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ABSTRACT

Macrophages are essential innate immune cells which have increasingly become attractive
manipulable targets in designing therapies, given their significant involvement in the pathophysiology
of several diseases, including cancers. In the microenvironment of solid tumors, tumor associated
macrophages (TAMs), either promote or suppress tumor growth depending on activating cues from
the tumor milieu. Both in vitro and in vivo studies have recently identified fungal polysaccharides as
potent macrophage activators capable of stimulating TAMs into tumoricidal phenotypes.

In this study, an optimized protocol for generating human macrophages from peripheral blood
monocytes in vitro using Granulocyte macrophage colony stimulating factor (G-MCSF) or
macrophage colony stimulating factor (M-CSF) was established.

Fungal polysaccharides isolated from the medicinal fungus, Inonotus obliquus, stimulated human
macrophages in vitro to secrete the pro-inflammatory cytokines, tumor necrosis factor (TNF)-a,
interleukin (IL)-6 and IL-12p70, essential for a complete anti-tumor immune response. Next, we
showed that murine bone marrow-derived macrophages activated with the fungal polysaccharides
induced an anti-tumor response against cancer in mouse models. This study shows that the novel fungal
polysaccharides from I. obliquus play a significant role in activating an anti-tumor phenotype in

macrophages and could be exploited as a potentially effective candidate for cancer immunotherapy.
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1 INTRODUCTION

1.1 THE IMMUNE SYSYTEM

The immune system of mammals consists of a delicately complex and pervasive network of cells,
tissues and organs that function generally to prevent or limit infection. Its role is underscored in
immuno-compromised individuals with congenital immune disorders, HIV & AIDS, and even
pregnant women, as they are extremely vulnerable to host of infections that typically healthy
individuals are protected from (1-3). The immune system is highly organized to effectively detect and
eliminate foreign invaders such as viruses, fungi, bacteria and even host cells that have become
infected or cancerous. There are various immune cell types that play unique roles and are found either

circulating throughout the body or resident in specific tissues (1).

The body mounts two distinct immune defenses upon invasion by an infectious or threatening agent,
as will be discussed in the next section. The first and immediate response is known as innate immunity
and the latter, more specific and delayed reaction, called adaptive immunity. It is extremely important
to study and understand the physiological mechanisms behind this labyrinth network of cells as this
enables scientists to optimize immune responses to deal with abnormalities ranging from minor

infections to complex diseases such as cancer (3).
1.1.1 The Innate Immune System

The innate immune system is the immediate, antigen-nonspecific, and pre-existing first line of defense
elicited against all sorts of foreign invasions and internal ‘danger’ signals. It encompasses a set of
genetically organized and diverse components such as the physical and anatomic barriers of the skin
and mucosa and various effector cells including natural killer (NK) cells, macrophages, dendritic cells
(DCs), monocytes, granulocytes and the recently discovered innate lymphoid cells (ILCs). Innate
immune cells recognize and eliminate a pathogen either by direct phagocytosis or other humoral

mechanisms like secretion of cytokines or complement proteins (1,2,4).

Several families of pattern recognition receptors (PRRs) including toll-like receptors (TLRS),
expressed by innate immune cells, facilitate the recognition and direct engagement of pathogen

associated molecular patterns (PAMPs) (5). PAMPs are conserved features found in almost all
1



pathogens but missing in host cells; allowing immune cells to distinguish ‘self’ from ‘non-self’(6).
These receptors (PRRs) bind a host of microbial ligands: polysaccharides, proteins, glycolipids,
peptidoglycans and nucleic acids from viruses, bacteria, and fungi (6,7). Neutrophils are short-lived
phagocytes of the innate immunity, and normally the first to arrive at the site of a bacterial infection.
They engulf and degrade pathogens by releasing microbicidal molecules and proteases (8). ILCs are a
growing family of recently discovered immune cells that straddle both innate and adaptive immune
systems. Like innate immune cells, they respond promptly to infections and tissue damage and lack
antigen-specific receptors; however, they exhibit striking phenotypic and effector functions likened to
polarized CD4+ T cell subsets (4),(9). Mast cells are essential in defending the host during parasitic
worm infestations and allergic reactions (6,10) while professional antigen presenting cells like DCs
reside in and patrol the skin and mucosal surfaces for invading microbes with subsequent activation of
T lymphocytes (11). Details on some specific roles of innate immune cells like macrophages, in host

defense against infections and cancers are later discussed in this thesis.

The general function however of the innate immunity is to prevent or suppress infections and diseases
at an early stage. Consequently, a dysfunctional innate immune system, although rare, always has
lethal consequences (1,12). Despite the prompt and effective mechanisms to defend its host, the innate
immunity may sometimes be overwhelmed, leading to the launch of a stronger and more specific type

of response, the adaptive immune response (2).

1.1.2 The Adaptive Immune System

It is referred to as the adaptive or ‘acquired’ immune response mainly because it is formed during an
ongoing infection and adapts to the distinctive features of the infectious agent (2,10,13). Thus, the
response is delayed, highly specific, and improves as the infection gets underway. B and T
lymphocytes make up cells of adaptive immunity with incredibly unique receptors that bind to specific
antigens. The B cell receptors (BCRs) and T cell receptors (TCRs) are extremely diverse and recognize
highly specific antigens of an exact molecular type. Diversity is achieved through random somatic
recombination of the various gene segments leading to the generation of billions of genetically distinct

and highly specific receptor variants (13-15).

An activated B or T cell undergoes selective clonal expansion and fosters an effectively targeted
immune response against a unique pathogen alongside the development of long-lived memory cells.

The immunological memory provided by adaptive immunity promotes a more rapid and robust

2



response during future encounters with the same antigen (2,13). Effector mechanisms in both immune
systems, leading to acute and chronic tissue inflammation, have been implicated in diseases like cancer
(16,17). The B cell receptor exists as a membrane-bound or secreted immunoglobulin (1g) that mediate
a humoral immune response. Activated B cells undergo proliferation and differentiation into antibody-
producing effector cells called — plasma cells. Effector functions of antibodies include opsonization,
antigen neutralization, complement activation, and antibody-dependent cellular cytotoxicity (16).

T cells originate from bone marrow progenitors and undergo development in the thymus. They express
highly variable membrane-bound receptors which recognize specific antigens. CD4+ (T helper cells)
and CD8+ (cytotoxic T cells) are the major types of T cells. They efficiently coordinate various facets
of adaptive immunity involving responses to microbes, allergens, and cancers (14). TCRs recognize
and bind to antigens presented as peptides by antigen presenting cells (APCs). The molecules on which
peptides are presented are a group of protein complexes called major histocompatibility complex
(MHC), which are encoded for by genes in the MHC locus in all jawed vertebrates.(18) In humans,
the MHC genes are located on chromosome 6 and encode the molecules referred to as human leucocyte
antigen (HLA) complexes (19). There are two types of MHC molecules — MHC | and MHC II, on
which antigens presented are recognized by CD8+ and CD4+ subsets, respectively. As indicated by
the name, T helper cells ‘help’ B cells to produce antibodies, and also help activate NK cells,
macrophages and DCs by secreting cytokines, whereas cytotoxic T cells directly ‘kill’ target cells that
are infected or cancerous (15,16). An immune response is initiated when a naive T cell first engages
its cognate peptide-MHC complex followed by secondary signal generated by the binding of co-
stimulatory ligands — CD80/ CD86 on APCs to CD28 on T cells, a third signal in the form of cytokines
from APCs determine which subset of effector T cells are produced. For example, CD4+ T cells
exposed to IL-12p70 differentiate into Th1 cells while IL-4 and TGF-B/IL-6 induces Th2 and Th17
cells, respectively (14,20). Effector T cells following activation and differentiation migrate to the site

of infection or inflammation where they amplify the immune response to eliminate the infectious agent.

Only some effector cells (10-15%) persist after the immune response wanes and become long-lived
memory T cells which enhance an immediate and efficient response upon subsequent re-exposure to
the same pathogen. Current advances in cancer immunotherapy seek to generate a memory response,
as this will potentially inhibit tumor recurrence or limit metastasis after removal of the primary tumor
(16).



1.2 TUMOR IMMUNOLOGY

Cells within the human body are subject to a constant cycle of proliferation, destruction, and repair.
New cells are continuously produced to replace the many dead and destroyed ones through a complex
and tightly regulated mechanism. However, an enormous number of errors (mutations) could arise,
either randomly or through exogenous factors, during normal processes such as cell proliferation. Over
time, these neoplastic cells acquire several traits such as resisting programmed cell death, avoiding
immune destruction, sustaining proliferative signaling independent of other cells, inducing
angiogenesis among others; proposed as the hallmarks of cancer by Hanahan & Weinberg (2000),
shown in Figure 1 (21,22). The body relies on sophisticated mechanisms including the immune
system, as part of its normal functions, to detect and eliminate these abnormal cells. However, some
of them escape destruction and become cancerous after selective mutations accumulate. There is
accruing evidence that the immune system certainly provides defenses against tumors(23,24). The
relationship between the immune system and cancer, and by extension, the field of tumor immunology
is intricate — this has over the past decades, remained a subject of great flux with fundamental concepts
highly debated. Nonetheless, it is imperative to understand the complex relationship that exists
between tumor cells and the immune system since it holds a potential promise for new insights into

tumorigenesis and novel ways of treating human cancers (25).
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Figure 1. Hallmarks and acquired characteristics of cancer.

Hallmarks of cancer can be defined as functional capabilities that cancer cells acquire to be able to survive,
proliferate, and disseminate. These functions are developed in different tumor types through unigue mechanisms
and at various times during multistep tumorigenesis. Recent significant breakthroughs in cancer therapy are
designed to target one or more of these enabling characteristics and hallmarks. Modified from (21)



1.2.1 Cancer Immunosurveillance and Immunoediting

The subject of tumor immunology was predicted centuries ago by William Coley in 1893, when he
used live bacteria to stimulate immune cells to treat cancer (26); he then suggested the concept of the
immune system capable of recognizing and controlling tumor growth (27). Few years later, in 1909,
Paul Ehrlich, hypothesized that the immune system suppressed neoplastic cells from growing into
carcinomas that would have potentially occurred at a much higher rate (28-30). Although his
hypothesis spurred the field of cancer immunotherapy, better understanding of the relationship
between immune cells and cancer was necessary. Several decades following Ehrlich’s unproven
hypothesis, Sir Frank Mac Farlane Burnet and Lewis Thomas suggested that the immune system
recognized neo-antigens from transformed (cancer) cells and induced an immunological reaction to
destroy them (24,31). This was demonstrated in immunodeficient mice as they were highly susceptible
to both induced and spontaneous tumors, in contrast to their immunocompetent counterparts (29,32).
They concluded that the immune system certainly protects its host from cancers, and subsequently
established the “Immune Surveillance Theory”. This theory many years on, was proven by some and
challenged by others (29,33).

Janeway further expounded the concept of tumor immunology when he developed the theory of
“extended self vs. nonself”, which postulated that the immune system is able to discriminate infectious
nonself from non-infectious self, using a variety of germ-line encoded receptors that recognize
molecular patterns present in microbes but missing in the host (5,34). Despite originating from normal
cells, cancer cells undergo cellular transformations such as lack of self MHC | molecules, however,
this allows recognition and killing by NK cells (missing self hypothesis) (28,35). Some innate immune
cells — specifically macrophages and NK cells, have an intrinsic ability to quickly identify foreign
invaders, ‘stressed’ or infected cells and mark them for destruction. Also, cytotoxic CD8+ T cells of
the adaptive immune system have been extensively studied and shown to be directly involved in the

killing of neoplastic cells (1,28,36).

Schreiber et al. (2002) developed a novel approach to describe the dual role of the immune system in
not only protecting against but also shaping the formation of neoplastic disease (33). Unlike the
immune surveillance theory, which proposed only one function of the immune system in protecting
the host and acting only at the initial stages of cellular transformation, (29) the model by Schreiber et.
al accurately described the broader roles and involvement of both innate and adaptive immunity in
cancers (33). They proposed the theory of “Cancer Immunoediting” which elucidated an overly

broad function of the immune system in 3 phases, also known as the three Es of cancer
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immunoediting. The first phase is total Elimination of some tumors, by NK cells, CD4+ and CD8+T
cells, which is akin to immunosurveillance (24,33). Phase two is the Equilibrium state where the
immune system is non-protective, modifies environmental conditions that favor the growth of some
resistant tumor variants. In the third phase, Escape, the immune system becomes tolerant or indifferent
and fails to destroy the selected variants, tumor cells then grow uncontrollably in an immunocompetent
host (33,37). The theories of immune surveillance and cancer immunoediting proposed decades ago
remains relevant today since it has enhanced efforts to fully understand the extremely complicated
mechanisms by which the immune system suppresses and/or promotes tumor growth. This insight will

ultimately advance the approach and search for cancer therapies through immunological processes.

1.2.2 Tumor Microenvironment and Tumor-infiltrating Immune Cells

The tumor microenvironment (TME) is a site of complex interaction within and around the tumor mass
where various cell populations and cellular products from the host; both healthy and cancerous are
found (38). Among these cell types are fibroblasts, endothelial cells, cancer stem cells, immune cells
— both resident and infiltrating, as well as secreted growth factors, extracellular matrix proteins,
cytokines, and chemokines. Important immune cells associated with the TME secreting various forms
of cytokines and chemokines include tumor associated macrophages (TAMs), myeloid derived
suppressor cells (MDSCs), DCs, NK cells, granulocytes (basophils, eosinophils, neutrophils), B and T
lymphocytes (39). Collectively, this complex milieu of cells and cellular products formed and
influenced mainly by the cancer cells, determine the fate of the primary tumor from invasion to
metastasis (37,40,41). The TME was recently identified to be the resultant effect of crosstalk between
various cell types, exemplified in the interaction between cancer cells and stromal cells, where the
latter support tumor progression by secreting growth factors and essential chemokines needed for

survival and proliferation of tumor cells (38,40-42).

Notably, neoplastic cells can modify the immune system to enhance their establishment and, in some
instances, chronic inflammation caused by cells of the immune system, could precede certain cancers.
For example, inflammatory bowel diseases and chronic hepatitis, are inflammatory conditions that
predisposes its hosts to colorectal cancers and hepatocellular carcinomas respectively (42,43). Due to
its importance in shaping the overall outcome of tumor progression or suppression, tumor-infiltrating
lymphocytes have become the target in recent cancer therapies, such as immune checkpoint inhibitors
(IC1) — which has so far been hailed as the gold standard treatment for many cancers (44,45).

Nevertheless, treatment with ICIs have been faced with major setbacks such as poor tumor
6



immunogenicity, infiltration of TME by immunosuppressive cells such as MDSCs, regulatory T cells
(Tregs), along with inhibitory cytokines (46).

1.2.3 Role of Tumor-infiltrating Immune Cells

Generally, solid tumors are infiltrated by several immune and inflammatory cells via cytokines and
chemokines secreted by tumor cells and by TAMs, however, their exact roles remain a subject of great
debate (37,38). Earliest theories presumed that these immune cells were part of the body's response to
reject newly transformed cells. Undeniably, this argument still holds that at the initial stages of tumor
inception, the immune system responds to the presence of cancer by activating macrophages and T
cells, which clear the tumor and prevents the occurrence of cancer (33). However, once tumors
progress past this elimination stage, immune cells in the TME undergo modification to support and
promote tumor progression while suppressing any immune cell-mediated cytotoxicity (47). Moreover,
the type, location, and density of these infiltrating immune cells have been established as a valuable
prognostic tool in cancer therapy, and numerous studies have supported claims that the presence of
pro-inflammatory immune cells in the TME are linked with better prognosis (42,48). Tumor-
infiltrating immune cells that derive from lymphoid precursors constitute B cells, plasmacytoid
dendritic cells (pDCs) and the two main T cell lineages: CD4+ and CD8+ T cells. Whereas tumor
associated macrophages (TAMs), conventional dendritic cells (cDCs), neutrophils, platelets and mast

cells are among immune cells from myeloid precursors(38,43).

T cells are among tumor-infiltrating lymphocytes (TILs), and accumulation of T cell infiltrates such
as Thl, Thl7, cytotoxic CD8+ T cells along with pro-inflammatory cytokines within a tumor
characterizes the tumor as ‘hot’(49-51). ‘Hot tumors’ usually undergo mutations and may present
neoantigens which are easily recognized by T cells, leading to a subsequent attack on the cancer cells.
As a result, hot tumors are believed to better respond to treatments with immune checkpoint blockades
than non-immunogenic tumors (50). In sharp contrast, ‘cold tumors’ refer to tumors lacking T cells
infiltrates, also known as ‘non-inflamed’ tumors. They largely indicate non-responsive adaptive
immunity and are usually resistant to immunotherapy drugs(49). T cells thus play essential roles in
fighting cancers, either through direct killing by cytotoxic activities or indirectly orchestrating and
organizing other immune cells to fight the cancer (51,52). This was illustrated in studies with mouse
model for myeloma by Corthay et al, proposing that tumor-specific CD4" T cells played a fundamental
role in inhibiting early tumorigenesis by secreting IFN-y, which subsequently activated TAMs into a

tumoricidal phenotype to prevent tumor development (53).



Natural killer (NK) cells of the innate immunity share some similar characteristics with cytotoxic T
lymphocytes and are also involved in protecting host from viral infections, alongside playing pivotal
roles in host defense against cancers (37). NK cells as well as CD8+ T cells express a repertoire of
activating receptors such as NKG2D, which recognize NKG2D ligands/receptors (stress signal) on the
cell surface of transformed and infected cells. Binding to this ligand activates the NKG2D pathway,
which serves as a mechanism for the immune system to detect and directly kill cancer cells through

cell-mediated cytotoxicity (54).

1.2.4 Cancer Immunotherapy

Cancer immunotherapy involves unique strategies to manipulate components of the immune system
to combat tumors (55). The well-established conventional treatments for cancer: chemotherapy and
radiation therapies and are associated with numerous detrimental effects, while surgeries are usually
not applicable in metastatic cancers. This has pushed forward the need for relatively safer biological
therapies (56,57). However, treatments combining conventional and immune therapies have by far,
proven to be the most efficacious for several malignancies (58). Current treatment modalities
harnessing the anti-tumor effects of the immune system include: cytokines, adoptive cellular therapy,
therapeutic vaccines and the recently developed gold standard immune checkpoint blockade, which is
based on monoclonal antibodies (mAbs) (59). Immunotherapies have increasingly become integrated
in the standard of treatment for solid and hematological malignancies in preclinical models, clinical

trials, and practice (55).

Monoclonal antibodies may work by blocking inhibiting receptors on immune cells or opsonizing
cancer cells to enhance cellular mediated or antibody dependent cellular cytotoxicity (ADCC) (60).
Example is Herceptin (trastuzumab), a recombinant humanized mADb, targeted at the extracellular
domain of the Her-2 protein — which is expressed in nearly a quarter of metastatic breast cancers and
associated with poor prognosis (55,61). Herceptin is shown to inhibit cellular signaling pathways,
arrest cell proliferation and induce ADCC (61). Cytokine therapy on the other hand work to advance
or attenuate immune responses. Recombinant IFN-a and IL-2 (Proleukin) are examples of cytokines
that have received FDA approvals for use as adjuvants in the treatment of metastatic melanoma and
renal carcinomas — although associated with high-dose toxicities (62,63). Evaluation in a phase Il
clinical trial revealed that metastatic melanoma patients treated with high-dose ipilimumab, combined

with sargramostim (GM-CSF), had lower toxicities and improved survival compared to those treated
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with high-dose ipilimumab alone (45,62). A number of other cytokines including IFN-y, IL-7, IL-
12p70, and IL-21 have shown efficacies in several murine carcinomas and are currently being

investigated in clinical trials for human use (59,62).

T cells have been used in cancer therapies through direct cytotoxic activities (CD8+ T cells) or
indirectly by activating helper CD4+ T cells, which orchestrate the recruitment of other immune cells.
Adoptive cellular therapy against cancer is an approach that utilizes tumor-infiltrating lymphocytes
from surgically resected tumors of patients. Specifically, tumor specific T cells are grown ex vivo then
transferred adoptively together with high dose IL-2 into the patient (60). Chimeric antigen receptor
(CAR) T cell therapy is another breakthrough in cancer immunotherapy in which T cells are
genetically engineered with synthetic receptors to improve their specificity and avidity for cancer cells
in a non-MHC restricted fashion (62,64).

Cytotoxic T lymphocyte antigen-4 (CTLA-4), a costimulatory molecule expressed on T cells acts as
an immune checkpoint under normal physiologic conditions, by regulating inflammatory responses
subsequent to T cell activation (46). It outcompetes CD28 for binding to B7 on APCs, thus preventing
the costimulatory (second) signal required for the priming and activation of T cells (55) . Allison et
al., developed CTLA-4-blocking antibodies which inhibit the regulatory signal produced from B7-
CTLA-4 interactions, consequently increasing the activation threshold of T cells. In their study, they
revealed that treatment with anti CTLA-4 antibody alone was effective against only immunogenic
mouse tumors but combining them with tumor lysate-loaded dendritic cells and Treg-depleting
antibodies, induced a significant anti-tumor response in highly metastatic and non-immunogenic
tumors (65-68). Ipilimumab, an anti-CTLA-4 antibody (mAb) and immune checkpoint inhibitor, was
FDA-approved in 2010 for the treatment of advanced melanoma, and has been reported to remarkably

improve survival rates in patients for which conventional treatments had failed. (58,69,70).

Programmed death-ligand 1(PD-L1) expressed on cancer cells binds to its immunoinhibitory receptor,
programmed cell-death protein 1 (PD-1), on T cells. The PD-1/PD-L1 is another immune checkpoint
interaction that suppresses the effector phase of T cell activation during infections, mainly by
dampening immune responses that could otherwise lead to autoimmune diseases (60,71). Many cancer
cells however engage these inhibitory receptors as a mechanism of immune evasion and avoiding T
cell killing — antibodies blocking these interactions, unleash the T cells for destruction of malignant
cells (71). Pembrolizumab, an immune checkpoint inhibitor based on mAbs, which target programmed

cell death-1 (anti-PD-1) has been reported to be relatively efficacious in several cancers including



advanced non—small cell lung cancer (NSCLC), with up to 21% response rates (72) and significantly

lower toxicities compared to other immunotherapies(71,72).

Indeed, immunotherapy is a scientific breakthrough that has revolutionized cancer treatment and
expanded our understanding of how the immune system responds to many malignant cells. Overall,
the clinical goal of this rapidly evolving, front-line treatment is to harness the immune system to induce
an active or passive immunity against malignancies (60). However, some shortfalls have been
identified; while some therapies are precisely targeted at tumor antigens, others are broadly activating,
causing side effects ranging from mild and localized to serious systemic, and often lethal consequences
(59). Also, mitigating factors such as high-dose toxicities, poor immunogenicity of tumors, complexity
of the immune system, coupled with the heterogeneity of individual cancers leaves a broad swathe of
patients disadvantaged, hence the call for improved strategies (44,45,59,73).

1.3 MACROPHAGES

1.3.1 History, Ontogeny and Function

Macrophages, a cornerstone of the innate immunity, are phagocytic white blood cells, resident in many
tissues and organs and represent a significant population of innate immune cells. Initially identified
over a century ago by Ilya Metchnikoff, macrophages are believed to be important phagocytic cells in
ancient Metazoan phylogeny which cleared fungal infections from crustacea and bacterial infections
from rabbits (74,75). Metchnikoff cut the larvae of starfish and observed a population of cells that
quickly migrated to the injury site and observed these cells also rapidly ingesting substances foreign
to the digestive tract of the starfish. He called them phagocytes- ‘cating cells’ and later white blood
cells- for their primary defensive role in its host. This astounding discovery on immunity won him the
Nobel prize in physiology or medicine in 1908 (76-78). In 1924, Aschoff introduced the concept of
reticulo-endothelial system (RES) to denote all specialized cells, which actively cleared vital stains
from circulation (79). While RES has been exclusively linked with macrophages, recent findings have
shown that scavenger endothelial cells efficiently functioned like macrophages by also clearing vital
stains but were immunologically distinct cells. Many years later, his model was replaced with
mononuclear phagocytic system (MPS), to precisely distinguish macrophages, monocytes, and their
precursor cells from other cells of the RES (78,80,81). In adult mammals, macrophages are considered

the most ubiquitous cells which display great anatomical and functional diversity (77,82,83). They are
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retained throughout life by local proliferation and steady-state recruitment from the bone marrow, and
generally function in host defense against infection by coordinating an immediate immune response
through phagocytosis, antigen presentation and cytokine production. However, their role is not limited
to the immune system; as they are also pivotal in other aspects of embryonic development,
homeostasis, and wound repair (76,82).

1.3.1.1 In vivo vs. in vitro maturation of macrophages

Recent studies and techniques in cellular ontogenesis have invalidated the long-held belief that
monocytes from the bone marrow were the exclusive source of tissue macrophages in adults (84).
Macrophages have been established to have come from two sources — embryo derived macrophage
precursors and the other group that originated from hematopoietic stem cells in the bone marrow (85).
It has also been proven that many tissue-resident macrophage populations are derived during the
embryonic stage of fetal development and self-maintain independently of bone marrow contribution
during adulthood (84). Examples are the microglia of the brain and Kupffer cells which derive from
the yolk sac and fetal liver, respectively. On the other hand, macrophages in organs like the heart, skin
and gastrointestinal tract are known to be constantly replenished by bone marrow derived monocytes
(86).

Several in vivo studies in mouse models have also established the standard paradigm that monocytes
in circulation, extravasate into mucosal or inflamed tissues where they differentiate into either
macrophages or DCs depending on signals from the microenvironment (87). However, observations
in mouse models do not always translate to humans due to some genetic and physiological disparities
(87). To fully understand the role of monocytic-derived cells in human diseases and steady-state
conditions, human studies are therefore necessary to complement such findings. Human macrophages
for example, express typical blood monocyte markers, such as CD14, CD11b, CD16 and HLA-DR; a
clear indication reminiscent of its monocytic precursors (88). In humans, circulating monocytes are
classified into three main populations based on the expression of the surface markers CD14 and CD16;
identified as LY6C and CD43 respectively in mice (88). These monocyte populations are: classical
(CD147*CD16"), which represent about 85% of monocytes, with non-classical (CD14*CD16"") and
intermediate (CD14"*CD16"), each constituting 5-10% of the total monocytic population (87).
Besides the differential expression of surface markers, each of these subsets are further distinguished
by their distinct gene expression profiles and unique functions in homeostasis and disease, some of
which persist after maturation into DCs and macrophages (89). The concept that human bone marrow-

derived monocytes later mature into macrophages has been reinforced by in vitro experiments; given
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that monocytes derived from either blood or bone marrow, can be readily differentiated into
macrophages when cultured in serum and/or with defined growth factors (85). Many recent in vivo
studies have shown that migrating monocytes can develop in many ways: (a) they may remain in the
tissues as monocytes and subsequently undergo local apoptosis, or (b) upregulate antigen presenting
ability and chemokine receptor, CCR7 then move into draining lymph nodes or also (c) differentiate
into macrophages in the presence of cytokines such as interleukin-3 (IL-3) and granulocyte
macrophage colony stimulating factor (GM-CSF) (77,85,90). Additionally, there have been findings
that mature differentiated macrophages resident in affected tissues can themselves proliferate to boost
cell numbers (91). In vivo maturation of blood monocytes into macrophages reportedly occurs in a
non-coordinated manner compared to in vitro settings, given the effects of differences in growth
factors, metabolic requirements, oxygen concentrations and tissue matrix as well as influences from
other immune cells (85). Evidently, during inflammation (in vivo), newly emigrating monocytes are
exposed to pro-inflammatory, anti-inflammatory stimuli and other localized factors, which will
subsequently shape the outcome of differentiated cells, a condition which may be tightly regulated in
vitro. Furthermore, monocyte-to-macrophage transition takes a number of days in vitro, it is speculated
to occur at faster rate in vivo even though the precise period is still unknown (85). However,
conventional in vivo monocytic/macrophage phenotypes and functions have been reported in in vitro

differentiated macrophages as well (87,88,92).

