO Sinuses ++++ Round +++ Cytoplasmic MSMeos
Chords \ \ \ \ \
CD206 Sinuses ++/+++ Round + Cytoplasmic MSMes
Arg-1 Chords \ \ \ \ \
Medulla Sinuses +/- Round + Cytoplasmic/Nuclear
Chords ++ Polymorphic + Cytoplasmic MCMos (?)
Yml -
Sinuses \ \ \ \ \
. Chords \ \ \ \ \
INOS Sinuses \ \ \ \ \
HO1 Chords \ \ \ \ \
Sinuses +++/++++ Round + Membrane/ Cytoplasmic MSMes
MHC Il Chords +++ Round +++ Cytoplasmic MCMgs / DCs
Sinuses +++ Round +H++ Cytoplasmic MSMes
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Supplemental Table 7. Kidney immunohistochemical evaluation.

Organ/structure Marker Location Cellular count Shape (%) Staining Intensity Staining Pattern 1D
Ibal Intracapsular +++ Spindle ++ Cytoplasmic MoMgs / ReMos
Pericapsular fat + Round/Spindle ++ Cytoplasmic WAT Mos
F4/80 Intracapsular +++ Spindle +++ Cytoplasmic MoMgs / ReMos
Pericapsular fat + Round/Spindle + Cytoplasmic WAT Mos
Intracapsular \ \ \ \ \
MARCO Pericapslar fat \ \ \ \ \
CD206 Intracapsular + Spindle ++[+++ Cytoplasmic MoMeos / ReMgs
Pericapsular fat + Round +H/+++ Cytoplasmic WAT Mes
Capsule Arg-1 Intracapsular +/- Spindle +++ Nuclear, cytoplasmic MoMgs / ReMgs / Circulating monocytes
Pericapsular fat + Round +++ Nuclear, cytoplasmic WAT Mos
Intracapsular +/- Spindle + Cytoplasmic MoMgs / ReMgs / Circulating monocytes
Yml -
Pericapsular fat \ \ \ \ \
. Intracapsular \ \ \ \ \
INOS Pericapslar fat \ \ \ \ \
Intracapsular \ \ \ \ \
HO-1 Pericapslar fat \ \ \ \ \
Intracapsular \ \ \ \ \
MHCII Pericapslar fat \ \ \ \ \
lba-1 Interstitium ++ Stellate ++[+++ Cytoplasmic MoMeos/ ReMgs/ ¢cDCs / MoDCs
F4/80 Interstitium ++ Stellate ++ Cytoplasmic MoMgs/ ReMos
MARCO \ \ \ \ \ \
CD206 Interstitium ++ Round/Stellate ++ Cytoplasmic MoMeos/ ReMos
Kidney Cortex Arg-1 Interstitial blood vessels +/- Round +++ Nuclear, cytoplasmic Circulating monocytes
ymi Interstitial blood vessels - Round (60%) ++ cytoplasmic (stippled) Circulating monocytes
Interstitium Spindle/Stellate (40%) ++ cytoplasmic (stippled) MoMegs/ ReMos
iNOS \ \ \ \ \ \
HO-1 \ \ \ \ \ \
MHC I Interstitium + Stellate ++ Cytoplasmic MoMegs/ ReMgs/ ¢cDCs / MoDCs
lba-1 Interstitium ++ Stellate ++ Cytoplasmic MoMgs/ ReMgs/ ¢cDCs / MoDCs
F4/80 Interstitium ++H/+++ Stellate ++ Cytoplasmic MoMgs/ ReMos
MARCO \ \ \ \ \ \
CD206 Interstitium ++ Round/Stellate ++ Cytoplasmic MoMgs/ ReMos
Arg-1 Interstitial blood vessels - Round (80%) +++ Nuclear, cytoplasmic Circulating monocytes
Medulla Interstitium Spindle/Stellate (20%) +++ Nuclear, cytoplasmic MoMgs/ ReMgs/ ¢cDCs
ymi Interstitial blood vessels - Round (80%) +++ cytoplasmic (stippled) Circulating monocytes
Interstitium Spindle/Stell ate (20%) +++ cytoplasmic (stippled) MoMgs/ ReMos
iNOS \ \ \ \ \ \
HO-1 \ \ \ \ \ \
MHC I Interstitium + Stellate ++ Cytoplasmic MoMegs/ ReMgs/ ¢cDCs / MoDCs
Iba-1 Interstitium +++ Round/Stellate ++ Cytoplasmic MoMgs/ ReMos
F4/80 \ \ \ \ \ \
Renal papilla MARCO \. ' \ \ \ \ . \
CD206 Interstitium +++ Round/Stellate +++ Cytoplasmic MoMegs/ ReMos
Arg-1 \ \ \ \ \ \
Yml \ \ \ \ \ \
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iNOS \ \ \ \ \ \
HO-1 \ \ \ \ \ \
MHCII \ \ \ \ \ \
Iba-1 Laminapropria +++ Polymorphic ++ Cytoplasmic MoMegs/ ReMgs/ ¢cDCs / MoDCs
F4/80 Laminapropria +++ Stellate/Spindle ++ Cytoplasmic MoMegs/ ReMos
MARCO \ \ \ \ \ \
CD206 Lamina propria + RS?::(?I ((34((%0(/;;) +++ Cytoplasmic MoMes/ ReMos
Pelvis Arg-1 Lamina propria + gp?ﬁgi(é%og/?) +++ Nuclear, cytoplasmic MoMes/ ReMos
Yml \ \ \ \ \ \
iNOS \ \ \ \ \ \
HO-1 \ \ \ \ \ \
MHCII Laminapropria + Stellate/Spindle + Cytoplasmic MoMes/ ReMgs/ ¢cDCs / MoDCs
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Supplemental Table 8. Adrenal glands immunohistochemical evaluation.

