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Chapter 1

The uncontrolled growth of tissue cells is termed as cancer. This disease is the 
second leading cause of death on the planet. New and increasingly more successful 
treatments are available, but cancer becomes particularly life-threatening when these 
cells become insensitive to chemotherapeutic interventions and gain the potential to 
spread (metastasize) to other parts of the body. Cancer is often diagnosed as a late-stage 
disease resulting in low survival rates. Standard-of-care treatments for solid tumours 
include surgery, chemotherapy and radiation and more recently treatment modalities 
include hormone-based-, stem cell-, anti-angiogenic- as well as T-cell therapy. Although 
more recent treatments are generally more effective, overall, these treatments show 
variable success rates. General lack of treatment successes is in large part due to tumour 
heterogeneity as well as immune suppressive mechanisms that are present or develop 
within the tumour micro-environment (TME). This thesis focuses on the modification 
of suppressive myeloid cells towards a more pro-inflammatory phenotype through oral 
administration of β-glucans in support of T cell receptor (TCR) T cell therapy. In this 
chapter, I will introduce checkpoints of innate- and adaptive immunity, the potential 
of dietary fibres to modulate myeloid cells phenotypes and microbiota composition and 
as a result their potency as adjuvants to adoptive T cell therapy. Finally, I will formulate 
my research questions, and how these questions were addressed in the subsequent 
chapters.

 1.1 Checkpoints of innate and adaptive immunity
Remarkable progress in cancer research over the last decade has enabled the harnessing 
of the immune system’s potential to fight cancer. The immune system’s potency relies 
on both its innate and adaptive immune branches. These are functionally interlocked 
to optimally defend the body against disease-causing pathogens like bacteria, viruses, 
parasites or fungi. The process, by which cells of the immune system look for and 
recognize foreign pathogens, is called immunosurveillance. In addition, the immune 
system is assumed to daily destroy multiple cancerous or pre-cancerous cells based 
on their changed behaviour and structures. Despite such surveillance, tumours do 
escape through different immune evasive strategies. To license tumour growth, the 
surrounding TME represents a buffer that can significantly weaken the immune 
system and even hinder drug delivery to the tumour. Mechanisms within the TME 
that are responsible for limited quantities and/or qualities of immune effector cells 
have been identified and are considered to be hijacked from physiological feedback 
responses towards alterations of normal tissue homeostasis. For example, the TME 
may demonstrate a high abundance of immune-suppressive innate immune cells that 
in normal immunity accumulate following an initial response of adaptive immune 
cells. The presence of such innate immune cells may be favoured by tumours, given 
their ability to exclude an effective anti-tumour T cell response thereby benefiting 
the tumour’s survival. In general, the innate immune components of the TME play a 
pivotal role in the initial activation and modulation of the adaptive immune response 
against the tumour, as well as the downstream halting of the anti-tumour adaptive 
immune response.
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1.1.1 Effective interplay between innate- and adaptive immune cells
Physical and chemical barriers (such as skin and mucous membranes), phagocytic- and/
or antigen-presenting leukocytes (such as granulocytes, macrophages, dendritic cells, 
innate lymphoid cells, natural killer cells), as well as circulating plasma proteins all 
represent components of the innate immune system. Antigen-presenting cells (APCs) 
are found in the innate immune arm as well as the adaptive immune arm and represent 
a heterogeneous group of immune cells that are responsible for the initiation of adaptive 
immune responses. They present and process antigens to become recognized by certain 
lymphocytes, such as T cells. Professional APCs (i.e., macrophages, dendritic cells (DCs) 
and B cells) are specialized in the presentation of pathogen-derived antigen fragments. 
When APCs encounter tumour antigen and migrate, they mature during which time the 
tumour antigen is processed into small peptides, upregulate the expression of major 
histocompatibility complex (MHC; also termed human leukocyte antigens (HLA) in 
humans) and costimulatory molecules and migrate to secondary lymphoid organs. 
After the uptake of antigens by professional APCs they cross-present such antigens 
and prime naïve CD8+ T cells in lymphoid organs, which may subsequently move to a 
nearby tumour(1). These antigens, when directly presented by tumour cells, stimulate 
these primed CD8+ T cells to kill these tumour cells. CD8+ T cells specifically recognize 
antigenic peptides presented by MHC class I molecules. In contrast to MHC class I, 
which are found on the surface of all nucleated cells, class II molecules are present on 
the surface of a selected subset of immune cells (i.e., DCs, monocytes, macrophages 
and B-lymphocytes) and are recognized by CD4+ helper T cells(2). This combination of 
MHC class II and CD4+ helper T cells therefore does not serve to directly recognize and 
kill tumour cells but can lead to enhanced activation of CD8+ T cells (hence the name 
‘helper T cells). The innate control of adaptive immunity can be viewed as a highly 
orchestrated sequence of events which is initiated by receptor-mediated endocytosis 
and phagocytosis of antigens by innate cells(3). Next, there is recognition of antigenic 
parts (called peptides or epitopes) by the receptor of T cells, which in concert with 
appropriate stimulation from CD4+ helper T cells, results in activation and rapid 
expansion of antigen-specific T cells, a clearance of antigen-positive tumour cells, and 
ultimately formation of immunological memory cells(4).

Maximal immunity is achieved when innate and adaptive immunity work together to 
combat infection and diseases, such as cancer. However, it is important that immune 
responses are dampened to prevent over-reactions, excessive collateral damage and 
even autoimmunity. Thus, the inflammatory response must be actively terminated in a 
timely fashion. Immune cells responsible for this dampening include regulatory CD4+ 
T cells, which contribute to the inhibition of immune cells by means of cytokines, such 
as interleukin-10 (IL-10) and transforming growth factor beta (TGF-β), and cell-cell 
interactions, such as through the immune checkpoint cytotoxic T lymphocyte antigen 
(CTLA)-4) receptor activity. Immune checkpoints regulate immune activation, maintain 
immune homeostasis and are crucial for self-tolerance. There are different type of 
immune checkpoints that are able to suppress effector functions of immune cells by 
binding to their corresponding ligands. Besides CTLA-4, also programmed cell death 1 
(PD-1) is an example of inhibitory immune checkpoint receptors. Whereas CTLA-4 on 
regulatory T cells serves to control proliferation of effector T cells(5), PD-1 is an inhibitor 

1
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of both adaptive and innate immune responses through induction of apoptosis and is 
highly expressed on activated tumour-specific T cells. The approval of anti-CTLA-4 and 
anti-PD-1 antibodies for human use has already resulted in significant improvements 
in disease outcomes for various cancers, especially melanoma(6). Besides immune 
checkpoints, the intra-tumoral presence of innate cell populations (generally non-
lymphoid, but myeloid cells) is also a recognized modulator of T cell effector functions 
(described in next section).

1.1.2 Innate immune cells and their differentiation in the TME
Our bodies are constantly producing new tissue cells with the inherent risk of 
generating cancerous cells upon acquiring damage or mutation to DNA. There are 
failsafe mechanisms present to either repair DNA damage or induce apoptosis. When 
those failsafe mechanism are also ineffective due to mutations or otherwise, cancerous 
cells can arise. Still these cancer cells will need mutated genes that may drive them into 
uncontrolled proliferation at the expense of specialization to lead to cancer. Needed or 
not, they grow and divide, do not die off, and on top avoid destruction by the immune 
system. Such an immune escape is the result of signals like “don’t find me” and/or 
“don’t eat me” by innate immune cells. Triggering of the above-described sequence 
of events (i.e., uptake of tumour antigen, cross presentation of antigen by APCs to T 
cells, trafficking and infiltration of activated T cells into tumours, and elimination of 
malignant tumour cells) is interrupted. To this end, the tumour has evolved various 
means, one of them being the recruitment of myeloid cells and their differentiation 
into immune-suppressive tumour-associated macrophages (TAMs) and myeloid-
derived suppressor cells (MDSCs). In fact, myeloid cells represent the most abundant 
type of immune cells in the TME and their attraction to tumour sites may support 
an immunosuppressive environment(7). Macrophages are terminally differentiated 
myeloid cells. Macrophages within the TME are called TAMs, which generally 
originate from circulated monocytes released from bone marrow and tissue-resident 
macrophages. Although the function of macrophages in healthy tissues is clearance 
of apoptotic cells and pathogens as well as regulation of adaptive immunity(8, 9), they 
can become pro-tumorigenic TAMs in hypoxic areas, which is a general feature of 
many tumours. These latter TAMs are MHClow, have pro-angiogenic behaviour and poor 
antigen-presenting ability(10). MDSC are generated in the bone marrow from myeloid 
progenitor cells and then traffic through the circulatory system and potentially migrate 
into solid tumours. MDSC constitute a heterogeneous population of immature myeloid 
cells(11). Growth factors that are produced by the tumour recruit MDSC from the bone 
marrow (and in mice also from the spleen) to solid tumours(12, 13) Growth factors 
such as granulocyte-macrophage colony-stimulating factor (GM-CSF) and granulocyte 
colony-stimulating factor (G-CSF) regulating myelopoiesis are important molecules for 
inducing the accumulation and suppressive activity of MDSC(14, 15). MDSCs can inhibit 
immune activity by limiting cross-presentation by DCs(16) or suppressing CD8+ T cell 
activity in an antigen-specific manner which requires antigen presentation by MDSC to 
antigen-specific CD8+ T cells(17). Above illustrates the two faces of dynamic cells within 
the immune system that can paradoxically constrain and promote tumour development 
and progression, a process that is referred to as cancer immunoediting(18).
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1.1.3 Tumours halt effective interactions between innate and adaptive immune 
cells
Immune suppressive TAMs and MDSCs interfere with the cytotoxic potential of tumour 
antigen-specific T cells. As mentioned above, they operate through abusing mechanisms 
that are normally in play to halt an immune response to limit collateral damage. For 
example, TAMs and MDSCs operate through activation of immune checkpoint pathways. 
TAMs overexpress the PD-1 ligands (PD-L1 and PD-L2)(19, 20). The functional activation 
of PD-1+ T cells is directly inhibited after ligation of PD-L1 or L2(21). Together, these 
inhibitory signals from TAMs towards CD4+ helper T cells or CD8+ cytotoxic T cells 
contributes to the anergic state of the adaptive immune system in the TME(22). In line 
with TAMs, MDSC also inhibit T cells through their expression of PD-L1 and CD80(23, 
24). Moreover, MDSC down-regulate the expression of L-selectin on naive T cells, 
thereby decreasing T cells’ ability to home to sites where they would be activated(25).

Other mechanisms contributing to immune escape of tumour cells include deficiencies 
in antigen-presentation, such as down-regulated expression of MHC class I molecules 
or limited immune surveillance. Several mechanisms to limit immune surveillance 
have been identified in solid tumours. For instance, reduced expression of the C-C 
motif chemokine ligand (CCL)4 can impede the migration of CD103+ DCs into the TME, 
which in turn diminishes cross-presentation and numbers of activated T-cells within 
the TME(26). Tumour cells can also produce abundant quantities of anti-inflammatory 
cytokines such as IL-10. The release of this cytokine together with that of IL-6 promotes 
the formation of tolerant DCs that fail to elicit an adaptive immune response against 
tumour-specific antigens(27). Consistent with this, both tumour cells and myeloid cells 
can produce chemokines that engage the chemokine receptor-2 (CCR2), which plays a 
major role in monocyte chemotaxis, including the recruitment of TAMs(28).

1.2 Fibres and their potential to overcome checkpoints of innate immunity
Nutritional modulation of the immune system has shown the potency to reduce or delay 
the onset of chronic diseases, such as obesity, osteoporosis, cardiovascular disease and 
cancer(29). Optimal nutrition may support the initiation and maintenance of immune 
responses as well as prevent chronic inflammation that often underlies promotion of 
tumour growth(30). These supportive actions are in large part the result of interactions 
between nutritional compounds and commensals in our intestine. Commensal bacteria 
occupy our intestine and take up and ferment non-digestible components of our diet, in 
particular non-digestible polysaccharides (NDPs). Through this NDPs are a major factor 
determining the growth of beneficial, mostly gram-positive, microbiota in the gut.

The Western diet is high in fatty dairy products, high in sugar, but unfortunately 
low in NDPs. As a result, the Western diet can induce an increase in gram-negative 
lipopolysaccharide (LPS)-producing bacteria(31). LPS derived from the gut microflora 
can leak into the circulation upon disruption of the intestinal barrier in case of 
inflammation, or be transported by Microfold cells into Peyer’s patches (secondary 
lymphoid organs located in the mucus membrane of the small intestine), projections 
from DCs, or passively or actively pass through intestinal enterocytes(32). Once LPS is 
in the circulation, it will induce an inflammatory response by innate immune cells(33) 
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through binding by the toll-like receptor 4 (TLR4) expressed by these cells. In fact, 
increased circulatory LPS has been linked to chronic inflammation of adipose tissues 
in obese subjects(34).

Research towards the health benefits of NDPs revealed that soluble NDPs, such as 
oligofructose, reduced low-grade inflammation, improved glucose metabolism and 
attributed to decreased intestinal permeability and endotoxemia(35), whereas insoluble 
NDPs supported immune defence against pathogens in the upper respiratory tract(36). 
The immune modulatory activities of β-glucans, a class of dietary fibres that belong to 
the NDP subclass hemicellulose and is obtained from oats, barley, bacteria, yeast and 
mushrooms, has been extensively studied over the past few decades, and constitutes 
an important research topic of this thesis.

1.2.1 Different classes of fibres
Non-digestible oligo- and polysaccharides (dietary fibres) are carbohydrates that 
according to the Codex definition have ≥10 monomeric units, which do not become 
hydrolysed by endogenous enzymes in the small intestine. Based on their diversity in 
structure and properties, dietary fibres can be classified along their fermentability by 
resident bacteria of the human gut as illustrated in Figure 1.

Figure 1. Overview of carbohydrates according to their chemical, physical and physiological 
characterization. Fibre constituents are highlighted by a blue box, whereas the fibre components/
subclasses are highlighted with a yellow box (or green box in case of β-glucan).Abbreviations: 
GOS: galacto-oligosaccharides; FOS: fructo-oligosaccharides.

The physicochemical characteristics of fibres that are relevant for their immune 
modulating capacities include fermentability, solubility, and size. Insoluble fibres, 
such as cellulose are generally poorly fermented by gut microbes but their presence 
in the diet may increase gut transit rate(37). Fibres that are readily fermentable 
while also possessing solubility and viscosity include β-glucans (oats and barley) and 
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pectins(38). Sub-classification of non-starch polysaccharides (based on monosaccharide 
composition, see Figure 1) yields four different fermentable subclasses; fructans, 
pectin, hemicellulose and gums.

Dietary fibres can directly interact with cells of the immune system (i.e., macrophages 
or DCs) through dedicated receptors. Dectin-1, lactosylceramide receptor (LacCer), 
scavenger receptor, mannose receptor, complement receptor 3 (CR3) and multiple TLRs 
are all examples of pattern recognition receptors (PRRs) that have been described to 
bind fibres. For example, pectin extracted from unripe papayas ligates to TLR2, 4 
and 5(39), whereas the β-glucan curdlan ligates to the Dectin-1 receptor(40). Receptor 
binding to a certain fibre ligand depends on the exact monosaccharide constitution, 
linkage compositions, degree of polymerisation, lignification, molecular conformation 
and solubility of the ligand(41–43).

1.2.2. Dietary fibres support anti-tumour activity of innate immune cells
The innate immune system, as mentioned above in section 1.1.1, is required for an 
effective T cell response. A so far under-appreciated effect is the potential of the 
innate (and consequently adaptive) immune system to respond to recall triggers. 
Recent research has pointed to the benefits of triggering innate immune cells through 
PAMPs or danger-associated molecular patterns (DAMPs). Moreover, dietary fibres 
can protect against diseases such as colorectal cancer(44), and promote human health. 
In general,certain PAMPs, such as β-glucans(45), provide innate immune cells with a 
primitive memory due to epigenetic and metabolic reprogramming. A process that has 
been described as trained innate immunity. This innate immune memory enhances 
responses to secondary infections in an antigen-independent manner.