1.3.2 Role of Macrophages in Immunity

Macrophages are found in strategic positions throughout tissues of the body and their main function is
to constantly survey the body and engulf foreign invaders. Their expansive role goes beyond the widely
acknowledged function in innate immunity. They provide protective and pathogenic functions which
include, ingestion and processing of foreign substances, apoptotic cells, cellular debris, cancer cells
and any particle lacking the specific proteins found on healthy cells. In addition, they recognize danger
signals via their broad range of pattern recognition receptors (PRR’s), such as scavenger and toll-like
receptors, which easily binds to polysaccharides, lipoproteins, lectins, oligonucleotides, and other
microbial molecules. They also initiate immune responses by recruiting other immune cells through
cytokine and chemokine secretion. Macrophages are key players in angiogenesis, wound repair, tissue

development and maintenance of homeostasis as shown graphically in Figure 2 (75,78,93).
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Following decades of research, it has become increasingly evident that macrophages do greater than
merely defending the host from pathogens. For the objective of this master thesis, three major roles of
macrophages will be discussed in this section. That is, the role in phagocytosis, antigen presentation
and perhaps most significantly, production of cytokines — that are essential for host immune responses

against infections and cancer, along with repair of local tissue damage (77,82,83).
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Figure 2. Heterogenous functions of macrophages in immunity and homeostasis

Resident and recruited macrophages in tissues derive from monocytic lineages and display remarkable
functional diversity. Various roles depicted here involve host defense against intracellular microbes by
producing inflammatory mediators such cytokines and reactive oxygen species, initiating an adaptive immune
response through antigen presentation, phagocytosis and clearance of immune complexes to regulate
inflammation, secretion of growth factors to mediate wound healing and repair of damaged tissues, specialized

macrophages such as osteoclasts are crucial for bone remodeling all through adult life. Adapted from (93)

1.3.2.1 Macrophages in Phagocytosis

Phagocytosis is a process by which a cell detects, engulfs, and degrades a pathogen or cellular debris;
in simple terms, it is a receptor-mediated uptake of particles larger than 0.5 um (94). Macrophages are
professional phagocytic white blood cells purported to have evolutionary cousins in all species; from
single-celled amoeba to complex multicellular mammals. Ilya Metchnikoff, proposed that
macrophages first evolved to regulate development by phagocytosing unwanted cells and maintaining
order (74,77). Phagocytosis became an important property retained during evolution and remains one
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of the most essential roles of tissue macrophages as it initiates the innate immune response, which then

orchestrates an adaptive response (94).

Programmed cell death, also known as apoptosis, is an important part of normal development in almost
all living organisms. Although an enormous number of cells die during embryonic development, they
are quickly phagocytosed and that way, a massive number of senescent cells are removed. Studies
conducted in mammalian development underscored the importance of macrophages in developmental
phagocytosis. It was reported that mice lacking functional macrophages (by deletion of the crucial
macrophage transcription factor PU.1), were inefficient in clearing dead cells and tissue remodeling
was greatly hampered (95,96).

In addition to ingesting and clearing apoptotic cells, macrophages possess a plethora of restricted
phagocytic receptors with which they discriminate potential pathogens from self, as earlier described.
The term “Pattern-Recognition Receptors” (PRRs), which recognize conserved motifs called pathogen
associated molecular patterns (PAMPS) on microbes and danger associated molecular patterns
(DAMPs) on host cells was initially proposed by Janeway and is now widely acknowledged in
immunology (5,34). There are four main families of the PRR’s classified according to their location
on either the plasma and endolysosomal membranes or within the cytosolic compartment (83,97). Toll-
like receptors (TLRs) and C-type lectin receptors (CLRs) are among the specialized membrane-bound
receptors whereas nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), retinoic-
acid-inducible gene I (RIG-I)-like receptors (RLRs) and absent in melanoma 2 (AIM2)-like receptors,

are examples of several other cytosolic receptors (83,98,99).

Lipopolysaccharide (LPS), a unique component of the gram-negative bacteria, is one of the most
exemplified PAMPs recognized by TLR4 (100). Detection and binding of the receptor to the PAMP,
spurs a series of downstream signaling events resulting in actin polymerization and rearrangement of
the cytoskeleton. The cellular membrane protrudes around the particle, fuses behind it, and finally
ingests into a membrane bound vesicle known as a phagosome. Maturation of the phagosome into a
phagolysosome occurs through series of membrane fusion and fission events in the endocytic pathway.
Once in the phagolysosome, the pathogen is digested by a wide range of hydrolytic and microbicidal
mechanisms including toxic reactive oxygen and nitrogen species. This generates microbial peptides
which are loaded onto specialized molecules — MHC, through a complex route of membrane
trafficking. The MHC-peptide complex is subsequently transported to the surface membrane where it

engages its cognate T- cell receptor in a process known as antigen presentation (94,99,101).
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1.3.2.2 Macrophages in Antigen Presentation

Macrophages, DCs, and B cells have been classified as the three professional antigen presenting cells
(APCs) (102). For a cell to function optimally in antigen presentation, it must meet three requirements.
These are: (i) surface expression of both MHC | and Il molecules alongside co-stimulatory molecules
and PRR’s; (ii) ability to phagocytose and process antigen; and (iii) synthesize and secrete cytokines-
interleukin 1 (IL-1) (102-104). While DCs are key in antigen presentation to initiate primary immune
responses, macrophages are considered the professional APC type most important in inflammatory
sites and dedicated for clearing dead cells (105).

Digested microbial peptides (antigens) generated from phagocytosis, are loaded onto the MHC
molecule to form a peptide-MHC Il complex. The complex is then transported to the cell surface,
where it binds to a corresponding helper T cell, programmed to recognize antigens, through complex
physical and chemical interactions. (It is important that the peptide binds strongly to the MHC
molecule during membrane transport, as weakly- bounded peptides may fail to engage its cognate T —
cell receptor, which may prevent an immune response). Following this interaction, T cells secrete
cytokines that activate various immune cells, for example B cells. Activated B cells in turn produce
antibodies which coat the pathogen or target cell by binding to the antigens on their surfaces- a process

known as opsonization. The opsonized particle is then readily phagocytosed by macrophages (75).

Antigen presentation by macrophages to T cells is a mutually beneficial interaction since the later

secrete cytokines (IFN-y), which activates macrophages to in turn produce 1L-12p70, needed for the

proliferation and differentiation of naive CD4 T cells toward type 1 helper (Thl) T cells.
(101,103,106). The process of phagocytosis and antigen presentation by macrophages is vital, given
its significance in bridging the innate and adaptive immune systems. It is to this effect that pathogens
target and impair antigen presentation pathways to evade destruction by the immune system. Several
studies have also revealed that tumor cells have likewise evolved numerous means of manipulating

antigen presentation pathways to escape detection and elimination by the immune system (75,107).

1.3.2.3 Macrophages in Cytokine Production

Cytokines are small cell-signaling molecules secreted by many cell types which play prominent roles
in regulating many biological functions in both the innate and adaptive immune systems (108). Among

leucocytes, macrophages are one of the major producers of cytokines even though they can also be
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produced by non-immune cells such as epithelial cells and connective tissues. Depending on the
activating stimuli, macrophages produce both pro and anti-inflammatory cytokines which regulate
immune responses in health and diseases (75,109). Many signals trigger the production of cytokines
in macrophages. For example, stimulation of most TLRs activate transcription factors needed for
cytokine production. Notably, recent studies have identified that both interferon types, | and Il, in
combination with TLR stimulation can activate antitumor macrophage phenotypes (110). In addition,
they identified that two signals; involving synergy between IFN-y and TLR ligands was required to
efficiently trigger macrophage tumoricidal activities through the production of nitric oxide (NO) and
pro-inflammatory cytokines such as TNF-o and 1L-12p70 (111).

Furthermore, immunological stimuli which occur during antigen presentation to T cells lead to
secretion of inflammatory mediators (cytokines), which initiate an adaptive immune response. Corthay
et. al, demonstrated the collaboration between macrophages and Thl T cells in providing primary
immunity against cancer (112). In their study based on a murine model for myeloma, it was discovered
that 1IFN-y, secreted by tumor specific Thl T cells, triggered anti-tumor functions in macrophages
within the tumor microenvironment. They hypothesized that the activated macrophages could inhibit
proliferation of tumor cells through secretion of tumoricidal compounds like nitric oxide (NO) and
reactive oxygen intermediates (ROI), which are established killing mechanisms previously reported
by Mantovani et al. (53,113).

I.  Pro-inflammatory Cytokines

Tumor necrosis factor a (TNF-a), IL-1, IL-6, and IL-12p70 are examples of pro-inflammatory
cytokines produced to initiate an inflammatory response when macrophages encounter pathogens.
TNF is one of the rapid response cytokines released by activated macrophages upon pathogen invasion.
It is an effective pyrogenic cytokine which produces fever and acute phase proteins by acting on the
hypothalamus. Excessive production of this acute inflammatory cytokine however, has been
implicated in diseases such as inflammatory bowel disease, cancer, rheumatoid arthritis, and other

auto-immune pathologies (75).

IL-1 is mainly produced by monocytes and macrophages, even though they can sometimes be secreted
by NK cells, B cells and DCs. IL-1 is also an inflammatory cytokine secreted in the preliminary stages

of an immune response to infection. It exists in different forms- IL-1a and IL-1p, acting as a potent
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mediator of fever and pain. Among other functions, it induces the expression of adhesion molecules
on endothelial cells, which is required for transmigration (diapedesis) of immune cells to infection
sites. IL-1p, besides functioning as a chemoattractant for granulocytes, also helps in the activation and
differentiation of CD4+ T cells (75,114).

IL-6 is one of the cytokines with a pleiotropic effect- both pro-inflammatory and anti-inflammatory
functions. It is produced by macrophages in response to infections and local tissue damage. IL-6 is
essential in the activation of CD8+ T cells, and regulates important biological processes related to
immunity, tissue repair and metabolism. Akin to other pro-inflammatory cytokines, IL-6 induces the
production of acute phase proteins, by hepatic cells, which are vital in host defense against pathogens
(75,109).

Interleukin 12p70 (IL-12) is largely produced by activated macrophages and other professional
antigen-presenting cells. It is a heterodimer encoded for by two distinct genes, IL-12A (p35) and IL-
12B (p40). The 70kDa protein binds IL-12 receptor (IL-12R) on macrophages, DCs, T and NK cells
(60). Macrophage-derived 1L-12p70 plays an essential role in cell-mediated immunity by stimulating
the differentiation of naive T cells into Thl subsets and also induces the production of IFN-y as well
as TNF-a by T cells and NK cells (75). While 1L-12p70 is vital in the immune response to infections,
many studies have reported its potency in fighting cancers through its antiangiogenic activities (115),

as well as enhancing the cytotoxic functions of CD8+ T cells and NK cells (116).

Il.  Anti-inflammatory Cytokines

While macrophages are key in provoking inflammatory responses, they are also an important source
of anti-inflammatory cytokines, which have inhibitory or regulatory effects. Examples are
transforming growth factor beta (TGF-f) and IL-10, which function to inhibit the synthesis of pro-
inflammatory cytokines. In addition, regulatory cytokines such as IL-4 produced by activated T cells

can suppress the inflammatory functions of macrophages (75).

IL-10, also known as human cytokine synthesis inhibitory factor (CSIF), is primarily a suppressive
cytokine produced by monocytes and macrophages. It inhibits the pro-inflammatory and microbicidal
activities of macrophages including restricting the synthesis and secretion of IL-1, TNF, IFN-y and IL-
12p70 (117). Apart from diminishing cytokine production, IL-10 impedes the process of antigen
presentation in activated macrophages by down-regulating the expression of MHC Il molecules. In

vivo studies in mouse models revealed that elevated levels of IL-10 significantly reduced inflammation
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secondary to cytokine production. In contrast, neutralization or complete blockade of IL-10 synthesis
led to an increased production of pro-inflammatory cytokines such as TNF and IL-6. Recombinant IL-
10 and blockade of TNF-a has thus proven to be a potentially effective treatment for some chronic
gastrointestinal inflammatory diseases like Ulcerative colitis and Crohn’s disease (75,116,118).

Transforming growth factor beta (TGF-B) is mainly an inhibitory cytokine produced by many cell
types, including macrophages. It is a key cytokine involved in the embryogenesis, cell proliferation
and regeneration, as well as homeostasis of tissues. Myeloid cells such as macrophages, produce TGF-
B to suppress the effects of pro-inflammatory cytokines, as well as regulate macrophage activation.
TGF-B is also known to inhibit the synthesis of cytokines needed for T cell proliferation (119). It
promotes the maintenance and functions of Tregs while effectively suppressing the functions of
Thland Th2 cells (120).

I1l.  Other Cytokines

Macrophages produce some specialized cytokines which stimulate the differentiation of hematopoietic
cells. The Granulocyte macrophage colony-stimulating factor (GM-CSF) is an example of such
cytokines that promote the differentiation of both granulocytes and macrophages from bone marrow
precursor cells. GM-CSF is reportedly induced under inflammatory and pathologic conditions, but its
expression markedly reduced in circulation under homeostatic conditions (121). Besides its role as
growth factors, GM-CSF has been shown to play various inflammatory roles in host’s defense to some
pulmonary infections and other autoimmune reactions (122). GM-CSF is commonly considered to be
a pro-inflammatory cytokine, since it stimulates monocytes and macrophages to increase the

production of pro-inflammatory cytokines like TNF and IL-6 (123).

Macrophage-colony stimulating factor (M-CSF), also termed colony stimulating factor-1 (CSF-1);
is a cytokine produced ubiquitously by many cells and tissues of the body, including bone macrophages
termed osteoclasts (121). In contrast to GM-CSF, it is constitutively expressed under homeostatic
conditions and is essential in stimulating growth, differentiation, and survival of monocytes into
mature macrophages in various tissue (124). Studies have reported that while GM-CSF induces the
expression of MHC class Il molecules in murine bone marrow derived macrophages, M-CSF on the
other hand, suppresses it (125). Further in vivo findings also revealed that the receptor for M-CSF is
one of the markers initially expressed by developing macrophages and that mice lacking these cytokine

receptors had deficiencies in several macrophage populations (123,126,127). M-CSF is also widely
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used in generating ‘alternatively activated” macrophages in vitro, which will be discussed later in this
thesis (128).

IV.  Chemokines

Chemokines are a large family of cytokines that control movement of cells in a process known as
chemotaxis. Chemokines are produced by many cell types including macrophages, and function to
recruit immune cells to sites of infection. Some chemokines are also key in the formation of new blood
vessels during development as well as trafficking of cells to the tissues providing signals for cellular
differentiation of cells (75). Chemokines secreted by macrophages are essentially classified as either
inflammatory or homeostatic when they are induced by inflammation or involved in tissue
homeostasis, respectively (129). Within inflamed tissues, both resident and infiltrating macrophages
secrete inflammatory chemokines upon activation of their PRR’s by the pathogen, this helps in
trafficking the initial wave of innate immune effector cells. In general, chemokines shape immune
responses to infections and tissue damage (130). Homeostatic chemokines on the other hand, are
essentially produced in both lymphoid and non-lymphoid tissues and are responsible for physiological
trafficking of cells needed for development and immune surveillance. However, some homeostatic
chemokines like CCL19 and CCL21 are also induced at inflammatory sites (129).

CXCL1 and CXCLZ2, also referred to in mice as keratinocytes-derived chemokine (KC) and
macrophage inflammatory protein 2-o. (MIP-2a) respectively, are angiogenic chemokines induced by
IFN-y and secreted by monocytes and macrophages. They function as chemoattractant for neutrophils
and hematopoietic stem cells and are also known to play a role in the development of tumors like
melanoma (131,132).

Another important chemokine secreted by macrophages is CXCL8 or IL-8, which is primarily
responsible for trafficking of neutrophils and other granulocytes to the site of injury or infection during
an innate immune response (133). Because macrophages are usually one of the first immune cells to
encounter antigens, they are believed to be first in releasing IL-8. Apart from attracting other
leucocytes, CXCLS8 also functions to induce several physiological responses in target cells to increase
their phagocytic ability on arrival at the infection site. As an important neutrophil chemotactic factor,
CXCL8 additionally stimulates degranulation of neutrophils, which acts a vital intermediary in

inflammatory diseases such as psoriasis, gingivitis and cancer. (134-136).

CXCL9 and CXCL10, also known as monokine induced by gamma interferon (MIG) and interferon
gamma-induced protein 10 (IP-10) respectively, are both chemokines secreted by many cells,
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including macrophages. Their secretion is induced by IFN-y and they function to attract T cells to
inflammation sites. While CXCLS9 helps recruit immune cells necessary for inflammation and repair
of damaged tissues, CXCL10 is plays a critical role in inducing apoptosis, inhibiting angiogenesis, and
regulating cell proliferation in inflammatory diseases and cancer. Both chemokines are known to have
potent anti-tumor effects and have been therapeutic targets for various infectious diseases and cancers
(129,137,138).

1.4 MACROPHAGE ACTIVATION AND POLARIZATION

1.4.1 History and definition of macrophage polarization

In contrast to lymphocytes where phenotypic changes are “permanent” after exposure to polarizing
cytokines, macrophages exhibit a plastic gene expression profile primarily influenced by the type and
concentration of stimuli, as well as the duration of exposure to the stimulating agents (139,140).
Immunologists have been divided over the definition and use of the terminologies macrophage
‘polarization’ and ‘activation’. The lack of consensus is largely due to a myriad of interpretations
encompassing macrophage activation studies. Nonetheless, Adams et al., defined macrophage
activation as ‘acquisition of competence to complete complex functions’ such as phagocytosis, antigen
processing and presentation, as well as cytokine secretion (141). Briefly, acquired properties such as
the expression of surface receptors, production of cytokines, chemokines, and reactive oxygen species
are either upregulated or repressed following macrophage polarization (140,142,143). In this research,
the terms ‘activation’ and ‘polarization’ are used interchangeably to mean the stimulation of

macrophages with external factors.

The term ‘classically activated’ originated in the 1960’s by Mackaness in an infection context, when
he first described an enhanced microbicidal activity of murine macrophages toward BCG (bacillus
Calmette-Guerin) and Listeria upon re-exposure to the pathogens (144). Soon after that, the
enhancement was linked with Thl-type cytokine, IFN-y produced by antigen-activated immune cells.
This was identified as the first macrophage activating factor, capable of transforming resting
macrophages into active ones (145). Activated macrophages showed enhanced antigen presentation
functions as well as complement mediated phagocytosis, they also secreted more pro-inflammatory
cytokines and toxic mediators (146). Since the phenotypic and functional effects induced by IFN-y
was the first type observed in macrophages, it became known as the ‘classical activation’ of

macrophages (146). It is worth noting that the term ‘classical activation’, which exclusively referred
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to macrophages activated with IFN-y, is now interchangeably used with IFN-y and/or TLR stimulation
(by LPS). (128)

Stein et. al (1992), later devised the name ‘alternative activation’ to describe the difference in
activation and gene expression observed when macrophages were stimulated with IL-4 and IL-13
(147). Alternative activation was hence used to distinguish the effects of IL-4 stimulated macrophages
from the earlier-discovered classically activation. IL-4-induced macrophages adopted an alternative
macrophage phenotype, a state entirely different from IFN-y activation but also far from deactivation,
as will be later described (140,141,148).

1.4.2 M1 and M2 Macrophages

Many years after the ‘classically’ and ‘alternatively’ activated terminologies were introduced, Mills
et.al (2000) proposed the M1 and M2 nomenclature to denote the classically and alternatively activated
macrophages, respectively (149). This concept was borne out of observations that the metabolism of
arginine was completely at variance in macrophages from the prototypical Th1 mice strain, (C57BL/6)
and Th2 strain (BALB/c). Macrophages from the Th1 strain made the toxic nitric oxide (NO), while
the Th2 strain macrophages made the trophic polyamines. He associated these metabolic differences
with Thl and Th2 responses in the respective strains and proposed that macrophages could make ‘M1’

or ‘M2’ responses analogous to T helper cells. (128,140,149).

Macrophages were therefore believed to be polarized into two main categories; first are the classically
activated (also called ‘M1’ macrophages), with pro-inflammatory properties arising from immune
responses generated by activating TLRs and interferon signaling (142).Additionally, classically
activated macrophages were established to upregulate expression of MHC class 1l molecules, secrete
pro-inflammatory cytokines and high production of reactive nitrogen and oxygen intermediates with
tumoricidal functions (150). The second category referred to as the alternatively activated (or ‘M2’
macrophages) are characterized by anti-inflammatory properties induced by Th2 cytokines such as IL-
4, and IL-13, and are important in wound healing and maintenance of tissue homeostasis. In contrast
to M1 macrophages, M2 dampens inflammatory responses, secrete endothelial growth factors, and can
promote tumor growth (140,147,151).

Several years down the line, when macrophage plasticity in response to different environment was
gradually studied, this nomenclature has been considered as oversimplified and highly debated, with
robust evidence suggesting that the diversity and overlap of cues from the microenvironment can

generate a spectrum of macrophage phenotypes and functions in vivo (152). It now appreciated that
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macrophages exist as a continuum of two the extremes with a dynamic polarization process; this
include TAMs, which falls under neither M1/M2 categories (153,154). Also, other cytokines and
factors, such as IL-10 and TGF-, later identified as regulatory factors, did not fit in the Th1-Th2
context, even though they elicited responses similar to Th2 phenotypes (128). Another complication
in clearly defining M1 and M2 macrophage phenotypes in vitro is the lack of constitutively expressed
markers. An illustration is Arginase-1, which is a considered a classic M2 marker, is equally up-
regulated in M1 macrophages (140,142,155). Moreover, the expression of Arginase-1 or CD206 is
generally below detectable levels for realistic immunophenotyping (152,156). These factors coupled
with the heterogeneity and many intermediary stages during polarization could not be satisfactorily
described with the ‘black’ or ‘white’ model. This led Mantovani and colleagues, to classify
macrophages as a continuum between two extreme polarized states, based on effects of the activating
stimuli. They proposed M1 macrophages as (IFN-y plus LPS or TNF-a) and ‘M2-like’ subdivided into
groups namely: M2a (IL-4), M2b (immune complexes plus TLR ligands), and M2c (IL-10, and

glucocorticoids); with their respective activating stimuli in parenthesis. (113,153,154).

Toll-like receptors play a significant role in recognizing pathogens and initiating inflammatory
immune responses. Stimulation of TLRs by microbial products initiate signaling pathways that result
in the activation of antimicrobial genes and inflammatory cytokines (101). As stated, M1 activated
macrophages are typically induced upon stimulation with LPS and IFN-y, and are characterized by
upregulation of HLA-DR, co-stimulatory molecules: CD80 and CD86, and chemokines such as
CXCL9 and CXCL10 which recruit Thl T cells to inflammatory sites. M1 also secrete a myriad of
cytokines, as mentioned in the previous section, these cytokines and surface receptors enhance the
interaction of macrophages with other immune cells (146). For example macrophage-induced IL-
12p70 drives the proliferation and differentiation of naive T cells into helper T cell subtypes (154).
Additionally, M1 activation triggers the inducible Nitric oxide synthase (iNOS) gene, which is
essential for generating reactive oxygen species such as NO, needed for local tissue destruction. Due
to the harsh inflammatory and cytotoxic effects, M1 macrophages are crucial in the elimination of
pathogens, cancer cells and initiation of inflammation, however, chronic and unresolved inflammation

under certain conditions can be detrimental to the host (16,157,158).

Alternatively activated (M2-like) macrophages on the other hand, are induced upon exposure to IL-4,
IL-13, immune complexes, parasitic infections, and fungal cells to produce anti-inflammatory
cytokines and chemokines including CCL17, CCL22 and CCL24 (159) Furthermore, M2 macrophages

produce TGF-p, IL-10, and high expression of Arginase, which competes with NOS for their common
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limiting substrate, L-arginine, thereby inhibiting NO production (159,160). M2 macrophages are
mainly involved in clearing apoptotic cells and debris, resolving inflammation, secretion of growth
factors needed for tissue healing and repair, and have also been reported to play significant roles in
tumor progression (Figure 2) (154,160,161).

Another postulate for M1 and M2 characterization, reported in several studies and worth mentioning,
is based on the cytokines used for generating the macrophages in vitro, which have substantial
polarizing effects (140,162). GM-CSF and M-CSF growth factors, apart from inducing macrophage
differentiation, are known to “prime” or “activate” them towards M1 and M2 phenotypes respectively
(163). Studies comparing both colony stimulating factors in mice bone marrow derived macrophages
(BMDMs) showed they displayed significant differences in transcription factors and cytokine
production, as well as opposing roles in inflammation (164). It was established that GM-CSF
macrophages exhibited pro-inflammatory properties (TNF expression), whereas M-CSF anti-
inflammatory and tissue healing state (IL-10 expression), after LPS stimulation; hence were assigned
the names M1 and M2, respectively, shown in Figure 2. (121,163-165).

Having acknowledged these, it is important to note that the activation status and ultimate function of
macrophages as either promoting or antagonizing inflammation, is highly dependent on environmental
cues. Additionally, the nomenclature proposed by Murray et al. (140), defining polarization states by
the activating stimuli [e.g., M (IFN-y)], seem to resolve some of the M1-M2 controversies; however
this may not be applicable in vivo where the activating stimuli are very complex, not restrictive and
especially usually unknown (152). Moreover, an imbalance in the steady-state of M1 and M2 may
result in pathological events: while overproduction of M1 may well induce chronic inflammatory
diseases, an excess number of M2 could also promote severe immune suppression (166). Additionally,
the M1 and M2 nomenclature, even though widely used, remains controversial and efforts are
continuously advancing to unambiguously define polarization. Notwithstanding, the terms ‘M1’ and
‘M2’ macrophages used herein refers to the pro-inflammatory and anti-inflammatory macrophages,

respectively.
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Figure 3. Macrophage polarization and function.
The two polarized states of macrophages: M1(classically activated) and M2 (alternatively activated). Shown
above are activating stimuli LPS/IFN-y and IL-4, IL-13, or IL-10 for M1 and M2 phenotypes respectively and

their corresponding roles in host defense and diseases. Adapted from (167).

1.4.3 Tumor Associated Macrophages (TAMS)

In the strictest sense, tumor associated macrophages (TAMSs) are almost not regarded as a distinctly
separate subset of macrophages because they are only studied in tumors and not present at normal
physiological conditions (158). It is widely acknowledged that solid tumors are infiltrated by immune
cells, of which macrophages form a significant percentage. TAMs can originate from both tissue-
resident macrophages and circulating monocytes recruited into the tumor microenvironment via
chemokines and factors secreted by tumor cells and stromal cells (168). TAMs, like conventional
macrophages, are heterogenous, multifunctional and highly plastic cells, which have been established
to play dual roles in either promoting or suppressing tumor growth, and have also been characterized
into ‘M1’ and ‘M2’ phenotypes (169). The role of TAMSs remains enigmatic among immunologist,

with many aspects still unclear, however the general opinion is that since TAMSs share both M1 and
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M2-like signatures, their roles within and around the TME are key in the establishment or elimination
of tumors (53,168).