Organ/structure Marker Location Cellular count Shape (%) Staining Intensity Staining Pattern 1D
Ibal Zonaglomerulosa +++ Stellate ++/+++ Cytoplasmic AdMes/ MoMgs/ ¢cDCs / MoDCs
Zonafasciculata ++ Stellate ++ Cytoplasmic AdMes/ MoMgs/ ¢DCs / MoDCs
F4/80 Zonag! omerul 0sa n/a na n/a n/a n/a
Zonafasciculata n/a n/a n/a n/a n/a
Zonaglomerulosa \ \ \ \ \
MARCO Zonafasciculda \ \ \ \ \
Zonaglomerulosa \ \ \ \ \
€D206 Zonafasciculata \ \ \ \ \
Cortex Arg-1 Zonaglomerul osa_/ Blood vessels +/- Round +++ Nuclear, Cytoplasmic Monocytes
Zonafasciculata \ \ \ \ \
ymil Zonaglomerulosa \ \ \ \ \
Zonafasciculata \ \ \ \ \
iINOS Zonagl omerul 0sa \ \ \ \ \
Adrenals Zonafasciculata \ \ \ \ \
HO-1 Zonaglomerulosa \ \ \ \ \
Zona fasciculata \ \ \ \ \
MHC I Zonaglomerulosa +/- Stellate ++ Cytoplasmic AdMes/ MoMgs/ ¢DCs / MoDCs
Zonafasciculata +/- Stellate ++ Cytoplasmic AdMes/ MoMes/ ¢cDCs / MoDCs
lba-1 Medulla + Stellate ++[+++ Cytoplasmic AdMes/ MoMgs/ ¢DCs / MoDCs
F4/80 Medulla n/a n/a n/a n/a n/a
MARCO \ \ \ \ \ \
CD206 \ \ \ \ \ \
Medulla Arg-1 \ \ \ \ \ \
Ymil \ \ \ \ \ \
iNOS \ \ \ \ \ \
HO-1 \ \ \ \ \ \
MHC I Medulla + Stellate ++/+++ Cytoplasmic AMos/ MoMgs/ ¢cDCs / MoDCs
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Supplemental Table 9. Forestomach immunohistochemical evaluation.

Organ/structure Marker Location Cellular count Shape (%) Staining Intensity Staining Pattern 1D
Iba-1 Lamina Propria +++ Round/Spindle +++ Cytoplasm MoMegs / MoDCs/ ¢cDCs
F4/80 Lamina Propria ++ Round/Spindle +++ Membrane/Cytoplasm MoMes
MARCO Lamina Propria \ \ \ \ \
CD206 Lamina Propria + Round/Spindle +++ Cytoplasm MoMos
Tunicamucosa Arg-1 Lamina Propria +/- Round +++ Cytoplasmic nuclear MoMes
Yml Lamina Propria \ \ \ \ \
iNOS Lamina Propria \ \ \ \ \
HO1 Lamina Propria \ \ \ \ \
MHC-II Lamina Propria \ \ \ \ \
Iba-1 Submucosa + Round/Spindle +++ Cytoplasm MoMegs / MoDCs/ ¢cDCs
F4/80 Submucosa + Round/Spindle +++ Cytoplasm MoMaos
MARCO Submucosa \ \ \ \ \
CD206 Submucosa + Round/Spindle +++ Cytoplasm MoMaos
Tunica sub-mucosa Arg-1 Submucosa +/- Round +++ Cytoplasmic nuclear MoMeos
Ymil Submucosa \ \ \ \ \
iNOS Submucosa \ \ \ \ \
HO1 Submucosa + Round ++ Cytoplasm MoMaos
MHC-II Submucosa \ \ \ \ \
Stomach | - Forestomach Iba-1 Tunicamuscolaris + Round/Spindle +++ Cytoplasm MoMes
F4/80 Tunicamuscolaris +/- Round/Spindle +/++ Cytoplasm MoMeos
MARCO Tunicamuscolaris \ \ \ \ \
CD206 Tunicamuscolaris + Round/Spindle +++ Cytoplasm MoMaos
Tunica muscularis Arg-1 Tunicamuscolaris \ \ \ \ \
Ymil Tunicamuscolaris \ \ \ \ \
iNOS Tunicamuscolaris \ \ \ \ \
HO1 Tunicamuscolaris \ \ \ \ \
MHC-II Tunicamuscolaris \ \ \ \ \
Iba-1 Serosdl lining \ \ \ \ \
F4/80 Serosd lining \ \ \ \ \
MARCO Serosdl lining \ \ \ \ \
CD206 Serosd lining \ \ \ \ \
Serosa Arg-1 Serosal lining \ \ \ \ \
Ymil Serosdl lining \ \ \ \ \
iNOS Serosd lining \ \ \ \ \
HO1 Serosdl lining \ \ \ \ \
MHC-II Serosd lining \ \ \ \ \
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Supplemental Table 10. Glandular stomach immunohistochemical evaluation.