Immunomodulatory β-glucans support the maintenance of an alert immune system. 
For example, it has already been demonstrated that β-glucan particles are detected 
3 days after intake in splenic and lymph node macrophages, and 4 days after intake 
in bone marrow macrophages, which suggests migration of intestinal immune cells 
following exposure to β-glucans(46). In addition to these findings, mice treated with 
and injection of β-glucan demonstrated an expansion of the frequency of hematopoietic 
stem and progenitor cells in the bone marrow and an increase of myelopoiesis(47). 
The production of innate immune cells with a trained phenotype can be regulated 
when starting with progenitor cells from bone marrow(47). It was found that these 
trained myeloid cells changed the TME allowing immune cells to effectively combat 
the cancerous cells(48). These trained immune cells are well able to become suitably 
programmed due to epigenetic rewiring of these cells(49). In fact, the induction of 
trained innate immunity led to favourable adaptations in myelopoiesis, such as the 
expansion of hematopoietic stem and progenitor cells (HSPCs)(50). A similar occurrence 
of epigenetically modified innate immune cells could be exploited to give rise to innate 
immune cells migrating to the tumour and support the tumour-killing ability of T cells. 
I would argue that such modulation of the innate immune system shifts the TME to 
a more anti-tumour phenotype, which could be exploited for immune therapeutic 
purposes.

1
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1.2.3. Dietary fibres affect the gut microbiome
Gut microbiota is composed of different bacterial species that provide essential health 
benefits to its host, such as maintenance of hormonal and metabolic homeostasis, and 
as mentioned above, immune homeostasis. Colonization of the gut by bacterial species 
in early life shapes innate immunity, and maturation of innate immunity in turn creates 
a selective pressure for gut microbes. The gut microbiota support innate immune 
response against pathogens present in the gut and epithelial mucosal surfaces via a 
collection of orchestrated strategies, such as inflammasome activation, antimicrobial 
peptide secretion and production of cytokines(51). Next to antigens, microbiota 
derived PAMPs provide additional and necessary stimuli to evoke an effective 
immune response. Microbiota-derived danger signals bind to intestinal APCs via 
PRRs, such as the receptors mentioned in section 1.2.1. Once microbes have breached 
the intestinal tract mucosa, they are generally recognized by TLRs or other PRRs, 
which supports activation of the immune responses(52). Interestingly, the absence 
of the microbiome leads to reduced myeloid cell development in the bone marrow, 
which in turn results in delayed clearance of bacterial infections(53). An imbalance 
in the gut microbial communities is called dysbiosis(54). Dysbiosis is associated with 
many diseases, including inflammatory bowel disease, obesity, type 2 diabetes and 
also cancer. An example of a good type of bacterium that is associated with health 
benefits is Bifidobacterium, and dietary fibres are able to induce a strong bifidogenic 
effect(55). In fact, growing evidence supports the importance of gut microbiota in the 
control of tumour growth and response to therapy. For example, there are specific gut 
commensals that are overabundant in breast cancer patients compared with healthy 
individuals and which negatively impact breast cancer prognosis. Interestingly, these 
gut commensals are modulated by chemotherapy(56). Furthermore, specific bacterial 
strains were found to be associated with both delayed tumour growth and optimal 
responses to immunotherapy (i.e., antibodies against immune checkpoints in patients 
studies to treat melanoma)(57, 58). Finally, metabolites produced by the gut bacterium 
Megasphaera massiliensis improved outcomes of T cell therapies that targeted solid 
tumours in mice(59). In addition, hormone levels and ethnicity are examples of so-
called host-factors, whereas family environment and pets are examples of so-called 
external factors, which both influence the gastrointestinal tract microbiome(60).

The end-products of fermentation of dietary fibres by anaerobic intestinal microbiota 
are short-chain fatty acids (SCFA). A diet that contains high amount of dietary fibres, 
results in increased levels of SCFA(61). SCFA actually represent the main metabolites 
produced in the colon by bacterial fermentation of dietary fibres and resistant starch. 
These SCFAs are absorbed by the epithelium and promote the integrity of the epithelial 
barrier function. Moreover, a balanced diet that is rich in fibres has proven effects 
on microbiomes that educate and promote the maturation of the immune system(62). 
A balanced diet rich in fibre causes a homeostatic balance at the mucosa and allows 
for regulated interactions between epithelia and microbiomes(63). In example, a 
mechanism by Trompette and colleagues was unravelled by which the intake of dietary 
fibre led to changes in gut microbiota and increased the circulating levels of SCFAs. 
These seems to drive bone marrow haematopoiesis and impair the capacity of DCs to 
instigate Th2 cell–mediated allergic airway inflammation(64). In addition, the SCFAs 
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propionate and butyrate directly modulate DC function(65) and butyrate induces 
differentiation of macrophages towards a phenotype with a potent antimicrobial 
function(66). Besides the indirect effect on immune cells via the gut microflora, dietary 
fibres also have the potential to ligate directly to certain innate immune cells, resulting 
in the expression of particular genes and secretion of chemokines and cytokines, again 
supporting an effective anti-tumour T cell response(67) (see also next sections).

The gut-associated lymphoid tissue (GALT) that is a dynamic tissue that is formed 
through consistent challenges from the microbiota. The GALT makes use of several 
defence mechanisms, of which the first layer of defence is the gut mucous layer that 
is constructed by intestinal epithelial cells to segregate gut microbiota from host 
immune cells. The second layer of defence is the epithelial barrier(68). This consists 
mainly of enterocytes, but also of goblet cells that produce mucus and Paneth cells 
that secrete anti-microbial peptides. The microbiome plays a major role in driving 
changes in mucus and interactions of microbes in the mucus layer in creating an 
environment that drives microbial community selection as well as physical properties 
of the mucus layer(69). Innate immunity represents the second layer of defence. This 
layer includes phagocytosis by neutrophils, macrophages and DCs to engulf pathogens 
after recognition via PRRs. The third layer of defence includes the adaptive immunity. 
This layer comprises CD4+ T helper and CD8+ effector cells that provide memory 
after the infection has successfully been defeated. In addition, serum monomeric IgA 
initiates the third line of immune defence and are generated by plasma cells in the 
lamina propria(70). In the presence of commensals and the absence of inflammation, 
the balance between effector and regulatory immune cell populations provides gut 
homeostasis.

Both cancer cells and microbes rely on fuel for their survival and replication. In 
fact, when there is excess energy and nutrients, the growth of both cancer cells and 
microbial cells is affected by enhanced production of growth-enhancing mediators/
metabolites. However, modulating the microbiome can lead to enhanced efficacy 
of immune-modulating drugs. For example, a high-fibre diet resulted in increased 
production of butyrate that significantly induced apoptosis of lymphoma cells(71). In 
another example, oral administration of an dietary fibre called inulin to mice increased 
relative abundances of key commensal microorganisms and their SCFA metabolites, 
which resulted in induction of systemic memory-T-cell responses and enhanced 
therapeutic effect of the checkpoint inhibitor anti-PD-1(72).

1.3 Dietary fibres to support adoptive T cell therapy
Therapies that aim at enhancing the patient’s own anti-tumour immune responses are 
rapidly gaining ground. One example of such therapies is adoptive T cell therapy, in 
which T cells are obtained from patients, gene-engineered in specialized laboratories 
for Advanced Therapy Medicinal Products (ATMP) to make these T cells tumour-
specific, expanded in vitro in the same specialized laboratories, and ultimately 
transferred back to patients. Gene engineering of T cells is generally applied to generate 
chimeric antigen receptor (CAR) or T-cell receptors (TCRs) T cells. In both therapeutic 
approaches T cells are endowed with antigen specificity by introducing a TCR or CAR 

1

PriscillaDeGraaff_binnenwerk_proefdruk.indd   15PriscillaDeGraaff_binnenwerk_proefdruk.indd   15 15-02-2023   20:1415-02-2023   20:14



16

Chapter 1

into primary T cells. In case of the CAR The CAR transgene is a synthetic chimeric 
receptor, whereas the TCR transgene is derived from a native TCR(73). TCRα and β 
genes can be used as “off the shelf” reagents to confer tumour reactivity to patients 
whose tumour expresses the appropriate antigen and HLA restriction element. TCR 
T cells have demonstrated clinical benefit in cancer patients with multiple myeloma, 
metastatic melanoma and metastatic synovial sarcoma with response rates varying 
between 55% and 80% (reviewed in(74)). Despite the outperformance when compared to 
standard of care treatments, adoptive T cells therapy is currently challenged by a large 
fraction of patients (particularly when treating solid tumours) with no or nondurable 
clinical response.

As stated above, the TME is known to suppress the trafficking and activation of intra-
tumoral T cells, including those that are delivered via adoptive T cell therapy. Major 
immune suppressive cell types include TAMs and MDSC. In fact, depletion of MDSC 
by chemotherapeutic agents enhanced anti-tumour responses when combined with 
adoptive T cell therapy and dendritic cell vaccination(75, 76). Moreover, low-dose 
irradiation has been reported to increase T-cell recruitment by inducing M1-phenotype 
macrophage differentiation(77). Lastly, and important to this thesis, β-glucans were 
able to differentiate MDSC into mature myeloid cells, which is expected to relieve T 
cell suppression and boost anti-tumour responses(78).

1.4 Research questions
This thesis focuses on the question to what extent and by which mechanisms NDPs, 
particularly β-glucans, interact with and provoke responses of macrophages. 
Although β-glucans have reported immunomodulatory effects, their effects towards 
programmability of immune-suppressive macrophages is still largely unknown.

To define the exact (sub)questions for this thesis, it is critical to be aware of the described 
effects on immune functions in healthy subjects and cancer patients, as well as cancer-
bearing mouse models when treated with orally administered β-glucans (see Chapter 
2). For instance, are there β-glucans that result in better control of tumour growth and 
create a shift in the TME toward a T cell-sensitive environment? In addition, are there 
physicochemical properties of β-glucans (see section 1.2.1) that affect the ability to 
induce trained immunity in monocyte-derived macrophages and/or the phenotype of 
suppressive human macrophages (Chapter 3)? Further building on our in vitro studies, 
are β-glucans able to repolarize suppressive M2 macrophages or patient-derived TAMs 
toward a M1-like phenotype (Chapter 4)? Moving to our in vivo studies, can β-glucans, 
when used as adjuvants in combination with adoptive T cell therapy, contribute to 
overcoming the immune suppression by myeloid cells within the TME (Chapter 5)? And 
in line of the previous question, does administration of β-glucans shift the composition 
of the gut microbiota and contribute towards the effectiveness of adoptive T cell therapy 
(Chapter 5)?
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1.5 Study design and methodology
To address the research questions from 1.4, we have investigated 9 different β-glucans, 
derived from various sources, and prior to our studies have analysed and registered their 
physicochemical properties and endotoxin content. First, we have studied the in vitro 
effect on human peripheral blood monocytes that were differentiated to macrophages 
to determine whether β-glucans induce trained immunity in

these macrophages. Next, these macrophages were further polarized to immune-
suppressive M2-like macrophages to test whether β-glucans are able to repolarize 
suppressive macrophages into immune-potentiating macrophages; in these 
experiments, we also took along TAMs derived from patient melanomas. Finally, we 
have evaluated the effect of orally administered β-glucans in an immune competent 
melanoma mouse model. Figure 2 provides an overview of our design and methodology 
of the research conducted within this thesis and lists the chapters regarding details 
regarding models and techniques.

1
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Figure 2. Schematic overview of study design. Nine different β-glucans, each derived from differ-
ent sources and different in structure and molecular weight, were selected according to reported 
immunomodulating properties (II). 
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The physicochemical properties of all β-glucans were analysed, including solubility 
and protein content. By means of a trained immunity protocol adapted to emulate oral 
intake (optimized in this thesis), we investigated the ability of β-glucans to develop 
trained immunity in monocyte-derived macrophages (III). Human monocyte-derived 
macrophages were differentiated in suppressive macrophages that resemble TAMs and 
were analysed for phenotypical and functional changes upon exposure to β-glucans. In 
parallel, the effect of β-glucans was also investigated using melanoma derived TAMs 
from cancer patients (IV). The data from IV enabled us to select our top 3 β-glucans 
regarding immunomodulatory properties of suppressive macrophages (IV). Lastly, the 
potential of the selected β-glucans to act as adjuvants to adoptive T cell therapy in an 
immune competent melanoma mouse model was tested (V).

1.6 Overview of chapters
Chapter 2 provides a detailed overview of timely reports regarding absorption, 
trafficking and immune stimulatory effects of β-glucans, particularly in relation to 
innate immune cells. Furthermore, I list reported effects toward well-being and immune 
functions in healthy subjects as well as cancer patients treated with orally administered 
β-glucans, supplemented with reported effects of β-glucan treatments in mouse cancer 
models.

In Chapter 3, I have reported the effects of soluble and non-soluble β-glucans, derived 
from various sources, and their ability to induce trained immunity in monocyte-derived 
human macrophages. Our results zoomed in on pattern recognition receptor usage, to 
which end we particularly analysed dectin-1-mediated activation of β-glucans.

In Chapter 4, I have assessed soluble and non-soluble β-glucans for their 
physicochemical properties as well as their ability to re-program IL-4-polarized 
suppressive macrophages. Studies have demonstrated phenotypical and functional 
changes of macrophages at the transcriptomic and protein level. Notably, differential 
protein expressions of chemo-attractants were confirmed when using patient-derived 
melanoma-infiltrating immune cells. In this chapter, my data also points towards 
the general relevance to conduct β-glucan research taking into account standardized 
physicochemical properties.

In Chapter 5, I orally administered β-glucans to melanoma-bearing, immune competent 
mice, that were treated with TCR-engineered T cells. Here, I studied whether orally 
administered β-glucans support TCR T cell therapy and included the tumour recurrence, 
the presence of T cells and suppressive myeloid cells in blood and tumour, as well as 
effects on the gut microbiota as read-out parameter in the analysis.

Chapter 6 summarizes the main findings of the chapters 2 to 5 and discusses how 
these findings affect the implementation of β-glucans in future immune therapeutic 
developments to treat cancer.

1
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Chapter 2

Abstract

Introduction: Adoptive T-cell treatments of solid cancers have evolved into a robust 
therapy with objective response rates surpassing those of standardized treatments. 
Unfortunately, only a limited fraction of patients shows durable responses, which is 
considered to be due to a T cell-suppressive tumour microenvironment (TME). Here we 
argue that naturally occurring β-glucans can enable reversion of such T cell suppression 
by engaging innate immune cells and enhancing numbers and function of lymphocyte 
effectors.

Areas covered: This review summarizes timely reports with respect to absorption, 
trafficking and immune stimulatory effects of β-glucans, particularly in relation to 
innate immune cells. Furthermore, we list effects toward well-being and immune 
functions in healthy subjects as well as cancer patients treated with orally administered 
β-glucans, extended with effects of β-glucan treatments in mouse cancer models.