Many studies have highlighted the correlation of TAM phenotype, density, and microlocalization with
overall prognosis. Particularly, high densities of M1 (CD68") TAM in the tumor islets of human
NSCLC is associated with longer survival, while high CD68" TAM density in tumor stroma correlated
with poor survival (170-172). Other reports supporting the concept of pro-tumorigenic activities of
M2 TAMs, provide evidence that macrophage depletion in breast cancer models, for instance, have
almost no effect in preventing neoplasm, and in some cases were even beneficial to the host (173).
Inferences from these studies suggest that high M2 TAM densities in the TME are associated with
poor prognosis (174-178). Consequently, recent therapies targeted at TAMs are largely aimed at
inhibiting macrophage recruitment to the TME, depleting TAMs and reprogramming their initial
tumorigenic properties (176,179). Nonetheless, other compelling studies also favor the theory that
some TAM subsets have tumoricidal activities (158,168). Anti-tumor activities are reportedly induced
by the classically activated ‘M1’ macrophages which secrete reactive oxygen and nitrogen species for
local tissue destruction, as well as a wide range of inflammatory cytokines like 1L-12p70, which
function mainly to activate Th1l response to execute an anti-tumor response (158,168,169). One of the
invaluable techniques providing evidence to support this claim was developed to enhance macrophage
cytotoxicity within the TME of early-stage bladder cancer (180). This was achieved by stimulating
TAMs with microbial particles from the bacteria bacilli calmette-guerin (BCG); activated
macrophages produced enormous amounts of pro-inflammatory cytokines like IL-6, IL-1 and TNF-a,
furthermore, they recruited other immunocytes like NK cells, CD4+ T helper and cytotoxic CD8+ cells
to the bladder. Collectively, these cells create an inflammatory response, cytotoxic to bladder cancer
cells (181,182).

Notably, TAMSs exhibit remarkable degrees of functional and phenotypic plasticity in that, they can
easily switch phenotypes depending on the location in the TME they occupy (169). For example, M2-
like macrophages have been identified to inhabit necrotic and hypoxic environments within the tumor,
with decreased antigen presentation and phagocytic activities (183,184). Also, immunophenotyping
studies have established that TAMSs can co-express markers established for M1 and M2 phenotypes,
therefore providing a clear distinction between both phenotypes is almost impracticable (171,185). In
light of their crucial roles in shaping the outcome of therapies, TAMs have increasingly become
promising targets in designing and developing new strategies in cancer immunotherapy (186). More

significantly, identifying key pathways in the recruitment, polarization, and synergistic effects between
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TAMs and other TILs. This has paved the way for novel treatment approaches that target indirect
pathways to stimulate cytotoxic T cell recruitment and activation (186). In some reported pre-clinical
studies, synergizing this approach with checkpoint inhibitors and/or radiation and chemotherapies have
proven remarkably successful (166,186).
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Figure 4. Reprogramming TAMSs for cancer therapy

TAMs originate from tissue resident precursors or via recruitment from bone-marrow progenitors. Within the
TME, they either promote or retard tumor progression. Tumorigenic TAMs (with ‘M2-like’ phenotypes) favor
tumor progression and dampen inflammatory responses by down-regulating M1-mediated functions. Emerging
strategies targeted at TAMs include inhibiting their recruitment to the TME, repolarization towards M1’
phenotypes to produce pro-inflammatory cytokines, and upregulating antigen presentation mechanisms to
stimulate adaptive immunity through activation of helper T cells and cytotoxic T lymphocytes (CTLs). Activated
CTLs directly kill tumor cells through release of cytotoxic granzymes and perforin. Adapted from (186).

1.4.4 Surface Marker Expression

As stated previously, macrophages are resident in various tissues performing distinct roles and
responding to niche-specific stimuli. Owing to the diversity, plasticity and overlapping functions of
M1 and M2 polarized macrophages, identification of distinctive and unique markers to clearly
differentiate them remains one of the most controversial subjects in macrophage biology (187).

Moreover, various tissue macrophages and DCs derive from a common monocytic precursor and
26



express similar phenotypic as well as functional phenotypes, thus using surface markers as only means
to distinguish both cells may not be entirely accurate (188). For instance, CD68 and MHC Il are
nonspecific surface markers equally expressed by both macrophages and DCs of the monocytic
lineage. This is also consistent with the marker F4/80, which is shown to detect both macrophages and
DCs infiltrating or being resident in murine kidneys (188).

Evidently, M1 and M2 activated macrophages may display differential gene expression profiles largely
determined by the type of stimuli, concentration, and period of exposure, however some markers are
conserved, such as some chemokines and their cognate receptors (154,187). An example is CXCL10,
a chemoattractant secreted by M1 macrophages which recruit Th1 T cells while CCL17 and CCL22
secreted by M2 activated macrophages are involved in trafficking of T regulatory cells (Tregs) to the
TME (189). Some commonly used macrophage markers such as CD14, CD16, CD68, CD163, CD206,
among others, may be useful in studying both immunologic and metabolic functions of the various
macrophage populations. The table below summarizes some key markers frequently used in

identifying both human and murine macrophage subtypes.
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Table 1. General phenotypic and functional markers used in characterizing macrophage polarization

subsets.

Table provides an overview of macrophage subsets described in vitro.

M1 macrophages

predominantly drive inflammatory responses whereas M2 exhibit mostly homeostatic expression patterns. M2

macrophages encompass a functionally diverse group subdivided into M2a, M2b, M2c, and M2d, with each

subclass activated by unique stimuli. Table shows an overview of different macrophage subtypes and subsets

with their designated expression markers and characteristics. Adapted from (154)

Macrophage

phenotype

Stimulation/ | IFN-y, LPS, GM- | IL-4, IL-13, IL-1R, Immune | IL-10, TGF-B, | Adenosine,
skewing CSF Helminth/Fungal Complexes Glucocor- IL-6,
condition (TR ticoids
Cytokine TNF, IL-1b, IL-6, | IL-10, TGF-p, TNF-a, IL-1, IL-10, TGF-p TNF-a, IL-
profiles IL-12p70, 1L-23 IL-1ra IL-6, IL-10, 10, IL-12,
TGF-B
Chemokines | CCL5, CCL2, CCL22, CCL17, CCL1 CCR2 CCLS5,
CCL4, CCLs, CCL24 CXCL10,
CCL9, CCL10 CXCL16
CCL11, CCL3,
Molecular CD68, CD80, IL- | CD163, MHC II, | CD86, CD163, TLR1, | VEGF
activation 1R, MCH- II, CD200R, MMR / MHC-I1 TLRS8
markers TLR2, TLR4, CD206, TGM2,
iNOS, SOCS3 IL-1R 1
References (142,147,148,167, | (96),(128),(134), (133),(134), (134),(140), (64),(124),
190-194) (140),(143),(181) | (140),(145),(17 | (145),(182)- (140),(185)
6),(178),(179) (184) —(189)
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1.5 IMMUNOMODULATORY POLYSSACCHARIDES

Alternative medicine using plant extracts in cancer treatment has become widespread the world over.
The purported anti-cancer potential of these extracts is to a significant extent based on several
experiments conducted in animal models, with many credible studies proving that the immunogenic
effects stem from certain active biological compounds. One of the active compounds relevant for this
thesis, and reported in numerous studies to induce cytotoxic and immunomodulatory effects on both
human and mouse immune cells, is a complex carbohydrate molecule (polysaccharide) called beta-
glucan (B-glucan) (204,205). B-glucans are major components of bacterial and fungal cell walls known
to bind several PRRs including C-type lectin and TLRs found on macrophages, DCs, neutrophils, and
NK cells, to initiate an anti-microbial immune response (204). Fungal polysaccharides
(carbohydrates), like other microbial particles are recognized by immune cells as PAMPs which
specifically bind Dectin-1 and complement receptor (CR3). This consequently prime leucocytes
(macrophages) to phagocytose tumor cells opsonized with complement fragments (iC3b) (206). Also,
activation of these innate immune receptors mediated by fungal polysaccharides have been
demonstrated to efficiently enhance antigen presentation and even significantly, the production of pro-
inflammatory mediators, which can further trigger the initiation of an adaptive immune response

against tumor targets (205-207).

1.5.1 Chaga (Inonotus obliquus)

Previous studies carried out by Wold et. al, identified and purified six novel immunomodulatory
polysaccharides isolated from the medicinal fungus, Inonotus obliquus, popularly known as Chaga
(208); this forms the premise for much of the investigations conducted in this master thesis. One
Slovakian botanist, Pilat in 1936, who is believed to have extensively studied chaga and proposed its
scientific name, observed that it has oblique pores, hence the source of its species name obliquus (209).
Chaga mushroom is a white rot ‘medicinal fungus’ mainly found growing on the bark of birch trees in
cold climates; and is commonly used in folk medicine in Russia, Asia, and Northern European
countries to treat several ailments. In northwestern Russia, Finland and Siberia, the fruiting body of
chaga mushroom is decocted to treat cancer patients (210). Many in vitro studies examining the
clinical significance of chaga have discovered anti-tumor, anti-mutagenic, anti-viral, antioxidant,
immunomodulatory and anti-inflammatory activities in chaga (210-213). An in vitro experiment

demonstrated that water soluble compounds isolated from chaga, selectively arrested growth cycle in
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human hepatoma cancer cells at the GO/G1 phase and thereafter induced cellular apoptosis while
healthy cells remained unaffected (213).

Various in vivo studies have also confirmed immunostimulatory, cancer treatment and prevention
properties in chaga. A study conducted in mouse models for metastatic Lewis Lung carcinoma revealed
that extracts of I. obliquus caused significant reduction in tumor size, (approximately 60%), with a
remarkable boost in energy metabolism observed following oral administration of chaga extracts (211).
In a separate report, polysaccharides from 1. obliquus were indirectly involved in inhibiting tumor
growth by stimulating the immune system. In their study, purified endo-polysaccharides administered
both orally and intraperitoneally were reported to significantly prolong the survival rate of mice
implanted with highly metastatic-B16F10 murine melanoma cells. It was detailed that nearly 67% of
the initial number of mice survived with no tumor incidence or cytotoxic effects observed 60 days post
tumor-implantation (214). Interestingly, anti-inflammatory immune responses have also be reported
in chaga polysaccharides, where activated mouse BMDMs significantly inhibited the production of
NO and dampened pro-inflammatory responses induced by LPS activation (215).

In spite of the substantial amount of experimental evidences supporting the anti-tumor activity
exhibited by chaga compounds and extracts, the underlying mechanisms and signaling pathways
inducing the immunomodulatory and anticancer effects are still not clearly elucidated (211). However,
some reports have revealed that biological compounds from 1. obliquus extracts harbor high
antioxidative properties, which can prevent the growth of tumors, reduce oxidative stress in immune
cells, especially among patients with ulcerative colitis and healthy individuals alike (210,216).
Furthermore, endo-polysaccharides purified from chaga extracts is believed to specifically activate
macrophages and induce humoral immunity through B cell activation (214). Additionally, another
study highlighted that polysaccharides isolated from the fruiting body of chaga effectively promotes
macrophage activation by initiating the phosphorylation of classical MAP kinases (MAPKS),
particularly, ERK1/2, JNK and p38; which subsequently activated the transcription of NF-xB. The
activated macrophages upregulated phagocytosis, production of ROS/ NO, and secretion of TNF-a.
Moreover, TNF-a secretion was reportedly inhibited by anti-TLR2 monoclonal antibodies, suggesting

that production of TNF-a was possibly induced via the TLR2 receptor signaling pathway (217).
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1.5.2 Investigating the tumoricidal potential of chaga polysaccharides.

Expounding on the existing experimental proofs and to further investigate the receptor signaling
involved in the anti-tumor activities exerted by chaga polysaccharides, Wold et al. (2018)
demonstrated that polysaccharides isolated from I. obliquus exhibited some immunomodulatory
effects by increasing NO production in murine macrophage and DCs in vitro (208).In this study, the
six isolated polysaccharides were characterized into 3 main groups based on their structural and
chemical properties as follows: i) water-soluble and neutral compounds ii) water-soluble and acidic
compounds, and iii) neutral, particulate compound. The structure-function relationship and signaling
receptors possibly involved in the immunomodulatory function have been further investigated and this

laid the groundwork for this thesis.
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2 AIMS AND OBJECTIVES OF THE STUDY

2.1 Principal Aims

Many macrophage studies reported in the literature are often conducted in mouse models or
immortalized cell lines, largely due to practical limitations in accessing human tissues and the inability
of human cells to survive in vitro following isolation. However, the culture of primary human
monocyte-derived macrophages provides an excellent option, as it relatively mimics in vivo conditions
compared to cell lines; even more, blood monocytes can also be readily obtained in large numbers.
Consequently, one major goal of this study is to provide an optimized, multistep method for generating

and polarizing human monocyte-derived macrophages in vitro.

Additionally, few studies, if any, have focused on understanding how the active soluble molecular
compounds found in the medicinal fungus, Chaga, can induce an antitumor response in macrophages.
The second aim of this research is to provide insight into the immunostimulatory properties responsible

for the tumoricidal activity observed in macrophages activated by fungal polysaccharides.

2.2 Research Objectives:

The following research objectives were laid out to facilitate the achievement of these aims:

1. Establish an optimized protocol for in vitro differentiation of human monocyte-derived
macrophages from CD14+ monocytes using GM-CSF or M-CSF.

2. Examine surface marker expression and cytokine secretion profiles of in vitro polarized human
macrophages using flow cytometry and Luminex technology, respectively.

3. Investigate the tumoricidal potential of novel fungal polysaccharides in mouse models for

Lewis lung carcinoma.
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3 MATERIALS AND METHODS

3.1 Materials

Table 2. Common materials, reagents, and manufacturer’s information.

Storage

Company Cat. Number

culture dish

Cell scraper TPP® 99002 Dry storage
CD14 MicroBeads Miltenyi 130-050-201 2-8°C
Dimethyl sulfoxide VWR® 0231 Room temperature

(DMSO)
Falcon tube (50 mL) SARSTEDT AG & Co. KG 62.547.254 Dry storage
Falcon tube (15 mL) SARSTEDT AG & Co. KG 62.554.502 Dry storage
Fetal Bovine Serum BioWest S181BH-500 Frozen
(FBS)
Flat bottom 48-well plate Costar® CLS3548 Dry storage
Glasstic® slides Kova 87144E Room temperature
LS columns Miltenyi 130-042-401 Dry storage
Lymphoprep™ Progen 1114545 Room temperature, in
the dark
MS columns Miltenyi 130-042-201 Dry storage
Non-treated tissue SARSTEDT AG & Co. KG 734-2796 Dry storage
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Nunc™ CryoTube Thermo Fisher 363401 Dry storage
Pre-separation Filters Miltenyi 130-041-407 Dry storage
(30 pm)
Penicillin-Streptomycin Biowest L0022-100 Frozen
(P/S) 100 X Solution
Polypropylene centrifuge Corning® CLS430290 Dry storage
tubes (50 mL)
Polypropylene centrifuge Corning® CLS3620 Dry storage
tubes (1.5 mL)
Polypropylene centrifuge Corning® CLS430791 Dry storage
tubes (15 mL)
RPMI 1640 Biowest L0500-500 4°C
with L- Glutamine
Sterile DPBS no calcium Gibco 14190-144 40C
no magnesium (DPBS™)
Sterile PBS no calcium Made in-house 4°C
no magnesium (PBS™)
Sterile DPBS plus Sigma-Aldrich D8662 40C
calcium plus magnesium
(DPBS*)
Trypan blue Invitrogen T10282 Room temperature
96 V-bottom well plate VWR® 732-2470 Dry storage
0.5 MEDTA ThermoFisher AM9260G 4°C
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Table 3. Cytokines and ligands used in the differentiation and polarization of human
monocyte-derived macrophages.

Abbreviation Manufacturer Cat. Number Storage
Recombinant rhGM-CSF Peprotech 300-03 - 80°C
Human GM-CSF
Recombinant rhMC-SF Peprotech 300-25 - 80°C
Human M-CSF
Recombinant rhIFN-y Peprotech 300-02 - 80°C
Human IFN-y
Recombinant rhiL-4 Peprotech 200-04 - 80°C
Human IL-4
Recombinant rhiL-10 Peprotech 200-10 - 80°C
Human IL-10
Lipopolysaccharide LPS InvivoGen Tirl-peklps - 80°C
E. coli K12
(Ultrapure)

3.2 METHODS

3.2.1 Isolation of peripheral blood mononuclear cells (PBMC) from buffy coat

Reagents and solutions

Lymphoprep™ (Progen, Cat. # 1114545; Heidelberg, DE)
DPBS " (Gibco, Cat. # 14190-144)

Fetal bovine serum (FBS), (BioWest, Cat. # S181BH-500)
Trypan Blue Stain (0.4%) (Invitrogen, Cat. # T10282)

Buffy coats were obtained from the Blood bank at Oslo University Hospital, Ulleval, and approved for

use by the Norwegian Regional Committee for Medical and Health Research Ethics, REK no.
2019/113.

Procedure:
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Blood from buffy coats were diluted in an equal volume of PBS containing 2% FBS and mixed
by inversion before gently layered on to recommended volumes of Lymphoprep™ in 50 mL
falcon tubes. One buffy coat (approximately 55 mL) was typically divided into 4x 50 mL
tubes; each tube containing 15 mL PBS with 2% FBS before the mixture was layered on 15
mL Lymphoprep™.

. The tubes were then centrifuged at 800 g for 20 min at room temperature (RT), in a fixed-angle
Beckman Model TJ-6 centrifuge, with brakes off, to achieve density gradation. The upper layer
containing plasma and platelets was carefully drawn off leaving the mononuclear cell layer at
the interface of plasma and Lymphoprep™ undisturbed.

Next, the layer of mononuclear cells was transferred into a sterile 50 mL centrifuge tube and
washed twice with 20-30 mL DPBS™ by centrifugation at 400 g for 7 min at RT to remove any
contaminating platelets, plasma and Lymphoprep™.

. Supernatant was removed with a 25 mL pipette to avoid disturbing the loose pellet.

. The isolated mononuclear cells were then resuspended in approximately 10 mL DPBS™
containing 2% FBS before being sifted through a 30 um pre-separation filter to remove cell
clumps and debris. Filter was pre-wet with 1 mL DPBS™ before use.

Cell count and viability analysis were done manually using Trypan blue exclusion method on

Glasstic® microscopic slides.

3.2.2 Cell counting

Reagent

Trypan Blue Stain (0.4%), (Invitrogen, Cat. #: T10282)

Procedure:

To determine the number of viable cells, a portion of the cells in suspension was stained with Trypan

Blue and counted manually under a light microscope. This method is based on the theory that live

(viable) cells with intact cell membranes do not take in certain dyes, whereas cells which have lost

membrane integrity, dead (non-viable) cells, do.

1) A 1:1 mixture of the cell suspension and trypan blue was prepared by adding 10 pL of cell sample

to 10 pL of 0.4% trypan blue and thoroughly mixed by gently pipetting.
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2) Cells were counted within 5 min of mixing by loading 10 pL of the mix into each chamber of the
Glasstic® microscopic slide (KOVA, Cat. #: 87144), using a micropipette. Loading was done
through the cutout notch.

3) Counts were performed in duplicate for each sample, starting with chamber 1 of the slide under a
40x objective according to the manufacturer’s standard methodology (218,219)

4) Specifically, the number of cells in each of the four corner small grids/quadrants (denoted A, B, C,
D) were counted — separate counts were kept for viable (unstained) and non-viable (stained) cells.

5) Next, the average of these four readings was multiplied by 9x10* (multiplication factor); to obtain
the number of cells per mL in the sample applied. The result was then multiplied by two, to take
into account the 1:1 dilution of the sample in the trypan blue. This was finally multiplied by any
dilutions in the original sample preparation of the cell suspension.

6) Number of cells (Viable or non-viable) in the sample:

_(A+B+C+D)
N 4

x 9(10*) x 2 x sample dilution

7) The percentage of viable was calculated as:

) Number of viable cells
% Viable cells = x 100
Total number of cells

3.2.3 Monocyte isolation by magnetic beads conjugated with anti-CD14 antibody

Reagents and solutions

e 0.5MEDTA (Thermo Fisher, Cat. # AM9260G)

e FBS (BioWest, Cat # S181BH-500)

e PBS™ (made in-house)

e MACS buffer: PBS” +10% FBS +1% EDTA

e (CD14 MicroBeads (Miltenyi, Cat. # 1300-502-01)
Monocyte isolation was done by positive selection using magnetic-activated cell sorting (MACS)
technology. An isolation (MACS) buffer was prepared with PBS containing 10% FBS and 1% EDTA,

then later degassed under vacuum to remove air bubbles that could block the magnetic columns. MS
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columns were used if the number of mononuclear cells was below 1x 108, if not LS columns were used

to sort out monocytes labelled with anti-human CD14 antibodies (CD14 MicroBeads).

Procedure:

1.

10.

The PBMCs (isolated as described in 3.2.1) to be separated was resuspended in cold MACS
buffer before CD14 MicroBeads was added as follows: 80 uL MACS buffer plus 20 pL CD14
MicroBeads per 1x 10’ PBMCs. (The volumes of MACS buffer and MicroBeads were adjusted
appropriately with cell number according to the protocol from the manufacturer).

The cell suspension with beads was uniformly mixed by vigorously vortexing for 20 secs, then
incubated for 15 min in the fridge (2-8 °C).

Next, the cell mixture was washed by adding 1-2 mL of cold MACS buffer per 1x10 cells and
centrifuged at 400 g for 7 min at 4°C to remove any excess of unbound beads.

The pellet was then resuspended in 500 uL of MACS buffer per 1x 108 cells for use in MS
columns or 3 mL MACS buffer per 1x 10° cells in LS columns: scaling up the buffer volume
accordingly with increased numbers of cells.

A column was placed on a magnetic separator (MS columns: OctoMACS, Miltenyi #130-042-
109; LS columns: QuadroMACS, Miltenyi #130-090-976) and rinsed with 500 pL or 3 mL of
MACS buffer for either MS or LS column, respectively.

The cell suspension was applied to the column and non-adherent cells washed away thrice with
500 pL (MS) or 3 mL (LS) MACS buffer, adding new buffer to the column only when previous
one had been eluted.

The column was removed from the magnetic separator after final washing step and
magnetically labelled cells were immediately flushed out with 1 mL (MS) or 5 mL (LS) MACS
buffer, using a plunger provided in the Kit.

The purified monocytes were counted using trypan blue exclusion method on Glasstic®
microscopic slides.

An aliquot of cells was then prepared to check for cell purity by staining with anti-human CD14
antibody, followed by flow cytometry, as described in the immunostaining protocol in section
3.25

Remaining cells were differentiated in the presence of either GM-CSF or M-CSF cytokine,
detailed in the next section, or pelleted by centrifugation at 400 g for 7 min, 4° C before

cryopreservation.
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3.2.4

In vitro differentiation of human monocyte-derived macrophages

Reagents and solutions

e Recombinant human GM-CSF (rhGM-CSF): used at 50 ng/mL (Peprotech, Cat. # 300-03)
e Recombinant human M-CSF (rhM-CSF): used at 50 ng/mL (Peprotech, Cat. # 300-25)

e RPMI: RPMI 1640 w/ L- Glutamine: (Biowest, Cat. # L0500-500)

e Growth medium for moDMs: RPMI + 10% FBS + 1% Pen/Strep

e Detachment buffer (50 mL): 45ml PBS™ + 5 mL FBS + 250 pL of 0.5M EDTA.

e Flow buffer (FB): PBS™ + 10 % FBS

Procedure:
Day 0: Culture of monocytes

1. Purified monocytes freshly isolated or thawed were resuspended in growth medium consisting
of RPMI 1640 w/ L-Glutamine, 10% FBS, and 1% Pen/Strep.

2. Cells were seeded at a density of 3.0 x 10° into a 10 cm non-treated tissue culture dish
containing 10 mL growth medium.

3. Either cytokine was added to the growth medium to attain a final concentration of 50 ng/mL
of fresh GM-CSF or M-CSF, which will ultimately generate GM-CSF or M-CSF moDMs,
respectively.

4. Culture dishes were then incubated at 37 °C and 5% CO..

Day 3: Replenishing culture media and cytokines

5. Half (5 mL) of the medium per culture dish was removed into a clean 15 mL Falcon tube and
centrifuged at 400 g for 7 min at RT.

6. The supernatant was discarded, and the cell pellet resuspended in 5 mL of fresh growth
medium, then combined with the remaining cells in the culture dish.

7. Fresh rhGM-CSF or rhM-CSF was added to the culture medium to a final concentration of 50
ng/mL of newly added cytokines (as on day 0), for GM-CSF and M-CSF cultures, respectively.

8. Culture plates were incubated at 37°C and 5% CO. for 3 days.

Day 6: Macrophage polarization
9. All culture media was removed from each culture dish and replaced with 10 mL fresh growth

medium, brought to room temperature.
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10.

Day 7:

11.

12.

13.

14.

15.
16.

17.

18.

19.
20.
21.

22

Polarizing cytokines were added to the cultures (experimental conditions) and the cells
incubated at 37 °C and 5% CO- for 24 hours at the following conditions:

e |FN-y: 40 ng/mL

e LPS: 100 ng/mL

e |FN-y + LPS: 40 ng/mL + 100 ng/mL, respectively

e Untreated: Control

Cell harvesting

Polypropylene centrifuge tubes (Corning® 50 mL) were pre-coated with FBS by adding 1 mL
serum to the wall of the tube and tube swirled to enable serum to coat the inner surface
uniformly.

The serum-coated tubes were then placed on ice.

Culture medium from the dish was removed into the pre-coated centrifuge tubes (each
condition in a new tube).

Next, 5 mL detachment buffer (detailed above) — used at RT was added to the culture plates
and incubated at 37 °C for 30 min.

After incubation, the plates were observed under the microscope to check for rounded up cells.
Detached cells were harvested by pipetting up and down (about 5 times) and were combined
with the cells in centrifuge tubes then place back on ice.

Following this, 5 mL detachment buffer was added to each culture plate and the few adherent
cells remaining (approximately 10% of the cultured cells) were gently scraped using a cell
scraper (TPP®©, Cat. # 99002).

Scraped cells were collected, and the plates were finally rinsed with 2 mL detachment buffer
and later combined with the harvested cells in the serum-coated centrifuge tubes.

Cell count was determined by trypan blue exclusion method.

Next, tubes containing harvested cells were centrifuged at 400 x g, 4 °C for 7 min.

All supernatant was removed, and the cell pellet was resuspended in 1 mL flow buffer

. Cells were counted after resuspension in the flow buffer.
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3.2.5 Immunophenotyping by flow cytometry

A. Immunostaining for cell-surface markers

Reagents and solutions

Flow buffer: containing PBS™ + 10% FBS (BioWest)

Specific mAD see Table 4.

Isotype-matched control mADb, see Table 4.

Blocking agent: Human TruStain™ FcX; BioLegend, # 422301; San Diego (CA), USA or
migG; Sigma-Aldrich, # 18765, Darmstadt, Germany).