Organ/structure Marker Location Cellular count Shape (%) Staining Intensity Staining Pattern 1D
. : Stellate/Spindle (80%) MoMegs / MoDCs/ ¢cDCs
Iba-1 Lamina Propria +++ Round (20%) +++ Cytoplasm MoMos
: . Stellate/Spindle (80%) MoMegs
F4/80 Lamina Propria ++ Round (20%) +/++ Cytoplasm MoMos
MARCO Lamina Propria \ \ \ \ \
Tunicamucosa CD206 Lamina Propria + Round/Spindle +++ Cytoplasm MoMes
Arg-1 Lamina Propria + Round ++ Cytoplasm MoMaos
Yml Lamina Propria \ \ \ \ \
iNOS Lamina Propria \ \ \ \ \
HO1 Lamina Propria +/- Round ++ Cytoplasm MoMeos
MHC-II Lamina Propria ++ Stellate/Spindle +++ Cytoplasm MoMegs / MoDCs/ ¢cDCs
I1ba-1 Submucosa +H/+++ Stellate/Spindle +++ Cytoplasm MoMegs / MoDCs/ ¢cDCs
F4/80 Submucosa ++[+++ Stellate/Spindle + Cytoplasm MoMaos
MARCO Submucosa \ \ \ \ \
CD206 Submucosa ++ Round/Spindle +++ Cytoplasm MoMaos
Tunica sub-mucosa Arg-1 Submucosa +/- Round ++ Cytoplasm MoMaos
Yml Submucosa \ \ \ \ \
iNOS Submucosa \ \ \ \ \
Stomach Glandular HO1 Submucosa + Round ++ Cytoplasm MoMaos
Stomach MHC-1| Submucosa \ \ \ \ \
lba-1 Tunicamuscolaris ++ Round/Spindle +++ Cytoplasm MoMegs / MoDCs/ ¢cDCs
F4/80 Tunicamuscolaris +/- Round/Spindle +++ Cytoplasm MoMes
MARCO Tunicamuscolaris \ \ \ \ \
CD206 Tunicamuscolaris + Round/Spindle +++ Cytoplasm MoMes
Tunicamuscularis Arg-1 Tunicamuscolaris \ \ \ \ \
Yml Tunicamuscolaris \ \ \ \ \
iNOS Tunicamuscolaris \ \ \ \ \
HO1 Tunicamuscolaris \ \ \ \ \
MHC-II Tunicamuscolaris \ \ \ \ \
Iba-1 Serosdl lining + Round/Spindle +++ Cytoplasm MoMos
F4/80 Serosal lining \ \ \ \ \
MARCO Serosdl lining \ \ \ \ \
CD206 Serosdl lining + Round/Spindle +++ Cytoplasm MoMos
Serosa Arg-1 Serosal lining \ \ \ \ \
Yml Serosdl lining \ \ \ \ \
iNOS Serosal lining \ \ \ \ \
HO1 Serosdl lining \ \ \ \ \
MHC-II Serosal lining \ \ \ \ \
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Supplemental Table 11. Small intestine immunohistochemical evaluation.

Organ/structure Marker Location CSOI;L? Shape (%) I?]t{a'a:;.ng Staining Pattern 1D
. . Stellate/Spindle (80%) +++ Membrane/Cytoplasm MoMegs / MoDCs/ ¢cDCs
Laminapropria T Round (20%) +++ Membrane/Cytoplasm MoMegs / MoDCs/ ¢DCs / pDCs
Iba-1 Lymphoid follicles- Mantle zone ++ Polymorphic +++ Membrane/Cytoplasm MoMgs / MoDCs/ ¢cDCs / pDCs
. . . Round +++ Cytoplasmic TBMos
Lymphoid follicles- Germinal center ++ Sellae et Cytoplasmic FDCs
. . Stellate/Spindle (70%) ++ Membrane/Cytoplasm MoMeos
F4/80 Laminapropria T Round (30%) ++ Membrane/Cytoplasm MoMaos
Lymphoid follicles- Mantle zone n/a n/a na n/a n/a
Lymphoid follicless Germinal center n/a n/a n/a n/a n/a
Laminapropria \ \ \ \ \
MARCO Lymphoid follicles- Mantle zone \ \ \ \ \
Lymphoid follicless Germinal center \ \ \ \ \
Laminapropria + unnd (80%) ++ Cytopl asrm [ MoMaos
CD206 Spindle (20%) ++ Cytoplasmic MoMaos
. Lymphoid fallicles- Mantle zone \ \ \ \ \
Tunica Lymphoid follicles- Germinal center \ \ \ \ \
mucosa Laminapropria ++ Round +++ Nuclear, cytoplasmic MoMaos
Arg-1 Lymphoid fallicles- Mantle zone ++ Round +++ Nuclear, cytoplasmic MoMos
Lymphoid follicless Germinal center \ \ \ \ \
Laminapropria + Round ++ Cytoplasmic (granular) MoMaos
Yml Lymphoid follicless Mantle zone +/- Round ++ Cytoplasmic (granular) MoMaos
Small Lymphoid follicles- Germinal center \ \ \ \ \
intestine Laminapropria +/- Round/Spindle ++ Cytoplasmic MoMaos
iNOS Lymphoid fallicles- Mantle zone +++ Stellate ++ Cytoplasmic MoMos
Lymphoid follicles- Germinal center ++ Stellate ++ Cytoplasmic FDCs
Lamina propria + Round + Cytoplasmic MoMos
HO-1 Lymphoid fallicles- Mantle zone +/- Stellate + Cytoplasmic MoMos
Lymphoid follicles- Germinal center \ \ \ \ \
Lamina propria +H/+++ Stellate ++ Cytoplasmic MoMgs / MoDCs/ ¢DCs
MHC 11 Lymphoid follicles- Mantle zone o+ Stellate T+t Cytoplasmic MoMgs / MoDCs/ ¢cDCs/ pDCs
Lymphoid follicles- Germinal center + Round ++ Cytoplasmic MoMegs / MoDCs/ ¢DCs / pDCs
Iba-1 Submucosa ++ Polymorphic ++ Cytoplasmic MoMgs / MoDCs/ ¢DCs
F4/80 Submucosa +/- Polymorphic +++ Cytoplasmic MoMes
MARCO Submucosa \ \ \ \ \
Tunica CD206 Submucosa + Round/spindle +++ Cytoplasmic MoMos
sub- Arg-1 Submucosa + Round +++ Nuclear, cytoplasmic MoMaos
mucosa Yml Submucosa \ \ \ \ \
iNOS Submucosa \ \ \ \ \
HO-1 Submucosa \ \ \ \ \
MHC I Submucosa \ \ \ \ \
Iba-1 Inner and outer layer + Round/Spindle +++ Cytoplasmic MoMaos
Tunica
musculari F4/80 Inner and outer layer n/a n/a n/a n/a n/a
s MARCO Inner and outer layer \ \ \ \ \
CD206 Inner and outer layer + Round/Spindle +++ Cytoplasmic MoMeos
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Arg-1 Inner and outer layer \ \ \ \ \
Yml Inner and outer layer \ \ \ \ \
iNOS Inner and outer layer \ \ \ \ \
HO-1 Inner and outer layer \ \ \ \ \
MHC I Inner and outer layer \ \ \ \ \
Iba-1l Serosdl lining + Round/Spindle +++ Cytoplasmic MoMaos
F4/80 Serosal lining n/a n/a na n/a n/a
MARCO Serosdl lining \ \ \ \ \
CD206 Serosal lining + Round/Spindle +++ Cytoplasmic MoMeos
Serosa Arg-1 Serosdl lining + Round ++ Nuclear, cytoplasmic MoMaos
Yml Serosal lining \ \ \ \ \
iNOS Serosal lining \ \ \ \ \
HO-1 Serosdl lining \ \ \ \ \
MHC I Serosal lining \ \ \ \ \