Expert opinion: Beta-glucans, when present in food and following uptake in the 
proximal gut, stimulate immune cells present in gut-associated lymphoid tissue and 
initiate highly conserved pro-inflammatory pathways. When tested in mouse cancer 
models, β-glucans result in better control of tumour growth and shift the TME toward 
a T cell-sensitive environment. Along these lines, we advocate that intake of β-glucans 
provides an accessible and immune-potentiating adjuvant when combined with 
adoptive T-cell treatments of cancer.
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Consumption of β-glucans to spice up T cell treatment of tumors

Adoptive T cell therapy: a short introduction

Adoptive T cell therapy is a well-tested and promising approach to treat cancer and relies 
on the infusion of autologous tumour-specific T cells(1). Besides the use of non-modified 
T cells, such as tumour-infiltrating lymphocytes (TILs) or peripheral T cell clones, one 
can also use T cells that are gene-engineered to express chimeric antigen receptors 
(CARs) or T cell receptors (TCRs). These CAR and TCR-engineered T cells recognize a 
chosen tumour antigen, and are redirected to selectively destroy cells expressing this 
antigen. While the use of CARs has shown impressive results in B cell leukaemia’s with 
response rates up to 94% (reviewed in(2)), which culminated in the recent FDA approval 
of Kymriah(3) and Yescarta(4), their current use in the treatment of solid tumours is 
lagging behind these successes in haematological tumours. TCR-engineered T cells 
have demonstrated clinical benefit in patients with multiple myeloma, metastatic 
melanoma and metastatic synovial sarcoma with response rates varying between 55 
and 80% (reviewed in(5)). Notwithstanding these clinical results, particularly when 
treating solid tumours, AT is generally marked by a large fraction of patients with 
no or non-durable clinical responses. This suboptimal success coincides with limited 
accumulation and activation of T cells within tumours and poor persistence of these 
cells in the periphery(6, 7). To keep the positive momentum of AT and increase the 
durability of responses, local immune suppressive mechanisms need to be antagonized 
to ensure sufficient numbers and function of therapeutic T cells at the tumour site.

Tumour microenvironment and suppressive innate immune cells
The tumour microenvironment (TME) provides the tumour’s architecture and 
nourishment, and consists of fibroblasts, endothelial cells and immune cells, and 
their products such as extracellular matrix components (EMC), cytokines and other 
mediators. There are several distinct immune cell types that actively contribute to an 
immunosuppressive TME, including (but not limited to) myeloid-derived suppressor 
cells (MDSCs), tumour-associated macrophages (TAMs), tumour associated neutrophils 
(TANs), immature dendritic cells (imDCs) and regulatory T cells (Tregs). The TME 
counteracts the tumouricidal function of activated immune effector cells, such as CD8 
T cells and Natural Killer (NK) cells, through various mechanisms, which are described 
in some detail below with emphasis on monocytic and granulocytic cell types that have 
been reported to be most responsive to β-glucans (see section 2). 

MDSCs: these cells constitute a heterogeneous population of immature myeloid cells 
that arise from the bone marrow(8). The expression of indoleamine 2,3-dioxygenase 
(IDO) by tumour cells is associated with MDSC infiltration(9). MDSCs are generally 
divided into two major subsets: polymorphonuclear MDSC (PMN-MDSC) and monocytic 
MDSC (M-MDSC) that are morphologically and phenotypically similar to neutrophils 
and monocytes, respectively. Within the TME, M-MDSCs are the most prominent subset 
of MDSCs and can differentiate into TAMs (see below)(8). MDSCs have the ability to 
disrupt mechanisms of immune control, such as antigen presentation by dendritic cells 
(DCs), natural killer (NK) cell cytotoxicity, and T cell activation(10). 

2
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For example, MDSCs have been reported to negatively regulate T cell responses by the 
production of galectin 9, a ligand for T cell immunoglobulin mucin-3 (Tim-3), the latter 
being an immune checkpoint that upon activation diminishes CD8 T cell responses(11). 
Other examples by which MDSCs hamper T cell proliferation and effector functions 
include production of arginase-1, IDO and inducible nitric oxide synthase 2 (iNOS2)(12, 
13). In particular, arginase-1 and IDO activity deplete local arginine and tryptophan, 
which promotes Treg development thereby blocking cytotoxic T cell function(11). 
Interestingly, the frequency of MDSCs is correlated with disease progression in patients 
suffering from melanoma(14), non-small lung cancer (NSCLC)(15), breast cancer(16) and 
colorectal carcinoma(17), and was demonstrated to be inversely correlated with the 
presence of functional antigen-specific T cells in patients with advanced melanoma(18).

TAMs: these cells constitute a population of myeloid cells that arise from tissue-resident 
macrophages of either embryonic or monocytic origin following their recruitment 
into the tumour tissue(19). Tissue-resident macrophages or peripheral monocytes are 
recruited through colony-stimulating factor 1 (CSF-1), vascular endothelial growth 
factor (VEGF) and chemokines such as CCL2 and CCL5 produced by tumour and stromal 
cells(8, 20). TAMs represent a dominant myeloid cell population in many solid tumours 
and can display characteristics of both tumour-suppressive M1 as well as tumour-
promoting M2 macrophages(21). M1-like TAMs are induced by the T helper 1 (Th1)-
type cytokine IFN-γ and the production of IL-12 and IL-23 by M1-like TAMs promotes 
or amplifies polarization of T cell towards a T helper 1 (Th1) phenotype(22). However, 
tumours usually harbour TAMs with a M2-like phenotype, which can be locally induced 
by T helper 2 (Th2)-type cytokines, such as IL-4, IL-13 and IL-10(23). TAMs regulate 
tumour angiogenesis, metastasis, and immune suppression via different mechanisms. 
For example, TAMs acquire a more pro-angiogenic phenotype as a result from hypoxia, 
and become responsive towards cytokines, such as IL-10 and transforming growth 
factor (TGF-β), glucorticoids and immunoglobulin complexes(24). Finally, M2-like TAMs 
suppress anti-tumour T cell responses through increased expression of PD-L1 and 
enhanced production of TGF-β and prostaglandin E2 (PGE2)(20). In fact, TAMs take part 
in the progression of, for example, epithelial ovarian cancer with the frequency of TAMs 
being highest in high grade compared to low grade cancer tissues(25). Moreover, the 
infiltration of TAMs has been shown to negatively associate with prognostic outcomes 
in several types of tumour such as lymphoma(26).

TANs: these cells constitute a population of granulocytic cells that arise from peripheral 
neutrophils and PMN-MDSC(27). Neutrophils are recruited to the tumour site via 
locally produced molecules such as CXCL8, CXCL5, CXCL6, and hydrogen peroxide. 
Two distinct subpopulations of TANs are described, either having immune suppressive 
(N2) or immune stimulatory (N1) functions(28), with type I IFNs representing important 
inducers of N1 TANs and TGF-β of N2 TANs(29). TANs with an N1-like phenotype 
show increased tumour cytotoxicity, expression of intercellular adhesion molecule 1 
(ICAM1) and tumour necrosis factor alpha (TNF-α)(29), whereas TANs with an N2-like 
phenotype promote angiogenesis through the secretion of matrix metallopeptidase 
9 (MMP-9), oncostatin M, CXCL8 and BV8/prokineticin-2(30). Interestingly, TANs can 
acquire APC-like functions and can stimulate intertumoral effector T cells, yet TANs 
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were demonstrated to lose APC-like properties in later stages of tumour progression in 
patients with NSCLC. TANs are able to suppress T cell function via release of arginase-1 
and iNOS (reviewed in (31)). In addition, infiltrated TANs were investigated in gastric 
cancer patients and were found to express high levels of PD-L1, which was associated 
with disease progression. This PD-L1 expression was induced by tumour-derived 
granulocyte-macrophage colony-stimulating factor (GM-CSF) and actively contributed 
to T cell suppression(32). 

2
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Reversing immune suppressive innate immune cells
As already outlined above, IFNs as well as pro-inflammatory cytokines can counteract 
suppressive innate immune cells, and are considered critical to obtain effective anti-
tumour T cell responses. Interferons (IFNs) represent a large group of cytokines, 
typically divided among type I (generally IFN-α,β) II (IFN-γ) and III (IFN-l)(33). Pro-
inflammatory cytokines, excreted from inflammation-promoting immune cells, such 
as macrophages and helper T cells, include interleukins-1 (IL-1), 6, 8, 12, 18, 21, GM-
CSF, and TNF-α. Production of type I IFNs and pro-inflammatory cytokines generally 
occurs downstream of pattern recognition receptors (PRRs) following their ligation 
by pathogen or danger-associated molecular patterns (PAMPs or DAMPs). Type I IFNs 
inhibit the activity of MDSCs, resulting in the conversion of TAMs towards a more 
M1-like phenotype and promote activation, cross-presentation, and secretion of co-
stimulatory molecules by DCs(34). Also, type I IFNs can reverse N2-like TANs to those 
with enhanced production of TNF-α and anti-tumour activity (35). It is noteworthy 
that during early stages of tumour development, a subset of DCs, expressing the basic 
leucine zipper transcription factor ATF-like 3 (Batf3) and the surface markers CD103 and 
CD8a, secrete IFN-β upon encounter with tumour cells(36). This DC subset is specialized 
in priming and cross-presentation of antigens to CD8+ T cells, often contributing to 
a highly effective anti-tumour response(37). In fact, the absence of gene signatures 
including type I IFNs and chemokines is associated with loss of accumulation and 
activation of intratumoural CD8+ T cells(38). 

Anti-inflammatory cytokines such as TGF-β and IL-10, often produced by tumour 
cells and tumour-infiltrating immune cells, are involved in the impairment of DCs 
and suppression of effector T cells. Delivery of pro-inflammatory cytokines can shift 
the phenotypes of suppressive cell populations within the tumour. For example, IL-21 
effectively converses TAMs into a more M1-like phenotype(39), which renders tumour 
cells more susceptible for AT. Also, administration of high doses of IL-12 leads to 
enhanced anti-tumour activity of NK cells in an B16 murine melanoma model (40). 
Moreover, IL-12 was found to alter MDSCs and reprogram them to immune-stimulating 
myeloid cells(41). Lastly, N2-like TANs were shown to re-express CCL3 and TNF-α 
following their inhibition, which led to enhanced attraction of innate (monocytes and 
granulocytes) as well as effector immune cells to the tumour site(29). 
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Beta-glucans stimulate innate immune cells

Dietary fibres have been widely studied for their favourable effects on general health 
and well-being. Most studies have focussed on non-starch poly- and oligosaccharides(42, 
43) and demonstrated beneficial effects in a diversity of diseases, such as Alzheimer, 
diabetes, inflammatory bowel disease, and cardiovascular disease(44-46). 

Non-starch polysaccharides, particularly β-glucans have been demonstrated to become 
directly exposed to and potentiate innate immune cells in the small intestine through 
direct exposure to cells(47) or, alternatively, reduce unwanted colonic inflammation 
following microbiota-mediated fermentation into short-chain fatty acid(48, 49). These 
fatty acids could function as bioactive compounds and exert a beneficial action on 
specific intestinal bacteria linked to anti-inflammatory effects. Such immune effects 
may precede effects on general health (discussed in more detail in section 3). Notably, 
humans have always encountered β-glucans either as part of their diet or as pathogens 
since β-glucans are cell wall components that are abundantly found in plants, yeast, 
fungi, and bacteria. These bioactive β-glucans consist of D-glucose monomers linked 
through β-glycosidic bonds with a β-(1→3) configuration and β-(1→6) or β- (1→4) 
linkages(50). In Table 1, we have listed β-glucans that are most commonly used in 
studies of immune modulation, and in Figure 1 we have schematically exemplified the 
structural characteristics and variation in branching, which are considered critical 
towards the biological activities of β-glucans. 

Immune modulation mediated by β-glucans requires: 1) intestinal uptake; 2) trafficking 
through the body; and 3) activation of immune cells at distant lymphoid organs. These 
different steps and necessary cellular interactions are shown in Figure 2. Below we 
have described these individual steps in more detail.

2
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Figure 1. Glucans and their chemical structures. Examples and configurations of β-glucans 
derived from bacteria, fungi, yeast and cereal.

Figure 2. Uptake, trafficking and immune activation of β-glucans. Beta-glucans enter the prox-
imal small intestine, via intestinal epithelial cells or M cells in Peyer’s patches, cohere they are 
captured by CXCR3 macrophages or CD103 DCs. Exposure to β-glucans induces these cells to 
migrate via the bloodstream to the bone marrow or via the lymph system to mesenteric or more 
distant lymph nodes. (a) Beta-glucans bind to innate immune cells via PPRs generally resulting in 
signalling through conserved pathways, and yielding cellular activation. (b) Within bone marrow, 
degradation products of large β-glucans bind to CR3 on neutrophils resulting in their activation. (c) 
Within lymphoid organs, DCs and macrophages produce a variety of type-I IFNs and pro-inflam-
matory cytokines, ultimately culminating in enhanced differentiation of effector lymphocytes. 
Abbreviations: AP-1: Activator protein 1; CR3: Complement receptor 3; CXCR3: CXC chemokine 
receptor 3; DC: Dendritic cell; IFN-I: Type I interferons; IFN-γ: Interferon gamma; IL: Interleukin; 
LacCer: Lactosylceramide; MØ: Macrophage; NFAT: Nuclear factor of activated T-cells; NF-kB: 
Nuclear Factor Kappa Bèta; TNF-α: Tumour necrosis factor alpha; TLR: Toll-like receptor. 
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β-glucan sampling from the gut and its bio-distribution to lymphoid organs
Orally administered β-glucans arrive in an undigested form in the intestine as humans 
lack hydrolysing enzymes. In the intestine, β-glucans are likely captured by intestinal 
epithelial cells (IECs), mucosal M cells, and/or subsets of CXCR3+ macrophages or 
CD103+ DCs (reviewed by Batbayer and colleagues (51)). To elucidate the exact route 
of uptake, Rice and colleagues fluorescently labelled and orally administered soluble 
β-glucans (scleroglucan, glucan phosphate and laminarin) to mice(52). This study 
demonstrated that the first step in β-glucan uptake is its internalization by IECs and/
or M cells in Peyer’s patches. Uptake by IECs appeared to be independent of dectin-1 (a 
PRR that binds β-glucans, see below), whereas uptake by gut-associated lymphoid tissue 
(GALT) resulted in increased expression of dectin-1 as well as toll-like receptor 2 (TLR2), 
suggesting that these two receptors contribute to the uptake of β-glucans by M cells. 
Interestingly, uptake of β-glucans was accompanied by an increase in systemic IL-6 
and IL-12 levels, but not IL-2, IFN-γ, or TNF-α(52). In extension to this finding, there are 
multiple reports pointing out that β-glucans result in up-regulated expression of pro-
inflammatory cytokines and other mediators, most likely derived from macrophages 
and DCs (see Table 2).
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In another study of β-glucan uptake, Hong and colleagues orally administered 
fluorescently labelled barley and yeast WGP to mice(47). In this study, β-glucan 
particles were detected 3 days after intake in splenic and lymph node macrophages, 
and 4 days after intake in bone marrow macrophages, which suggests migration of 
intestinal immune cells following exposure to β-glucans. Once captured, macrophages 
can breakdown β-glucans and secrete soluble fractions of β-glucans that bind and 
prime complement receptor 3 (CR3) present on macrophages and granulocytes. 
Fragmented and/or soluble β-glucans, however, might not unequivocally bind nor 
stimulate the same receptors as full length β-glucans. In fact, small β-glucan particles 
with a backbone length below seven glucose units cannot bind to dectin-1(53), and 
soluble β-glucans cannot initiate clustering of dectin-1 in immunological synapses, 
and consequently cannot activate this receptor(54). Another study employing oral 
administration of soluble β-glucans demonstrated the presence of significant serum 
levels of β-glucans after 14 days of administration, albeit a small fraction of the total 
amount of administered β-glucan (55). This, in addition to the intestinal uptake and 
migration via innate immune cells, constitutes another route of β-glucan trafficking 
throughout the body in addition to the intestinal uptake and migration in β-glucan-
activated innate immune cells. Collectively, the above studies argue that β-glucans, 
once having passed the intestinal epithelium, reach distant lymphoid organs via blood 
or lymph via two non-mutually exclusive routes either making use of subsets of innate 
immune cells or cell-free transport.