Propidium iodide (PI; BioLegend, # 421301; San Diego (CA), USA)

Procedure:

Harvested cells were prepared into single cell suspension in the flow buffer and incubated on ice for

at least 15 min. The antibody mixes were made immediately prior to use and were kept in light

protective (amber) microcentrifuge tubes on ice. Cell surface immunostaining was done in 96 well cell

culture plates with V bottom, in a total volume of 50 puL per well. Concentration- and isotype-matched

control antibodies were used to determine the level of background caused by non-targeted binding of

antibodies and to help set the threshold for positive staining. All steps of the immunostaining procedure

were performed on ice and with ice-cold buffers, unless otherwise stated.

1.

Cell suspension was divided into 96 V-bottom well plate, with approximately 2.0 x 10° cells
per well and pelleted by centrifugation at 400 g, 4 °C for 7 min.

Cells in each well were then resuspended in a blocking solution before incubation on ice for
30 min; Fc receptor blocking solution contained 50 pL flow buffer with 25 pg/mL FcX or
mlgG.

After blocking, cells were centrifuged at 400 g, 4°C for 7 min and the pellet was resuspended
in 50 uL flow buffer containing the required volume of staining antibody or isotype-matched
control in each well. (Tables 4 and 5).

An additional cell sample, which was resuspended in only 50 pL flow buffer was also prepared
as an unstained sample and negative control.

Cells were incubated in the dark, at 4 °C for 20 min.

Next, cells were washed twice in flow buffer by centrifuging for 7 min, at 400 g, 4 °C, and

supernatant tossed off.
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7. Cell pellet was resuspended in 200 pL flow buffer, transferred into flow cytometry tubes and
kept on ice in the dark.

8. Cells were later stained with 6.25 pg/mL Propidium iodide right before acquisition on BD
LSRFortessa™ flow cytometer.

9. Data obtained on BD LSRFortessa was further analyzed using FlowJo v10 10.7.1 (FlowJo,
LLC, Ashland, OR).

B. Preparation of beads for fluorophore compensation

eBioscience™ UltraComp eBeads (Invitrogen, Cat. # 01-2222-42; Carlsbad (CA), USA) were used to
adjust for spectral overlap in cases where several fluorophores were mixed in samples. Prior to data
acquisition, 1 drop of eBeads was used per 500 uL flow buffer consisting of PBS” with 10% FBS,
divided to match the number of fluorophores used, then incubated with 2.5 uL of antibodies per 100

uL of flow buffer for 5 min on ice and in the dark.

Table 4. List of primary detection antibodies and isotype-matched control antibodies.

Specificity | Fluorochrome  Clone Cat. No. Company Isotype

CD14 APC/Cy7 HCD14 | 325620 | BioLegend | Mouse 1gG1, k MOPC-21 400128

HLA-DR BV605 L243 | 307640 | BioLegend | Mouse 19G2a, k | MOPC-173 | 400269

CD11c Pacific Blue™ 3.9 301626 | BioLegend | Mouse 1gG1, k MOPC-21 400151

CD86 APC IT2.2 | 305412 | BioLegend | Mouse 1gG2b, k | MG2b-57 401210
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Table 5. Antibody volumes and concentrations

Antibody/matched- Isotype Stock Volume of Final Ab. Conc.

concentration of Antibody in in 50 uL FB

mADb (ug/mL) 200 uL FB (each well)

Antibody HLA-DR 100 5L 2.5ug/ mL
Isotype mlgG2a, k 100 5uL 2.5 pg/ mL
Antibody CD14 400 5L 10 pg/ mL
Isotype mlgGl, k 200 10pL 10 pg/ mL
Antibody CDl11c 400 5uL 10 pg/ mL
Isotype mlgGl, k 200 10pL 10 pg/ mL
Antibody CD86 200 5uL 5 pug/ mL
Isotype migG2b, k 100 10pL 5 g/ mL

Table 6. Antibody volumes and concentrations used for experiment described in Figure 8

Antibody/matched- Isotype Stock Volume of Final Ab. Conc.

concentration of Antibody in in 50 uL FB

mMADb (ug/mL) 200 uL FB (each well)
Antibody HLA-DR 100 10 pL 5 pg/ mL
Isotype migG2a, k 100 10 puL 5 g/ mL
Antibody CD14 400 10pL 20 pg/ mL
Isotype migG1, k 200 20uL 20 pg/ mL
Antibody CDlilc 400 10pL 20 pg/ mL
Isotype migG1, k 200 20uL 20 pg/ mL
Antibody CD86 200 10pL 10 pg/ mL
Isotype migG2b, k 100 20pL 10 pg/ mL
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3.2.6 Cryopreservation of cells

Reagents:

e Dimethyl sulfoxide (DMSO; VWR, Cat. # 0231)
e Freezing medium: FBS + 10% DMSO

Procedure:

1. For long term preservation, cells were pelleted by centrifugation at 400 g, 4 °C for 7 min, and
live cell count determined by trypan blue exclusion method.

2. Next, cells were resuspended in a small volume of FBS and cooled on ice for approximately
15 min and were later resuspended to 1-2 x 107 cells/mL in freezing medium and aliquoted into
Nunc™ CryoTube vials.

3. Cryo vials were labelled appropriately and pre-cooled at -80 °C for 24 hours in a Nalgene™
Mr. Frosty Cryo 1°C freezing container (ThermoFisher, # 5100-001; Rochester (NY), USA)

4. Vials containing cells were then relocated into a -150 °C freezer or liquid nitrogen tank for

indefinite preservation.

3.2.7 Thawing of preserved cells

Reagents and solutions:

e Complete RPMI medium: RPMI 1640 w/ L- Glutamine + 10% FBS + 1% Pen/Strep

Procedure:

1. Complete RPMI medium was pre-warmed and cryovial containing cells rapidly thawed in a 37
°C water bath (until about 20% ice remained).

2. Cells were quickly transferred into a 15 mL falcon tube containing 10 mL pre-warmed
complete RPMI medium (10 times volume of thawed sample) and washed twice, each in 10
mL medium by centrifuging at 400 g for 7 min, RT.

3. Supernatant was completely aspirated, and cells resuspended in fresh RPMI medium.

4. Analiquot was taken to determine live cell count by trypan blue exclusion method. Remaining

cells were allocated for cell culture, immunostaining, or further analysis.
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3.2.8 Stimulation of human monocyte-derived macrophages with fungal

polysaccharides

Reagents:

RPMI 1640 w/ L-Glutamine

Activating fungal polysaccharides, see Table 6

PRR ligands, see Table 7

Recombinant human IFN-y (Peprotech, Cat. # 300-02)

Procedure:

1. Cells were harvested on day 6 of in vitro differentiation of monocyte-derived macrophages as
described in harvesting method (section 3.2.4)

2. Cells were pelleted by centrifuging at 400 g for 7 min, RT then resuspend in 5 mL RPMI
medium supplemented with 10% FBS, without antibiotics.

3. Live cell count was determined, and 1 x 10° cells were plated in 150 pl medium per well in a
48-well flat-bottom tissue-culture treated plate.

4. Cells were made to attach by incubating at 37°C for 2 hours, then stimulated for 24 hours by
adding 150 pl fresh RPMI media with 10% FBS, supplemented with selected fungal
polysaccharides; with or without IFN-y at 37°C, 5% CO.. See Tables 7 and 8 for activating
polysaccharides and PRR ligands used as controls, respectively.

5. After 24 hours, culture media were collected into a V-bottomed 96-well plate and spun down
at 1000 g for 15 min at 4°C, to remove cellular debris.

6. Next, supernatant was transferred into a new V-bottomed 96-well plate and centrifuged again
at 1000 g for 15 min at 4°C.

7. Supernatant was then collected and divided into 2 new V-bottomed/round-bottomed 96-well
plates: with each well containing approximately 130 ul supernatant.

8. Samples were stored at -80 °C for a maximum of 8 days until cytokine analysis by magnetic

Luminex® technology.
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Table 7. Isolated polysaccharides from I. obliquus and their chemical properties.

Polysaccharide | Abbreviation Water  Molecular pH ~ Concentration
fraction solubility Weight sensitivity (ng/mL)
(kDa)

10I-WN IWN High 60 Neutral 100
IOE-WN EWN High 73 Neutral 100
I01-WACF1 AcF1 High 28 Acidic 100
IOI-WACF2 AcF2 High 14 Acidic 100
I01-WACF3 AcF3 High 10 Acidic 100
101-Al Al Non soluble >450 Alkaline 100
Abbreviations/names: 101 = 1. obliquus Interior part; IOE = I. obliquus Exterior part; WN = Water-

extracted, Neutral; WAc = Water-extracted, Acidic; F1-F3 = Fraction 1-3; A1 = Alkaline-extracted
polysaccharide 1. (Wold et. at, 2018).

Table 8. Pattern recognition receptor (PRR) ligands and cytokines used as controls in the

stimulation of human monocyte-derived macrophages for cytokine quantification assay.

Ligand Abbreviation Target Concentration Cat. No. Provider
Pam3CysSerLys4 PamsCSKs | TLR1/2 100 ng/mL tlrl-pms InvivoGen
Lipopolysaccharide LPS TLR4 100 ng/mL tirl-peklps InvivoGen
E. coli (Ultrapure)

Lipoteichoic acid LTA TLR2/6 100 pg/mL tirl-psita | Sigma-Aldrich
(S. aureus)
Zymosan crude ZymC TLR2, 100 pg/mL Z4250 Sigma-Aldrich
(S. cerevisiae) Dectin-1
Zymosan purified ZymP Dectin-1 100 pg/mL tlrl-zyd InvivoGen
(S. cerevisiae)
Laminarin Laminarin | Dectin-1 100 pg/mL L9634 Sigma-Aldrich
(L. digitata)
Recombli;\;nt Human rhIFN-y IFN-YR 40 ng/ mL 300-02 Peprotech
Y
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3.2.9 Cytokine quantification using Magnetic Luminex® technology

Reagents, solutions, and buffers

Standard (Bio- Rad, # 12007919)

Standard diluent (Bio- Rad, # 9703888)

Bio-Plex Pro® Human magnetic beads 10x (Bio- Rad, # 10043482)
Bio-Plex Detection Antibody Diluent HB (Bio-Rad, # 10032400)
Assay buffer (Bio- Rad, # 9723892)

Streptavidin-PE concentrate (Bio- Rad, # 171304501)

Deionized/ distilled water (Made in-house)

Human TNF- o detection antibody 10x (Bio- Rad, #171B5026M)
Human IL-6 detection antibody 10x (Bio- Rad, # 171B5006M)
Human 12p70 detection antibody 10x (Bio- Rad, # 171B5011M)

Procedure:

Flat-bottom, 96-well Bio-Plex Pro® plates (Bio-Rad, #171-025001) were used for Magnetic

Luminex® assays. All reagents and buffers were brought to RT before use and the entire procedure

was performed at RT unless otherwise mentioned. Plates were covered with aluminum plate sealers

(Bio-Rad # 1814045) during every incubation, to protect the samples from light. Hand-held magnetic

washer (Bio-Rad, #170-20100) was used to secure microparticles during washing, and the plates were

left to stand for 1 min after each wash before the washing solution was tossed off, to prevent loss of

beads. Polypropylene test tubes (Corning®) were used for dilution of standards and samples. Very

importantly, half volumes of magnetic beads, detection antibodies and PE recommended by the

manufacturer were used and dilutions were prepared just prior to the start of the assay.

1.

Harvested supernatants, previously frozen, were thawed at RT and centrifuged at 16,000 x g
for 4 min immediately prior to use, to further eliminate cell debris.

A single vial of standards provided by supplier was reconstituted by mixing the volume in vial
in 500 uL of deionized water.

Next, a fourfold standard dilution series and blank was prepared to obtain a 9-point standard

curve.
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10.

11.

12.

13.

14.

15.

16.

17.
18.

This was done by labelling nine 1.5 mL polypropylene tubes: S1 — S8 and the last tube labelled
as blank, then 150 pL of deionized water was added to tubes S2 — S8 and blank, with 72 pL in
S1.

Reconstituted standard was then vortexed for 5 secs then 128 pL was transferred to the S1 tube,
containing 72 pL of the diluent, then mixed by vortexing.

With a new pipette tip, 50 pL was transferred from the S1 tube to S2 tube then vortexed for 5
secs. The 1:4 (fourfold) serial dilution was continued to S8.

Next, coupled beads dilution was prepared by first vortexing the 10x stock for 30 secs before
pipetting 288 pL of beads into 2.8 mL assay buffer in a 15 mL polypropylene tube, then
vortexed again for 30 secs.

After vortexing, 25 uL of the diluted coupled beads was added to each well of the assay plate.
Next, the plate was secured to a Bio-Plex® hand-held magnetic washer and washed by adding
wash buffer (100 uL PBS + 1% Tween®) per well, then left to stand for 1 min before tossing
off liquid. Washing was done twice.

Premixed standards, sample, and blank were vortexed for 30 secs and added to the assay plate
by transferring 25 pL of each to the appropriate well, changing pipette tips between transfers.
The plate was then sealed and incubated for 1 hour at RT on a horizontal orbital microplate
shaker at 800 50 rpm to mix.

Next, the plate was secured to a Bio-Plex® hand-held magnetic washer and left to stand for 1
min before tossing off liquid.

The plate was then removed from the magnetic washer and washed, as described in step 9.
repeated 3 times.

Detection antibody cocktail was prepared by diluting 150 pL of the 10x stock in 1.5 mL of
antibody diluent.

Next, 12.5 pL of the diluted antibody cocktail was dispensed into each well of the assay plate
using a multichannel pipette.

Plate was covered and incubated for 30 min at RT on the microplate shaker, as above.
Washing steps were repeated after incubation, as described in step 9.

Streptavidin-PE, was diluted by mixing 30 pL, in 3 mL assay buffer, and 25 pL was added to

each well before incubation on the microplate shaker for 10 min at RT.

48



19. The washing procedure described in step 9 was repeated three times before the beads were
resuspended in 125 pL assay buffer per well, followed by incubation on the microplate shaker
for 60 secs.

20. Following this, the cytokine concentrations were determined by Bio-Plex® MAGPIX™
Multiplex Reader; microparticles were resuspended again immediately prior to reading.

21. Samples were analyzed in duplicates.

3.2.10 Isolation and differentiation of bone marrow-derived macrophages

Reagents:

e DPBS** (Sigma-Aldrich, Cat. # D8662)
e FBS (Biochrom GmbH, Cat. # S0113)
e PBS’ (Made in-house)

Procedure:

Bone marrow from mice was differentiated into macrophages by use conditioned medium containing
macrophage colony-stimulating factor (M-CSF). The conditioned medium was generated by culturing
L929 cells (Cell Lines Service, Cat. # 400260) in RPMI 1640 medium with L-Glutamine containing
10 % FBS (S0113, Biochrom GmbH, Berlin Germany). When the L929 cells had reached confluency,
the cells were cultured for 10 more days, before the conditioned medium was collected from the L929
cells, centrifuged, filtered, and stored at -20 °C, and was used for the differentiation and maintenance

of bone marrow-derived macrophages (BMDMs).

1. Femurs and tibiae of the hind legs from 8- to 12-week-old C57BL/6NR]j mice were harvested
and the marrows flushed with RPMI 1640 medium containing 10 % FBS. The procedure was
performed under sterile conditions.

2. Bone marrow cells were then filtered through a cell strainer with 70 um pores (Sigma-Aldrich,
Cat. # CLS431751).

3. Cells were cultured in 10 cm non-tissue culture treated dishes in RPMI medium with L-
Glutamine containing 10 % FBS, 1 % P/S and 30 % L929-derived conditioned medium.

4. After 5 days of culturing, non-adherent cells were washed off using DPBS**

5. Adherent macrophages were further cultured for 2 days.
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Macrophages were then harvested from the dishes after incubation with ice-cold PBS™ for 20
min at 4°C.

Detached macrophages were then flushed off plates by pipetting up and down several times.
Cell count was determined, and 1 x107 cells aliquoted into each vial before cryo-preservation.
The purity of the cells as analyzed by flow cytometry, using the macrophage markers CD11b
(M1/70, BioLegend) and F4/80 (BM8, BioLegend), was 99 % and the cells were then referred

to as bone marrow derived macrophages (BMDMs).

3.2.11 Subculture of Lewis lung carcinoma (LLC) cells

Lewis lung carcinoma (LLC, also called LLC1) is a cell line originating from a spontaneous lung

carcinoma in a C57BL/6 mouse and was obtained from CLS Cell Lines Service (Eppelheim,

Germany).
Procedure:
1. One vial (approx. 5 x 10° cells; passage #34) was thawed and seeded into a T175 cell culture
flask containing 35 mL fresh growth medium (RPMI 1640 with 10% FBS and 1% Pen/Strep).
2. The cell culture was split in a ratio 1:4 or 1:6 (depending on the growth rate) in a new flask
every 1-2 days; to avoid cell clusters.
3. Cells were cultured for 10 days before harvesting.
4. On day 10, cells were collected by removing half of the medium and adherent cells scraped
gently with a cell scraper before the flask was rinsed with 10 mL DPBS™".
5. Next, cell washing was done twice by centrifugation at 400 g, 4 °C for 7 min and cell viability

obtained by trypan blue exclusion method. The cell concentration was adjusted to 1x10°

cells/mL in DPBS” before being used in the experiment described below.
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3.2.12 In vivo experiments using a Mouse model

Reagents and solutions:

FBS (Biochrom GmbH, Cat. # S0113)
DPBS™ (Gibco, Cat. # 14190-144)

Activating factors, see step 2

C57/BL-6 mice from Janvier Labs (Le Genest-Saint-Isle, France) were in house bred at the Department

of Comparative Medicine, Oslo University Hospital, Rikshospitalet (Oslo, Norway). The research

project was approved by the Norwegian National Committee for Animal Experiments (approval

number 20/102031) and all the performed experiments conform with the national regulations and the

EU directive 2010/63/EU. The Winn assay was used for the co-injection experiments.

Procedure:

1.

One vial of BMDM (1 x107 cells) was thawed and plated in 5 non-tissue culture treated-petri
dishes (10 cm) for 3 days in RPMI with 10% FBS and 10% L929 conditioned medium
(=complete medium).
On day 3, the BMDMs were activated by carefully aspirating media and adding fresh complete
medium (8-10 mL per dish) containing the activating factors in the concentrations indicated
below. The BMDMs were cultivated with the factors for 24 h.

a. 100 pg/mL AcF1 + 20 ng/mL IFN-y

b. 100 pg/mL AcF3 + 20 ng/mL IFN-y

c. 100 ng/ mL PamsCSK4+20 ng/mL IFN-y

d. 20 ng/mL IFN-y

e. No treatment (control)
BMDM s were harvested on day 4 by aspirating media and adding cold PBS™, cell count was
determined and adjusted to 15 x10° cells /mL in DPBS™
Pre-cultured LLCs were harvested, and washed with DPBS™, and the cell count adjusted to
1x10° cells/mL in DPBS™ as described in 3.2.11.
All harvested cells were stored in PBS™ on ice for minimum 30 min.
Equal volumes of LLCs and BMDMs were mixed (1 mL from each), to obtain a 15:1 ratio of
BMDMs: LLCs, and the tubes were stored on ice.

100 pL of each condition mixture was injected subcutaneously on the left flank of the mice.
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8. Tumor growth was monitored using a caliper every other day until humane end points were
reached (15 mm in tumor diameter), and the animals euthanized by cervical dislocation.

9. Tumor growth was calculated using the formula: Tumor Volume (mm?) = [width? x length] x
0.4 (220).

10. Mice in ‘No treatment’ and PamsCSKa4 groups served as negative and positive controls,

respectively.

3.2.13 Statistical analysis

Statistical analysis was conducted using the GraphPad Prism 8.1.1 software (GraphPad). Values from
control samples were used as a reference to each individual value, unless otherwise stated. The data
were analyzed using one-way ANOVA test to generate P-values, or using two-way ANOVA followed

by Sidak’s test for comparison of multiple samples. Threshold of significance was set at p<0.05.
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4 RESULTS

4.1  Monocyte isolation from Peripheral Blood Mononuclear Cells (PBMCs)

Monocytes were isolated from fresh buffy coats obtained from the Oslo University Hospital blood bank;
this provided a valuable source of concentrated leukocytes as two buffy coats (2 x 55 mL) yielded up to
400 million PBMCs. Subsequent purification by positive selection using CD14 MicroBeads is one of
the established quick and optimal purification methods (221). With this positive immunoselection
strategy (MACS sorting with CD14 antibodies), we obtained over 100 million purified monocytes.
Freshly isolated monocytes were used to generate monocyte-derived macrophages or cryopreserved for

later use.

The gating strategy used to verify purity of isolated CD14+ monocytes from PBMCs of healthy donors
is indicated as follows: mononucleated cell gate was first set using side scatter (SSC) vs forward scatter
(FSC) parameters to remove debris from all recorded events. SSC provides information on the
granularity or internal complexity of the events recorded, whereas FSC is used to assess the size of each
event. In the FSC vs SSC plot, two distinct populations were observed: one cluster (smaller population)
had events below 20K and 50K on the FSC and SSC scales, respectively. These events were excluded
as debris since they were too small to be cells and the remaining (larger) population with FSC-A events
above 50 K were gated as cells (Figure 5A). Next, cells were gated in a single cell gate, using FSC-
Height (FSC-H) and FSC-Area (FSC-A) as parameters to exclude doublets and cell clumps. Due to the
linear correlation between these parameters on a density plot, single cells appear along the diagonal of
the FSC-H/FSC-A plot, allowing single cells to be gated while doublets or clumps appearing outside the
diagonal are discriminated (Figure 5B). From the single cell gate, dead cells which were filled up with
the fluorescent dye, propidium iodide (PI), and appearing high on the Pl (vertical) scale were excluded
(Figure 5C). Single, live purified monocytes were defined as cells with CD14 expression, showing
96.1% purity (Figure 5D). Histograms obtained upon staining single live monocytes in (Figure 5C) with
APC/Cy7-conjugated anti-human CD14 mAb (clone HCD14, BiolLegend) Figure 5E (blue).
Background staining levels were detected with APC/Cy7-conjugated mouse IgGl, k mAb (clone
MOPC-21, BioLegend) as an isotype-matched control (Figure 5E, pink). Data shown are representative

of at least four successful independent experiments performed.
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Figure 5. Verification of purified CD14+ monocytes.

Monocytes were isolated from PBMCs by standard density gradient centrifugation with Lymphoprep™, followed
by positive selection using magnetic beads conjugated to an anti-human CD14 antibody (CD14 MicroBeads®).
CD14+ labelled cells were collected as monocytes and subsequently stained for flow cytometry. Percentage
purity of positively selected monocytes was then verified by flow cytometry following these gating strategies: (A)
Forward versus side scatter (FSC vs SSC) gating based on size and granularity (complexity) was used to exclude
cellular debris from all events recorded; events below 50K (FSC-A) were discarded as debris. (B) Single cells
were identified using FSC-A and FSC-H as parameters to gate out doublets. (C) Dead cells stained with the
fluorescently active propidium iodide (PI) were excluded and (D) single, live cells expressing CD14 were defined
as live monocytes (CD14+ 96.1%). (E) Histogram showing CD14 expression on single, live cell population in C.
Data shown are representative of at least four independent experiments performed.

4.2  Invitro differentiation of monocyte-derived macrophages (MoDMs)

Freshly isolated or thawed CD14+ cells were used in the differentiation of monocyte-derived
macrophages in vitro. Monocytes were cultured by seeding 3 x10° cells into 10 cm non-tissue culture
treated dishes containing growth medium (RPMI+ 10% FBS+ 1% Pen/Strep) enriched with either GM-
CSF or M-CSF for six days. Many reports have indicated that monocytes can be differentiated into
MoDMs without cytokines/growth factors, leading to the so-called uncommitted/MO macrophage
phenotype (195,222). A ‘no cytokine’ culture was differentiated simultaneously as control, per the
differentiation protocol used. Cells were maintained at 37°C in a humidified 5% CO, atmosphere and

culture medium replaced after 3 days. Monocytes (in all specific conditions) were monitored during
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growth and differentiation into mature macrophages. Morphological changes observed were captured
on days 3 and 6 using a phase contrast microscope (Figure 6), see also Supplementary Figure 1 for
morphological differences due to the choice of serum in differentiation cultures. Generally, cells
remained unadhered to the culture plate following initial seeding and retained a monocytic appearance;
small, amorphous for 3 days in all conditions (Figure 6, left column). At day 4-5 of culture, cells began
to adhere to the plastic and morphological differences among cultures became apparent (not shown).
In vitro differentiation of monocytes into macrophages was considered complete on day 6, where cells
were observed to have tightly adhered to plastic with larger and more homogenous appearances across
culture-specific conditions (Figure 6, right column). On culture day 6, cells differentiated without
cytokines were noted to be well dispersed with a more rounded morphology. Additionally, they
appeared homogenous with some few cells still in suspension (Figure 6A, right column). On the
contrary, cells differentiated in the presence of GM-CSF had become larger, were more heterogenous
regarding cell size and shape. Moreover, they were highly confluent and displayed an amoeboid
morphology; seen as large and flattened with oval-shaped nuclei, a stark morphological difference

compared to the control (Figure 6B, right column).

Similarly, M-CSF differentiated macrophages were uniformly adherent, appeared larger and more
confluent than monocytes during initial seeding. Also, they portrayed as flat and slightly stretched-out
cells similar to fibroblasts, with some spindle-like processes extending out from the ends of the cell
body. Moreover, cell nuclei appeared well-defined with a flat oval shape (Figure 6C). The experiment

was conducted 4 times and data shown are representative of three successful ones.
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Figure 6. In vitro differentiation of monocyte-derived macrophages.

A schematic micrograph showing distinct sizes and morphologies on day 3 and 6 of thawed human monocytes
differentiated into MoDMs under specific culture conditions. Cells appeared amorphous and remained largely in
suspension on day 3 (left column) for all conditions. Fully differentiated macrophages appeared larger, mostly
attached to the culture plate by day 6 with well-defined and generally homogenous morphology (right column). (A)
Cells differentiated without growth factors (no cytokines) were more rounded, equally sized, and less confluent
compared with cytokine-differentiated cells. (B) Cells differentiated in the presence of GM-CSF were
heterogeneous regarding cell size, but all cells appeared to have a flattened ‘pancake-like’ morphology, and
relatively larger than the cells cultivated without cytokine. (C) M-CSF differentiated cells were uniformly adherent,
showed a slightly stretched morphology with some spindle-like projections. The data are representative of three
independent experiments. Images were captured with a phase contrast Zeiss AxioCam Mrc microscope, with
original magnification at 60x. Scale bar, 50um. Insert: enlarged image.
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4.3  Flow cytometric analysis of cell surface molecules on MoDMs.

On culture day 6, fully differentiated MoDMs were harvested by detaching tightly adherent cells from
the culture dishes by 30 min incubation at 37°C in a nonenzymatic detachment buffer prepared in our
lab, as described in section 3.2.4. See Supplementary Figure 2 for effects of different harvesting
techniques on cell yield and viability. Mature MoDMs differentiated from the specific conditions: ‘no
cytokines’, GM-CSF or M-CSF cultures were compared by analyzing the expression of typical pan-
macrophage cell surface molecules using a flow cytometer. Thawed undifferentiated monocytes or
freshly isolated monocytes from healthy donors were used as controls. All analyses were conducted
on the day of staining and the following macrophage/monocytic lineage surface markers were
examined on resting macrophages: CD14, HLA-DR and CD11c. CD14 is one of the widely used
markers for the detection of myeloid lineage cells. It is a co-receptor for TLR4 and TLR2, and is
constitutively expressed on the surface of monocytes, macrophages, and DCs at wide-ranging levels.
HLA-DR, a human class Il major histocompatibility complex (MHC) antigen is inherently expressed
on monocytes and professional APCs which include macrophages, DCs, and B lymphocytes. CD11c,
also known as integrin alpha X, even though a widely used defining DC marker, is also expressed on
monocytes as well as macrophages. Refer to Tables 4 and 5 for lists of specific mAbs and the respective

isotype-matched control mAbs used.