159




Supplemental Table 12. Testis immunohistochemical evaluation.
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Supplemental Table 13. Heart immunohistochemical evaluation.

Qrgan/structure Marker Location Cellular count Shape (%) Staining Intensity Staining Pattern 1D
Ibal Epicardium + Round/Spindle +++ Cytoplasmic CaMgs / MoMes
F4/80 Epicardium +/- Round/Spindle ++ Cytoplasmic CaMos / MoMgos
MARCO Epicardium \ \ \ \ \
CD206 Epicardium + Round/Spindle ++ Cytoplasmic CaMos / MoMgos
Epicardium Arg-1 Epicardium \ \ \ \ \
Yml Epicardium \ \ \ \ \
iNOS Epicardium \ \ \ \ \
HO-1 Epicardium \ \ \ \ \
MHCII Epicardium \ \ \ \ \
Ibal Myocardium ++ Polymorphic +++ Cytoplasmic CaMos / MoMgs
F4/80 Myocardium \ \ \ \ \
MARCO Myocardium \ \ \ \ \
CD206 Myocardium + Round/Spindle ++ Cytoplasmic CaMgs / MoMgs
Myocardium Arg-1 Myocardium \ \ \ \ \
Ymil Myocardium \ \ \ \ \
iNOS Myocardium \ \ \ \ \
HO-1 Myocardium \ \ \ \ \
Heart MHCII Myocardium \ \ \ \ \
Ibal Endocardium + Round/Spindle +++ Cytoplasmic CaMgs / MoMgs
F4/80 Endocardium \ \ \ \ \
MARCO Endocardium \ \ \ \ \
CD206 Endocardium \ \ \ \ \
Endocardium Arg-1 Endocardium \ \ \ \ \
Ymil Endocardium \ \ \ \ \
iNOS Endocardium \ \ \ \ \
HO-1 Endocardium \ \ \ \ \
MHCII Endocardium \ \ \ \ \
Ibal Valvular ssroma + Round/Spindle +++ Cytoplasmic CaMgs / MoMgs
F4/80 Valvular sroma \ \ \ \ \
MARCO Valvular sroma \ \ \ \ \
CD206 Valvular sroma \ \ \ \ \
Valves Arg-1 Valvular sroma \ \ \ \ \
Ymil Valvular sroma \ \ \ \ \
iNOS Valvular sroma \ \ \ \ \
HO-1 Valvular sroma \ \ \ \ \
MHCII Valvular sroma \ \ \ \ \
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Supplemental Table 14. Lung immunohistochemical evaluation.

Organ/structure Marker Location Cellular count Shape (%) Staining Intensity Staining Pattern 1D
lba-1 Alveali, Bronchioles \ \ \ \ \
F4/80 Alveali, Bronchioles ++ Round + Cytoplasmic, Membranous AMos
MARCO Alvedli, Bronchioles ++/+++ Round +++ Cytoplasmic, Membranous AMos
Alveolar CD206 Alveol | , Bronch?olec +++ Round +H/+++ Cytopl asm c AMos
System Arg-1 Alveali, Bronchioles +/- Round + Cytoplasmic AMos
Yml Alvedli, Bronchioles ++++ Round +++ Cytoplasmic AMos
iNOS Alveali, Bronchioles \ \ \ \ \
HO1 Alvedli, Bronchioles + Round +++ Cytoplasmic AMos
MHC I Alveali, Bronchioles +/- Round + Cytoplasmic AMos
Perivascular/Peribronchia +++ Polymorphic +++ IMges (MoM®s) / MoDCs/ ¢cDCs
Iba-1 Alveolar Septa it ;?L‘Qf'e(é%‘?) ++ Cytoplasmic Mgs (MoM®s) / MoDCs/ cDCs
Perivascular/Peribronchia + Spindle/Stellate IMos (MoM®s)
F4/80 Round (40%) + Cytoplasmic, Membranous Circulating monocytes
Lungs | AlvedarSsia e Spindle (60%) Mos (MoM®s)
MARCO Perivascular/Peribronchia \ \ \ \
Alveolar Septa \ \ \ \ \
CD206 Perivascular/Peribronchia ++[+++ Polymorphic +++ Cytoplasmic IMgs (MoM®s)
Alveolar Septa + Spindle +H/+++ Cytoplasmic IMos (MoM®s)
Interstitium Perivascular/Peribronchia +++ Round/Spindle +++ Cytoplasmic, Nuclear IMgs (MoM®s)
Arg-1 Round ++ ) Circulating monocytes
g Alveolar Septa ++ Spindle " Cytoplasmic Mos (%/IoM (I)g
— Perivascular/Peribronchia + Spindle/Stellate +++ Cytoplasmic IMgs (MoM®s)
Alveolar Septa + Round +++ Cytoplasmic Circulating monocytes
iINOS Perivascular/Peribronchia \ \ \ \ \
Alveolar Septa \ \ \ \ \
HOL Perivascular/Peribronchia \ \ \ \ \
Alveolar Septa \ \ \ \ \
MHC I Perivascular/Peribronchia ++ Spindl t_e/SteIIaIe ++ Cytopl asrnl c IMoes (MoM®s) / MoDCs/ ¢cDCs
Alveolar Septa + Spindle ++ Cytoplasmic IM@s (MoM®s) / MoDCs/ ¢cDCs
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Supplemental Table 15. Pancreas immunohistochemical evaluation.