β-glucan receptors
When β-glucans reach distant lymphoid structures, or solid tumours for that matter, 
they activate innate immune cells via ligation of β-glucan-specific PRRs. PPRs consist 
of two classes of intracellular receptors: RIG-I-like receptors and NOD-like receptors; 
as well as two classes of plasma membrane receptors: TLRs and C-type lectin-like 
receptors. Dectin-1 is one of the best characterized PRRs with respect to β-glucan 
binding which belongs to the class of C-type lectin-like receptors and is reported to bind 
to zymosan, scleroglucan, schizophyllan, lentinan, curdlan and whole glucan particles 
(WGP)(53, 54, 56-59). Dectin-1 is found on the surfaces of monocytes, macrophages, 
neutrophils, DCs, and T cells(60). Studies using synthetic β-glucans revealed that 
binding to dectin-1 requires a configuration only consisting of β-(1→3) as β-glucans 
derived from barley with a mixed configuration consisting of β-(1→3, 1→4) are not 
recognized by dectin-1(61). Besides dectin-1 several other PPRs were demonstrated to 
bind β-glucans. In example, lactosylceramide receptor (LacCer), scavenger receptor, 
mannose receptor and CR3 were reported to bind extracts from Pneumocystis carinii, 
glucan phosphate, baker’s yeast β-glucan, laminarin and zymosan(62-65). Several 
studies reported collaborative signalling of dectin-1 in combination with TLRs(66). 
In fact, dectin-1 was suggested to collaborate with TLR2 in its binding of curdlan and 
zymosan(67, 68). Expression patterns of these PRRs are not limited to immune cells, but 
also include epithelial cells, which suggests IECs can respond to β-glucan intake. It is 
noteworthy that β-glucan receptors are not limited to the binding of single β-glucans; 
and vice versa β-glucans are not limited to single receptors, making this ligand:receptor 
system highly redundant. 
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PRRs have evolved prior to other immune receptors and, when ligated by β-glucans, 
mediate signaling through highly conserved intracellular signaling pathways. These 
pathways consist of the activation of transcription factors, such as nuclear factor kappa-
light-chain-enhancer (NF-κB) of activated B cells and interferon regulatory factors 
(IRFs), which results in production of type I IFNs and pro-inflammatory cytokines. 
For instance, a type I IFN gene signature was promoted in human DCs that were 
stimulated with WGP and curdlan(69) as well as in human and murine macrophage 
cell lines stimulated with a β-glucan derived from A. pullulan(70). More specifically, the 
intracellular receptors NOD1 and NOD2 can interact with the inflammasome NLRP3, 
which then leads to production of IL-1 cytokines(71). Interestingly, NLRP3 was shown 
to be essential for curdlan-induced IL-1β secretion in human macrophages, which 
depended on both dectin-1 and spleen tyrosine kinase (SYK) signalling(72). Ligation 
of dectin-1 and CD14 also triggers activation of the transcription factor nuclear factor 
of activated T-cells in macrophages and DCs (reviewed in(73)), often upstream of the 
production of pro-inflammatory cytokines. Other examples of β-glucans binding to 
PRRs and initiating the activation of transcription factors, include a β-glucan isolated 
from G. lucidum, which was reported to ligate TLR4, activate NF-κB, c-Jun N-terminal 
kinase (JNK) and extracellular-signal-regulated kinase (ERK), and result in expression 
of co-stimulatory receptors and production of pro-inflammatory cytokines by DC. 
These β-glucan-matured DCs proved to be efficient T cell activators in an allogeneic 
in vitro setting(74). Similarly, curdlan was shown to ligate dectin-1, signal through 
SYK, ERK, JNK, NF-κB and activator protein 1 (AP-1), and increase the production of 
TNF-α, IL-6 and IL-8, but not immunoglobulins by B cells(75). Also, the high molecular 
weight β-(1→3), (1→6)-glucan from baker’s yeast (PGG) was demonstrated to ligate the 
lactosylceramide receptor, activate NF-κB, and induce an oxidative burst in human 
neutrophils(76).

In extension to the above reports, other studies investigated whether β-glucan could 
revert phenotypes of immune suppressive innate immune cells. Along these lines, 
WGP was shown to inhibit M-MDSC activity by promoting the differentiation of this 
population into a more mature population through dectin-1 ligation and the activation 
of the major transcription pathway NF-κB(77). In addition, zymosan and curdlan 
enabled conversion of immune-suppressive TAMs into M1-like TAMs with a potent 
T cell-stimulating activity ((78) and de Graaff et al., manuscript in preparation). For 
neutrophils is has been described that WGP primes these cells in a CR3-dependent 
manner. Complement activation within the tumour, which occurs when antibodies bind 
to tumour-associated antigens (TAA), leads to iC3b deposition and triggers phagocyte 
killing of iC3b-opsonized tumour cells by WGP-primed neutrophils(79).

2
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Immune effects of β-glucans in healthy humans and cancer 
patients

During the last decade, numbers of clinical trials have investigated health benefits of 
β-glucans. These studies were performed with healthy volunteers, athletes or elderly 
and, in some cases, assessed immunological effects (see Table 3). Notably, β-glucans 
have also been tested as an oral adjuvant to cancer patients receiving standard of care 
therapy. These latter studies mostly focussed on β-glucans’ ability to reduce adverse 
effects of standard therapies and improve quality of life (see Table 4). 

 β-glucans to improve well-being and immune activity in healthy subjects
The effects of β-glucans derived from S. cerevisiae, L. edodus, P. ostreatus, S. uvarum, 
A. sativa, Agrobacterium spp. and H. vulgare in healthy subjects have been tested in 15 
different clinical studies from 2006 onwards. Importantly, no toxic or adverse effects 
were observed after oral administration of different doses of these β-glucans. Despite 
inconsistencies between studies regarding design, β-glucan dose (i.e. 50 mg to 10g/day), 
duration of intervention (i.e. 4 to 90 days), and analysed parameters, we have drawn 
the following general conclusions with respect to health, immunity, and microbiota. 

First, health effects have been analysed using various read-outs with two studies 
reporting on upper respiratory tract infection (URTI) symptoms, one study on cold and 
flu symptoms, and another study on flow-mediated dilation of conduit artery (a measure 
used for nitric oxide-dependent endothelial function)(80, 81, 82, 83). These studies 
revealed a beneficial effect of β-glucan intervention on the mentioned parameters. 

Second, immune effects have particularly been investigated with respect to immune 
effector cells, not innate immune cells, and included both humoral as well as cellular 
immunity. For example, a 6-week intervention with the β-glucan lentinan resulted in 
a significant increase in B cell numbers in blood(84). This increase in B cell numbers 
matches reported increases in IgA levels in saliva in three other independent studies(80, 
85, 86). As low levels of IgA associate with increased risk of URTI, the β-glucan-mediated 
increase in IgA levels might protect against URTI(87). As mentioned above, one of these 
studies indeed correlated the increase in IgA levels to a decreased frequency of cold/
flu symptoms(80). Another study reported that increased IgA levels were accompanied 
by reduced levels of C-reactive protein (CRP) in serum(86). One may speculate that 
increased IgA levels might protect against and reduce inflammatory responses, which 
may be mirrored by reduced CRP levels.

In addition to effects towards humoral immunity, most clinical trials reported on 
effects towards NK cells, CD4 and CD8 T cells. Interestingly, two studies observed that 
Immunoglucan and Agrobacterium spp. R259 resulted in increased numbers of NK cells 
in blood and enhanced activity of blood-derived NK cells(83, 88). Furthermore, another 
study reported that Immunoglucan maintained NK cell activity during a recovery 
period (following a 20-min intensive exercise at the end of the supplementation period), 
whereas NK cell activity dropped in the placebo group(89). Yeast β-glucan was also able 
to increase circulating fractions of monocytes after a period of exercise(90). Two other 
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studies described the intake of the ‘active hexose correlated compound’ (AHCC) in a 
non-exercise setting and reported increased numbers of CD11c-positive DCs(91) and 
increased numbers of IFN-γ and TNF-α producing CD4+ and CD8+ T cells in blood(92). 
Notably, the latter effect was observed until 30 days after discontinuation of β-glucan 
intake.

Lastly, a study by Cosola and colleagues reported a decrease in p-cresyl sulfate levels in 
urine and an increase in short chain fatty acid levels in faeces upon oral administration 
of a β-glucan derived from H. vulgare, suggesting a saccharolytic shift in gut microbiota 
metabolism(82). Zitvogel and colleagues demonstrated a dominance of distinct 
commensal species in patients who showed a clinical response towards PD-1 checkpoint 
inhibitors, making the observed effect of β-glucans on the microbiome highly relevant 
in the context of T cell therapies(93).

In general, these studies reported increased frequencies, but not activity, of various 
immune cell types which suggests enhanced immune-mediated alertness towards 
protrusion of homeostasis. 

2
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β-glucans as adjuvants to anti-cancer therapy
β-glucans have been applied to cancer patients receiving standard treatments, such 
as chemotherapy, radiotherapy, monoclonal antibody or hormonal therapy. Of the 11 
studies that have been performed so far, 10 studies have properly documented the 
name and origin of the β-glucan; in 6 studies cancer patients received S. cerevisiae 
(yeast) and in 4 studies patients received L. edodes (shiitake) (included in Table 4). In 
general terms, the use of β-glucans demonstrated a reduction of adverse effects of 
chemotherapy such as oral mucositis and diarrhea and an improvement of quality of 
life(94-97). These effects appeared not related to a specific type of cancer or β glucan per 
se as observations included patients with colorectal, gynaecological or breast cancer 
who received chemotherapy and were administered L. edodes, S. cerevisiae or A. blazei.

Numbers of studies report changes in immunological parameters. For instance, a study 
by Albeituni and colleagues reported on administration of WGP in NSCLC patients 
which resulted in decreased frequencies of MDSCs in blood (Table 4)(98). Oral ingestion 
of Lentinus edodes mycelia extract (LEM) in patients with gastrointestinal cancer was 
accompanied by an increased frequency and activity of NK cells in blood(99). The 
binding of lentinan, the β-glucan found in Lentinus edodes and in LEM, to CD14+ 
monocytes appeared to correlate with an improved quality of life as observed in patients 
with colorectal cancer(97). Furthermore, an increase in total leukocyte count was found 
in patients with prostate adenocarcinoma who received carboxymethyl-glucan(100), 
and an increase in monocyte count was observed in breast cancer patients who received 
Imuneks β-glucan(101). Besides changes in frequencies of immune cells, Imuneks also 
resulted in decreased levels of IL-4 and increased levels of IL-12 in serum from breast 
cancer patients, measured during two courses of chemotherapy(102). 

Along these lines, it is noteworthy that a phase II clinical trial is currently being 
performed in which PGG is applied as adjuvant to Pembrolizumab, a humanized mAb 
against PD-1, in patients with advanced melanoma or triple negative breast cancer(103).

Taken together, it appears that when homeostasis becomes protruded (only then), 
β-glucans are expected to support a pro-inflammatory immune response, which 
according to in vitro and in vivo studies often culminates in a Th1-type T cell response. 
Although most studies focused on quality of life rather than tumour growth, we 
anticipate that the observed immune modulatory effects of β-glucans can support anti-
tumour responses. 
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Consumption of β-glucans to spice up T cell treatment of tumors

Supportive effects of β-glucans towards adoptive T cell therapy 
in mouse tumour models 

Besides cancer patients, interventions with β-glucans have been analyzed in more detail 
for their effect on tumour growth in various mouse models. Oral administration of 
different β-glucans was tested in the following tumour models: mammary carcinoma; 
B cell lymphoma; lung carcinoma; breast adenocarcinoma; melanoma; and colon 
carcinoma, and in some of these models β-glucans were combined with chemotherapy, 
vaccination, proteins or antibody treatment; listed in detail in Table 5. 

In mouse models β-glucans have been administered in curative and preventive settings. 
In one study, a direct comparison between a curative and preventive setting has 
been performed using a model of BALB/c mice with subcutaneous inoculated CT26 
colon-carcinoma cells(104). In this model, addition of LEM did not result in reduced 
growth of an already established tumour, but addition of this extract 1 week prior to 
tumour inoculation did significantly reduce tumour growth. In most studies, β-glucan 
interventions delayed both the onset of tumour growth(105) as well as the progression 
of already established tumours (all studies monitored tumour growth, except for one 
study that looked at cecum weight in colon carcinoma(106), and another study that 
looked at melanoma mass(107)). Notably, two studies documented in their materials 
and methods two transplanted cell lines but only reported the immune effects towards 
one of these cell line(108, 109).

Various mice studies also investigated the effects of β-glucan intake on subsets 
of immune cells within TME, blood or other organs. There were 7 out of 16 studies 
that reported increased IFN-γ production following ex-vivo stimulation of either 
blood-derived T cells, splenocytes, cells from tumour or immune tissues, following 
uptake of β-glucans(106, 107, 108, 110, 111, 112, 113). In the study where cells from 
GALT showed increased IFN-γ production following ex-vivo stimulation, authors 
argued that administered WGP β-glucans induced IL-12 and TNF-α production by DCs 
and stimulated DC migration into the tumour, which resulted in local expansion of 
T cells(108). In another study, mice received T cells transgenic for an OVA-specific 
TCR (used as a model antigen), and demonstrated that the simultaneous addition 
of WGP resulted in an enhanced anti-tumour responses against established Lewis 
Lung Carcinoma (LLC) transfected with OVA(108). Detailed analysis revealed that 
administration of WGP significantly increased the frequency of memory T cells in 
spleens (Table 5). Furthermore, two tumour-bearing mice models (lung carcinoma 
and breast adenocarcinoma) revealed that WGP administration led to conversion of 
M-MDSC to immune-potentiating APCs (CD11c+ DC)(98), similar as observed in the 
human setting(98). In these studies(98), APCs were shown to cross-present antigen 
and to prime CD8 T cells directed to OVA. Li and colleagues tested whether orally 
administered WGP to mice with established lung carcinoma and lymphoma would 
directly affect APCs(108), and observed significantly increased numbers of tumour-
infiltrating DCs and macrophages upon WGP treatment. Moreover, expression of the 
co-stimulatory molecules CD80, CD86 and MHC class II was significantly upregulated by 
CD8α+ CD11c+ DCs in spleens that had captured apoptotic tumour cells in mice treated 
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with WGP. These findings were linked to a stronger local expansion of antigen-specific 
CD4+ and CD8+ T cells, and likewise enhanced IFN-γ production by TILs. Despite these 
immunological analyses, it remains unclear how WGP affects the migration of DCs into 
the tumour tissue, and authors speculated that particulate WGP may in fact mobilize 
DC precursors from the bone marrow.

Ishikawa and colleagues investigated the effects of β-glucan on age-associated 
attenuation of immune competence, which paradoxically results from age-associated 
inflammation. Aged individuals demonstrated increased IL-6 and TNF-α levels in serum 
and early accumulation of MDSCs into tumour sites. The latter appeared to relate to the 
increased IL-6 levels which inhibited Th1 responses and increased numbers of MDSC. 
In this study an oral intervention with LEM retarded tumour growth of CT26 colon 
carcinoma in aged mice, which correlated with reduced IL-6 serum levels. Authors 
also demonstrated that neutralizing serum TNFα suppressed the induction of anti-
tumour T cells, whereas neutralizing serum IL-6 augmented the induction of these 
cells. Collectively, these results suggest that LEM intervention specifically modulates 
the inflammatory immune responses from an anti-tumour effect towards a Th1-type 
T cell response (104). 
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Conclusion

There is an exponential growth in the number of AT studies for the treatment of 
different tumours. Despite clinical successes, there is however still a large number of 
patients that does not show durable response, which has been attributed in large part to 
T cell evasive mechanisms of tumours. To re-establish anti-tumour T cell responses, it 
is necessary to reverse immune-suppressive immune populations such as MDSCs, TAMs 
and TANs, that have co-evolved with tumours and helped sculpting an immune tolerant 
micro-environment, into more immune-potentiating APCs via induced expression of 
pro-inflammatory cytokines and type I IFNs. In this review, we argue that β-glucan 
fibres, acting as PAMPS or DAMPs and found in cell walls of cereals, plants, fungi 
and bacteria, activate innate immune cells, which can result in an immunologically 
favourable conversion of the TME, and sensitize tumours for enhanced T cell entry 
and activity. Along this hypothesis we have provided a comprehensive overview of the 
immune modulatory capacity of orally applied β-glucans in healthy humans and cancer 
patients and have delineated how these capacities can be exploited to support the safety 
and efficacy of AT. First, β-glucans reduce chemotherapy-related adverse effects and 
enhance quality of life. Second, β-glucans enhance blood frequencies and activities of 
APCs, such as monocytes and neutrophils, as well as effector lymphocytes, such as NK 
cells, which is mostly accompanied by reduced frequencies of MDSCs. In extension to 
these findings in humans, mice studies demonstrated that β-glucans delay outgrowth of 
the tumour, which again occurs hand in hand with effects towards APCs and enhanced 
numbers and activities of NK cells and CD4+ and CD8+ T cell within tumours. It is 
noteworthy that the clinical use of β-glucans is safe, can easily be implemented at low 
additional costs, and would support self-assertiveness and self-awareness amongst 
cancer patients
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Expert opinion

Development of AT during the past decades has resulted in clinical objective response 
rates up to 80%, with complete response rates plateauing at 20%. One of the major 
current challenges of this therapy is to improve the durability of anti-tumour T 
cell responses. In the current contribution, we postulate that oral administration 
of β-glucans represents an adjuvant treatment to augment quantity and quality of 
intratumoral effector T cells, thereby supporting AT therapies. 