Cells were gated using FSC-SSC pattern by setting a size threshold at 50k on the FSC scale to exclude
all events too small to be cells (Figure 7A). The threshold at 50k was determined by backgating the
smallest events (below 50k), which were observed to be dead cells and cellular debris (not shown).
From the cell gate, doublets and cell clumps were eliminated by setting a single cell gate, where FSC-
H and FSC-A were used as parameters to remove all events appearing outside of the diagonal plot
(Figure 7B). Dead cells were further excluded by staining each sample with the fluorescent dye
propidium iodide (PI) right before data acquisition, and the uptake of photoactive PI by dead cells
allowed gating of only live viable cells for the analysis (Figure 7C). The resulting population was then
used for analysis (Figure 7D). Monocytes were used as control and identical gates were set for the ‘no
cytokines’, GM-CSF and M-CSF differentiated macrophages. CD14, HLA-DR and CD11c expression

levels were then analyzed on viable cells from resultant population in Fig. 7D.
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Figure 7. Surface marker expression of human monocyte-derived macrophages (MoDMs).

MoDMs generated in the presence of hGM-CSF, hM-CSF, and culture medium (No cytokines) were analyzed by flow
cytometry for typical macrophage and monocytic markers on culture day 6. (A) FSC vs SSC was used as a size exclusion
parameter to gate out events below 50K (FSC-A). (B) Single cells were identified using FSC-A and FSC-H parameters,
and (C) dead cells with high expression of propidium iodide (PI) were excluded. (D) Resulting population used for
analysis. Monocytes were used as control and identical gates were set for the various conditions of fully differentiated
macrophages. Histograms showing expression of established pan-macrophage lineage markers: (E) CD14, (F) HLA-DR
and (G) CD11c on resting macrophages differentiated under specific culture conditions. Data are representative of 2
independent experiments.
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Overall, cell size was observed to have increased upon differentiation; a further validation of micrographs
captured during culture and differentiation period (Fig. 6). Freshly isolated or thawed monocytes appeared
to be the smallest, with FSC-A between 100-150K (Figure 7A). Macrophages differentiated without
cytokines were slightly larger than undifferentiated monocytes with a wider size range around 80-170K
on the FSC-A scale (Figure 7A, second row). However, both GM-CSF and M-CSF differentiated
macrophages were evidently larger in size and complexity; with FSC-A between 100-200K and SSC-A
around 150K (Figure 7A, third and fourth rows respectively). Further, CD14 expression level appeared
to have increased, particularly in GM-CSF differentiated macrophages, compared to monocytes (Figure
7E). Meanwhile, HLA-DR expression slightly declined in GM-CSF and ‘no cytokines but prominently in
M-CSF differentiated macrophages (Figure 7F). CD11c showed a relatively similar expression level in
all macrophages as well as monocytes (Figure 7G). The presence of a surface marker was only assumed
if primary stains (blue) exceeded the levels of irrelevantly targeted isotype-matched stains (pink) and
unstained (peach) controls. At least two independent monocyte/macrophage comparison experiments were

performed, and similar expression patterns of all markers were observed in both.

4.4  Comparison of surface markers on Monocytes, MoDMs and MoDCs

Several in vitro and in vivo studies have reported that human monocytes can differentiate into MoDCs or
MoDMs under the influence of cytokines such as GM-CSF, M-CSF and IL-4, with many overlapping
phenotypic and functional characteristics among these cell types (4,5). To validate the successful in vitro
differentiation of human CD14+ monocytes into MoDMs and MoDCs, we next compared the expression
pattern of cell surface molecules on the three cell types. Again, CD14, HLA-DR and CD11c were the
selected markers for analysis. MoDMs and MoDCs were harvested on culture day 6 and cell surface
staining performed for flow cytometry, as previously described. See Table 6 for list and concentration of
antibodies used in this experiment. Peripheral blood monocytes previously isolated, was thawed 24 hours

before staining and analysis.

Cells were gated using FSC-SSC pattern, and events below 50K on the FSC scale were discarded (Figure
8A). The events with a linear correlation between height and area, (FSC-A vs FSC-H) were selected as
single cells (Figure 8B), then dead cells were removed from the analysis by excluding all cells stained

with the fluorescent dye, PI (Figure 8C), and the following population was used for analysis (Figure 8D).
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Identical gates were set for both MoDMs and MoDCs. Monocytes produced two populations in the FSC-
A vs SSC-A dimensional plot (Fig. 8D). A bigger population with lower granularity, between 50K-100K
on the SSC-A scale, and a smaller cluster with higher complexity, around 150K-200K, appearing on top
of the SSC-A scale. Analysis of CD14 expression on the two populations revealed that the less granular
cells (bigger population) showed a high expression level (Figure 8E, higher blue peak), while the more
granular population showed extremely low-to-almost absent CD14 expression (Figure 8E, smaller peak).
The bigger population was therefore considered to be monocytes, with the smaller cluster believed to be
early-stage apoptotic cells or granulocytes isolated along with the monocytes during the magnetic
activated cell sorting (MACS) procedure. On a cursory observation, MoDCs appeared to be larger with
more complexity than MoDMs and undifferentiated macrophages (Figure 8A, MoDCs). Analysis of
MoDMs also produced two populations: one with a lower FSC-A, below 50K but wide range of
granularity, up to 130K on the SSC-A scale. The second was relatively larger in size with high granularity;
and was observed as the cluster of events with both FSC-A and SSC-A above 50K (Figure 8A, MoDMs).
The threshold set to exclude the smaller but granular events was determined by backgating both
populations (not shown). From this analysis, it was observed that events lower than 50K on the FSC scale
were all filled up with the PI stain and were concluded to be both debris and early-stage apoptotic cells

due to relatively harsh harvesting procedure of MoDMs; hence were excluded from the analysis.

The histograms (Figure 8E) depict cell surface markers analyzed by flow cytometry, with specific mAb
staining in blue against the isotype-matched control mAb in pink. Monocytes expressed an increased level
of CD14 with a prominent upregulation seen in MoDMs while MoDCs showed a sharp decline in CD14
expression upon differentiation (Figure 8E). In contrast, HLA-DR levels increased with cell
differentiation, as observed in MoDCs and MoDMs, compared to undifferentiated monocytes (Figure
8F). Similarly, CD11c was heavily upregulated in MoDCs and MoDMs (Figure 8G). Results comparing
geometric mean fluorescent intensities of the markers revealed a more graphic representation of the
expression levels in all three cell types (Figure 8H). Macrophages showed the highest expression of
CD14, followed by monocytes then DCs with the lowest. On the other hand, DCs appeared to express
HLA-DR the most, while CD11c was upregulated almost equally in both DCs and macrophages.
Altogether, macrophages differentiated from monocytes demonstrated an increased expression of all

selected surface markers, while DCs upregulated only HLA-DR and CD11c.
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Figure 8. Flow cytometric analysis of surface markers on monocytes, MoDMs and MoDCs.

MoDMs and MoDCs were differentiated in the presence of GM-CSF only or GM-CSF+IL-4, respectively. Cells were
harvested on day 6 and surface markers on thawed monocytes, MoDMs and MoDCs were compared by flow cytometry.
(A) FSC vs SSC was used as a size exclusion parameter to gate out events below 50K (FSC-A). (B) Single cells were
identified using FSC-A and FSC-H parameters, and (C) dead cells with high expression of propidium iodide (PI) were
excluded; (D) resulting population used for the analysis. ldentical gates were set for MoDMs and MoDCs. Histograms
showing expression of monocytic-lineage markers: (E) CD14, (F) HLA-DR and (G) CD11lc on monocytes,
macrophages and DCs. (H) GMFI values further confirmed expression patterns of selected markers. The experiment
was performed four times, and results from a representative experiment are presented.
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4.5 Invitro polarized MoDMs undergo morphological changes upon activation.

In the literature, several terminologies and definitions have been used to describe in vitro macrophage
activation and polarization following their exposure to an external stimulus (148,163,199). Cytokines are
well-established extrinsic activating factors known to skew macrophages either towards a pro-
inflammatory or anti-inflammatory phenotype in vitro. IFN-y, is the main cytokine associated with M1
activation and the major product of Thl T cells. An optimal antitumor response is induced when IFN-y
is combined with LPS or TNF, according to many reports (110,191,224). Bacterial LPS is the best-
studied M1 macrophage signal, which is mainly recognized by TLR4 and eventually induces a prototypic
inflammatory response (191). Here, MoDMs were treated with IFN-y only, LPS (from E. coli, K12) only
or LPS plus IFN-y; referred to as classically activated (M1) macrophages, as described by Mantovani et
al. (148). CD14+ monocytes were seeded at cell density 3.0 x 10° cells per 10 mL growth medium and
were differentiated in the presence of 50 ng/ mL human GM-CSF. On culture day 6, differentiated
macrophages were activated by replacing culture medium in each plate with either 100 ng/mL LPS, or
40 ng/mL IFN-y. The other culture dishes were replaced with either medium containing LPS + IFN-y (at
concentrations indicated) or only culture medium (referred to as ‘no treatment’). All cultures were
incubated for at least 24 hours and then harvested for further analysis. Microscopic images were captured

prior to cell harvesting and flow cytometric analysis on day 7.

The varied culturing conditions generated cells with distinct morphologies. Micrographs in Figure 9
showed that pre-activated macrophages, otherwise termed ‘resting macrophages’, revealed the
characteristic large, irregularly-shaped and flattened cells, consistent with the morphological features of
GM-CSF differentiated MoDMs, described in section 4.2 (Figure 6B, Figure 9A). LPS-treated
macrophages similarly maintained the flattened and amorphously shaped appearance of untreated
macrophages, although some rounded cells were observed (Figure 9B). Macrophages treated with only
IFN-y exhibited the typically large, spread-out cells which appeared to be a quite homogenous population
that is tightly adherent to the culture dishes and show prominent oval-shaped nuclei (Figure 9C).
Macrophages treated with LPS in combination with IFN-y displayed a somewhat unique morphological
characteristic different from the remaining parallel cultures. Although some cells retained the round
morphology in this culture condition, others revealed a striking contrast — mostly flat and elongated with
spindle-like projections extending out of the cell body, a characteristic fibroblastic morphology. In

addition, cell nuclei appeared stretched and larger, compared to the cytoplasm (Figure 9D).
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CONTROL (No Treatment)

Figure 9. Micrograph of in vitro polarized (M1) human monocyte-derived macrophages.
Microscopic examination showing distinct morphologies of unstimulated macrophages and macrophages treated

with either 40 ng/mL IFN-y, 100 ng/mL LPS (from E. coli K12) or both (LPS+IFN-y) for 24 h. (A) Prior to
activation, resting macrophages differentiated in the presence of GM-CSF exhibited the characteristic flattened-
shape morphology for human MoDMs, shown as control. (B) Cells activated with LPS, or (C) IFN-y only
generally maintained the spread-out morphology of unactivated macrophages. (D) Cells treated with both LPS
and IFN-y were mostly elongated and spindle-like cells. Figure shown is representative of three individual
experiments performed. Phase contrast images were taken on day 7 at 100 x magnifiction; scale bar 100 um.

Insert: enlarged image. Micrographs were taken on day 7 using a phase contrast Zeiss AxioCam MRc at 100x

magnification; scale bar 100 um. Enlarged image shown as insert.
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4.6 Different polarization conditions affect expression levels of activation

markers.

In vitro polarized macrophages were harvested on day 7 and expression levels of selected activation
markers compared by flow cytometry. We investigated how the various cytokines used in activating
MoDMs affected the expression of HLA-DR and CD86. HLA-DR even though expressed on resting
macrophages is known to be upregulated upon macrophage activation; a prerequisite in the process
of antigen presentation to T lymphocytes, following activation by for example LPS or IFN-y. CD86
is a membrane protein expressed on APCs including macrophages, and is known to provide the
second/costimulatory signal essential for activating T cells, by binding to CD28 on the latter. Like
HLA-DR, CD86 exhibits a broad constitutive expression pattern, being present at considerable levels
on resting macrophages with significant upregulation upon stimulation (225).

Two separate cell populations were produced in the two-dimensional plot analyzed for non-treated
macrophages, shown as ‘unstimulated’ (Figure 10A); similar populations were observed for LPS,
IFN-y, and LPS+ IFN-y activated macrophages (data not shown). Cells were gated using FSC-A vs
SSC-A to set a threshold around 70K on FSC scale to exclude debris, and cells believed to be
undifferentiated monocytes (Figure 10A). Single and live cells were selected by gating with FSC-A
vs FSC-H parameters and removing cells stained with PI, respectively (Figure 10B and 10C). The
final population of single, viable and fully differentiated activated macrophages were used in the

further analysis (Figure 10D).

Unstimulated macrophages demonstrate a relatively lower expression of HLA-DR compared to LPS-
treated macrophages (Figure 10E and 10F). However, macrophages polarized with only IFN-y
showed little to no difference in HLA-DR expression when compared with the unstimulated control
(Figure 10G). More significantly, activation with combined stimuli (LPS+ IFN-y), resulted in a quite
substantial upregulation of HLA-DR (Figure 10H). An identical expression pattern was observed for
the activation marker CD86; stimulation with LPS alone resulted in a noticeable increase in expression
levels compared with the untreated control (Figure 101 and 10J). Alternatively, activation with IFN-
y alone, revealed no differences in CD86 expression with the control (Figure 10K). Again, the
combination of LPS and IFN-y exhibited a remarkable upregulation of the costimulatory molecule on
macrophages (Figure 10L). The geometric mean fluorescence intensities (GMFI) were compared to

further corroborate the obtained results.
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The effects of LPS alone and LPS+ IFN-y treatments were apparent for both HLA-DR and CD86 with
the most striking representation for CD86 (Figure 10M). However, there seem to be no significant
differences between the untreated and IFN-y alone stimulated macrophages in both markers (Figure
10M). Surface marker expression was only assumed present if primary antibody exceeded the levels
of irrelevantly targeted isotype-matched stains and unstained controls. Two successful experiments
were conducted, see Supplementary Figure 3 for data replicated in an independent experiment.
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Figure 10. Flow cytometric analysis of M1 polarized macrophages.

In vitro GM-CSF differentiated macrophages were analyzed for activation markers after overnight stimulation with
100 ng/mL LPS only (from E. coli K12), 40 ng/mL IFN-y only or LPS+ IFN-y at stated concentrations. (A) Size
exclusion gate used to select cells above 50K on FSC scale. (B) Single cells were identified using FSC-A and FSC-
H parameters and (C) dead cells stained with propidium iodide (PI) were excluded. (D) Resulting population was
identified as live, fully differentiated MoDMs and used for the analysis. Unstimulated macrophages were used as
control and identical gates were set for macrophages activated with either LPS or IFN-y only, or LPS+IFN-y (not
shown). Histograms showing expression of established classically activated macrophage markers: HLA-DR (E), (F),
(G), (H) and CD86 (1), (J), (K), (L) in unstimulated, LPS, IFN-y and LPS+ IFN-y, respectively. (M) The GMFI for
all conditions were compared to further validate results obtained; blue bars show GMFI of the specific mAb while
red bars show GMFI of the isotype-matched controls. Data have been replicated in an independent experiment.

66



4.7 Quantification of pro-inflammatory cytokines released from Chaga-activated
MoDMs

Our collaborator Christian Winther Wold isolated chaga polysaccharides and characterized them into 3
main groups based on their structural and chemical properties as follows: two water-soluble and neutral
compounds (IWN and EWN), three water-soluble and acidic compounds (AcF1, AcF2, AcF3), and one
alkaline, particulate compound (Al) (see manuscript in Annex). In subsequent experiments, it was
demonstrated that the isolated polysaccharides could bind multiple PRRs to activate murine macrophages
into a pro-inflammatory anti-tumor phenotype to secrete cytokines like IL-6 and TNF-a (manuscript in
annex). TNF-a, previously known as TNF was originally discovered for its ability to induce necrosis in
certain tumors, and is also reported to suppress the growth of transformed cells by activated macrophages
(226,227). 1L-6, a pleiotropic cytokine known for its dual role in inflammation, additionally activates
cytotoxic T lymphocytes, which are essential immune cells in fighting cancers (75). IL-12p70 is primarily
produced by APCs including macrophages and is actively involved in cell-mediated immunity via
activation of Th1 T cells, NK cells as well as CD8 T cells. It also synergizes with other cytokines like TNF
to stimulate the production of IFN-y (228).

We investigated the potential of chaga polysaccharides namely: IWN, EWN, AcF1, AcF2, AcF3 and Al to
induce the production of pro-inflammatory cytokines in human MoDMs. MoDMs were generated in the
presence of either GM-CSF or M-CSF and were seeded into 48-well plates; with 1x 10° cells in 150 pL
growth medium per well. Cells were activated for 24 h with various polysaccharides (100 pg/mL), in the
absence (black bars) or presence (red bars) of 20 ng/mL IFN-y (Figure 11). LPS-EK, Pam3CSKj4 (both 100
ng/mL), zymosan crude (ZymC), zymosan purified (ZymP) and laminarin (all 100 pg/mL) were positive
controls. Untreated macrophages were used as negative control. Cell supernatant was collected after
repeated cycles of centrifugation, and concentrations of human IL-6, TNF-o and/or IL-12p70 were
measured. Samples in duplicates were analyzed using a MAGPIX Multiplex Reader and Bio-Plex Manager
6.1 software. Four independent experiments were conducted; two measured IL-6 and TNF-a production by
GM-CSF MoDMs while 1L-6, TNF-o and IL-12p70 production were quantified twice in M-CSF
differentiated macrophages.

All six polysaccharides, except for Al, induced the production of IL-6 in GM-CSF differentiated
macrophages. Similar pattern was observed with TNF-o production, notably AcF3 being the most active
polysaccharide, with levels comparable to the positive controls — LPS, Pam3zCSK, and Zymosan. In general,

the remaining polysaccharides, with the exception of Al, produced moderate amounts of IL-6, with a slight
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increase noticed when combined with IFN-y (Figure 11). A similar observation was made for TNF-a
production, where co-incubation of IFN-y together with the polysaccharides, moderately enhanced TNF-a
secretion, apart from AcF3, which appeared to be less dependent on exogenous IFN-y (Figure 11B). We
compared the production of the same cytokines plus IL-12p70 in M-CSF activated macrophages. Figures
12A and 12B again show that AcF3, in the absence or presence of IFN-y, stimulates the macrophages to
secrete IL-6 and TNF-a. For IL-6, production, minor effects of co-stimulation with IFN-y were observed in
for example, IWN, EWN and AcF2. However, polysaccharide-mediated production of TNF-o was clearly
enhanced by IFN-y, except for AcF1 and AcF3. Additionally, A1 comparably secreted low levels of both
cytokines. A more glaring contrast was observed in Figure 12C, where activated cells almost failed to
produce IL-12p70 in the absence of IFN-y. Among the polysaccharides, AcF1 and AcF3, through
synergistic interactions with IFN-y, appeared to secrete the highest levels of 1L-12p70; equivalent to, or
even higher than LPS and PamsCSKa4. In sum, chaga polysaccharides potentially activated MoDMs and
induced the production of IL-6 and TNF-a at substantial levels, somewhat independent of IFN-y, whereas
IL-12p70 production required IFN-y as an essential co-activation signal. Additionally, the polysaccharides
AcF1 and AcF3 presented to be the most active in both GM-CSF and M-CSF MoDMs, while A1 showed
as the least active, with little IL-6 and TNF-o production but none of I1L-12p70.
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Figure 11. Cytokine quantification in media from GM-CSF MoDMs activated with Chaga polysaccharides.
GM-CSF differentiated moDMs (1 x10°cells in 150 pL per well) in 48-well plates were treated on culture day 6 with

various polysaccharides: 100 pg/mL alone (black bars) or in combination with 20 ng/mL IFN-y (red bars) for 24h.
Cytokine concentration in cell media was then measured using a Bio-Plex MAGPIX Multiplex Reader; samples were
analyzed in duplicates. LPS from E. coli K12, Pams;CSK4 (both 100 ng/mL), zymosan crude (ZymC), zymosan purified
(ZymP) and laminarin (all 100 pg/mL) were positive controls. Untreated macrophages were used as negative control.
Two independent experiments were performed; data shown represent mean and + SD values from two experiments
with cells obtained from the same donor. (A) All six polysaccharides but Al induced the production of IL-6. (B) TNF-

o, production was induced by all polysaccharides with minor dependence on IFN-y.
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Figure 12. Effects of Chaga polysaccharides on IL-6, TNF-a and TL-12p70 production by M-CSF activated
MoDMs. M-CSF differentiated human macrophages: (1 x 10° cells) in 150 pL culture medium per well in 48-well
plates were treated on culture day 6 with various polysaccharides at 100 pg/mL, alone (black bars) or in combination
with 20 ng/mL IFN-y (red bars) for 24h, before cytokine concentrations in cell media were measured using Luminex
XMAP technology. LPS from E. coli K12 strain, Pam3;CSK, (both 100 ng/mL), zymosan crude (ZymC), and zymosan
purified (ZymP), (both 100 pug/mL) were used as positive controls. IL-4 (20 ng/mL) and untreated macrophages were
negative controls. All six polysaccharides induced the production of (A) IL-6 and (B) TNF-a, at varying levels with
minor or no effect of co-stimulation with IFN-y; conversely, (C) IL-12p70 production was mainly dependent on IFN-
y. Samples were analyzed in duplicates and graphs show mean values with +£SD pooled from two independent

experiments obtained from the same donor.
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4.8 Invivo analysis of anti-tumor potential of Chaga polysaccharides

Promising results from the in vitro experiments revealed that chaga polysaccharides could activate both
human and mouse macrophages into a pro-inflammatory, anti-tumor phenotype (see manuscript). However,
we did not know whether this effect could be replicated in vivo. To test this hypothesis, we selected the two
most active polysaccharides, AcF1 and AcF3, hereafter referred to as ‘F1° and ‘F3’ respectively, for further
in vivo analysis. Mouse models, C57B/L6, were randomly divided into five groups consisting of nine mice
per group except for one group with eight mice. Each mouse was co-injected with LLCs and BMDMs pre-
activated with F1, F3 or PamsCSK4, together with IFN-y. Nine mice each in F1+ IFN-y and F3+ IFN-y groups
represented the treatment category, while nine mice in Pams + IFN-y formed the positive control group, and
eight mice in IFN-y only formed an additional control group. The negative control group, consisted of nine
mice co-injected with LLCs plus non-treated BMDMs, and this was designated as ‘Untreated’ (Figure 13).
The mice were subcutaneously inoculated with 0.1 mL of each condition mixture on day 0, and tumor growth
was recorded every other day until humane endpoint was reached. The mice were sacrificed by cervical
dislocation when the maximum tumor length measured 15 mm, and the entire experiment was terminated on
day 48 post-inoculation, when the last tumor-bearing mouse was euthanized. Tumor volumes were recorded

using the formula: Tumor Volume (mmq) = [width? x length] x 0.4 (220).

Results obtained indicated that all nine mice in ‘Untreated’ group except for one, developed tumors; with
tumors formed around twelve days after initial injection (Figure 13A). Quite interestingly, all eight mice that
received LLCs plus macrophages treated with only IFN-y developed tumors, with most mice showing visible
tumors by day twelve — similar to the untreated group (Figure 13B). This was in sharp contrast to the
PamsCSK4 + IFN-y treatment group, where all mice remained tumor free, except one in which tumor tissue
was observed after 40 days of initial injection (Figure 13C). Also, the polysaccharides (AcF1 and AcF3) +
IFN-y treatment groups showed a remarkable absence of tumor development in most of the mice. Specifically,
only two out of nine mice in both chaga-treatment groups developed tumors, with half of the tumors visible
after 20 days post-inoculation (Figure 13D and Figure 13E). Data of all mice are presented in graph F, and
all survivors were still tumor-free 48 days after initial inoculation (Figure 13F). Overall, 8/9 mice in the
positive control group (Pams) and 7/9 in both chaga treatment groups remained tumor-free, most likely
because all LLC cancer cells were Killed in vivo by the activated macrophages. Meanwhile, mice in the
“Untreated’ and IFN-y only groups demonstrated the worst survival; with 1/9 and 0/8 survivors, respectively.
Experiment was performed once, and statistical significance was calculated using Mantel-Cox test followed

by Gehan-Breslow-Wilcoxon test to compare each treatment group with the untreated control.
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Figure 13. Anti-tumor response of macrophages activated by chaga polysaccharides.

Mouse BMDMs were left untreated or were pre-activated in vitro for 24 h with various activating factors: 20 ng/mL
IFN-y, 100 ng/mL Pam3sCSK4 in combination with 20 ng/mL IFN-y, or 100 ug/mL polysaccharides in combination
with 20 ng/mL IFN-y. Activated BMDMs were then mixed with LLCs in ice-cold PBS in a 15:1 ratio (BMDMs: LLCs)
and co-injected subcutaneously on the left flank of each mouse. Tumor growth was measured every other day until
humane endpoint was reached. Graphs show individual tumor volumes from C57BL/6 mice bearing subcutaneous
Lewis lung carcinoma (LLC) tumors (A) Untreated macrophages combined with LLCs served as a negative control.
(B) Macrophages activated with IFN-y only, (C) PamsCSKs+IFN-y as positive control. (D) Chaga polysaccharides:
AcF1 + IFN-y and (E) AcF3 + IFN-y were treatment groups. (n=9 for each group, except IFN-y only, n=8). All but
one in the untreated group developed tumors whereas one and two out of nine mice established tumors in the Pam;
and AcF1 groups, respectively. Two mice in the treatment group, AcF3 and all eight of the IFN-y only group developed
tumors. (F) Kaplan—Meier survival curves showing differences in survival between groups after inoculation with pre-
activated BMDMs and LLCs. Overall, mice in the chaga and Pam3;CSK, treatment groups showed improved survival
(red, blue, and purple curves); while those in the untreated and IFN-y only groups demonstrate the worse survival
rates. Statistical significance was calculated using Mantel-Cox test followed by Gehan-Breslow-Wilcoxon test to
compare each treatment group with the untreated control; p < 0.05 were considered statistically significant.
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5 DISCUSSION

One of the major goals of this study was to establish a protocol for differentiating human monocytes into
macrophages in vitro. Many studies have reported successful generation of human macrophages;
nevertheless, with some variations. A common disparity and vital information very often missed or
poorly described is the harvesting method utilized in these protocols (229-231). Therefore, we describe
in this thesis, a practical model of generating human monocyte-derived macrophages in vitro, and
successfully harvesting viable cells for further downstream applications. The second aim of this work
was to examine the anti-tumor potential of macrophages stimulated with the novel chaga polysaccharides
previously isolated by our collaborator Christian Winther Wold (208); which we investigated both in
vitro and in vivo. We measured pro-inflammatory cytokines induced by chaga-activated MoDMs and
examined the anti-tumor effect of murine BMDMs activated with these polysaccharides, using mouse

models.