Organ/structure Marker Location Cellular count Shape (%) Staining Intensity Staining Pattern 1D
Iba-1 Interacinar interstitium + Stellate/Spindle +++ Cytoplasmic MoMegs / ¢cDCs / MoDCs
Peri-tubular interstitum ++ Stellate/Spindle +++ Cytoplasmic PaMgs (MoMgs)
F4/80 Interacinar interstitium + Stellate/Spindle + Cytoplasmic MoMeos
Peri-tubular interstitum +/- Stellate/Spindle + Cytoplasmic \
Interacinar interstitium \ \ \ \ \
MARCO Peri-tubular interstitum \ \ \ \ \
CD206 Interacinar interstitium \ \ \ \ MoMes
Peri-tubular interstitum + Stellate/Spindle +++ Cytoplasmic \
Exocrine Arg-1 Interacinar interstitium \ \ \ \ MoMaes / circulating monocytes
Pancreas Peri-tubular interstitum + Round +++ Cytoplasmic
Yl Interacinar interstitium \ \ \ \ \
Peri-tubular interstitum \ \ \ \ \
iINOS Interacinar interstitium \ \ \ \ \
Pancreas Peri-tubular interstitum \ \ \ \ \
HO-1 Interacinar interstitium \ \ \ \ MoMaos
Peri-tubular interstitum +/- Round + Cytoplasmic PaMos (MoMgs) / ¢cDCs / MoDCs
MHC I Interacinar interstitium + Stellate/Spindle ++ Cytoplasmic MoMgs / MoDCs/ ¢cDCs / MoDCs
Peri-tubular interstitum + Stellate ++ Cytoplasmic IsIMos
Iba-1 Langerhans Island + Stellate +++ Cytoplasmic IsIMos
F4/80 Langerhans Island + Stellate ++ Cytoplasmic \
MARCO Langerhans |sland \ \ \ \ \
Endocrine CD206 Langerhans Island \ \ \ \ \
Pancreas Arg-1 Langerhans Island \ \ \ \ \
Ym-1 Langerhans |sland \ \ \ \ \
iNOS Langerhans Island \ \ \ \ \
HO-1 Langerhans |sland \ \ \ \ IsIMos
MHC I Langerhans Island +/- Stellate ++ Cytoplasmic IsIMos
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Supplemental Table 16. Necrosuppurative hepatitis immunohistochemical evaluation.

Organ/structure Marker Location Cellular count Shape (%) Staining Intensity Staining Pattern 1D
Iba1 Perinecrotic area ++++ Stellate ++ Membrane/ cytoplasmic MoMegs / MoDCs/ ¢cDCs
Peripheric area ++++ Stellate +H/+++ Membrane / cytoplasmic MoMegs / MoDCs/ cDCs
F4/80 Perinecrotic area \ \ \ \ \
Peripheric area +/- Stellate + Cytoplasmic MoMeos
MARCO Perinecrotic area ++ Round/Stellate ++ Membrane/ cytoplasmic MoMaos
Peripheric area + Round/Stellate ++ Membrane/ cytoplasmic MoMaos
Perinecrotic area \ \ \ \ \
Neoro CD206 Peripheric area \ \ \ \ \
. 8 Perinecrotic area +++ Stellate +++ Cytoplasm MoMaos
Liver suppurative Arg-1 - -
foci Pe_rlphen_c area \ \ \ \ \
Yl Perinecrotic area + Round +++ Cytoplasm MoMos
Peripheric area +++ Round +++ Cytoplasm MoMaos
iINOS Perinecrotic area +++ Stellate ++ Cytoplasm MoMaos
Peripheric area \ \ \ \ \
HOL Perinecrotic area + Stellate + Cytoplasm MoMaos
Peripheric area \ \ \ \ \
MHCII Perinecrotic area ++/+++ Stellate +++ Cytoplasmic MoMgs / MoDCs/ ¢cDCs
Peripheric area ++[+++ Stellate +++ Cytoplasmic MoMegs / MoDCs/ ¢cDCs
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Supplemental Table 17. Pneumocystis murina infected lung immunohistochemical evaluation.