Beta-glucans consist of polymeric D-glucose monomers with a backbone generally 
consisting of β-(1→3) bonds, and branched via β-(1→4) or β-(1→6) links. Beta-glucans are 
stable compounds found in cell walls of plants and micro-organisms that resist passage 
through the digestive tract. Figure 2 summarizes studies, often using fluorescently 
labelled β-glucans, that investigated intestinal uptake via epithelial cells and M cells, 
triggering of local CXCR3+ macrophages and CD103+ DCs, and activating effector NK 
and T cells in more distant lymphoid organs. β-glucans trigger innate immune cells via 
binding to PRRs, such as dectin-1, initiate type I IFN and pro-inflammatory signalling 
cascades, and mediate the acquisition of T cell-recruiting and stimulating phenotypes. 

The combination treatment of β-glucans and adoptive transfer of TCR-engineered T 
cells is illustrated in Figure 3. Along the lines of data put forward in sections 2 to 4, 
we argue that β-glucans, such as WGP and LEM facilitate the change of an immune-
tolerant tumour (Figure 3A) into one that is more immune-responsive. This conversion 
may be governed by increased numbers of antigen-presenting cells and an enhanced 
inflammatory state, thereby sensitizing the tumour for T cell entrance and activation 
(Figure 3B). Next, AT clearly increases the number of tumour-specific T cells that, 
because of the preceding β-glucan effects, are easily recruited into and activated within 
the tumour, where they can take part in an effective anti-tumour response (Figure 3C).

Preclinical studies with mice and clinical studies with healthy subjects and cancer 
patients performed to date clearly indicate that β-glucans potentiate innate immune 
cells and enhance accumulation and activity of intratumoral effector immune cells. 
Curdlan for example promotes the differentiation of MDSCs into a more mature state, 
which results in a reduced suppressive function(113). In addition, orally administered 
WGP modulates DCs, leading to expansion and increased IFN-γ production of antigen-
specific CD4+ and CD8+ T cells within tumours(108). Skewing suppressive immune 
populations into APCs with enhanced production of type I IFNs and pro-inflammatory 
cytokines and chemo-attractants facilitates priming and differentiation of effector 
lymphocytes, such as NK and Th1 cells, thereby augmenting antitumor immune 
responses. Since tumours may escape recognition by CD8+ T cells via deficiencies in 
antigen processing and presentation, β-glucan-induced NK cell activity (besides effects 
towards T cells themselves) may further support AT. 

Future studies are required to reveal whether β-glucans are transported to the TME 
and affect populations such as MDSCs, TANs and TAMs directly, or whether they end up 
in tumour-draining lymph nodes, where they trigger innate immune cells and induce 
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immune cells to migrate towards the tumour site. Furthermore, it is worthwhile to assess 
whether immune-potentiating effects of β-glucans are mediated by the microbiome; 
not trivial since it has recently been demonstrated that distinct commensal bacterial 
species are related to clinical response towards PD-1 checkpoint inhibitors(93). 

It is noteworthy that clinical trials are mainly performed with dietary insoluble 
particulate β-glucans derived from yeast (S. cerevisiae) and fungi (L. edodus) that 
consist of a β-(1→3) linked backbone with β-(1→6) linked side chains. As reviewed by 
Stier and colleagues, β-glucans derived from yeast and from fungi are known for their 
immune modulating effects(61)(Table 3,4 and 5), making these β-glucans promising 
candidates to support AT. Also, in tumour mouse models, both WGP and LEM cause 
delayed tumour growth, which in some studies is accompanied by enhanced conversion 
of non-responsive TILs towards Th1 responses as well as anti-tumour T cell activity. 
When combining β-glucans with AT, this should be done in a manner which maximizes 
the persistency of CD8+ TCR T cells. To this end, when assessing the most optimal 
combination schedule, T cell numbers should be monitored in blood and tumour, 
and correlated with tumour growth as well as the immune composition of tumour 
tissues. Most studies observed stable tumour growth and ended their study after a fixed 
number of weeks; yet it is recommended to monitor immune parameters over longer 
time periods following administration of β-glucans.

One aspect that needs to be addressed to push the field forward is a lack of clear 
uniformity with respect to the annotation of these fibers as well as their source. In fact, 
currently there exists a large variation in primary chemical structures and molecular 
masses of β-glucans, which mostly depends on differences in extraction and preparation 
procedures, making comparisons between studies unnecessarily difficult. In addition, 
the relationship between configurations and bioactivity of β-glucans should be further 
studied to design or purify new β-glucans with higher bioactivities. 

In short, β-glucans have demonstrated ability and impact with regards to reversion of 
immune suppressive innate cells to more pro-inflammatory APCs. Beta-glucans can 
be considered as oral adjuvants to AT, which is substantiated further due to ease of 
implementation, high safety, low additional costs, and support of self-assertiveness and 
self-awareness among cancer patients. Thus, the use of orally applied food adjuvants, 
such as β-glucans, would constitute a novel approach to rationally enhance endogenous 
immunity and support AT in treating cancer.
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Figure 3. Beta-glucans support AT of solid tumours: proposed mechanisms of action. (a) 
Pre-treatment tumours harbour suppressive innate APCs like M2-TAMs, MDSCs and N2-TANs 
that actively suppress recruitment into the tumour and local activation of effector lymphocytes, 
such as NK cells and CD8+ T cells. (b) Oral administration of βglucans results in tumours with 
increased numbers of immune-potentiating innate immune cells, as evidenced by their production 
of type I IFNs and inflammatory cytokines. These APCs are derived from TDLN or nearby blood 
vessels, toward which they migrated following exposure to β-glucans. Alternatively, these cells are 
converted from intratumoral suppressive innate immune cells due to a heightened inflammatory 
state of the TME or β-glucans that have reached the tumour tissue. Consequently, also the number 
and activation state of effector lymphocytes within the tumour increases. (c) Oral administration 
of β-glucans followed by AT results in an enhanced pool of therapeutic T cells (harbouring a TCR 
transgene that recognizes a tumour antigen) in the bloodstream. These therapeutic T cells are 
recruited into the tumour, which has become sensitized by β-glucan treatment (as in panel B), 
and eradicate malignant cells. See text for more details. Abbreviations: APCs: antigen-presenting 
cells; AT: adoptive T cell therapy; IL: interleukin; TDLN: tumour-draining lymph node, TNF-α: 
tumour necrosis factor alpha.
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Continuous exposure to non-soluble β-glucans 
induces trained immunity in M-CSF-differentiated 
macrophages
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Abstract

Beta-glucans enable functional reprogramming of innate immune cells, a process 
defined as “trained immunity”, which results in enhanced host responsiveness against 
primary (training) and/or secondary infections (resilience). Trained immunity holds 
great promise for promoting immune responses in groups that are at risk (e.g. elderly 
and patients). In this study, we modified an existing in vitro model for trained immunity 
by actively inducing monocyte-to-macrophage differentiation using M-CSF and applying 
continuous exposure. This model reflects mucosal exposure to β-glucans and was used 
to study the training effects of a variety of soluble or non-soluble β-glucans derived from 
different sources including oat, mushrooms and yeast. In addition, trained immunity 
effects were related to pattern recognition receptor usage, to which end, we analyzed 
β-glucan-mediated Dectin-1 activation. We demonstrated that β-glucans, with different 
sources and solubilities, induced training and/or resilience effects. Notably, trained 
immunity significantly correlated with Dectin-1 receptor activation, yet Dectin-1 
receptor activation did not perform as a sole predictor for β-glucan-mediated trained 
immunity. The model, as validated in this study, adds on to the existing in vitro model 
by specifically investigating macrophage responses and can be applied to select non-
digestible dietary polysaccharides and other components for their potential to induce 
trained immunity.
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Introduction

An important feature of the adaptive immune system is the ability to develop long-
lasting memory responses. Over the past years, it has been clearly established that 
innate immune cells also retain a memory of previous challenges with the long-
recognized hypo responsiveness following lipopolysaccharide challenges (LPS 
tolerance) and, the more recent established, hyper responsiveness following β-glucan 
challenges (trained innate immunity) (1,2). These properties of innate immune cells 
have been termed ‘innate immune memory’ and are a consequence of long-term 
functional reprogramming of innate immune cells following an initial trigger(3). First 
indications for trained innate immunity in humans emerged from epidemiological 
studies on vaccine responses. In these studies, it was established that vaccination did 
not only lead to protection against a specific pathogen, but also to cross-protection 
against unrelated pathogens(4). The best described example is that of Bacillus Calmette-
Guérin (BCG) vaccination against Mycobacterium tuberculosis, reducing neonatal 
mortality due to sepsis, respiratory infection, and fever(4). Next to offering cross-
protection against pathogens, vaccination with BCG has also been shown to elicit 
anti-tumour immune effects. BCG vaccination reduced melanoma burden in adults 
but also associated with a reduced risk of developing melanomas in new-borns(5–8). 
Preclinically, the pre-treatment of mice with a fungal β-glucan resulted in diminished 
tumour growth mediated through epigenetic effects on innate effector cells, providing 
evidence for the anti-cancer effects of immune training(9). These observations suggest 
that enhanced immune responses as a result of trained innate immunity might also be 
beneficial in immunotolerant states such as cancer.

Several studies have now shown that tolerance, a counter-regulatory mechanism 
to protect against collateral tissue damage in response to inflammation, can be 
reversed by induction of trained immunity to reinstate cytokine production upon 
re-challenge(10,11). A study in healthy volunteers showed that β-glucan treatment 
resulted in enhanced responsiveness both by in vivo as well as ex vivo LPS-tolerized 
monocytes(11). Reversal of tolerance could be especially relevant for hospitalized 
elderly patients who often suffer from an attenuated immune response as a consequence 
of a previous insult, leading to increased susceptibility to secondary infections such 
as pneumonia(12). Recent data would suggest that supplementation of elderly with 
β-glucans could offer increased protection against the development of upper respiratory 
tract infections(13).

Trained innate immunity can be induced by a number of compounds containing danger-
associated molecular patterns (DAMPs) or microbe-associated molecular patterns 
(MAMPs), such as oxidized low density lipoprotein (oxLDL), raw bovine milk and 
fungal cell wall derived β-glucans (13–15). In fact, yeast β-glucans are one of the best 
characterized stimuli to induce trained innate immunity (16,17). Beta-glucans are large 
polysaccharides produced by a large variety of eukaryotic and prokaryotic organisms. 
All β-glucans share the same β-1,3-glucan backbone, however, the source and extraction 
methods determine the β-1,4 or β-1,6 branching patterns, insertions and impurities 
in the final commercial preparation(18,19). While for some β-glucans such as oat(20), 
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zymosan(21) and baker’s yeast(22) immune-modulatory activities have been described, 
for many others it is still unknown. The recognition of β-glucans by various immune 
cells is dependent on specific pattern recognition receptors (PRRs), which can initiate 
numerous downstream responses, including phagocytosis, respiratory burst, and 
secretion of cytokines and chemokines(23). Interestingly, immune cells derived from 
individuals deficient for the PRR Dectin-1 could not be trained with fungal β-glucans, 
which suggest that the C-type Lectin Dectin-1 is the primary candidate to confer innate 
immune training by β-glucans upon innate immune cells(24). Small intestinal routes 
of nutrient uptake can include capture by phagocytic immune cells through direct 
luminal sampling or the M-cell/Peyer’s patch route(25,26). For β-glucans specifically, 
capture by gut-associated lymphoid tissue (GALT)-associated immune cells and/or 
epithelial cells has been demonstrated(27). Once internalized, β-glucan containing 
immune cells can travel to the different organs of the immune system were smaller 
β-glucan fragments are released over several days to further interact with immune cells 
via complement receptor 3 (CR3) and to modulate the functional capacity of immune 
cells (28,29). These bioavailability studies were performed in mice and it remains to be 
determined whether it works similarly in humans. However, clinical efficacy data on 
β-glucan interventions and described effects on supporting innate immune functions 
would support a comparable mechanism(30).

The currently existing trained immunity model is not dedicated to investigate 
macrophage responses to continued oral exposure to β-glucans. In addition, limited 
β-glucans have been tested to provide insight into which physicochemical properties 
relate to induction of trained immunity. Therefore, we aimed to modify the current 
trained immunity model to reflect mucosal β-glucan exposure by introducing M-CSF-
differentiated macrophages as well as continued exposure to β-glucans. To this end, 
we tested a broad panel of different commercially available dietary β-glucans for their 
potency to induce training and resilience. Metabolic and secretory markers of trained 
immunity were correlated to Dectin-1 activation with the aim to determine whether 
Dectin-1 activation could be a substitute for trained immunity in determining the 
potency of β-glucans.
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Materials and Methods

Reagents
We used nine different β-glucans as previously described (31); yeast-a (Megazyme, Bray, 
Ireland), yeast-b (Immitec, Tonsberg, Norway), zymosan (InvivoGen, Toulouse, France), 
yWGP (InvivoGen) (all yeast-derived), curdlan (bacteria-derived, Alcaligenes faecaeli, 
(Megazyme)), lentinan (Lentinula edodus (31)), grifolan (Grifola frondosa (Hangzhou 
New Asia International Co., Ltd, Hangzhou, China)), schizophyllan (Schizophyllum 
commune (InvivoGen)) (all fungi-derived), and oatβG (oat-derived, (Megazyme)). Their 
characteristics, such as solubility, protein content, molecular weight distribution, 
branching and linkages, monosaccharide composition, total saccharide content (i.e. 
purity) as well as LPS/LTA contamination levels have been reported previously (31).

Isolation and culture of human monocytes
Buffy coats from healthy donors were collected after written informed consent (Sanquin, 
Nijmegen, The Netherlands). Isolation of human peripheral blood mononuclear cells 
(PBMCs) was performed by dilution of the buffy coat fractions 1:1 with sterile phosphate-
buffered saline (PBS) (Sigma Aldrich, Zwijndrecht, The Netherlands) containing 2% fetal 
bovine serum (FBS) (HyClone™ Fetal Bovine Serum, Fisher Scientific, Loughborough, 
UK) and loading onto Greiner Bio-One™ LeucoSEP™ Polypropylene Tubes that were 
pre-loaded with 15 ml Ficoll-Paque plus (GE Healthcare Life Sciences). Cells were 
centrifuged at 200xg for 5 min followed by centrifugation at 500xg for 10 min. The 
interface layer, containing PBMCs, was isolated and the cells were washed three times 
in PBS containing 2% FBS. After washing, cells were diluted in 8 ml MACS buffer (2 mM 
EDTA, 2% FBS in PBS), after which 1 ml of CD14 microbeads (Miltenyi Biotec, Leiden, 
The Netherlands) was added per buffy coat followed by an incubation step for 15 min 
at 4°C and mixing every 5 min. Cells were washed and resuspended in 0.5 ml MACS 
buffer, and monocytes were isolated using positive selection with the quadroMACS 
system and LS Columns according to the manufacturer’s protocol (Miltenyi Biotec). 
Sorted cells were frozen in FBS with 10% dimethyl sulfoxide (DMSO) (Sigma Aldrich) 
and stored in liquid nitrogen.