5.1 Monocyte purification

It is widely acknowledged that the monocyte isolation and purification method employed could
subsequently affect the phenotypic and functional properties of MoDMs generated (232-234). Human
primary macrophages are mostly obtained in vitro by purification of circulating blood monocytes through
various techniques. The method used and described in this study is positive selection by magnetic beads
through MACS technology, however other commonly used methods such as plastic adherence and
negative selection by MACS, will be described. Magnetic activated cells sorting (MACS) is an
extensively used and robust method which uses microbeads conjugated to antibodies against specific cell
surface molecules to isolate subpopulations out of complex cell mixtures (235). Positive selection of
monocytes involves labelling cells with magnetic beads conjugated to anti-human CD14 antibodies
(CD14 MicroBeads). The cell suspension loaded onto a column is placed in a magnetic field, and the
CD14+ magnetically labelled cells are retained within the column while unlabeled cells pass through and
are collected as waste. The tagged (retained) cells are then eluted and collected as the positively selected
cell fraction (221,236).

This method is based on the principle that CD14 molecule, an LPS sensing receptor, expressed on the
surface of monocytic lineage cells including monocytes and macrophages, is a key marker for identifying

monocytes (237). Positive immunoselection is reported to be the optimal procedure among the three, to
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obtain a highly purified and viable monocyte population (221,232). With this technique we obtained an
extremely pure monocyte population (96% purity), which were then differentiated towards macrophages,
see Figure 5D. Another advantage suggested by some reports indicate that since CD14 lacks a
cytoplasmic domain, the bound CD14 antibodies may be deficient in triggering a signal transduction
pathway which would lead to activation of some sort. On the downside, the bound anti CD14 antibody
has been reported to reduce responsiveness of isolated monocytes to LPS through internalization of TLR4
(238).

Unlike positive selection, negative sorting involves the use of monocyte enrichment cocktails, containing
antibodies against all leucocytes other than monocytes. When placed in a magnetic field, the labelled
(unwanted) cells, are retained and unbound cells that pass through are collected as the fraction of ‘cells
of interest’— negatively selected monocytes. This process, even though results in ‘untouched’ and non-
activated cells, has however been described as costly, and produces a relatively lower yield and purity,
since isolated monocytes are highly likely to be contaminated with platelets (232). The third commonly
used method in monocyte purification, involves separation from lymphocytes by plastic adherence.
PBMCs are plated on tissue culture treated dishes and allowed to adhere to the plastic by incubation for
some period. Non-adherent cells are removed by several washing steps and adherent cells harvested as
monocytes. While this technique is easy to perform and relatively cost effective, isolated monocytes are
reportedly activated through binding and activation of some adhesion molecules like integrins. Also, due
to repeated washing cycles and likelihood of some monocytes not adhering, overall yield and viability is

proven as poor when compared with magnetic immunoselection (230-232).

Ideally, one must examine all three purification methods to exclude potential bias in drawing conclusions.
Although we did not evaluate monocyte enrichment by negative immunoselection or plastic adherence,
we generally considered positive selection by MicroBeads as an ideal method based on: i) previous
reports comparing all methods (232), ii) the high percentage purity and viability of CD14+ monocytes
we obtained, and iii) the ability of isolated monocytes to successfully differentiate into macrophages,

given the optimal conditions.

5.2  Invitro differentiation of monocytes

Isolated CD14+ monocytes were cultured in growth medium, supplemented with 10% FBS and 1%
Pen/Strep, with or without growth cytokines for 6 days. The specific culture conditions generated
different populations of mature macrophages showing slightly different morphologies and surface marker

expression patterns (Figure 6). Microscopic examinations revealed the characteristic large, flattened and
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stretched out morphology of mature macrophages differentiated in the presence of cytokines.
Comparable results were observed for both GM-CSF and M-CSF differentiated macrophages as reported
in other studies (121,239-241), however one striking difference noted was that GM-CSF MoDMs were
mostly round whereas M-CSF showed some spindle-like morphology. As seen in figures 6B and 6C,
cells appeared larger, appeared densely populated, with nearly all tightly adhered to the plastic, compared
to smaller and loosely attached cells in the cultures without growth factors (Figure 6A). This
substantiates the established effects of these growth factors in not only influencing the growth of primary
monocytes, but also foster their differentiating into macrophages (123,124,239,240). Other studies
suggest that GM-CSF and M-CSF are mandatory for monocytes to survive and differentiate into
macrophages in vitro (229), however, in our hands, differentiation without supplement of the growth
factors GM-CSF or M-CSF was successful, albeit with some few observable differences.

The results obtained from the microscopic assessment of the various differentiation conditions for
generating MoDMs was validated by flow cytometry analysis. Expectedly, cells differentiated in the
presence of cytokines (GM-CSF or M-CSF) were found to be relatively larger and more granular,
compared to ‘no cytokine’ macrophages (Figure 7A). Macrophages differentiated without cytokines
showed size and complexity comparable to undifferentiated monocytes, used as control (Figure 7A, first
and second rows). Many studies have supported claims that GM-CSF and M-CSF cytokines used in
macrophage differentiation, tend to prime MoDMs towards pro-inflammatory and anti-inflammatory
states respectively, without fully activating them (121,197,242). Additionally, it has been established that
both cytokines independently induce different macrophage subsets with distinct morphologies and
functions (243). This connotation must however be used cautiously as certain phenotypic markers, for
example, CD200R, which is commonly accepted as an ‘M2’ marker is expressed at comparable levels in
both M-CSF and GM-CSF differentiated macrophages (229). It must also be noted that most of these
reports based their conclusions on combined differential expression patterns of genomic and phenotypic

markers, as well as cytokine secretion profiles (121,197,242,243).

We however analyzed commonly used monocytic-lineage markers CD14, HLA-DR and CD11c among
these cell types with undifferentiated monocytes as reference. As seen in Figure 7E, CD14, which is
inherently expressed on monocytes and macrophages was higher in GM-CSF differentiated macrophages
compared to monocytes. M-CSF and ‘no cytokines’ macrophages appeared to also have a higher CD14
expression, although with some high background signal from the isotype-matched control. Next, we

noted that HLA-DR expression was identical in GM-CSF differentiated and ‘no cytokines’ macrophages,
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but a sharp decline in M-CSF differentiated MoDMs. This pattern was observed in two independent
experiments performed, a deviation from what is commonly reported in the literature; as HLA-DR is
upregulated upon monocyte differentiation into macrophages (244). Even though this was unexpected, it
would nonetheless be in agreement with the opinions of Ushach (2016) and Mia (2014) that both murine
BMDMs and human MoDMs, differentiated with M-CSF and polarized into M2 macrophages
demonstrated high phagocytic activities but low antigen presentation capacity due to their anti-
inflammatory phenotypes (121,196).

Observations and findings during in vitro differentiation of monocytes

During the differentiation of monocytes into macrophages in vitro, we encountered a few challenges,
which were often missing completely or poorly detailed in many established protocols. These
observations enlightened us on how some minor factors, often overlooked, could have profound impact
on the successful differentiation of human macrophages in vitro. One of such findings, even though
common knowledge in cell biology, is the effect of sera used in the differentiation cultures. FBS, when
supplemented with culture media is believed to provide essential components such as nutritional,
hormonal, attachment and growth factors to cells (245,246). To address the cause of the poor survival
and unusual morphologies observed in our MoDM cultures, we compared serum from two suppliers,
Biochrom (Cat. # S0113) and BioWest (Cat. # S181BH-500). The aim was to determine if either of these
could positively affect the growth and differentiation of primary human monocytes in culture. We
monitored and captured images of simultaneous cultures set up with the differentiation conditions
described in section 3.2.4, but with separate sera. From our observations, media supplemented with serum
from Biochrom was less efficient as most cells, about (50%) appeared dead, with many unadhered cells
(possibly undifferentiated monocytes), by culture day 6 (See supplementary figure 1). In contrast cells
in parallel culture, supplemented with serum from BioWest showed better survival, proliferation, and
differentiation into typical macrophages on culture day 6. The serum-comparison experiments were
conducted at least thrice, with cells obtained from the same donors in each comparison experiment.
Similar reports have been documented in previous studies, asserting that differences in suppliers could
have as much as double-fold discrepancies in growth and maintenance of certain cell types (247,248).
Consequently, we concluded from our data, that serum from BioWest was a better option of the two, for
growth and differentiation of primary human monocytes in vitro, although interestingly, results from our

lab have suggested the opposite for growth and maintenance of murine BMDMs.
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An additional challenge we faced was harvesting mature macrophages for further analysis. One
characteristic of macrophages in culture is their strong adherence to any substrate, particularly with
activated ones (249). As shown in Figures 6 and 9, macrophages adhere tightly to the plastic (non-
treated) culture dishes by day 6 or 7 in culture, and are difficult to detach without enzymatic treatment
or mechanical processes as many protocols suggest (229,230,232). While some recommend use of
thermo-responsive substrates (250) which are costly, others use enzymes such as trypsin or accutase with
or without scraping for dislodging cells; we observed poor cell viability and cell clumping with this
method. Also, one commonly suggested technique is incubating cells in PBS” and on ice during
harvesting, but in our experience, very few cells detached after an hour-long incubation. We however
tried detachment with buffer prepared in our lab; PBS” + 2.5mM EDTA +1% FBS (BioWest), and
incubation at 37°C, for 30 min. We compared this with incubation at 4°C and the results were remarkable.
After 30 min incubation at 37°C, about 80% of cells were dislodged and the few adherent cells when
observed under the microscope had rounded up, as opposed to cells kept on ice, where more than 70%
remained firmly attached and needed to be incubated longer or scraped multiple times. Significant
differences between these two methods became apparent during flow cytometry analysis of harvested
cells. By incubation at 37°C, the percentage of dead cells post-harvesting was reduced by nearly 80%;
as many cells were automatically dislodged, leaving fewer cells to be harvested mechanically (See
Supplementary Figure 2, third and fourth rows). In contrast, cells incubated at 4°C, were less viable, as
almost 60% were filled with PI stain during flow cytometry analysis possibly due to mechanical stress

evoked by scraping (Supplementary Figure 2, first and second rows).

As earlier mentioned, cultured macrophages strongly attach to any substratum and this presented an
additional difficulty during centrifugation of harvested cells for other applications. We observed that
harvested cells ‘disappeared’ after centrifugation at 400 g, 4°C and 7 min using falcon tubes. No visible
pellets were seen, and there were no cells in the supernatant collected for cell counting, even though
culture dishes observed under the microscope were empty. To solve this, we tried both glass and
polypropylene centrifuge tubes and at different centrifugation speeds but without improvement. Next,
we sought to provide ‘lining’ within the tubes by coating the inner surface of the centrifuge tube with
serum to prevent cells from directly attaching to the tubes and again, our findings were astonishing.
Recovery of cells harvested into serum-coated tubes were found to be 3-fold higher than cells in plain

centrifuge tubes (See Supplementary Table 1). Taking everything into account, these observations,
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seemingly trivial, posed major setbacks and finding solutions to them significantly improved the yield
and viability of human monocyte-derived macrophages differentiated in vitro.

5.3 Comparison of MoDMs and MoDCs

Monocytes, macrophages, and DCs are commonly referred to as members of the mononuclear phagocytic
system (MPS) with shared phenotypic markers and functions (223). In vitro, human monocytes can be
differentiated into MoDMs or MoDCs, given specific culture conditions (221,230,251). We
differentiated both MoDMs and MoDCs in the presence of GM-CSF, but with an additional cytokine,
IL-4, and a higher concentration of GM-CSF (100 ng/mL) in the case of MoDCs. Next, we analyzed the
different expression patterns of some markers commonly associated with cells of the mononuclear
phagocytic system; CD14, HLA-DR and CD11c (87). CD14 is generally used as an identification marker
for monocyte-derived cells, especially macrophages, and may be present on mature DCs, but at relatively
lower levels (221). Similarly, CD11c, a classical DC identification marker is also expressed by
monocytes and macrophages at distinct levels (252). HLA-DR, is a common surface molecule expressed
by all professional antigen presenting cells, including MoDMs and MoDCs. As shown in Figure 8E,
CD14 was highly upregulated in differentiated macrophages with a sudden decrease in DCs upon
differentiation. It is believed that changes in protein expression levels are the result of a coordinated
alteration in mRNA levels of the CD14 molecule. This occurs upon monocyte differentiation into DCs
(221). Most evidently seen in the GMFI representation in Figure 8H, CD14 is clearly downregulated in
DCs compared to their monocyte precursors, but not at all absent. As one would expect in professional
APCs, HLA-DR showed upregulation upon differentiation into MoDMs and MoDCs. Unsurprisingly,
CD11c seem to be expressed at almost similar levels in MoDMs and MoDCs, which is consistent with

most reports that some macrophage subsets are positive for CD11c (253).

Although phenotyping is a fairly straightforward technique to characterize cellular subsets, it is a widely
acknowledged fact that some markers are not unique to specific cells, hence analyzing a combination of
morphological, phenotypic markers as well as transcriptomic analyses would be essential to accurately

distinguish between cells of common precursors (87).
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5.4  Invitro activated MoDMs undergo both morphological and phenotypic
changes
Cytokines and microbial particles can activate macrophages in vitro. Bacterial LPS and the cytokine IFN-

y from Thl T cells have been established as the classical macrophage stimulators, polarizing the
macrophages into a pro-inflammatory (M1), tumoricidal phenotype (141,143,148). In theory, the
activating stimuli applied is generally believed to result in substantial changes both morphologically and
genetically (148). Here, MoDMs were polarized into M1 phenotype by treating cultures with either LPS,
IFN-y or both, then morphological and phenotypic changes that followed were examined. Photographs
of the specific cultures showed that macrophages treated with either LPS or IFN-y exhibit some slight
morphological distinction, not so marked from non-activated ones. The more obvious difference was
seen when both stimuli were combined, as microscopic examinations showed cells had undergone some
noticeable structural changes; with elongated and spindle-like morphologies, as opposed to the classical
‘fried egg’ shape of non-activated macrophages (Figure 9). These findings clearly support the notion that
gene expression profiles of macrophages activated with the combined stimuli are different from that
displayed by LPS or IFN-y profiles alone (128). Moreover, it is reported that following activation by an
initial stimulus, macrophages could undergo multiple progressive functional phenotypes when additional
cytokines are added in a sequential manner (199). In general, an indication from the microscopic results
seem to provide proof of the concept that activated macrophages undergo additional modifications, both
functional and biochemical, depending on whether the activating cytokine is used alone or synergized

with other stimuli (163,199). This was validated by flow cytometry analysis of the activated MoDMs.

We compared the membrane expression of some M1 markers: CD86 and HLA-DR in the different
polarization conditions. Activation with IFN-y alone showed no difference in expression patterns when
compared with the untreated control. This is in accordance with the concept that single ligands may not
be sufficient for activation, as previously described (199,224). However, a remarkable observation was
made with LPS alone, an apparent upregulation was noticed with single stimulation by LPS, to a level
comparable to the co-stimulation, particularly in CD86 (Figure 10). This trend is however commonly
reported, for example, LPS as a single exogenous stimulus is shown to sufficiently activate mouse
macrophages to produce NO and pro-inflammatory cytokines, rendering them cytotoxic to tumor cells
(110,111,254,255). Additionally, the literature contains numerous reports that single activation with LPS,
is to some extent similar to two signals, as it triggers two signaling pathways mediating the production
of both type 1 interferons and pro-inflammatory cytokines (111,256,257). Also, since CD14, the major

receptor for LPS is expressed on macrophages, one possible explanation for the disparities could be that
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the activated macrophages with an elevated CD14 expression are hypersensitive to LPS (255). However,
IFN-y, could possibly show similar activation pattern if used at a slightly higher concentration, but that

we could not confirm.

Notwithstanding, the expression of HLA-DR and CD86 were appreciably upregulated when IFN-y
augmented the effect LPS (Figure 10M). Similar data have been replicated in a separate experiment,
which corroborate our observations and several other reports that LPS alone seem to sufficiently activate

MoDMs, and demonstrate enhanced activity when combined with other stimuli such as IFN-y.

5.5 Quantification of pro-inflammatory cytokines in Chaga-activated MoDMs

Chaga polysaccharides have been fairly investigated and reported to stimulate macrophages into a pro-
inflammatory phenotype (212,213). However, to our knowledge, much of the studies have been based
on murine macrophages with limited data on human macrophages. We stimulated human MoDMs with
the six chaga polysaccharides along with other commonly used PRR ligands, (see tables 7 and 8), and
measured the concentrations of pro-inflammatory cytokines after 24 hours. All chaga polysaccharides,
except for Al, induced GM-CSF MoDMs to secrete substantial amounts of the cytokines; IL-6, TNF-a
and IL-12p70 in M-CSF MoDMs. Overall, TNF-o production mediated by AcF3, appeared to be less
dependent on IFN-y while IL-6 showed some slight dependency. In addition, all polysaccharides,

synergized with IFN-y to secrete IL-12p70, with notable effects observed in AcF1 and AcF3. Series of

studies performed by Wold and colleagues, showed identical activation and secretion patterns in mice
BMDMs (see manuscript). Chaga-activated mice BMDMs induced NO production, which ultimately
inhibited the growth of cancer cells (LLCs) during co-culture. Evidence provided suggested that the
immunological activity observed was devoid of LPS contamination, which could potentially produce
false positive results. This was verified by activating mice BMDMs generated in TLR4 knock out mice
(TLR4 KO), and comparing activation signals with the wild type. Results confirmed that NO production
was retained in both wildtype and TLR4 KO BMDMs activated with chaga polysaccharides plus IFN-y,

while completely absent in TLR4 KO BMDMs activated with LPS (see manuscript).

One cytokine of particular importance in this study is IL-12p70, which has been shown to induce an anti-
tumor response in animal models, by augmenting the cytotoxic activities of NK cells and CD8 T cells
(228). MoDMs differentiated in the presence of M-CSF showed an impressive production of I1L-12p70

upon activation with chaga polysaccharides. As shown in figure 12, an essential facilitator in the optimal
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production of 1L-12p70 is IFN-y. IL-12p70 secreted by activated macrophages subsequently leads to the
activation and differentiation of CD4 T cells with enhanced Thl-type effector functions, which in turn
produce more IFN-y to stimulate macrophages, in a positive feedback loop (259). In addition, cytolytic
activities of NK cells, such as production of granzyme and perforin, believed to have direct anti-tumor
effects are promoted by IL-12p70 (260). Due to its crucial role in bridging both innate and adaptive
immune responses, harnessing various approaches to induce IL-12p70 production in macrophages is
undoubtedly a beneficial tool in the treatment of many diseases, including cancers. Collectively, our
findings in human MoDMs and results from Wold et al. on BMDMs, indicate that chaga polysaccharides
can induce pro-inflammatory immune responses in both human and murine macrophages in vitro.
Additionally, the acidic fractions, AcF1 and AcF3, were identified as the most promising candidates. We
however interpret the data with caution since all polysaccharides were used at concentrations 1000x
higher than the positive controls, LPS-EK and PamsCSK4. Nonetheless, the immunostimulatory effect
induced by chaga polysaccharides, provide hopeful prospects for cancer immunotherapy that needs to be
further explored.

5.6 Chaga polysaccharides potentially induce tumoricidal macrophages in mouse
models

The positive in vitro data on the chaga polysaccharides piqued our interest to further investigate their
effect in vivo. From our findings, the polysaccharides AcFl and AcF3, augmented by IFN-y,
demonstrated potent anti-tumor effects in mouse models. As shown in the survival graph, 78% of mice
in both chaga-treatment groups remained tumor-free, as opposed to 10% survival rate in the untreated
category. Again, our in vivo results demonstrate that even though IFN-y is essential for inducing
tumoricidal macrophage activities, it is insufficient when used alone, as there were no survivors in the
group that received treatment with only IFN-y. We show that chaga-activated BMDMs are polarized into
anti-tumor M1 phenotypes, hence their anti-tumor effect. One mechanism of action could be direct
elimination by phagocytosis of tumor cells by activated macrophages, with subsequent presentation of
immunogenic peptides to B and T lymphocytes, as have been reported in M1 macrophages (259).
Additionally, mice BMDMs activated with chaga polysaccharides have been shown to produce NO,
which is not only cytotoxic, but reported to spawn various downstream toxic metabolites, that

collectively constitute the anti-tumor capacity of M1 macrophages (261).
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In principle, following acute inflammation due to the injection of activated macrophages and LLCs,
circulating monocytes and granulocytes would be rapidly recruited into the tissues (262). Additional
cytokines and chemokines released by infiltrating immune cells function as chemoattractant for further
recruitment. For example, IL-1pB secreted by monocytes during early stage inflammation, promotes the
growth and differentiation of CD4 T cells (75,263). Moreover, pro-inflammatory cytokines secreted by
macrophages, including IL-6, TNF-a, IL-23 and particularly 1L-12p70, could dampen the action of
regulatory cytokines like TGF-f, and inhibit the differentiation of regulatory T cells (259). Given the
influence of other leucocytes in vivo, and the complex diversity of cells within the tumor
microenvironment, one important question that arises is the evidence of direct killing effected by
macrophages and the exact roles/ participation of other immune cells. As we cannot rule out the direct
involvement and confounding effects of leukocytes such as DCs, NK cells, B and T lymphocytes, their

activities in this context remains to be further explored.

It is worth mentioning that in a re-challenge experiment involving survivors of the initial experiment,
tumor-free mice seemed to have acquired some long-term protection against the LLC cancer. However,
this result could not be substantiated as only 3 out of 10 naive mice in the control group developed
tumors, whereas all surviving mice in the F3 and Pam3 treatment groups remained tumor free (Results
not shown). The low tumor take in the control group could likely be due to technical and human errors,
albeit, since the experiment was conducted once, it would be plausible to replicate the data in order to
provide strong evidence of a long lasting systemic immune response. With this in mind, an important
concept that merits investigation is the concept of ‘trained immunity’. This is defined as an improved
innate immune response to different pathogens following an initial challenge; in the form of vaccination
or infection (264). The long-held belief that innate immune cells lack memory has been disputed in recent
years as several experimental reports have indicated that innate immune cells, including macrophages
can acquire some form of primitive memory through epigenetic and metabolic mechanisms (264-266).
Microbial ligands, including B glucans in the cell walls of bacteria and fungi, after binding specific PRRs,
subsequently activate the transcription of pro-inflammatory genes. Normally, gene transcription is turned
off or significantly downregulated when the initial stimulus is removed or diminishes, however there is
evidence of a faster onset and an amplified pro-inflammatory response upon rechallenge with the same
or different stimuli, which can protect against a secondary infection. This phenomenon has been linked
to epigenetic imprinting in innate immune cells involving histone modifications at the promoter regions

of pro-inflammatory genes (265,266).
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5.7 Concluding remarks and future perspectives

In summary, this experimental study sought to describe a comprehensive protocol for differentiating
human macrophages from monocytes in vitro and to investigate the tumoricidal potential of
polysaccharides isolated from the medicinal fungus, Inonotus obliquus, both in vitro and in animal
models.

Altogether, the protocol described in this thesis is straightforward, practical, and most importantly,
reproducible. We highlighted pragmatic factors in the differentiation and harvesting processes which
posed huge limitations initially but resolving them greatly improved on the overall yield and viability of
macrophages generated. This optimized methodology will be extremely beneficial to researchers
studying the important roles of human macrophages in vitro.

Investigating the immunomodulatory effects of chaga polysaccharides revealed two main findings: i) that
chaga polysaccharides could stimulate human macrophages to produce the pro-inflammatory cytokines:
IL-6, TNF-a and IL-12p70, with IL-12p70 production being heavily dependent on IFN-y. ii) using mouse
models, we established that activated BMDMs in the presence of IFN-y induced a tumoricidal, M1
macrophage phenotype, which subsequently led to protection against LLC tumors inoculated
subcutaneously. Coupled with previous findings on NO production and inhibition of growth of cancer
cells in mice BMDMs, chaga-activated macrophages could potentially induce direct killing of tumor cells
both in vitro and in vivo. However, since the in vivo study was performed once, the intriguing findings
cannot lead to definitive conclusions and future efforts should aim at exploiting ways in which these
compounds interact with the immune system to generate antitumor responses. In conclusion, there is
ample evidence that chaga polysaccharides could generate a potentially powerful therapeutic effect

against cancer and should be fully harnessed.
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A BIOCHROM CULTURES DAY 6 B. BIOWEST CULTURES DAY 6

EXPERIMENT 1

EXPERIMENT 2

Supplementary Figure 1. Comparison of the effect of sera from different suppliers on macrophage
differentiation.

Photographs show cultures of differentiated MoDMs on day 6. CD14+ monocytes were seeded at 3.0
x10%/ 10 mL growth medium containing RPMI 1640 w/L-Glutamine +10% FBS +1% Pen/Strep. The FBS
were obtained from two suppliers: (A) Biochrom and (B) BioWest. The experiment was performed twice,
and cells in experiments 1 (top row) and 2 (bottom row) were obtained from different donors. Images
were taken on day 6 before harvesting; original magnification at x 60.
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Supplementary Figure 2. Effect of different detachment techniques on MoDMs yield and viability.
Mature MoDMs were harvested on culture day 6 by incubation with detachment buffer at either 4 °C or
37 °C. Harvested cells were analysed for viability through flow cytometry; staining was done with
propidium iodide (PI). All cells were gated using FSC vs SSC parameters, followed by single cell gating
with FSC-A vs FSC-H. Live cells (Red rectangle) were gated by exlcuding all events positive for the PI
stain. Two identical cultures were compared under each condition with an average of (A) 35% viable
cells obtained during incubation at 4 °C as opposed to (B) 76% when incubated at 37 °C.
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Supplementary Figure 3. Flow cytometric analysis of M1 polarized macrophages.

In vitro GM-CSF differentiated macrophages induce activation markers after overnight stimulation with 100
ng/mL LPS only (from E. coli K12), 40 ng/mL IFN-y only or LPS+ IFN-y at stated concentrations. (A) Size
exclusion gate used to select cells above 50K on FSC scale. (B) Single cells were identified using FSC-A
and FSC-H parameters and (C) dead cells stained with propidium iodide (PI) were excluded. (D) Resulting
population was identified as live, fully differentiated MoDMs and used for the analysis. Unstimulated
macrophages were used as control and identical gates were set for macrophages activated with either LPS
or IFN-y only, or LPS+IFN-y (not shown). Histograms showing expression of established classically
activated macrophage markers: HLA-DR (E), (F), (G), (H) and CD86 (1), (J), (K), (L) in unstimulated, LPS,
IFN-y, and LPS+ IFN-y treated MoDMs, respectively. (M) The GMFI for all conditions were compared to
confirm results obtained.
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Supplementary Table 1. Comparison of serum-coated tubes vs. plain tubes during harvesting of

MoDMs.

Cell counting comparing MoDMs harvested into serum-coated falcon tubes vs. non-coated tubes after
centrifugation at x 400g, 4°C for 7 min. Cell pellets were resuspended in 1 mL residual medium after
centrifugation and counting was performed manually, using KOVA Glasstic® microscopic slide. Trypan

was used to exclude dead cells. Table show average counts from three independent experiments.