Anatomical

Organ region Marker Location Cellular count Shape (%) Staining Intensity Staining Pattern ID
Iba-1 Alveali, Bronchioles ++++ Round +++ Membrane MoMegs / AMes
F4/80 Alveali, Bronchioles n/a n/a n/a n/a n/a
MARCO Alveali, Bronchioles +/- Round ++ Membrane/cytoplasmic MoMegs / AMes
Alveolar CD206 Alveali, Bronchioles + Round + Membrane/cytoplasmic MoMeos / AMes
System Arg-1 Alvedli, Bronchioles ++++ Round +++ M embrane/cytoplasmic MoMeos / AMes
Ym-1 Alveali, Bronchioles +++ Round +++ Cytoplasmic (granular) MoMeos / AMes
iNOS Alvedli, Bronchioles +++ Round +++ Cytoplasmic MoMeos / AMges
HO1 Alveoli, Bronchioles +++ Round +/++ Cytoplasmic MoMgs / AMos
MHCII Alveali, Bronchioles +/- Round + Cytoplasmic MoMegs / AMes
lbal Perivasal/Peribronchial +4+/++++ Polymorphic +++ Membrane/Cytoplasm IMops (MoMgs) / MoDCs / ¢cDCs
Alveolar Septa +++ Polymorphic +++ Membrane/Cytoplasm IMoes (MoMgs) / MoDCs / ¢cDCs
F4/80 Perivasal/Peribronchial n/a n/a n/a n/a n/a
Alveolar Septa n/a na n/a n/a n/a
Lung Perivasal/Peribronchia \ \ \ \ \
MARCO Alveolar Septa \ \ \ \ \
CD206 Perivasal/Peribronchial + Spindle +++ Cytoplasmic dots IMos (MoMgs)
Alveolar Septa \ \ \ \ \
Interstitium Arg-1 Pen\;\aﬁl e{) T:rrllsagg?;:hlal +/\++ Stel\l ate +J\r+ C,\/top\lasmlc IMos (I\\/IOM(ps)
— Perivasal/Peribronchial +/- Stellate +++ Cytoplasmic (granular) IMos (MoMgs)
Alveolar Septa +/- Stellate +++ Cytoplasmic (granular) IMos (MoMgs)
iINOS Perivasal/Peribronchial \ \ \ \ \
Alveolar Septa \ \ \ \ \
HOL Perivasal/Peribronchial + Stellate ++ Cytoplasmic IMos (MoMgs)
Alveolar Septa +/- Spindie/ stellate + Cytoplasmic IMoes (MoMes)
MHCII Perivasal/Peribronchial +++ Stellate ++ Cytoplasmic IM@s (MoMgs) / MoDCs /cDCs
Alveolar Septa ++ Round + Cytoplasmic IM@s (MoMgs) / MoDCs /cDCs
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Supplemental Table 18. Human synovial sarcoma xenograft immunohistochemical evaluation.

Organ Case Marker Location Cellular count Shape Staining Intensity Staining Pattern 1D
Periphery ++++ Spindle +++ M embrane/cytoplasmic TAMgs / TADCs
Iba-1 Bulk of the tumor +++ Polymorphic +++ Membrane/cytoplasmic TAMes / TADCs
Perinecrotic area ++ Polymorphic +++ M embrane/cytoplasmic TAMgs / TADCs
Periphery ++++ Spindle +++ Membrane/cytoplasmic TAMos
F4/80 Bulk of the tumor +++ Polymorphic +++ M embrane/cytoplasmic TAMos
Perinecrotic area ++ Round/stellate ++ M embrane/cytoplasmic TAMos
Periphery + Spindle +++ Membrane/cytoplasmic TAMos
MARCO Bulk of the tumor \ \ \ \ \
Perinecrotic area \ \ \ \ \
Periphery +++ Spindle +++ cytoplasmic TAMes (M2-oriented)
CD206 Bulk of the tumor + Round/spindle + cytoplasmic TAMs (M2-oriented)
Perinecrotic area \ \ \ \ \
Skeletal ggg\]/?;l Periphery +++ Spindle +++ cytoplasmic, nuclear TAMgs / MDSCs
Arg-1 Bulk of the tumor +++ Stellate +++ cytoplasmic, nuclear TAMgs / MDSCs
muscle sarcoma - - - -
xenograft Perlne(_:ronc area +++ Polymorphic ++[+++ cytoplasmlc, n_uclear TAMgs / MD_SCs
Periphery +/- Stellate +++ cytoplasmic (stippled) TAMes (M2-oriented)
Ym-1 Bulk of the tumor +/- Stellate +++ cytoplasmic (stippled) TAMes (M2-oriented)
Perinecrotic area \ \ \ \ \
Periphery \ \ \ \ \
iNOS Bulk of the tumor \ \ \ \ \
Perinecrotic area \ \ \ \ \
Periphery +++ Polymorphic ++ Cytoplasmic TAMeos (M2-oriented)
HO1 Bulk of the tumor +++ Polymorphic ++ Cytoplasmic TAMeos (M2-oriented)
Perinecrotic area + Round/stellate ++ Cytoplasmic TAMes (M2-oriented)
Periphery \ \ \ \ \
MHC-II Bulk of the tumor \ \ \ \ \
Perinecrotic area \ \ \ \ \
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Supplemental Table 19. Murine fibrosarcoma syngraft immunohistochemical evaluation.