Training and resilience model for human monocytes
Monocytes (500,000 cells/well) were added to 24-well tissue culture (TC) plates (Corning 
Costar, New York, NY, USA) and incubated for 24 h at 37°C in RPMI 1640 – Glutamax 
– HEPES medium (Gibco, Bleiswijk, The Netherlands) supplemented with 10% FBS, 
1% MEM with non-essential amino acids (Gibco), 1% Na-pyruvate (Gibco), 1% Pen/
strep (Gibco) with or without 50 ng/ml macrophage colony-stimulating factor (M-CSF) 
(R&D systems, Minneapolis, MN, USA) in a total volume of 1 ml for 24 h at 37 ºC. Next, 
monocytes were stimulated byADDINg fresh medium, 5 µg/ml β-glucan, 10 ng/ml LPS 
(LPS derived from Escherichia coli O111:B4, Sigma Aldrich) or a combination of 5 µg/
ml β-glucan and 10 ng/ml LPS with or without 50 ng/ml M-CSF (see Figure 1). After 24 h 
of stimulation, cells were washed once with pre-warmed medium, after which culture 
medium with or without 50 ng/ml M-CSF was added for another 5 days to start monocyte 
differentiation. At day 7, macrophages were stimulated for 24 h with 10 ng/ml LPS, after 
which the supernatant was collected and stored at -20°C for further analysis (see Figure 
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1). Alternatively, during the 5 day incubation period, monocytes were exposed to 5 µg/
ml β-glucan and 50 ng/ml of M-CSF and the medium was collected and stored at -20°C 
for further analysis.

Reporter assay
The NFκB reporter cell lines HEK-Blue™Null1-v cells, HEK-Blue™-hDectin-1a and 
HEK-Blue™-hDectin-1b (InvivoGen) were cultured and maintained in high glucose 
DMEM GlutaMAX™ (Gibco) supplemented with 10% heat-inactivated FBS (Gibco). 
These reporter cell lines overexpress the Secreted Embryonic Alkaline Phosphatase 
(SEAP) reporter gene driven by an NFκB-inducible promoter. All reporter assays 
were performed according to the manufacturer’s protocol. Briefly, cell passage was 
performed by trypsinization with 0.05% trypsin-EDTA (Life Technologies) and a split 
ratio of 1:10 was used. All cell lines (passage 4-32) were seeded at 1x106 cells/ml in 100 
µl/well in a poly-D-Lysine coated 96-well microplate (Greiner bio-one, Alphen a/d Rijn, 
The Netherlands) overnight at 37ºC and 5% CO2. The following day, reporter cell lines 
were stimulated for 24 h with different concentrations of β-glucans (5, 10, 100 and 1000 
µg/ml) in a total volume of 200 µl/well, after which, cell-free volumes of 20 µl/well 
were transferred to a 96 well-plate (Corning Costar) containing 180 µl/well QUANTI-
Blue™ Solution (InvivoGen). Following a last incubation of 2 h at 37ºC and 5% CO2, 
SEAP secretion was measured spectrophotometrically at 635 nm (TECAN, Giessen, 
The Netherlands).

Cytokine production
The production of interleukin (IL)-6 and tumour necrosis factor alpha (TNF-α) in cell-
conditioned supernatants was determined by means of ELISA (BioLegend, San Diego, 
CA, USA) according to manufacturer’s protocol.

Nitric oxide production
To measure nitric oxide (NO) production, monocytes were trained for 5 days with 
β-glucans and NO was determined in supernatants on day 6 before stimulation with 
LPS using Griess reagent (Sigma-Aldrich).

Lactate release
To assess release of lactate, monocytes were again trained for 5 days with β-glucans. 
After stimulation with LPS on day 7, supernatants were collected. The lactate 
concentration in supernatant was measured using a lactate colorimetric assay kit (Bio-
connect, Huissen, The Netherlands).

Statistical analysis
All experiments were conducted with a minimum of five human donors. All data were 
analyzed using GraphPad Prism software version 5.0 (Graphad, La Jolla, CA, USA). 
Results were analyzed using a paired Student’s t-test, one-tailed Spearman’s correlation 
test or 2-way ANOVA. A P value <0.05 was considered as statistically significant. Data 
are shown as means ± standard deviation (SD).
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Results

Yeast-derived β-glucan induced training and resilience in M-CSF-differentiated 
macrophages
We investigated whether a yeast-derived WGP (yWGP), extensively studied for its 
immunomodulatory activities, a second yeast-derived β-glucan extract (yeast-b) and 
a third fungi-derived β-glucan (grifolan) induce training or resilience when applying 
the established model as depicted in Figure 1. To control macrophage differentiation, 
the established model(16) was modified by adding M-CSF at all steps and using FBS 
instead of human serum. Yeast-b and yWGP, but not grifolan, enhanced release of TNF-α 
following an LPS stimulus at day 7 in both the established and macrophage training 
models (Figures 2A, C). Beta-glucan yWGP also increased TNF-α release when compared 
to LPS-induced tolerance in the resilience protocol using either models while yeast 
provided resilience only in the adapted model and grifolan was unable to increase 
TNF-α release compared to LPS-induced tolerance in either model (Figures 2B, D).

Figure 1. Experimental set-up of the established in vitro training and resilience protocols. 
Monocytes were retrieved from cryogenic vials and allowed to settle for 24 h (I) before cells were 
stimulated with medium, 5 µg/ml β-glucan (yeast-b, yWGP, grifolan), 10 ng/ml LPS or both β-glucan 
and LPS for 24 h (II). Stimuli were removed and cells were rested for 5 days (III) and subsequently 
challenged at day 7 with 10 ng/ml LPS (IV). Supernatant was collected on day 8 to quantify TNF-α 
levels measured by means of ELISA (V).
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Figure 2. Beta-glucans induced training and increase resilience in both trained immunity 
protocols. The protocols of the in vitro training and resilience model for A-D are schematically 
depicted in figure 1 and described in the legend to Figure 1, with the adjustment that 50 ng/ml 
M-CSF was added to step I-III for C and D. Results from training (A) and induced resilience (B) 
when applying the established protocol and training (C) and induced resilience (D) when applying 
the controlled M-CSF-mediated macrophage differentiation protocol are shown in a bar graph as 
average pg/ml TNF-α ± SD of n = 5 different donors. Data was analyzed with paired Student’s t test 
and statistical significances were indicated: *P < 0.05 compared to the medium control; **P < 0.01 
compared to the medium control; #P < 0.05 compared to the LPS control.

Yeast-b induces training and resilience in M-CSF-induced macrophages following 
continuous exposure
To mimic daily intake of β-glucans, we investigated the effect of continuous exposure by 
supplementing β-glucans to day 2 until day 6 cultures without medium refreshment, as 
schematically depicted in Figure 3A. Again, at day 1 the LPS challenge was provided in 
the absence of β-glucans, as β-glucans can bind LPS, and therefore could prolong LPS 
presence in the medium(31). Similarly, as observed with single day exposure, continuous 
exposure in both the established and M-CSF modified training models enhanced release 
of TNF-α following an LPS-stimulation on day 7 (Figure 3B). Continuous exposure of 
LPS-activated cells to yeast-b enhanced the release of TNF-α following a secondary LPS 
stimulation on day 7 compared to cells receiving LPS as primary stimulus and did not 
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receive yeast-b (Figure 3C). Taken together, our macrophage model of controlled and 
M-CSF-mediated macrophage differentiation and continuous exposure to β-glucans 
can demonstrate the induction of trained immunity by yeast-b.

Figure 3. Introducing new elements to the established training and resilience protocol to gener-
ate a macrophage model system. The protocol of in vitro training and induced resilience including 
the addition of M-CSF during step I-III and a prolonged incubation (i.e., day 2 to 6 instead of day 
1) with β-glucan in the macrophage model is depicted in A. Results from training (B) and induced 
resilience (C) in presence or absence of M-CSF and prolonged presence of β-glucan are shown in 
a bar graph as average pg/ml TNF-α ± SD of n = 5 different donors. Data was analyzed with paired 
Student’s t test and statistical significances were indicated: *P < 0.05 compared to the medium 
control; **P < 0.01 compared to the medium control; #, P < 0.05 compared to the LPS control.
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Yeast and bacteria-derived β-glucans enhanced secretion of pro-inflammatory 
cytokines IL-6 and TNF-α in training and resilience protocols with M-CSF-induced 
macrophages
With our macrophage model of M-CSF addition and continuous exposure to β-glucans, 
we next evaluated a range of different soluble and insoluble β-glucans derived from 
different sources for their effect on training and resilience. Next to yeast-b, yWGP and 
grifolan, we tested yeast-a, zymosan, curdlan, lentinan, oatβG and schizophyllan. All 
were previously characterized for their physicochemical composition and LPS/LTA 
contamination levels(32).

Upon employing the training protocol, supplementation with yeast-b, zymosan, 
curdlan, yWGP or yeast-a, all β-glucans increased TNF-α and IL-6 release compared 
to medium control, while lentinan, grifolan, oatβG and schizophyllan showed no 
additional TNF-α or IL-6 release (Figures 4A, B). OatβG even showed a reduction in 
TNF-α release compared to medium control. In cultures receiving a primary trigger 
with LPS (i.e., resilience protocol), supplementation with yeast-b, zymosan and yWGP 
increased TNF-α release following a secondary LPS triggering compared to the LPS 
control (Figure 4C). The observed effect was less strong for IL-6, with only yeast-b and 
lentinan showing a significantly increased release of IL-6 compared to the LPS control 
(Figure 4D). Supplementation with curdlan also increased TNF-α and IL-6 releases, 
however, these releases did not reach statistical significance.
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Figure 4. Yeast-b, zymosan, curdlan, yWGP and yeast-a induced training and/or resilience in 
the macrophages model with continuous exposure. Monocytes were treated as depicted in figure 
3a. Monocytes were exposed to medium from days 1 to 6, or trained with 5 µg/ml β-glucans from 
days 2 to 6, before testing the training effect by challenging them with 10 ng/ml LPS at day 7 for 
24 h (A, B). Alternatively, to test induced resilience, monocytes were challenged with LPS at day 
1, from days 2 to day 6 cells were cultured in medium or with 5 µg/ml β-glucans and challenged 
with 10 ng/ml LPS at day 7 for 24 h (C, D). Supernatants of conditioned media were collected and 
TNF-α (A, C) and IL6 (B, D) measured by ELISA. Results are shown in a bar graph as average pg/
ml cytokine ± SD of n = 6 different donors. Data was analyzed with paired Student’s t test and 
statistical significances were indicated: *P < 0.05 compared to the no β-glucan (medium) control; 
**P < 0.01 compared to the medium control; ***P < 0.01 compared to the medium control; #P < 
0.05 compared to the LPS control.
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Beta-glucans from variable sources activated Dectin-1a and -1b receptor isoforms 
in a concentration-dependent manner
Dectin-1 is a primary receptor for β-glucans to exert their immunomodulatory activity. 
To identify whether the β-glucans that were tested in this study can also signal via this 
receptor, the activation of both Dectin-1 isoforms (i.e., 1a and 1b) was measured. HEK-
Blue Dectin-1 reporter cells and their controls were stimulated with 5, 10, 100 and 1000 
µg/ml of β-glucans for 24 h and their activation measured as described in the materials 
and methods. Both Dectin-1a (Figure 5A) and Dectin-1b (Figure 5B) transfected cells, 
but not the non-transfected control cell line Null-1V (Supplementary Figure 1), showed 
activation following β-glucan supplementation. When using a high dose of 100 and 
1000 µg/ml, all β-glucans, except oatβG and yeast-a, showed concentration-dependent 
activation of both Dectin-1a and Dectin-1b. Of note, schizophyllan appeared to lower 
the activation of both Dectin-isoforms when applying the highest dose. At a dose of 5 
and 10 µg/ml, the differences between β-glucan preparations became more noticeable 
revealing yeast-b, zymosan, yWGP, schizophyllan and yeast-b as the most potent 
inducers of Dectin-1a and Dectin-1b activation.
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Figure 5. Activation of Dectin-1a and b isoforms by yeast-b, zymosan, curdlan, yWGP, lentinan, 
schizophyllan and yeast-a. HEK- BlueTM - Dectin-1a (A) and HEK- BlueTM - Dectin-1b (B) were 
stimulated with 5, 10, 100 and 1000 µg/ml of β-glucans. After 24 h of stimulation, the secretion of 
SEAP was quantified in cell-free supernatants. Results of SEAP activity analysis are shown in a 
bar graph as average values ± SD of absorbance at 635 nm from n = 3 independent experiments.
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Dectin-1b activation by β-glucans correlated with lactate and TNF-α secretion 
following training of macrophages
To study the functional consequence of β-glucan-induced immune training of 
macrophages in more detail, we investigated the release of nitric oxide (NO) and lactate. 
In both experimental protocols (training / resilience) NO release was assessed before 
the LPS challenge at day 7 while lactate release was measured 24 h after challenge with 
LPS at day 7. Nitric oxide secretion was non-significantly increased in macrophages 
supplemented with curdlan, and significantly reduced in macrophages supplemented 
with grifolan, schizophyllan, lentinan, yeast-a or yeast-b, when compared to medium 
only (Figure 6A). In cultures receiving a primary trigger with LPS on day 1, yeast-a 
significantly increased NO secretion when compared to medium following a secondary 
LPS challenge on day 7 (Figure 6B). Macrophages supplemented with yWGP, zymosan 
or yeast-b resulted in an increased concentration of lactate in their medium when 
compared to medium treated macrophages (Figure 6C). Macrophages receiving an 
LPS-challenge on day 1 followed by supplementation with β-glucans demonstrated 
no significant change in lactate secretion when compared to medium following a 
secondary LPS challenge on day 7 (Figure 6D).

Finally, we tested whether Dectin-1 activation correlated with above mentioned 
macrophage functions (Supplementary Table 1). In the training protocol, correlations 
found between secreted molecules and Dectin-1b were more significant rather than 
with Dectin-1a activation. Notably, TNF-α release, but not IL-6, was found to correlate 
with Dectin-1b across all β-glucan concentrations (Figure 7A, Supplementary Table 
1). Nitric oxide release and Dectin-1 activation showed no correlation. Lactate release 
correlated with Dectin-1b activation for β-glucan concentrations of 5, 10 and 1000 
µg/ml (Figure 7B, Supplementary Table 1). In the resilience protocol correlations 
between macrophage functions and Dectin-1 activation was far less evident. Only a 
few correlations were found at the highest β-glucan concentrations for both Dectin-1 
isoforms. At a dose of 1000 µg/ml Dectin-1a and Dectin-1b activation correlated with 
NO and/or IL-6, and at a dose of 100 µg/ml Dectin-1a activation correlated with lactate 
release. Of interest, solubility, which is considered a defining feature in non-digestible 
polysaccharide functionality(33), significantly correlated with TNF-α in both protocols 
(Figures 7C, D). In addition, solubility of β-glucans also significantly correlated with 
IL-6 in both protocols (data not shown).
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Figure 6. The induction of training and resilience in macrophages by various β-glucans affects 
NO and lactate secretion. Human monocytes were trained (A, C) and resilience was induced (B, 
D) as described in the legend to figure 3. Nitric oxide (A, B) was determined before challenging 
the macrophages with LPS at day 7 and lactate (C, D) release was determined after day 7 of LPS 
challenge. NO and lactate levels were determined in the supernatant and shown as percentages 
relative to non-treated macrophages (medium is set at 100%). Results are shown in bar graphs as 
average ± SD of n = 3-5 different donors. Data was analyzed with paired Student’s t test and statis-
tical significances were indicated: *P < 0.05 compared to the no β-glucan (medium) control; **P < 
0.01 compared to the medium control.
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Figure 7. Dectin-1b activation and solubility of β-glucans correlate with macrophage functions 
following training or induced resilience. Scatterplots displaying SEAP release upon exposure of 
5 µg/ml β-glucans to HEK- BlueTM - Dectin-1b cells and TNF-α (A) or lactate (B) release following 
training of macrophages. Correlation coefficients of Dectin-1b activation with macrophage se-
cretion of TNF-α and lactate upon exposure of 5, 10, 100 and 1000 µg/ml β-glucans are displayed 
in Supplementary Table 1. Correlations between β-glucan solubility and TNF-α release following 
training (C) or resilience (D) testing in macrophages. Solubility of β-glucans was measured previ-
ously by de Graaff and colleagues (31): oatβG (100%), curdlan (<13%), grifolan (49%), schizophyllan 
(63%), lentinan (39%), yWGP (<13%), zymosan (<13%), yeast-a (<13%) and yeast-b (<13%).
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Discussion

There is increasing evidence that β-glucans from different sources can modulate local 
and systemic immune responses. Data of our study clearly underline that β-glucans 
possess the ability to induce trained immunity and resilience of the innate immune 
system. However, several knowledge gaps remain regarding their mechanisms of action 
and structure-activity relationships. For instance, in human clinical studies it is not 
clear whether β-glucans can also be sufficiently absorbed from the intestinal tract, as 
Leentjes and colleagues found hardly detectable serum concentrations of β-glucan in 
blood(34). In addition, Lehne and colleagues found low concentrations of serum β-1,3 
glucan without detection of systemic absorption following oral administration(35).