Live cells 4.3 x10° 1.2 x10°
Dead cells 5.0 x10° 7.6 x10°
Total 4.8 x10° 1.9 x10°
Viability 90% 62%
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Abstract

Tumor-associated macrophages (TAMs) may both promote and suppress tumor development,
and molecules that can polarize these cells into a tumoricidal phenotype are of great
immunotherapeutical interest. Fungal -glucans have been suggested for triggering the antitumor
activity of TAMs, but particulate B-glucans have limitations due to their large size and poor
water-solubility. Here, we used water-soluble polysaccharides isolated from the medicinal
fungus Inonotus obliquus in order to activate mouse and human macrophages. We show that two
different fractions of acidic polysaccharides from 1. obliquus bind Toll-like receptor (TLR) 2,
TLR4, and Dectin-1a and induce an M1 antitumor macrophage phenotype, associated with in
vitro tumoricidal activity and secretion of the pro-inflammatory cytokines interleukin (IL)-6,
tumor necrosis factor (TNF)-o. and the Thl polarizing cytokine 1L-12p70. Polysaccharide-
activated macrophages efficiently prevented tumor development in mice upon co-injection with
cancer cells. Our data reveal that polysaccharides from I. obliquus have a unique potential for
activating macrophages, through simultaneous triggering of multiple receptors, which could lead

to a new strategy for cancer immunotherapy.
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Abbreviations. TAM, Tumor-Associated Macrophage; TLR, Toll-Like Receptor; IL,
Interleukin; TNF-a, Tumor Necrosis Factor a; IFN-y, Interferon y; NO, Nitric Oxide; PRR,
Pattern Recognition Receptor; GalA, (1->4)-a-Galacturonic Acid; GS-MS, Gas Chromatography
— Mass Spectrometry; NMR, Nuclear Magnetic Resonance; BMDMs, Bone Marrow-Derived
Macrophages; iNOS, inducible Nitric Oxide Synthase; LLC cells, Lewis Lung Carcinoma cells;
PMB, Polymyxin B; LPS, Lipopolysaccharide; ZymC, Zymosan Crude; ZymP, Zymosan
Purified; SEAP, Secreted Embryonic Alkaline Phosphatase; CM, Conditioned Medium; M-CSF,
Macrophage Colony-Stimulating Factor.

Introduction

Cancer is a leading cause of mortality worldwide. The ability of our immune system to combat
this complex and heterogeneous disease is well documented and has been demonstrated by the
success of immune checkpoint inhibitors that activate T cells to eliminate cancer tamas.
Depending on molecular cues from the tumor microenvironment, there is emerging evidence that
certain immune cells such as macrophages can display both anti- and pro-tumorigenic
phenotypes *°. For example, tumor-associated macrophages (TAMSs) can be pro-tumorigenic by
promoting angiogenesis and by dampening the general immune response against the tumor. In
these cases, there is often a correlation between high TAM density and poor survival of cancer
patients ®7. As such, TAMs are attractive targets for novel anti-tumor immunotherapy drugs,
evident by the increasing number of ongoing clinical trials against solid tumors using
macrophage-targeting agents . Activation of macrophages might induce anti-tumor responses
by several distinct mechanisms. Polarization of macrophages into an anti-tumor “M1” phenotype
by stimulation with toll-like receptor (TLR) ligands and interferon y (IFN-y) causes upregulation
of nitric oxide (NO) and cytokines like tumor necrosis factor alpha o (TNF-a) 8, leading to direct
killing of cancer cells 8. Further, chemokines such as CXCL9 and CXCL10 produced by activated
TAMs are shown to be important for CD8* T cell infiltration into tumors ®1°. Finally, macrophage
activation could lead to increased uptake of tumor neoantigens with subsequent presentation of

the antigens to T cells, in addition to activation of NK cells 11,

Fungal polysaccharides, especially B-glucans, have recently emerged as promising candidates for
macrophage polarization into an M1 phenotype, due to their non-toxic nature and their potential

to bind pattern recognition receptors (PRRs) such as Dectin-1 14 Fungal p-glucans are
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polymers consisting of glucose in a B-anomeric configuration with (1->3) and/or (1->6)
glycosidic linkages between the monomers. Particulate, large-sized (1->3)/(1->6)-B-glucans are
able to elicit strong immune responses by binding to the C-type lectin receptor Dectin-1 found
on macrophages and dendritic cells ¥°. However, there is conflicting evidence in the literature
regarding fungal B-glucans, often because alleged B-glucans are not actually pure -glucans but
rather a mix of various polysaccharides, proteins and lipoproteins. For example, when the
TLR2/Dectin-1 agonist zymosan — a cell wall preparation of Saccharomyces cerevisiae rich in
B-glucans — was treated with various solvents to purify the B-glucan part, the TLR2 binding
capability was lost whereas the affinity for Dectin-1 was fully retained °. The TLR2 binding
capability of zymosan has been attributed to other fungal compounds, and it now appears evident

that smaller-sized, water-soluble polysaccharides are able to bind to and activate TLR2 1718,

Inonotus obliquus, a white-rot fungus found on birch trees in the northern hemisphere, is a
promising source of bioactive compounds, and several authors have described
immunomodulating polysaccharides from this fungus **2°. However, systematic characterization
of the immunological properties of I. obliquus polysaccharides is lacking. Further, the immune
receptors responsible for the activity have not yet been established. One study indicated that a
crude polysaccharide extract from I. obliquus induced TLR2 signaling, but the extract was not
chemically characterized 2*. We have previously isolated polysaccharides from the water- and
alkali extracts from interior and exterior parts of 1. obliquus ?2. We found that the water-extracted
polysaccharides were complex and highly branched, and in addition to (1->3/1->6)-p-glucose
(Glc) they contained several types of sugars, such as (1->6)-a-galactose (Gal), (1>4)-o-
galacturonic acid (GalA), (1>3)-a-mannose (Man) and (1->4)-B-xylose (Xyl). The alkali-
extracted polysaccharides had a simpler structural motif that resembled the classical B-glucans
found in other fungi. The polysaccharides were screened using the Griess assay to measure NO
production by the macrophage cell line J774A.1 and the dendritic cell line D2SC/1. Six
polysaccharides were deemed promising for further testing, and these form the basis of the
studies presented herein, in which we performed an extensive immunological characterization of
the isolated and purified polysaccharides from 1. obliquus. We show that two of the water-
extracted, acidic polysaccharide fractions, denominated AcFl and AcF3, induce potent
production of NO, TNF-q, IL-6 and 1L12-p70 in macrophages via TLR2, TLR4, and Dectin-1,

which was associated with a strong in vitro and in vivo tumoricidal activity. The ability of these
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polysaccharides to activate multiple receptors using “one molecule” has not previously been

demonstrated and could open new avenues for cancer immunotherapy.
Results

Polysaccharides from I. obliquus synergize with IFN-y to induce nitric oxide production by

macrophages in a dose-dependent manner

The main structural and chemical characteristics of the I. obliquus polysaccharides used in this
study are summarized in Figure 1a. Based on their structural motifs and molecular weight, the
polysaccharides could be allocated to three main structural types, defined by their water-
solubility and their absence (neutral) or presence (acidic) of galacturonic acid. Simplified
structural models of the polysaccharides are shown in Figure 1b. The models represent probable
polymer compositions based on gas chromatography - mass spectrometry (GS-MS) data and
nuclear magnetic resonance (NMR) spectroscopy, but the illustrations do not necessarily reflect
the structural complexity or the accurate relationship between the monomers. For detailed
characteristics of the polysaccharides, see Wold et al. (2018) 22. While the water-soluble
polysaccharides consisted of many types of monomers, the particulate and high molecular weight
polysaccharide Al consisted predominantly of (1->3)/(1->6)-B-glucose, thus resembling the

classical immunogenic B-glucan structure described in the literature °.
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Figure 1
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Figure 1. Characteristics of the polysaccharides isolated from 1. obliquus used in this study. a) An overview of
names, abbreviations and the most important chemical characteristics of the polysaccharides, including molecular
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weight, water solubility and main monomeric units. b) Tentative structures of the polysaccharides based on GC,
GC-MS and NMR spectroscopic data. The drawings are theoretical, and do not necessarily reflect the three-
dimensional shape of the polymers or the accuracy of the linkages between the different monomers. IWN and EWN
are neutral polymers, with B-glucose and a-galactose being the main monomeric units. AcF1, AcF2 and AcF3 are
acidic polysaccharides with B-glucose as the main monomeric unit, with varying amounts of a-galacturonic acid, a-
galactose and other monomers. Al is an alkali-extracted polysaccharide with much higher molecular weight than

the rest, and consists almost exclusively of B-glucose, in addition to minor amounts of B-xylose.

The polysaccharides were analyzed for their ability to induce NO production by macrophages,
as NO is an important marker of an M1 macrophage phenotype ’. Bone marrow-derived mouse
macrophages (BMDMs) were generated from C57BL/6NRj mice and were incubated with
polysaccharides alone or in combination with IFN-y. The Griess assay was then used to measure
NO in the cell supernatants. IFN-y is known to synergize with TLR ligands to induce a
tumoricidal macrophage phenotype 8, and all six I. obliquus polysaccharides were capable of
activating macrophages to secrete NO in a dose-dependent manner when used in combination
with IFN-y (Figure 2a). Most of the polysaccharides required co-treatment with IFN-y to activate
the macrophages. However, AcF1 in the absence of IFN-y, was able to statistically significantly
increase the NO production, and AcF3 alone showed a trend toward increased NO production
compared to the untreated control BMDMs. Notably, AcF1 and AcF3 were also more potent than

the rest when used in combination with IFN-y.

Next, we investigated the ability of the polysaccharides to induce mRNA production of inducible
nitric oxide synthase (iNOS) which is the enzyme that catalyzes the production of NO from L-
arginine 2. Figure 2b shows iNOS mRNA levels compared to the housekeeping gene 18S rRNA
in BMDMs which had been treated with polysaccharides at 100 pg/mL with or without IFN-y.
Compared to macrophages treated with IFN-y only, the iNOS mRNA levels were statistically
significantly upregulated in macrophages treated with EWN, AcFl, AcF2 or AcF3 in
combination with IFN-y (Figure 2b). Moreover, although not significant, AcF1 and AcF3 alone
showed a tendency towards increased iINOS mRNA levels beyond the level observed in untreated
BMDMs. The results correlated with the nitrite levels seen in Figure 2a, and confirm that the

polysaccharides synergize with IFN-y to activate mouse macrophages to produce NO.
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Figure 2. Polysaccharides from I. obliquus synergize with IFN-y to induce NO production by mouse macrophages.
a) Bone marrow-derived macrophages (BMDMSs) were incubated for 24 h with polysaccharides at different
concentrations (1, 10 and 100 pg/mL) with IFN-y (20 ng/mL), or at 100 pg/mL alone, before nitrite levels in the
supernatants were quantified using the Griess assay. Lipopolysaccharide (LPS) from E. coli (100 ng/mL) and
PamsCSK4 (100 ng/mL) together with IFN-y (20 ng/mL) were used as positive controls. Three independent
experiments were performed, and the pooled data are shown as means + SD. Statistical significance was calculated
using one-way ANOVA followed by Dunn’s multiple comparison test, with single comparisons against the untreated

control. ***=p < 0.001, **=p < 0.01, * = p < 0.05. b) BMDMs were incubated for 24 h with polysaccharides (100
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pg/mL) with or without IFN-y (20 ng/mL), before cells were harvested, mRNA was isolated and iNOS mRNA and
18S rRNA were quantified using RT-gPCR. PamsCSKj4 (100 ng/mL) and IFN-y (20 ng/mL) alone or in combination
were used as controls. Each dot in the graph represents the mean value of technical triplicates from one experiment.
The black lines indicate means for two or three independent experiments. Statistical significance was calculated
using one-way ANOVA followed by Dunn’s multiple comparison test, with single comparisons against either
untreated macrophages (p1) or against the IFN-y-treated macrophages (p2). *** =p <0.001, **=p<0.01, *=p<
0.05

Water-soluble 1. obliquus polysaccharides synergize with IFN-y to make macrophages

inhibit cancer cell growth in vitro

To investigate the potential of the I. obliquus polysaccharides to inhibit cancer cell growth, an in
vitro growth inhibition assay was conducted by co-culturing BMDMs with Lewis lung carcinoma
(LLC) cells. As described in Figure 3a, the macrophages were first treated with the DNA
crosslinker mitomycin C to prevent their proliferation. Next, BMDMs were incubated with the
polysaccharides in the absence or presence of IFN-y for 24 h before LLC cells were added using
three different ratios between macrophages and LLC cells (20:1, 10:1, and 1:1). Ultimately,
proliferation of the cancer cells was measured after the addition of radiolabeled thymidine, which
is an indirect way of measuring macrophage-mediated cytostatic and/or cytotoxic effects on the
cancer cells. Several of the polysaccharides were able to activate the macrophages to inhibit
cancer cell proliferation (Figure 3b), and this activation correlated with NO levels in the cell
supernatants (Figure 3c). All polysaccharides, except the particulate B-glucan fraction Al, gave
a dose-dependent inhibitory effect on cancer cell proliferation, with the most prominent effect
seen from AcF1 and AcF3 in combination with IFN-y. The growth inhibition was almost equally
effective at ratio 10:1 and 20:1 of BMDM:LLC. However, at lower concentrations of the
polysaccharides: 10 and 1 pg/ml of AcF1 and 1 pug/ml of AcF3 the ratio 20:1 showed a trend
towards being more effective than 10:1. Also in this assay, AcF3 showed a tendency of being
effective alone, in the absence of IFN-y (ratio 20:1). At BMDM:LLC 1:1 ratio, the cancer cell
proliferation was only marginally inhibited (data not shown). The results demonstrate the ability
of the water-soluble I. obliquus polysaccharides to activate macrophages into a tumoricidal
phenotype, in particular the acidic fractions AcF1, AcF2 and AcF3. Further, the concentrations
of NO correlated strongly with the cancer cell growth inhibition, suggesting that NO could be

important for the inhibitory effect.
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Figure 3. Polysaccharides from I. obliquus in combination with IFN-y inhibit cancer cell growth by activating
macrophages. a) The experimental setup: mouse macrophages (BMDMs, 6 x 10*cells/well or 3 x 10* cells/well for
20:1 and 10:1 ratios, respectively) were incubated with mitomycin C for 2 h, and then cultivated for 20 h before
treatment with polysaccharides £ IFN-y for 24 h. Then, 100 pL cell medium was removed and analyzed for NO

before Lewis lung carcinoma (LLC) cells (3 x 10° cells/well) were added to the wells containing macrophages,
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giving two different ratios between macrophages and cancer cells (20:1 and 10:1). After 20 h, radiolabeled thymidine
was added and the co-cultures were incubated for another 24 h before inhibition of cancer cell growth was measured.
b) NO concentrations in the macrophage cell medium were measured using the Griess assay. The polysaccharide
concentration was 100 pg/mL except for AcF1 and AcF3, which were tested in concentrations 1, 10 and 100 pg/mL.
All samples were tested alone and in combination with IFN-y (20 ng/mL). PamsCSK4 (100 ng/mL) and IFN-y (20
ng/mL) were used as controls. ¢) Cancer cell growth inhibition was measured using radiolabeled thymidine,
expressed as radioactive counts per minute (cpm). The polysaccharide concentration was 100 pg/mL except for
AcF1 and AcF3, which were tested in concentrations 1, 10 and 100 pug/mL. All samples were tested alone and in
combination with IFN-y (20 ng/mL). PamsCSK4 (100 ng/mL) and IFN-y (20 ng/mL) were used as controls.
Macrophages (Mg) and LLC cells were also tested in single culture, and the untreated, negative control consisted of
co-cultured, non-activated BMDMs and LLC cells. Three independent experiments were performed, and a

representative experiment is shown using average values + SD from technical triplicates.

AcF1, AcF2, and AcF3 activate macrophages to inhibit cancer cell growth independently
of TLR4

Bacterial lipopolysaccharide (LPS) is a common contaminant when working with compounds of
natural origin 2*. Therefore, we wanted to rule out that macrophage activation by the I. obliquus
polysaccharide fractions was due to LPS contamination. First, we performed an experiment using
the LPS inhibitor polymyxin B (PMB), which neutralizes LPS by binding to its Lipid A moiety
and thereby blocking LPS-mediated activation 2. NO-production following incubation with
PMB-pre-treated LPS (10 ng/mL) was entirely inhibited in the absence of IFN-y, and upon co-
incubation with IFN-y close to completely abolished (Figure S1). In contrast, PMB pre-treatment
did not influence the activity of AcF1, AcF2, AcF3 or Al, but reduced the activity of IWN and
EWN slightly. Because PMB was able to inhibit 10 ng/mL LPS, and all the polysaccharides in
concentration 100 pg/mL contained less than 1.4 ng/mL LPS according to a previously conducted
GC-MS analysis 22, any potential LPS contamination in our samples should be completely
blocked by PMB. Therefore, we conclude that it is very unlikely that the observed activity of the

polysaccharide fractions AcF1, AcF2, AcF3 or Al was due to LPS contamination.

To verify that the activity was mediated by the polysaccharides and not LPS contamination,
BMDM s were generated from TLR4 knockout (KO) mice (TLR4™), since TLR4 is the receptor
for LPS %, The activation of TLR4 KO and wild type (WT) mouse macrophages was then
compared after treatment with control ligands, or 1. obliquus polysaccharides in combination with
IFN-y (Figure 4a). LPS from both E. coli (LPS-EK) and Salmonella minnesota (LPS-SM)
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(negative controls) were incapable of activating TLR4 KO macrophages to produce NO. In
contrast, PamsCSK4 (TLR2 agonist) and zymosan crude (ZymC, TLR2/Dectin-1 agonist)
(positive controls) as well as AcF1 and AcF3 generated similar NO levels in TLR4 KO and WT
BMDMs. The results show that AcF1 and AcF3 were able to activate macrophages in a TLR4-
independent manner, which also excluded possible contamination with LPS. IWN, EWN, and
AcF2 on the other hand, had statistically significantly lower activity in the knockout cells.
Therefore, it cannot be excluded that LPS contamination is contributing to the activity of IWN,
EWN, and AcF2. However, activity was observed from these polysaccharide fractions in the
TLR4 KO cells as well, suggesting that LPS contamination was not the only reason for the

macrophages activation.

The NO concentrations induced by the polysaccharides correlated well with cancer cell growth
inhibition (Figure 4a, b): AcF1 and AcF3 were the most active polysaccharide fractions in the
growth inhibition assay, with no significant differences in activity between TLR4 KO and WT
macrophages (Figure 4b). Interestingly, zymosan purified (ZymP, Dectin-1 agonist) significantly
increased the inhibition of cancer cell growth when using TLR4 KO cells compared to WT cells,
although the NO production was similar using the two cell types. The results presented in Figure
4b show a macrophage to cancer cell ratio of 10:1, which gave similar results as the 20:1 ratio,
whereas at a 1:1 ratio the inhibitory effect was lost (data not shown). The results are in agreement
with the results presented in Figure S1 and demonstrate the ability of the polysaccharides AcF1
and AcF3 to activate macrophages into a tumoricidal phenotype independently of TLR4 and

thereby of any putative LPS contamination.
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Figure 4. Polysaccharides from I. obliquus synergize with IFN-y to produce NO in wild type (WT) and TLR4 KO
macrophages (BMDMs), with subsequent growth inhibition of Lewis lung carcinoma (LLC) cells. BMDMs were
incubated with mitomycin C for 2 h, before treatment with polysaccharides and IFN-y (20 ng/mL) for 24 h. The I.
obliquus polysaccharide concentration was 100 pg/mL. LPS-EK, LPS-SM, PamsCSK, (all 100 ng/mL), zymosan
crude (ZymC), zymosan purified (ZymP) and laminarin (all 100 pg/mL) together with IFN-y were used as controls.
a) NO in the cell supernatants was quantified using the Griess assay, prior to the growth inhibition assay. b) Growth
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inhibition of LLC cells by activation of macrophages. LLC cells (3 x 10%/well) were added to stimulated BMDMs
(3 x 10* cells/well) in ratio 10:1 (BMDM:LLC). After 20 h, radiolabeled thymidine was added and the cells were
incubated for 24 h before inhibition of cancer cell growth was measured by radioactive counts per minute (cpm).
Three independent experiments were performed, and average values + SD are shown. Statistical significance
indicates the difference between WT and TLR4 KO cells, and was calculated using two-way ANOVA followed by
Sidak’s multiple comparison test, *** = p < 0.001, ** =p < 0.01, * = p < 0.05.

Several of the polysaccharides induce secretion of the pro-inflammatory cytokines IL-6,

TNF-a, and IL-12p70 by mouse and human macrophages

To investigate whether the polysaccharides from 1. obliquus could activate macrophages to
secrete pro-inflammatory cytokines, mouse and human macrophages were stimulated with the
polysaccharides with and without IFN-y for 24 h. In mouse BMDMs, AcF1, AcF2, and AcF3
statistically significantly induced secretion of 1L-6 (Figure 5a) and TNF-a (Figure 5b) in the
presence of IFN-y. Notably, AcF3 induced 5-10 fold more IL-6 and TNF-a than AcF1 and AcF2.
Moreover, AcF3 alone was able to significantly increase the levels of IL-6 and TNF-a. In human
monocyte-derived macrophages, AcF1 and AcF3 induced secretion of IL-6 (Figure 5c), TNF-a
(Figure 5d), and 1L-12p70 (Figure 5e) at levels comparable to the positive controls LPS-EK and
PamzCSKa4. Co-incubation with IFN-y showed minor or no effect on the secretion of IL-6
mediated by the polysaccharides. Slightly different results were observed for TNF-a, although
TNF-a secretion induced by AcF1 and AcF3 was independent on IFN-y. The polysaccharides
synergized with IFN-y in secretion of IL-12p70, yet AcF3 alone induced some IL-12p70
secretion at levels 3-4 fold lower than the combination AcF3+ IFN-y. Interestingly, all I.
obliquus polysaccharides seemed to be more active on human cells than on mouse cells,
especially when compared to PamsCSKj. The results demonstrate the pro-inflammatory potential
of the I. obliquus polysaccharides, with AcF3 being the most potent fraction, activating

macrophages to secrete high levels of IL-6, TNF-a, and IL-12p70.
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Figure 5. Polysaccharides from 1. obliquus induce secretion of IL-6 and TNF-a by mouse and human macrophages,
and 1L12p70 from human macrophages. Macrophages were treated with polysaccharides (100 pg/mL) alone or in
combination with IFN-y (20 ng/mL) for 24 h, before cytokine concentrations in cell supernatants were quantified

using Luminex technology. a) IL-6 and b) TNF-o, quantified in supernatants of mouse BMDMs (2.5 x 10° cells/well
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in 24-well plates). Before incubation with the I. obliquus polysaccharides in the presence or absence of IFN-y, the
macrophages were treated with mitomycin C for 2 h. Pam3sCSK4 (100 ng/mL) with or without IFN-y was used as a
positive control. Three independent experiments were performed, and average values + SD are shown. Statistical
significance was calculated using one-way ANOVA followed by Dunn’s multiple comparison test, with single
comparisons against the untreated control *** = p <0.001, ** = p < 0.01, * = p < 0.05. ¢) IL-6, d) TNF-q, and €)
IL-12p70 quantified in supernatants of human monocyte-derived macrophages (1 x 10° cells/well in 48-well plates)
treated with polysaccharides for 24 h in the presence or absence of IFN-y (20 ng/mL). LPS-EK, PamsCSKj (both
100 ng/mL), zymosan crude (ZymC, 100 pg/mL) and zymosan purified (ZymP, 100 pg/mL) were used as controls.
Two independent experiments were performed, and average values = SD from one representative experiment are

shown.

AcF1- and AcF3-activated macrophages prevent tumor development in vivo in mice

Due to the promising results when using AcF1 and AcF3 in the in vitro growth inhibition assay
(Figure 3 and 4) we wanted to examine if a similar effect could be achieved in vivo. We activated
mouse macrophages with AcF1 + IFN-y, AcF3 + IFN-y, IFN-y only, or Pam3CSK4 + IFN-y
(positive control), before co-injecting the activated macrophages and LLC cells subcutaneously
into C57BL/6 mice (Figure 6a). Co-activation of the macrophages caused a complete absence of
tumor development in the majority of the mice (Figure 6b, ¢). This was in sharp contrast to the
tumor development observed in mice that received untreated or IFN-y-single-treated
macrophages, where all mice except one developed tumors (Figure 6c¢). 48 days after the co-
injection, only one or two mice in the groups receiving co-activated macrophages had developed
tumors (Figure 6c). The results clearly demonstrate the capability of I. obliquus polysaccharides
to induce a tumoricidal phenotype in macrophages, leading to in vivo clearance of LLC cells and

a prevention of tumor establishment in mice.
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Figure 6. Polysaccharides from I. obliquus in combination with IFN-y inhibit tumor growth in vivo by activating

macrophages. a) Experimental setup: Macrophages (Mg, 7.5 x 10° cells/mouse) were treated with polysaccharides
(100 pg/mL) and IFN-y (20 ng/mL) for 24 h to induce an M1 macrophage phenotype. Macrophages treated with
PamsCSK4 (100 ng/mL) in combination with IFN-y (20 ng/mL), IFN-y (20 ng/mL) alone, and macrophages that

were untreated were included as controls. The macrophages were mixed with LLC cells (5 x 10 cells/mouse) to a

ratio of 15:1 in ice-cold PBS, and injected subcutaneously into 9 C57BL/6 mice per test condition. Tumor growth

was monitored every second or third day. b) Kaplan-Meier plot showing survival curves for each group of mice. P-

values were calculated by comparing each group to the “untreated” control group. *** =p <0.001, **=p<0.01, *

= p < 0.05, not significant (ns) = p > 0.05. ¢) Growth curves showing the tumor volume (mm?3) throughout the

experimental period. Each line in the graphs indicates one single mouse.
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The acidic 1. obliquus polysaccharides activate several pattern-recognition receptors,
including TLR2, TLR4, and Dectin-1a

Aiming to identify the macrophage receptors that are stimulated by fungal polysaccharides,
reporter HEK-Blue™ cell lines transfected with specific PRRs were utilized. Interaction between
a ligand and the transfected receptor causes activation of the transcription factors NF-kB and AP-
1, and secretion of the reporter dye Secreted Embryonic Alkaline Phosphatase (SEAP). First, we
investigated the interaction of I. obliquus polysaccharides with human TLR4. All samples were
either pre-treated with the LPS inhibitor PMB or left untreated and as expected, the positive
control, LPS, activated HEK TLR4 whereas PMB-pre-treated LPS gave no detectable activation
of TLR4 (Figure 4a). Among the 1. obliquus polysaccharides, AcF1 and AcF3 were the most
potent TLR4 agonists, and the activity was retained after treatment with PMB (Figure 7a).
Because the activity of AcF1 and AcF3 was similar in WT and TLR4 KO macrophages in the
growth inhibition assay (Figure 4), this was an unexpected finding. EWN and AcF2 were also

able to activate TLR4, although to a lower degree, and the activity disappeared at 10 pg/mL.

Next, we wanted to investigate if the polysaccharides activated TLR2, since several publications
suggest that fungal and plant polysaccharides are able to activate macrophages through this
receptor 27-2°, AcF1 and AcF3 strongly activated hTLR2 (Fig. 7b). EWN and A1 were inactive,
whereas AcF2 and IWN were only active at the highest concentration tested (100 pg/mL). A
crude formulation of zymosan containing various compounds including mannans, and
lipoproteins was used as positive control. The crude zymosan formulation showed potent activity
against TLR2. However, zymosan lost its TLR2-binding capability when used as the purified “B-

glucan only” formulation, which is in agreement with previous findings *.