Organ Case Marker Location Cellular count Shape Staining Intensity Staining Pattern 1D
Periphery ++++ Polymorphic +++ Membrane/cytoplasmic TAMgs / TADCs
Iba-1 Bulk of the tumor ++++ Polymorphic +++ Membrane/cytoplasmic TAMes / TADCs
Perinecrotic area +++ Polymorphic ++/+++ Membrane/cytoplasmic TAMgs / TADCs
Periphery n/a n/a n/a n/a n/a
F4/80 Bulk of the tumor n/a n/a n/a n/a n/a
Perinecrotic area n/a n/a n/a n/a n/a
Periphery + Spindle ++ cytoplasmic
MARCO Bulk of the tumor \ \ \ \
Perinecrotic area \ \ \ \
Periphery ++[+++ polymorphic +++ Cytoplasmic TAMes (M2-oriented)
CD206 Bulk of the tumor + polymorphic +++ Membrane/cytoplasmic TAMs (M2-oriented)
Perinecrotic area +/- polymorphic +++ Membrane/cytoplasmic TAMes (M2-oriented)
Skeletal Syngeneic Periphery +HH/++++ polymorphic ++ cytoplasmic, nuclear TAMes / MDSCs
musde murine Arg-1 Bulk of the tumor +++ polymorphic +++ cytoplasmic, nuclear TAMgs / MDSCs
fibrosarcoma Perinecrotic area ++[+++ polymorphic ++[+++ cytoplasmic, nuclear TAMes / MDSCs
Periphery +/- Stellate +++ cytoplasmic (stippled) TAMes (M2-oriented)
Ym-1 Bulk of the tumor +/- Stellate +++ cytoplasmic (stippled) TAMes (M2-oriented)
Perinecrotic area \ \ \ \ \
Periphery \ \ \ \ \
iNOS Bulk of the tumor \ \ \ \ \
Perinecrotic area +++ Stellate ++ Cytoplasmic TAMes (M1 -oriented)
Periphery +++ Round/spindle ++ Cytoplasmic TAMeos (M2-oriented)
HO1 Bulk of the tumor +++ Polymorphic ++ Cytoplasmic TAMeos (M2-oriented)
Perinecrotic area + Round ++ Cytoplasmic TAMes (M2-oriented)
Periphery \ \ \ \ \
MHC-II Bulk of the tumor \ \ \ \ \
Perinecrotic area \ \ \ \ \
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Supplemental Table 20. Histologic grading system for caerulein-induced pancreatitis severity assessment.

EDEMA

Entire section

INTERSTITIAL
INFLAMMATORY CELLS
INFILTRATES
4 hot spot fields 400x

APOPTOSIS

4 Hot spot fields 400x

ADM

4 Hot spot fields 400x

PANCREATITIS
EXTENSION

Entire section

SCORE
0 total apoptotic
0 Absent No inflammatory cells Absent 0%
cells
Optically empty space 1-5 total apoptotic
1 . P Y empy P < 10 inflammatory cells per field 1-10 ducts 0-25 %
slightly separates lobules cells
Optically empty space 6-10 total apoptotic
2 P Y EmPep 10-40 inflammatory cells per field pop 11-20 ducts 26- 50 %
separates lobules cells
Optically empty space 11-14 total apoptotic
3 P Y empLySP 40-80 inflammatory cells per field > 20 ducts 51-75 %
separates single acini cells
. >15 total apoptotic
4 n/a > 80 inflammatory cells per field n/a 76-100 %

cells

168




Supplemental Table 21. Histologic grading system for caerulein-induced pancreatitis severity assessment in male mice. Colored lines contain median

values
TIME MOUSE INTERSTITIAL | INFLAMMATORY TOTAL
SEX POINT GROUP ID EDEMA INFILTRATES CELLSTYPES APOPTOSIS ADM | EXTENT HISSTC%IIQOEGY
0 day mani'\[ﬁ ted | 130 0 0 \ 0 0 0 0
0 0 \ 0 0 0
12h Control (PBS) 131 0 0 \ 0 0 0 0
12h Control (PBS) 13.2 0 0 \ 0 0 0 0
12h Control (PBS) 133 0 0 \ 0 0 0 0
0 0 \ 0 0 0 0
12h Caerulein 134 3 3 N, M, rareL and P 1 0 2 14
12h Caerulein 135 3 3 N, M, rareL and P 1 0 2 14
12h Caerulein 13.6 3 4 N, M, rareL and P 1 0 3 24
3 3 n/a 1 0 2 14
48h Control (PBS) 13.7 0 0 \ 0 0 0 0
8 48h Control (PBS) | 138 0 0 \ 0 0 0 0
0 0 \ 0 0 0 0
48h Caerulein 139 2 3 N, M, rareL and P 4 2 3 27
48h Caerulein 13.10 2 3 M, N, rareL and P 4 2 2 18
48h Caerulein 13.11 2 2 N, M, rareL and P 4 2 1 8
2 3 n/a 4 2 2 18
7 days | Control (PBS) 13.12 0 0 \ 0 0 0 0
7 days | Control (PBS) 13.13 0 0 \ 0 0 0 0
0 0 \ 0 0 0 0
7days | Caerulein 13.14 0 1 M, L,PandrareN 2 3 1 3
7days | Caerulein 13.15 0 1 M, L,PandrareN 3 3 1 4
7days | Caerulein 13.16 0 1 M, L,PandrareN 3 3 1 4
0 1 n/a 3 3 1 4
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Supplemental Table 22. Histologic grading system for caerulein-induced pancreatitis severity assessment in female mice. Colored lines contain median

values
TIME MOUSE INTERSTITIAL | INFLAMMATORY TOTAL
SEX POINT GROUP ID EDEMA INFILTRATES CELLSTYPES APOPTOSIS ADM | EXTENT HISSE%I;?%GY
0 day mani':noj teg | 1317 0 0 \ 0 0 0 0
0 0 \ 0 0 0 0
12h Control (PBS) 13.18 0 0 \ 0 0 0 0
12h Control (PBS) 13.19 0 0 \ 0 0 0 0
12h Control (PBS) 13.20 0 0 \ 0 0 0 0
0 0 \ 0 0 0 0
12h Caerulein 13.21 2 2 N, M, rareL and P 0 0 1 4
12h Caerulein 13.22 3 4 N, M, rareL and P 0 0 4 28
12h Caerulein 13.23 3 4 N, M, rareL and P 0 0 4 28
12h Caerulein 13.24 2 3 N, M, rareL and P 0 2 3 15
25 35 n/a 0 0 35 215
48h Control (PBS) 13.25 0 0 \ 0 0 0 0
48h Control (PBS) 13.26 0 0 \ 0 0 0 0
Q 0 0 \ 0 0 0 0
48h Caerulein 13.27 2 2 N, M, rareL and P 2 2 2 12
48h Caerulein 13.28 1 2 N, M, rareL and P 2 2 1 5
48h Caerulein 13.29 1 1 N, M, rareL and P 3 1 1 5
1 2 n/a 2 2 1 5
7 days | Control (PBS) 13.30 0 0 \ 0 0 0 0
7 days | Control (PBS) 13.31 0 0 \ 0 0 0 0
0 0 \ 0 0 0 0
7 days | Caerulein 13.32 0 1 M, L, PandrareN 1 2 1 2
7 days | Caerulein 13.33 0 2 M, L, PandrareN 2 2 1 4
7 days | Ceerulein 13.34 0 1 M, L, Pandrare N 0 0 1 1
7 days | Ceerulein 13.35 0 1 M, L, Pandrare N 0 2 1 1
0 1 n/a 0.5 2 1 15
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Supplemental Table 23. QuPath and ImageJ (hot spot) % of positive areas.