In contrast, preclinical studies have shown that orally ingested β-glucans can be 
absorbed in the gut(27, 28), in particular by macrophages, rather than monocytes, that 
are present in the proximal small intestine and are subsequently transported to distant 
lymph nodes, bone marrow and spleen(28). The existing immune training model relies 
on human serum with unknown and variable levels of monocyte-differentiation factors 
to induce macrophages from monocytes. To remove this variability, we opted to use 
M-CSF at a concentration known to yield macrophages(36). Our findings indicate that 
both models show similar induction of both innate immune training and resilience as 
measured by the increased release of TNF-α and IL-6 following supplementation with 
β-glucan. A limitation of the current models is that both serum and M-CSF-differentiated 
monocyte-derived macrophages may not fully mimic the function of intestinal tissue 
resident macrophages (TRMs), that will probably ligate, engulf and fragment orally 
ingested β-glucans after intake. Tissue-derived macrophages originating from different 
sources were demonstrated to share over 90% similarity in their genetic repertoire with 
only limited phenotypic differences, suggesting that the tissue micro-environment 
plays an important role in directing macrophage functionality(37–40). To improve 
the predictive value of the current immune cell models, future studies should focus 
on enhancing environmental mimicry through, for instance, the combination with 
intestinal organoids.

We next considered the exposure strategy for the therapeutic or preventive 
supplementation of β-glucans to support host immunity by replacing the single intake 
approach with daily intake. So, we made another change to the established model by 
providing continuous exposure instead of a single exposure. Measuring the effect of 
β-glucan supplementation in both models revealed that both the established model 
as well as the macrophage model led to enhanced training as well as resilience. 
Collectively, our macrophage model reflects mucosal exposure to β-glucans via the 
oral route and can be used to screen β-glucans for their training and resilience effects 
in a similar fashion as the established model.

In our validated macrophage model, multiple β-glucans from a variety of sources, with 
reported purity and solubility, were screened for induction of training or resilience. 
Results are in line with literature in that none of the soluble β-glucans, not even the 
high molecular weight fraction of such β-glucans, induced TNF-α or IL-6 production 
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in either human monocytes or monocyte-derived macrophages(33). In contrast with 
our findings, Pan and colleagues showed that oat-derived β-glucan induces trained 
immunity through metabolic reprogramming(20). The oat-derived β-glucan used in 
our studies was highly soluble and induced neither immune training, resilience nor 
Dectin-1 activation. A likely explanation for this discrepancy could be a difference in 
the preparation of the tested oat-derived β-glucans, with the preparation used in the 
study by Pan and colleagues potentially containing an insoluble component. Another 
explanation could be the difference in cell origins as Pan and colleagues employed a 
monocytic cell line and mouse bone-marrow derived monocytes. Since PPR interaction 
by β-glucans are critical for innate immune training, differential PRR expression 
between human primary cells versus mouse immune cells, or human cell lines for 
that matter, may further underlie the different findings between the two studies. In 
fact, mouse and human Dectin-1 do not similarly mediate β-glucan recognition nor 
activation(41) and while primary monocytes and macrophages constitutively express 
Dectin-1, the human THP-1 cell line needs to be activated to do so(42,43). In addition to 
analyse secretion of IL-6 and TNF-α, we also assessed the induction of NO and lactate 
secretion. Training of monocytes was shown to induce a shift in the metabolism from 
oxidative phosphorylation toward aerobic glycolysis(44) with lactate being a marker for 
glycolysis(10,16). Using our macrophage model, we validated the metabolic shift towards 
increased glycolysis by showing increased lactate release, associated with increased 
cytokine production. In contrast, the release of NO was not altered as a result of training 
or resilience induction by β-glucans. This was also in line with previous findings(16,45).

To the best of our knowledge, we demonstrated for the first time that human Dectin-1b 
activation by β-glucans was significantly and positively correlated with TNF-α secretion 
and lactate production following training of macrophages. In accordance with these 
results, previous studies demonstrated that maturation of monocytes was accompanied 
by enhanced expression of the Dectin-1b isoform, whereas isoform 1a expression tended 
to decline during maturation(46). Moreover, differentiation of monocytes with M-CSF 
also increased expression of Dectin-1b isoform that mainly conveys signals through the 
Syk/cPLA2 route(47). In the present study, particulate β-glucans demonstrated strong 
and significant activation of Dectin-1a as well as Dectin-1b receptors, also observed 
for some soluble β-glucan at high concentrations. It is noteworthy that insolubility 
overall strongly correlated to TNF-α release in both training and resilience assays. 
Goodridge and colleagues demonstrated that soluble β-glucans could reduce particulate 
β-glucan activity(33). They reported that, despite efficient binding to Dectin-1, soluble 
β-glucans are incapable of activating this receptor, and their presence might explain 
the lower Dectin-1 activation as we observed for schizophyllan specifically at a high 
concentration. Furthermore, these authors showed that immobilization of soluble 
β-glucans allows for Dectin-1 activation potentially due to the formation of a phagocytic 
synapse. However, the paper by Goodridge and colleagues does not indicate whether 
they investigated Dectin-1a or Dectin-1b. Although the differences between Dectin-1a 
and Dectin-1b function remains an understudied aspect of Dectin-1 function, literature 
would suggest that ligand binding might be different between Dectin-1a and Dectin-
1b isoforms(48). Moreover, both isoforms are differently susceptible to neutrophil 
elastase cleavage which could impact the immune response towards pathogens(49). 
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This could indicate that Dectin-1a or Dectin-1b usage might offer a means to regulate 
cellular responses towards β-glucan. Our own findings suggest that soluble β-glucans 
are capable of inducing Dectin-1 receptor clustering on HEK cells when applied at 
high enough concentrations. This, together with the observed correlations between 
Dectin-1b activation and macrophage functions, argues that Dectin-1b-expressing HEK 
cells may represent a pre-screening tool to assess the ability of compounds to train 
macrophages. In addition to Dectin-1, the CR3 receptor has also been demonstrated 
to be necessary to induce training by β-glucans(24). In fact, blocking of Dectin-1 or 
CR3 inhibited the priming of monocytes by β-glucans(23). Therefore, extending the 
mentioned pre-screening with a cell line to also identify CR3 activation is considered 
a valuable addition.

Finally, we would like to state that our model is limited to assess direct effects on 
macrophages, while the translation to the human in vivo situation will be more 
complex. Data have shown that the Dectin-1 receptor is essential for the distribution 
of β-glucans by macrophages through the body(50). After ingestion, β-glucans are slowly 
degraded and smaller β-glucan fragments are systemically released to be recognized by 
and activate CR3 present on various innate immune cells(24,50). Together these lead to 
increased responsiveness of the innate immune response upon secondary challenges. 
It is still a matter of debate whether primary activation of Dectin-1 is necessary and 
whether β-glucan binding and uptake is sufficient for the in vivo effect of β-glucans. 
Findings presented in this study and reports on in vitro data clearly indicate a role for 
β-glucan solubility in the induction of immune innate training. Although blocking of 
CR3 was shown to only partially prevent induction of immune training (24), future 
studies should aim to investigate the activation of CR3 or other PRRs by β-glucan 
fragments to provide additional proof whether or not Dectin-1-mediated uptake of 
β-glucans is sufficient to induce immune training. Importantly, β-glucans were shown 
to reduce tumour onset, growth and progression in murine models(51). However, 
β-glucans from different molecular sizes, soluble/insoluble ratios and branching 
patterns may have significantly variable bioavailability and immune potency, and 
consequently variable anti-tumour effects. Therefore, the applied model for β-glucan 
selection must fit and represent the intended in vivo activity to accurately investigate 
clinical effects of β-glucans.

In conclusion, firstly this study presents a new macrophage-based in vitro model that 
reflects mucosal immunomodulation by β-glucans. We have shown that indigestible 
β-glucans induce training and/or resilience in macrophages leading to an increase in 
cytokine production and glycolysis. Furthermore, soluble and particulate β-glucans 
demonstrated different effects on Dectin-1 activation, which might be an additional 
explanation for the difference in trained innate immunity effects of soluble and 
particulate β-glucans as previously found by others.

Secondly, our data suggest that both insolubility and Dectin-1b activation predict 
whether β-glucans contain the capacity to induce training or resilience. Therefore, 
physicochemical analysis as well as Dectin-1b ligation could be considered a proxy for 
induction of training or resilience in macrophages, which in turn yield a simplified 
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model to identify dietary ingredients with macrophage training properties. A simplified 
model to screen dietary fibres, beyond β-glucans, for their potential to induce immune 
training would benefit manufacturers who would aim to include immune-potentiating 
ingredients in their products.
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Supplementary data

Supplementary Figure 1. Beta-glucans do not activate the parental cell-line Null1-v that lacks 
both dectin-1 isoforms. The parental cell line Null1-v cells were stimulated with 5, 10, 100 or 
1000 µg/mL of β-glucans. After 24h stimulation, the secretion of SEAP was quantified in cell-free 
supernatants. Results of SEAP activity analysis are shown in a bar graph as average values ± SD 
of absorbance at 635 nm from n = 3 independent experiments.
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Supplementary Table 1. Correlation of dectin-1a or -1b activation with macrophage secretion 
of TNF-α, IL-6, lactate or NO.
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Curdlan, zymosan and a yeast-derived β-glucan 
reshape tumour-associated macrophages into 
producers of inflammatory chemo-attractants
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Abstract

Anti-cancer T cell responses are often halted due to the immune suppressive micro-
environment, in part related to tumour-associated macrophages. In the current study, 
we assessed indigestible ß-glucans (oatβG, curdlan, grifolan, schizophyllan, lentinan, 
yeast whole glucan particles (yWGP), zymosan and two additional yeast-derived 
β-glucans a and b) for their physicochemical properties as well as their effects on the 
plasticity of human monocyte-derived macrophages that were polarized with IL-4 to 
immune-suppressive macrophages. Beta-glucans were LPS/LTA free, and tested for 
solubility, molecular masses, protein and monosaccharide contents. Curdlan, yeast-b 
and zymosan re-polarized M(IL-4) macrophages towards an M1-like phenotype, 
in particular showing enhanced gene expression of CCR7, ICAM-1 and CD80, and 
secretion of TNF-α and IL-6. Notably, differential gene expression, pathway analysis 
as well as protein expressions demonstrated that M(IL-4) macrophages treated with 
curdlan, yeast-b or zymosan demonstrated enhanced production of chemo-attractants, 
such as CCL3, CCL4, and CXCL8, which contribute to recruitment of monocytes and 
neutrophils. The secretion of chemo-attractants was confirmed when using patient-
derived melanoma-infiltrating immune cells. Taken together, the bacterial-derived 
curdlan as well as the yeast-derived β-glucans yeast-b and zymosan have the unique 
ability to preferentially skew macrophages towards a chemo-attractant-producing 
phenotype that may aid in anti-cancer immune responses.
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Introduction

The efficacy of anti-tumour immune therapies is challenged by the immune-suppressive 
micro-environment. In fact, novel strategies are being developed to specifically target 
suppressive immune cells in tumours(1). Examples of such immune-suppressive cell 
populations include tumour-associated neutrophils, regulatory T cells, myeloid derived 
suppressor cells (MDSCs) and tumour-associated macrophages (TAMs)(2). In fact, TAMs 
are an abundant immune cell population in many types of solid tumours, such as those 
derived from breast, ovarian, bladder and skin and can be subdivided into macrophages 
that either promote or suppress immune activation(3, 4). Macrophages can acquire a 
continuum of phenotypes and functions that is generally captured by two hallmark 
phenotypes termed classically activated macrophages or M1 and alternatively activated 
macrophages or M2(5). Interestingly, T helper type 1 (Th1) cells produce anti-tumoral 
IFN-γ that gives rise to M1 macrophages(6), whereas Th2 cells or regulatory T cells 
(Tregs) secrete pro-tumoral cytokines, such as IL-4 and IL-10(7), that give rise to M2 
macrophages or TAMs. TAMs are predominantly present at later stages of tumour 
progression, and closely resemble M2 macrophages. These cells often interact with CD8 
T cells at tumour margins and prevent CD8 T cells to migrate and invade the tumour(8). 
In addition, TAMs may result in enhanced expression of programmed cell death ligand 
1 (PD-L1), PD-L2, CD80 and CD86 by tumour cells, which upon interaction with cognate 
receptors can dampen CD8 T cell responses(9, 10). Following recognition of their roles 
in immune evasion, TAMs are now considered potential targets for cancer therapeutic 
approaches(11). Currently, major anti-TAM treatments used in cancer patients generally 
target macrophage recruitment through CSF1R inhibitors or anti-CLL2 neutralizing 
antibodies or target macrophage reprogramming through PI3Kγ inhibitors(12).

Beta-glucans comprise a class of indigestible polysaccharides that have been reported 
to support anti-tumour effect (2). For example, adjuvant use of β-glucans in treating 
hepatocellular carcinoma, gastric cancer and colorectal cancer with chemo- or 
radiotherapy increased 5-year survival up to 15% and reduces recurrence by as much 
as 43%(13-15). Moreover, it has been demonstrated that orally administered yeast-
derived β-glucan supports the anti-tumour activity of adoptively transferred T cells 
and re-directs MDSC into an M1-like phenotype thereby facilitating recruitment of 
dendritic cells and macrophages towards tumours(16, 17). The immunomodulatory 
activity of β-glucans is considered to be mediated via their recognition by pattern 
recognition receptors (PRRs) of which many are expressed by macrophages, such as 
dectin-1, lactosylceramide receptor (LacCer), scavenger receptor, mannose receptor 
and complement receptor 3 (CR3) (2). A single PRR may recognize several types of 
β-glucans, and alternatively, a single β-glucan can be bound by several receptors. For 
instance, dectin-1 binds the β-glucans curdlan, zymosan, scleroglucan, lentinan, WGP 
and schizophyllan(2), whereas curdlan and zymosan are bound by dectin-1 as well 
as TLR2(2) The differential (and cumulative) signalling from PRRs that are ligated by 
a β-glucan will ultimately determine the downstream cellular responses, which is 
nicely illustrated by Noss and colleagues, who exposed whole blood to a large variety 
of β-glucans and demonstrated unique profiles of cytokine production(18).

4
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Receptor binding of β-glucans in general, and therefore the immunomodulatory 
activity of β-glucans, depends heavily on their physicochemical structure(19). Beta-
glucans consist of β-1,3-linked glucose units with either β-1,4 or β-1,6 branching, the 
exact structure being related to its source. For example, curdlan, a bacterium derived 
β-glucan is linear, non-branched and consists of only β-1,3-linked glucose units. OatβG, 
a cereal β-glucan, is linear, non-branched and consists of β-1,4-linked glucose units 
connected to each other by β-1,3 linkages, while beta-glucans derived from yeast or 
fungi are non-linear and consist of β-1,3-linked glucose units with β-1,6-linked glucose 
branches that vary in length or contain branch-to-branch structures(20, 21).