Because B-glucans of various kinds are known to bind to the C-type lectin receptor Dectin-1 1331,
we wanted to examine if the 1. obliquus polysaccharides were agonists for this receptor as well.
All six polysaccharides activated the hDectin-1a receptor, but to varying degrees (Fig. 7c). The
activity of the polysaccharides was lower than that mediated by the particulate B-glucan zymosan
(both purified and crude), but had comparable activity to the soluble B-glucan laminarin.
Interestingly, IWN, EWN, and Al were the most potent hDectin-1a ligands, but were the least
active in the NO-, growth inhibition- and cytokine assays. The acidic polysaccharides AcF1,
AcF2, and AcF3 gave detectable hDectin-1a activation only at the highest concentration tested

(100 pg/mL). Finally, none of the polysaccharides activated the HEK-Blue™ null cells,
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confirming that the results were specific to the specified transfected receptors (Figure 7d). Taken
together, the results show that AcF1 and AcF3 are the most active PRR agonists of the isolated
I. obliquus polysaccharides; they were able to bind to both TLR2 and TLR4 and to some extent
Dectin-1a, although tumoricidal macrophage activation in vitro did not require activation of
TLRA4. An overview of the immunomodulating activities of the 1. obliquus polysaccharides used
in this study, as well as their interaction with TLR2, TLR4 and Dectin-1, is shown in Figure 8a.
In addition, a figure showing how AcF3 likely interacts with macrophages to induce a tumoricidal
phenotype by binding to multiple receptors is shown in Figure 8b, comparing this polysaccharide
to the well-established PRR ligands LPS (TLR4), Pam3CSK4 (TRL2) and (1->3)/(1->6)-B-glucan
(Dectin-1).

Figure 7
a b
HEK-Blue™-hTLR4 HEK-Blue™-hTLR2
B 100 pg/mL
. - PMB
1.0 O +PMB 2.5- ; ;ou:/g::L
2.0
wn 2]
@ 3 1.5+
Q 05 Q
o O 1.04
0.5
0.0 0.0
Pt & LTS RN GOSN R PR EEEST L LW
@ \g
\&eéxq%@/\;\@q}@ @@Y\\\\QQ\(\(?\\ ?*o,b\i‘g((fb\\(gn-’\ ¥ & Q%@n) '\3@1;\6\ N Lot S o
&\ YS'Q © e ‘?‘8 © v D \rQ,bé‘
C _ d
HEK-Blue™-hDectin1a HEK-Blue ™-null1v
| 100 L
20, m 10 poim 3-
B 1 pg/mL
6 Q O e é \ (L (b \ 6‘ L@' L) T Q' Ll { | L} L 1 ) L) \' 0
N £ &Y & v L&V ’
& 1:\‘(\ A N & & Q%fz’ c?ex\\@'\f SR &
S \;o 6‘\;»

Figure 7. I. obliquus polysaccharides are agonists for the human immune receptors TLR4 (a), TLR2 (b) and Dectin-
la (c). HEK-Blue™ cells were incubated with polysaccharides or controls for 16 h. Then, ODs3ss was measured in
order to detect Secreted Embryonic Alkaline Phosphatase (SEAP) in the supernatants. Polysaccharides were used at
1, 10 and 100 pg/mL; for the null cells, polysaccharides were used at concentration 100 pg/mL. LPS-EK (10 ng/mL),
PamsCSK4 (100 ng/mL), laminarin (100 pg/mL), zymosan crude (ZymC) and zymosan purified (ZymP) (both 1, 10
and 100 pg/mL) and TNF-a (10 ng/mL) were used as controls depending on which reporter cell line was used. PMB
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concentration was 10 pg/mL for a. Three independent experiments were performed, and average values = SD are

shown.
Macrophage activation Receptor binding
LLC growth IL-6, IL-12p70* hDectin- Suspected LPS
Nitric oxide hTLR2 hTLR4
inhibition TNF-a 1a contamination
IWN + + + (+) ++ + - (+)
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AcF1 4+ +44A ++ ++ + +++ ++ -
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A1 + + - ++ - - -
LPS-EK +++ +++ ++* + - - +++ n.r
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Figure 8. Macrophage activation by I. obliquus polysaccharides. a) Summary of the experiments carried out in this
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study, giving each I. obliquus polysaccharide a grade ranging from — to +++ depending on its potency to activate
macrophages in the indicated assay. The grading is based on synergy with IFN-y, and comparison of the measured
activity to a positive control such as LPS. Grading of suspected LPS contamination is based on a comparison between
activities when the polysaccharides were pre-treated or not with the LPS antagonist polymyxin B. b) A schematic
illustration on how AcF3 (or AcF1) could bind multiple receptors in the macrophage cell membrane and generate
macrophages with an anti-tumor phenotype. This is in contrast to LPS, PamsCSKs and B-glucans, which
predominantly are known to act as agonists for single receptors. It is unclear whether a single AcF3 molecule is able
to bind all receptors simultaneously or if separate AcF3 molecules are needed to activate each receptor. For

illustrative purposes, the former situation is depicted in this figure.

Discussion

In this paper, we investigated the potential of six polysaccharides isolated from the medicinal
fungus 1. obliquus to activate macrophages into a tumoricidal phenotype. Based on their
structural motifs and molecular weight, the polysaccharides were allocated to three main
structural types (Figure 1), defined as neutral and water-soluble (IWN and EWN), acidic and
water-soluble (AcFl, AcF2 and AcF3) or neutral and particulate (Al). The acidic
polysaccharides appeared to be more potent in activating macrophages compared to the neutral
ones. In particular, AcF1 and AcF3 demonstrated a strong inhibition of tumor growth both in
vitro and in vivo, through activation of macrophages. The in vivo growth inhibition assay
demonstrated an almost complete prevention of tumor development in mice given macrophages
treated with AcF1 or AcF3 in combination with IFN-y, as opposed to single treatment with IFN-
v (Figure 6). These data demonstrate the potential of polysaccharides from I. obliquus for cancer

immunotherapy by inducing an anti-tumorigenic phenotype in macrophages.

AcF1 and AcF3 were also able to induce secretion of the pro-inflammatory cytokines IL-6 and
TNF-a by both mouse and human macrophages. In addition, AcF3 induced potent secretion of
IL-12p70 by human macrophages when combined with IFN-y. This result is of significance, since
IL-12p70 is thought to be important for anti-tumor responses carried out by the immune system,
likely by serving as a link between innate and adaptive immunity 32. Therefore, further
investigations into the functions of AcF3 on different parts of the immune system are warranted,
for example investigating the effect AcF3 may exert in vivo on T cell maturation and

differentiation subsequent of macrophage activation 3,
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Compared to the neutral polysaccharides, the activities observed from AcF1 and AcF3 correlated
with the ability to activate TLR2 and/or TLR4 in HEK-Blue™ reporter cell lines. The main
difference between the acidic and neutral polysaccharides was the presence of 12-17 % (1->4)-
a-galacturonic acid (GalA) in the acidic polysaccharides, suggesting that GalA might be crucial
for the activity of AcF1 and AcF3. Citrus pectin containing mainly (1->4)-a-GalA has previously
been reported to bind both TLR2 and TLR4 **. Another study found that citrus pectin containing
de-esterified GalA was able to block PamsCSKjy-induced activation of the TLR2/1 heterodimer
due to negative charges on the GalA polymer associating with positively charged areas of TLR2
%, These findings suggest that GalA is important for locating and binding the TLR2 receptor but
is not necessarily responsible for its activation. Thus, it might be that other parts of the I. obliquus
polysaccharides are important for TLR2 activation as well, requiring GalA in addition to other
structural motifs present in the acidic polysaccharides, such as B-glucose-containing motifs.
Further, it might be that the observed differences in activity are caused by variations in the three-
dimensional structure of the polysaccharides, which could explain why AcF2 appeared less active
than AcF1 and AcF3 3. According to GC-MS data, AcF2 exhibited a higher degree of side-
chains than AcF1 and AcF3, which could affect the accessibility of the GalA towards TLR2.

AcF1 and AcF3 were able to induce NO production in mouse macrophages without co-treatment
with IFN-y (Figure 2). This might be explained by their ability to act through TLR4, and this
hypothesis was confirmed by using the TLR4 reporter cell line (Figure 7a). Of the various
extracellular TLRs, TLR4 is unique by its capability to induce iNOS in mouse macrophages
without co-stimulation, possibly achieved by intracellular signaling through TRIF in addition to
MyD88, leading to production of type I IFNs which ultimately function as autocrine co-
stimulatory signals on the macrophages 3. To rule out that the activation through TLR4 was due
to LPS contamination in AcFl and AcF3, several experiments were conducted. First, LPS
detection by a GC-MS assay concluded that the fractions contained less than 1.4 ng/mL LPS 22,
Further, pre-treatment of 10 ng/mL LPS with PMB led to a complete inhibition of LPS-induced
activity, while AcF1 and AcF3 were not affected by PMB treatment (Figure 7a and S1). Thus, it
was concluded that the activity of the polysaccharide fractions against TLR4 was not due to LPS

contamination.

In addition to TLR2 and TLR4, some of the I. obliquus polysaccharides were able to bind to
hDectin-1a. Dectin-1 is the most well-characterized B-glucan receptor on macrophages,

recognizing fungal B-glucans with high affinity 3. Because all the 1. obliquus polysaccharides
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had a main structural motif resembling fungal B-glucans, their ability to bind Dectin-1 was not
surprising. However, the acidic polysaccharides AcF1, AcF2 and AcF3 showed weak activation
of Dectin-1a compared to the less active neutral fractions IWN, EWN and Al. Affinity for
Dectin-1 is known to vary depending on the conformation of the B-glucan backbone . Therefore,
it is likely that the B-glucan parts of the polymers in IWN, EWN and Al were more exposed to
the outer environment compared to AcF1, AcF2 and AcF3, thus giving higher affinity for Dectin-
la. The Dectin-1a activity was weak for all 1. obliquus polysaccharides compared to the
particulate B-glucan zymosan, but had comparable activity to the soluble B-glucan laminarin. It
has been reported that particulate, large-sized B-glucans like zymosan are able to induce immune
responses upon activation of Dectin-1, while water-soluble B-glucans like laminarin have
antagonistic effects on the same receptor 1°. However, it has recently been suggested that human
Dectin-1 can be activated by soluble B-glucans, while mouse Dectin-1 requires particulate -
glucans to become activated °. The species-specific difference could also be due to different
isoforms such as Dectin-1a or -1b being expressed, although this needs further verification “.
Because the 1. obliquus polysaccharides induced secretion of notably higher amounts of pro-
inflammatory cytokines by the human macrophages compared to the mouse macrophages,
adjusting for the positive control PamsCSKj, this might be an indication of different isoforms of

Dectin-1 being expressed between the species, and this should be explored further.

The capacity to bind more than one type of receptor is an interesting feature of AcF1 and AcF3.
For example, Dectin-1 has been reported to collaborate with both TLR2 #* and TLR4 2 on the
macrophage cell membrane upon recognition of fungal structures, and this co-activation may
give synergistic effects 4344 Synergy between Dectin-1 and TLRs has been suggested to be
caused by a combination of several distinct effector molecules in crude “B-glucan” formulations,
such as mannoproteins, lipoproteins and B-glucans in crude zymosan ¢, in agreement with our
results. In contrast to zymosan, it appears that the complexity of the I. obliquus polysaccharides
AcF1 and AcF3 could activate several receptors using just “one molecule”. This would have
interesting implications for the use of such molecules as immunomodulating drugs. In addition,
the high water-solubility of the polysaccharides might be attractive for in vivo situations
compared to the particulate -glucan formulations most often used in the literature. For example,
in addition to having local effects in the gastrointestinal tract, water-soluble polysaccharides of
fungal origin may be internalized by gut epithelial cells and systemically distributed shortly after

ingestion as opposed to larger, particulate polysaccharides that require phagocytic uptake by
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macrophages “2. The findings presented here should therefore be explored further in order to
understand the full potential of I. obliquus polysaccharides as immunologically active agents.

In conclusion, we here report the immunological activity of several polysaccharides isolated from
I. obliquus, with the acidic, water-soluble polysaccharides AcF1 and AcF3 being able to induce
a potent tumoricidal macrophage phenotype both in vitro and in vivo. In addition, the
polysaccharides were able to induce secretion of IL-6, TNF-o. and IL-12p70 by human
macrophages, and the activation was likely caused by a synergistic effect of TLR2, TLR4 and
Dectin-1a. The tumoricidal activity of the polysaccharides through interaction with multiple

receptors might provide interesting new opportunities for cancer immunotherapy.

Materials & methods

Isolation and characterization of polysaccharides from 1. obliquus

Sclerotia (dense fungal conks) of I. obliquus were harvested from a birch tree in Oslo, Norway,
and polysaccharides were isolated from the fungal material and characterized as previously
described 22. Briefly, dried material from the interior part of I. obliquus (10I) or the exterior part
of I. obliquus (IOE) was boiled in water or 1 M NaOH, before the extracts were precipitated
using 70 % EtOH and dialyzed (cut-off 3.5 kDa). The extracts were then fractionated using
column chromatography. The water-soluble extracts (W) were first applied to an ion-exchange
column using a NaCl gradient to create neutral (N) as well as acidic (Ac) fractions. Two neutral,
water-soluble extracts were isolated, one from the interior part (I0I-WN) and one from the
exterior part (IOE-WN). The acidic fraction 10I-WAc was separated further using a size-
exclusion column to yield I0I-WACcF1, 10I-WAcF2 and 10I-WACcF3. The alkali extract was
applied to a size-exclusion column to yield 10I-Al. The fractions were characterized using
several different methods, including gas chromatography (monosaccharide composition), gas
chromatography-mass spectrometry (GC-MS, linkage analysis), 2D NMR spectroscopy
(anomeric configuration), size exclusion chromatography — multiple-angle laser light scattering
(SEC-MALLS, for molecular weights) and Smith degradation (relationship between parts of the
polymer).
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Mice

C57BL/6NRj mice were purchased from Janvier Labs (Le Genest-Saint-Isle, France) and bred at
the Department of Comparative Medicine, Oslo University Hospital, Rikshospitalet (Oslo,
Norway) in specific pathogen free (SPF) conditions. Bone marrow cells from C57BL/6NRj mice
deficient in TLR4 (TIr4™) were kindly provided by Maykel Arias, University of Zaragoza.

Isolation and differentiation of bone marrow-derived macrophages

Conditioned medium (CM) containing macrophage colony-stimulating factor (M-CSF) was
generated by culturing L929 cells in RPMI 1640 medium with L-Glutamine (Thermo Fisher
Scientific) containing 10 % fetal bovine serum (FBS, Biochrom GmbH) and 1 % penicillin-
streptomycin (P/S, Sigma-Aldrich). After 10 days, CM was collected, centrifuged, filtered and
stored at —20°C, and was used for the differentiation and maintenance of bone marrow-derived
macrophages (BMDMs). For isolation of the macrophages, femurs and tibiae of the hind legs
from 8- to 12-week-old C57BL/6NR]j mice and C57BL/10ScN TLR4") knockout (KO) mice
were harvested and flushed with RPMI 1640 medium containing 10 % FBS under sterile
conditions. The bone marrow was passed through a cell strainer with 70 pum pores (Sigma-
Aldrich) and cultured in non-tissue culture treated dishes (10 cm, VWR) in RPMI medium with
L-Glutamine containing 10 % FBS, 1 % P/S and 30 % L929-derived CM. The cells were cultured
for 5 days, after which non-adherent cells were washed off using phosphate buffered saline (PBS,
with MgCl» and CaCl,, Sigma-Aldrich) and the adherent macrophages were cultured for 2 more
days. Macrophages were then harvested by incubation (20 min at 4°C) with cold PBS (without
CaCl, and MgCl», Sigma-Aldrich). Macrophages were then flushed off the plate, collected,
counted and kept frozen in aliquots at —150°C in FBS with 10 % dimethyl sulfoxide (DMSO,
VWR) for future experiments. The purity of the cells was 99 % as analyzed by flow cytometry
using the macrophage markers CD11b (M1/70, BioLegend) and F4/80 (BM8, BioLegend).

Isolation and differentiation of human monocyte-derived macrophages

Buffy coats were obtained from the Blood bank at Oslo University Hospital and approved for
use by the Norwegian Regional Committee for Medical and Health Research Ethics, REK no.
2019/113. The buffy coats were mixed with an equal volume of PBS containing 2 % FBS, before

gently added on to Lymphoprep™ in 50 mL tubes in volumes recommended by the provider
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(Progen, #1114545; Heidelberg, DE). The tubes were centrifuged at 800 g for 20 min at room
temperature (RT), before the middle, buffy layer containing peripheral blood mononuclear cells
was collected and washed twice in PBS by centrifugation (400 g, 7 min, RT). Next, the cells were
filtered through a 30 pum filter to remove cell clumps and debris, before the monocytes were
positively selected by magnetic-activated cell sorting (MACS) technology using CD14
MicroBeads (Miltenyi) according to the manufacturer’s instructions. Briefly, magnetic beads
conjugated to an anti-human CD14 antibody (CD14 MicroBeads) were added to the peripheral
blood mononuclear cells and incubated for 15 min at 4 °C. Unbound, excess beads were washed
away, and the cell suspension was applied to a column placed in a MACS magnetic separator.
Unlabeled cells were washed out before the column was removed from the magnet field and the
magnetically labeled cells were flushed out with a plunger. Staining with APC/Cy7-conjugated
anti-human CD14 antibody (clone HCD14, BiolLegend) followed by flow cytometry, showed
that > 95% of the positively selected cells were monocytes. APC/Cy7-conjugated mouse 1gG1k
(clone MOPC-21, BioLegend) was used as an isotype-matched control antibody.

The positively selected CD14* monocytes were differentiated into macrophages by cultivation
for 6 days in medium with macrophage colony-stimulating factor (M-CSF, Peprotech). More
specifically, 3 x 10° cells were seeded out in 10 mL RPMI 1640 containing 10 % FBS, 1 % P/S,
and 50 ng/mL M-CSF per 10 cm non-tissue culture treated dish (VWR). At day 3, half of the
medium was replenished with fresh medium containing 50 ng/mL M-CSF. On day 6,
macrophages were harvested by first collecting culture medium into polypropylene falcon tubes
(50 mL, SARSTEDT), pre-coated with FBS and placed on ice. Then 10 mL of detachment buffer
made in-house, containing PBS-/- + 2.5 mM EDTA + 1% FBS, was added to each culture plate
and incubated at 37°C for 30 min. Next, dislodged cells were collected by pipetting up and down

several times. A cell scraper was used to detach the remaining macrophages.

Pattern recognition receptor agonists and cytokines

The following PRR agonists were used as controls in various experiments: Pam3zCysSerLyss
(Pam3CSKGs, TLR1/TLR2 agonist, InvivoGen); Lipopolysaccharide (LPS) from Escherichia coli
and Salmonella minnesota (both ultrapure TLR4 agonists, InvivoGen); Lipoteichoic acid (LTA)
from Staphylococcus aureus (TLR2/TLR6 agonist, Sigma-Aldrich); CL264 (TLR7 agonist,
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InvivoGen), zymosan from Saccharomyces cerevisiae (zymosan crude/ZymC, TLR2 and Dectin-
1 agonist, Sigma-Aldrich), zymosan depleted from S. cerevisiae (zymosan purified/ZymP,
InvivoGen), laminarin from Laminaria digitata (Dectin-1 ligand, Sigma-Aldrich). The PRR
agonists were used alone or in combination with 20 ng/mL mouse recombinant IFN-y

(Peprotech).

Quantification of nitric oxide

NO production by activated macrophages was measured using the Griess reagent system as
previously described with some modifications 22. Cells were seeded out in a flat bottom 96-well
plate (Costar) at cell density 6 x 10* cells to a final volume of 200 pL/well. Cell medium was
RPMI 1640 with L-Glutamine containing 10 % FBS and 10 % CM. After 24 h treatment with 1.
obliquus polysaccharides or other activation factors, cell media (100 pL) were collected and
centrifuged (400 g, 2 min), and 50 pL supernatant was then mixed with equal parts Griess
reagents A (dH20 with 1 % sulphanilamide [Sigma-Aldrich] and 5 % phosphoric acid [Sigma-
Aldrich]). The mixture was incubated in the dark for 10 min at room temperature (RT), before
50 uL of Griess reagent B (0.1 % N-(1-napthyl) ethylenediamine [Sigma-Aldrich] in dH2O ) was
added in order to convert NO into nitrite (NO2"), which was quantified colorimetrically at As4o
using NaNO- (1.56 — 100 uM) as a standard curve. Samples were set up in duplicates or triplicates
depending on the experimental setup. For experiments using the LPS inhibitor polymyxin B
(PMB, Polymyxin B sulfate salt, Sigma-Aldrich), the samples were mixed with PMB and
incubated for 30 min at RT before being added to the cultivated cells. The experiments were

carried out at least three times.

In vitro Growth Inhibition Assay

Wild-type (WT) and TLR4 KO mouse BMDMs were thawed and cultured for 3 days in non-
tissue culture treated dishes (VWR) in RPMI 1640 medium with L-Glutamine containing 10 %
FBS and 10 % CM (= complete medium). The macrophages were harvested by scraping,
incubated for 2 h at 37°C with mitomycin C (10 mg/mL, Sigma-Aldrich) to inhibit proliferation,
and then washed twice with PBS. Next, the macrophages were resuspended in the same type of

medium and seeded out in triplicates in flat bottom 96-well plates (Costar) at three densities: 6 x
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10% 3 x 10% and 3 x 10° cells/well in a final volume of 200 uL/well. After 20 h, half of the
medium was replaced with complete medium containing I. obliquus polysaccharides with or
without IFN-y, and incubated for 24 h. Next, half of the cell supernatants (100 uL) were removed
and used for quantification of NO2—. Lewis lung carcinoma (LLC) cells (CLS Cell Line Service,
3 x 108 cells/well) were then added to the macrophages, resulting in varying ratios of effector to
target cells: 20:1, 10:1 and 1:1. After 20 h of co-culture, *H-thymidine (10 pL, 0.2 pCi/well,
Hartmann Analytic) was added and the cells were harvested 24 h later after a freeze- and thaw
cycle. The amount of radiolabeled DNA was measured on a 1450 MicroBeta Trilux Microplate
Scintillation counter (Perkin Elmer). The experiments were carried out at least three times.

In vivo Growth Inhibition Assay

C57/BL-6 mice from Janvier Labs (Le Genest-Saint-Isle, France) were in-house bred at the
Department of Comparative Medicine, Oslo University Hospital, Rikshospitalet (Oslo, Norway).
The study was approved by the Norwegian Food Safety Authority (approval number 20/102031)
and all the performed experiment conform to the national regulations and the EU directive
2010/63/EU. For the co-injection experiments (Winn assay), 7.5 x 10° pre-activated macrophages
with the indicated stimuli for 24 h were mixed and co-injected with 5 x 10* LLC cells (15:1)
subcutaneously in mice. Tumor growth was monitored using a caliper every other or every third
day until humane end points were reached (15mm length) using the formula: Tumor volume
(mm?q) = [width? x length] x 0.4 . For the re-challenge experiments, 1.25x10* LLC cells were

injected subcutaneously in opposite flanks.

Determination of INOS mRNA Levels by Real-Time Quantitative PCR

Mouse macrophages were seeded in 12-well plates (Sigma-Aldrich) at a density of 6 x 10°
cells/well in 1 mL RPMI medium with L-Glutamine supplemented with 10 % FBS and 10 %
CM. The cells were incubated for 2 h, before 0.5 mL of the medium was removed and replaced
with 0.5 mL medium containing I. obliquus polysaccharides with or without IFN-y (20 ng/mL).
After 24 h, cell culture media were removed and total RNA was extracted from the cells by using
300 pL/well of TRI Reagent (Merck) and Direct-zol RNA minipreps (Zymo Research) according

to manufacturer’s instructions. Next, mRNA concentrations were measured using Nanodrop
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One/One (Thermo Fisher), and 250 ng RNA of each sample was reverse transcribed to cDNA
using the Primescript RT kit (Takara Bio) according to the manufacturer’s instructions. Real-
time quantitative PCR (gPCR) was performed with 50 ng of the obtained cDNA, using a Kapa
SYBR fast qPCR kit (Kapa Biosystems) and 0.2 uM of mRNA specific primers for the mouse
gene Nos2 which encodes iINOS (forward primer: TTCACCCAGTTGTGCATC GACCTA,
reverse primer: TCCATGGTCACCTCCAACACA AGA) and with primers for 18s rRNA
(forward primer: CGCTTCCTTACCTGGTTGAT, reverse primer:
GAGCGACCAAAGGAACCATA) as the endogenous control, at temperature cycling
conditions: 95°C for 3min, then 95°C for 3 s and 60°C for 30 s for 40 cycles. All samples were
run in duplicates and the final values were averaged. Following melting curve analysis, the
relative differences in INOS mRNA levels were expressed using the - ACq values (Cq 18s rRNA
— Cq INOS), where a more negative value means lower relative expression of INOS mRNA
compared to the housekeeping gene 18S rRNA. One unit increase in the negative ACq value

corresponded to a doubling of INOS mRNA. The experiment was carried out three times.

Quantification of pro-inflammatory cytokines using Luminex technology

Mouse macrophages, 2.5 x 10° cells in 0.5 mL medium per well in 24-well plates (Costar) were
cultured in RPMI 1640 supplemented with 10 % FBS (Biochrom) and 10 % CM. Human
monocyte-derived macrophages, 1 x 10° cells in 0.3 mL medium per well in 48-well plates
(Costar) were cultured in RPMI 1640 supplemented with 10 % FBS (Biowest) and stimulated for
24 h with polysaccharides with or without IFN-y. Cell culture media were collected and
centrifuged (1000g for 15 min at 4°C). Next, the supernatants were moved to new Eppendorf
tubes and centrifuged again (1000g for 15 min at 4°C) to remove cells and debris before storage
at —80°C until analysis. The concentrations of mouse and human IL-6 and TNF-o were
determined by a multiplex Bio-Plex assay (Bio-Rad) according to the manufacturer’s
instructions. Samples were analyzed in duplicates, using a Bio-Plex MAGPIX Multiplex Reader
and Bio-Plex Manager 6.1 software (Bio-Rad Laboratories). The experiment was carried out

three times.

Reporter cell lines
HEK-Blue™ reporter cell lines (Invivogen) transfected with human TLR2, human Dectinla,

human TLR4/CD14/MD2 or non-transfected (null-1) were cultured and maintained using
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DMEM GlutaMAX™ containing 10 % FBS (Sigma-Aldrich), 1 % P/S, Normocin (100 pg/mL)
and HEK-Blue™ selection antibiotics. Experiments were carried out according to the
manufacturer’s instructions. Briefly, 1. obliquus polysaccharides (20 pL) at various
concentrations were added to wells in 96-well plates (Costar). Then, cells were gently washed
with warm PBS before suspended in HEK-Blue™ SEAP detection medium. Finally, the cells
were seeded out in a density of 5 x 10* cells/well to the wells containing samples and detection
medium. After 16 h incubation (37 °C, 5 % CO3), Secreted Embryonic Alkaline Phosphatase
(SEAP) was detected colorimetrically at Aess. The experiments were carried out at least three

times.

Statistical analysis

Statistical analysis was conducted by using the GraphPad Prism 8 software (GraphPad). Values
from control samples were used as a reference to each individual value, unless otherwise stated.
The data were analyzed using one-way ANOVA test, followed by Dunn’s multiple comparison
test, or using two-way ANOVA followed by Sidak’s multiple comparison test. The values were
compared either across the data set or individually against the controls depending on the

experiment (stated specifically below each experiment figure).
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