CASE IBA1 QuPath Ibal Hot Spot F480 QuPath | F4/80 Hot Spot | HO1 QuPath | HO1 Hot Spot | CD206 QuPath | CD206 Hot Spot
134 0.05530 0.04836 0.00697 0.01306 0.02494 0.02494 0.01397 0.02295
135 0.04763 0.03485 0.00476 0.01559 0.01682 0.01682 0.00490 0.01373
13.6 0.04658 0.05112 0.02274 0.02425 0.01645 0.01645 0.01485 0.02106
13.9 0.03649 0.01574 0.02290 0.01068 0.00960 0.00869 0.00478 0.01057

13.10 0.02799 0.06389 0.03257 0.03060 0.01416 0.01953 0.01933 0.01646

13.11 0.03228 0.03965 0.03787 0.03897 0.00993 0.02942 0.02726 0.01668

13.14 0.02692 0.03306 0.00737 0.01404 0.00878 0.02428 0.02161 0.01602

13.15 0.09138 0.09688 0.01919 0.02803 0.00738 0.00960 0.00461 0.01803

13.16 0.07526 0.06016 0.03248 0.02033 0.00711 0.01416 0.00728 0.03644

13.21 0.08327 0.07010 0.01557 0.01867 0.00869 0.00993 0.00593 0.02587

13.22 0.04617 0.04009 0.02032 0.01383 0.01953 0.01337 0.00690 0.02002

13.23 0.04793 0.03768 0.04104 0.01763 0.02942 0.01006 0.00432 0.01925

13.24 0.02031 0.01266 0.00720 0.01992 0.02428 0.00405 0.00088 0.00696

13.27 0.17395 0.10578 0.01319 0.01978 0.01337 0.00878 0.00391 0.02930

13.28 0.10301 0.07149 0.02628 0.01513 0.01006 0.00738 0.00090 0.02791

13.29 0.11780 0.09095 0.00780 0.02953 0.00405 0.00711 0.00201 0.00930

13.32 0.09469 0.09821 0.01774 0.01942 0.01083 0.01083 0.00479 0.01448

13.33 0.10076 0.09839 0.01269 0.01311 0.02749 0.02749 0.01163 0.01471

13.34 0.10773 0.10794 0.00798 0.00720 0.03112 0.03112 0.00673 0.00708

13.35 0.07023 0.06674 0.03319 0.02580 0.00770 0.00770 0.00188 0.00354
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Supplemental Table 24. QuPath and ImageJ (hot spot) % of positive areas.

CASE | MHC-II QuPath | MHC-I1 Hot Spot | B220 QuPath | B220 Hot Spot | CD3e QuPath | CD3eHot Spot | Caspase QuPath | Caspase Hot Spot
134 0.00098 0.00222 0.00040 0.00059 0.00037 0.00113 0.00580 0.01333
135 0.00050 0.00084 0.00017 0.00062 0.00029 0.00120 0.00670 0.03433
13.6 \ \ 0.00029 0.00102 0.00054 0.00186 0.01030 0.05933
13.9 0.00322 0.00183 0.00027 0.00028 0.00053 0.00113 0.02880 0.02300

13.10 0.00087 0.00164 0.00038 0.00093 0.00145 0.00318 0.02660 0.05067

13.11 0.00005 0.00269 0.00041 0.00137 0.00248 0.00448 0.02060 0.08233

13.14 0.00066 0.00227 0.00066 0.00123 0.00067 0.00223 0.03540 0.03833

13.15 0.00030 0.00071 0.00050 0.00208 0.00026 0.00085 0.37580 0.54467

13.16 0.00095 0.00191 0.00050 0.00093 0.00029 0.00113 0.41750 0.90200

13.21 0.00154 0.00070 0.00040 0.00089 0.00075 0.00210 0.30870 0.54467

13.22 0.00004 0.00062 0.00058 0.00121 0.00091 0.00194 0.17300 0.38300

13.23 0.01365 0.01107 0.00077 0.00131 0.00174 0.00204 0.21030 0.47000

13.24 0.00905 0.00656 0.00039 0.00066 0.00040 0.00101 0.06110 0.11033

13.27 0.00840 0.00747 0.00053 0.00072 0.00647 0.00585 0.02220 0.03300

13.28 0.00239 0.00122 0.00246 0.00490 0.00341 0.00569 0.14910 0.29933

13.29 \ \ 0.00166 0.00309 0.00134 0.00332 0.10230 0.17000

13.32 0.00010 0.00052 0.00142 0.00230 0.00207 0.00231 0.05630 0.04667

13.33 0.00244 0.00056 0.00270 0.00432 0.00715 0.00640 0.01760 0.03733

13.34 0.01365 0.01107 0.00292 0.00061 0.01356 0.00478 0.00000 0.01633

13.35 0.00000 0.00000 0.00193 0.00219 0.00402 0.00354 \ \
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