Over the last decades many immune therapy trials have been conducted in 
melanoma, and objective response rates ranged from approximately 15% for cytokine 
administrations to up to 50% for adoptive transfer of expanded tumour-infiltrating 
lymphocytes. Despite these successes, only a minor fraction of patients (i.e., 5-20%) 
demonstrates durable clinical responses(22), which, given their high abundance in 
the microenvironments of melanoma(23), may be related to TAMs. In this study, we 
investigated nine β-glucans from various sources for their physicochemical properties, 
an aspect that is underappreciated in many studies, as well as their impact towards 
the phenotype and function of in vitro IL-4-polarized or patient melanoma-derived 
macrophages using biochemical tests, gene expression and pathway analysis as well as 
protein expression assays. Our study showed that stimulation with β-glucans derived 
from Alcaligenes faecalis (i.e., curdlan) or yeast (i.e., yeast-b and zymosan) skew TAMs to 
a more pro-inflammatory phenotype, characterized by a unique and significant gene 
expression and secretion of chemo-attractants.

PriscillaDeGraaff_binnenwerk_proefdruk.indd   100PriscillaDeGraaff_binnenwerk_proefdruk.indd   100 15-02-2023   20:1415-02-2023   20:14



101

Beta-glucans reshape tumour-associated macrophages 

Materials and Methods

Beta-glucan preparations
We used an oat-derived β-glucan termed oatβG (Megazyme, Bray, Ireland), a bacteria-
derived (Alcaligenes faecaeli) β-glucan termed curdlan (Megazyme), three fungi-derived 
β-glucans termed grifolan (grifola frondosa (Hangzhou New Asia International Co., Ltd, 
Hangzhou, China)), schizophyllan (schizophyllum commune (Invivogen, Toulouse, 
France)) and lentinan (lentinula edodus (24)), and four yeast-derived (saccharomyces 
cerevisiae) β-glucans termed yeast whole glucan particle (yWGP (Invivogen)), zymosan 
(Invivogen), yeast-a (Megazyme), and yeast-b (Immitec, Tonsberg, Norway). All nine 
β-glucans were available as dry powder. Stock solutions were made of 1 mg/ml dry 
powder suspended in RPMI 1640 (Gibco, Life Technologies, Bleiswijk, The Netherlands) 
with 10% fetal bovine serum (FBS; Gibco) and 1% penicillin and streptomycin (Sigma-
Aldrich, Zwijndrecht, The Netherlands). OatβG was boiled in distilled water for 10 min 
before processing, lentinan was stirred O/N at 37°C and zymosan was stirred for 2h at 
37°C before these preparations were tested.

Presence and removal of LPS and LTA from β-glucan preparations
HEK-Blue hTLR2 and hTLR4 (Invivogen) cells were used to detect and quantify presence 
of lipopolysaccharides (LPS) or lipoteichoic acid (LTA) in β-glucan preparations. HEK 
cells were cultured in T75 flasks in DMEM with 10% FBS and 1% antibiotics. LPS/LTA 
assays were performed as described elsewhere(25). In short, HEK cells were exposed 
to 0.001-1000 EU/ml LPS (E. coli 0111:B4, Sigma-Aldrich), 1-25 µg/ml LTA (Staphylococcus 
Aureus, Sigma-Aldrich) or β-glucans at a final concentration of 500 µg/ml for 24h. 
Secreted embryonic alkaline phosphatase (SEAP), a surrogate marker for LPS/LTA, was 
quantified by mixing 20 µl of supernatant with 180 µl of Quanti-Blue™ in a flat bottom 
96-well plate. The plate was incubated for 2h at 37°C and absorption was determined 
by spectrophotometry at 655 nm (TECAN, Giessen, The Netherlands). In addition, LPS 
was also quantified by the EndoZyme® test kit (Hyglos GmbH, Bernried am Starnberger 
See, Germany); spike controls were taken alongside for all β-glucan preparations. Beta-
glucans that were contaminated with LPS (>0.002 ng/ml), LTA (>1 µg/ml) or both were 
treated as previously described(25). In brief, β-glucan preparations were treated with 
alkaline-ethanol at 56°C for 5h and were lyophilized following neutralization with HCl. 
Finally, absolute ethanol was added and samples were stored O/N at 4°C. Molecular mass 
distribution was analyzed before and after LPS/LTA removals using HPSEC. Beta-glucan 
preparations were recovered by centrifugation for 20 min at 3,320g and washed three 
times with 60% ethanol prior to their use.

Molar mass, solubility, protein and saccharide content of ß-glucan preparations
Beta-glucan preparations were exposed to high pressure size exclusion chromatography 
(HPSEC) analysis to determine molar masses and solubility. In short, preparations 
were suspended in water (10 mg/ml) and heated to 80°C for 10 min. Samples were 
centrifuged (10 min, RT, 18,000g) and supernatants were analyzed using an Ultimate 
3000 HPLC (Dionex, Sunnyvale, CA, USA) equipped with a Shodex RI-101 refractive 
index detector (Showa Denko, Tokyo, Japan). For separations, three TSK-Gel columns 
(Tosoh Bioscience, Tokyo, Japan) connected in series (4000-3000-2500 SuperAW; 150 x 6 

4
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mm) were preceded by a TSK Super AW-L guard column (35x4.6mm). Ten µl of samples 
was injected and eluted with 0.2 M NaNO3 at 55°C at a flow rate of 0.6 ml/min. Pullulan 
molecular-mass standards from 0.2 to 780 kDa (Polymer Laboratories, Palo Alto, CA, 
USA) were used for calibration. Solubility of β-glucan preparations is assessed according 
to areas under the HPSEC curves in comparison to oatβG, which has a solubility of 
100%. HPSEC is based on the soluble part of β-glucans, while cellular experiments 
are based on the soluble plus insoluble parts of β-glucans. Beta-glucan preparations 
were also tested for protein and monosaccharide content. The protein content was 
determined on a FlashEA 1112 Nitrogen and Protein Analyser (Interscience, Breda, The 
Netherlands) using the combustion method (Dumas) according to the instructions of 
the manufacturer. The samples (5-10 mg) were weighted into sample cups and directly 
measured in duplicate. Methionine (Sigma-Aldrich) was used as standard and cellulose 
(Sigma-Aldrich) as negative control. The protein content was calculated using 6.25 as 
nitrogen to protein conversion factor. To determine the monosaccharide composition 
preparations were hydrolysed with 1 M sulphuric acid at 100°C for 3h; only in case of 
oatβG a pre-hydrolysis step was included with 72% (w/w) sulphuric acid at 30°C for 
1h. The monosaccharides released were derivatized to alditol acetates and analysed 
by gas chromatography using inositol as an internal standard(26). The absence of 
uronic acid (UA) was determined with the colorimetric m-hydroxydiphenyl assay(27) 
using an autoanalyser (Skalar, Breda, The Netherlands) as described before(28). The 
β-glucans treated for endotoxin removal (Supplementary Table 1) were also analyzed 
for molar mass (supplementary Figure 1) and protein content prior to this treatment 
(Supplementary Table 1).

In vitro polarization and β-glucan treatment of macrophages
Human monocytes were isolated from peripheral blood mononuclear cells (PBMCs) of 
healthy donors (Sanquin, Nijmegen, The Netherlands) using the quadroMACS system 
and CD14 microbeads according to the manufacturer’s protocol (Miltenyi Biotec, Leiden, 
The Netherlands). Monocytes were differentiated into macrophages following 7 days of 
culture starting at 106 cells/2 ml/well of 24-well plate in RPMI 1640-Glutamax (Gibco) 
supplemented with 6% human serum (Sanquin, Amsterdam, The Netherlands), 1% 
antibiotics and 50 ng/ml M-CSF (R&D systems, Minneapolis, MN, USA). Half of the 
medium was replaced on day 3 and 5 with medium containing 100 ng/ml M-CSF. The cells 
were considered fully differentiated into M0 macrophages on day 7 and were polarised 
either with 20 ng/ml TNF-α (R&D systems) and IFNγ (R&D systems) or 20 ng/ml IL-4 
(R&D systems) for 18h. Polarization of both M(TNF-α+IFNγ) and M(IL-4) macrophages 
was validated by QPCR and detection of typical M1/M2 genes as described by Tang 
and colleagues(30). For experiments, these macrophage subsets were stimulated with 
medium or 500 µg/ml of β-glucan for 24h. The MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) tetrazolium reduction assay was used to confirm that 
macrophage cell viability remained within 80-100% range.

Transcriptome analysis of β-glucan treated macrophages
Total RNA was extracted using TRIzol (Invivogen), and retrieved with the RNeasy mini 
kit (Qiagen, Venlo, the Netherlands) including RNase-free DNase (Qiagen) treatment 
for 15 min according to the manufacturer’s instructions. A total amount of 200 ng RNA 
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diluted in milliQ was used for cDNA synthesis in 20 µl total reaction volumes containing 
4 µl iScript Reaction Mix and 1 µl Reverse Transcriptase. QPCR amplifications were 
performed in 20 µl total reaction volumes containing 5 µl cDNA, 10 µl SYBR Green 
supermix (Bio-Rad) and 2.5 µl forward and reverse primers each. Primers were derived 
from the Harvard Primerbank (http://pga.mgh.harvard.edu/primerbank/) or designed 
using Clone Manager Professional 9 and synthesized by Biolegio (Nijmegen, The 
Netherlands). Primer sequences will be given upon request. Thermal cycling conditions 
were 95°C for 90s, followed by 40 cycles each consisting of 95°C for 10s, 58°C for 10s and 
72°C for 15s, and a final elongation step at 72°C for 2 min, and cycling was performed 
using the CFX96 Touch Real-Time PCR Detection System (Bio-Rad). Data was analyzed 
with qBase+ software (Biogazelle, Gent, Belgium). Delta Ct values were generated by 
subtracting the Ct value of beta-actin as an internal standard from the Ct value of the 
gene of interest, and displayed as the reciprocal of delta Ct. In addition to Q-PCR, we 
used the Affymetrix Human Gene 1.1 ST array to study whole genome expression from 
M(IL-4) macrophages stimulated for 18h with 500 µg/ml curdlan, yeast-b or zymosan, 
following which RNA samples were hybridized, washed and scanned according to the 
manufacturer’s instructions. For analysis, the Benjamini-Hochberg method was used to 
adjust p-values, genes were selected that demonstrated a fold change > 2, and FDR was 
corrected for q<0.05 (IBMT regularized paired Student’s t-test). Differential occurrence 
of pathways was analyzed using IPA 3.0 and activation z-scores of >0.5 (http://www.
ingenuity.com).

Secretion of cytokines and chemo-attractants of β-glucan treated macrophages
Conditioned media of macrophages stimulated for 18h with β-glucans were tested for 
the presence of cytokines using human IL-6, IL-10 and TNF-α ELISAs (Biolegend, San 
Diego, USA) according to the manufacturer’s instructions. Conditioned media of M(IL-
4) stimulated with curdlan, zymosan or yeast-b were also tested for the presence of 
chemo-attractants using a Human Chemokine Array kit (ARY017, R&D Systems).

Patient melanoma samples and analyses of β-glucan treatment
Patient melanoma tissues were freshly collected with informed consent according 
to institutional guidelines and approved protocols (MEC 2012-436). Tumour tissues 
comprised cutaneous melanoma stage III or IV and were obtained from various sites 
(i.e., lymph nodes, in transit metastases, or gut metastases). Tumor tissue was minced 
into small fragments about 2-3 mm in length and placed in a C-tube (Miltenyi Biotec) 
with 9 ml RPMI 1640 (Gibco) supplemented with 1% antibiotics. Digestion solution 
containing 1 ml of 1 mg/ml collagenase A (Sigma-Aldrich) and 100 µl of 1 mg/ml DNAse 
(Roche, Woerden, The Netherlands) was added, and tumor fragments were subjected 
to two 30s mechanical disaggregation steps (program C, GentleMACS), Miltenyi 
Biotec) each followed by 30 min incubations at 37ºC. After disaggregation, tumour cell 
suspensions were passed through a 70 µm strainer, centrifuged for 8 min at 450xg, and 
washed with 30 ml PBS. Subsequently, single cell suspensions were reconstituted at 106 
cells/ml/well of 24-well plate in RPMI 1640 supplemented with 25 mM HEPES, 200 mM 
L-glutamine (Invitrogen), 6% human serum (Sanquin, Amsterdam, The Netherlands), 
1% antibiotics and 360 U/ml recombinant human interleukin-2 (IL-2) (Proleukin,; 
Chiron, Amsterdam, The Netherlands), and stimulated with 500 µg/ml curdlan, yeast-b 

4
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or zymosan. Conditioned media were collected prior to and following 96h of treatment 
and were exposed to bead-based multiplex flow cytometry using the pro-inflammatory 
chemokine LEGENDPlex (BioLegend). In addition, single cell suspensions, containing 
tumor-infiltrating myeloid cells and lymphocytes, were subjected to flow cytometry 
analysis prior to β-glucan treatments. In short, single cell suspensions were incubated 
with Human BD Fc Block (BD Pharmingen) for 15 min at RT, followed by staining with 
the following monoclonal antibodies: CD3-BV21A (SP34-2, BD Biosciences); CD11b-APC 
(D12, BD Biosciences); CD45-APC-Cy7 (2D1, Biolegend); CD163-PeCy7 (RM311, Biolegend); 
and 7AAD-PercP (BD Biosciences) for 15 min at RT. Cells were washed once with PBS and 
subsequently centrifuged for 5 min at 450g. Finally, cells were re-suspended in 200 µl 
1% paraformaldehyde solution. Events were acquired with a BD FACSCelesta and data 
were processed using FlowJo V10 software (Tree Star Inc., Ashland, OR, USA).

Statistical analysis
All parameters are presented as means+SEM. Statistical testing was performed with 
non-paired Student Student’s t-test using experimental data that were repeated at least 
three times using Prism 5 software (Graphad, La Jolla, CA, USA). Regarding the heat map 
of gene expression (Fig. 4) and protein secretion data obtained from fig. 2 and 3: all data 
points were first individually standardized, i.e., experimental values were subtracted 
by mean value and then divided by standard deviation of values of corresponding 
parameter for corresponding stimulation after which hierarchically clustering was 
performed in comparison to medium using R studio version 3.5.3. P-values <0.05 were 
considered statistically significant.
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Results

Physicochemical properties of β-glucan preparations
Prior to stimulations of macrophages, all β-glucan preparations were analyzed for 
presence of bacterial toxins, and those that were contaminated with LPS (i.e. >0.002 ng/
ml) and/or LTA (>1 µg/ml) were treated to remove these endotoxins and subsequently
analyzed for solubility, protein content and sugar composition (see Table 1).With 
respect to β-glucan solubility, as assessed via areas under the curve in the HPSEC
patterns and taken the fact that oatβG has a solubility of 100%, schizophyllan, grifolan
and lentinan contain the largest soluble fractions (i.e., 63, 49 and 39 %, respectively),
whereas curdlan, yeast-a, yeast-b, zymosan and yWGP were barely soluble (< 13%)
and could not be analyzed for molecular mass distribution (Figure 1). With respect
to sugars, all β-glucans were mainly composed of glucose units; besides lentinan,
and in line with literature(30, 31), zymosan also contained mannose (11%), whereas
lentinan contained both galactose (13%) and mannose (6%). The total % glucan was
in all preparations above 50%, except for curdlan and zymosan, and protein content
in all preparations was <20%. Finally, lentinan, schizophyllan and oatβG consist of
molecules of a large molar mass (i.e., 60-1200 kDa), while grifolan and zymosan consist
of molecules of a smaller molar mass (i.e., 1.4-190 kDa and 16-60 kDa, respectively)
(Figure 1).

Figure 1. High pressure size exclusion chromatography elution profiles of β-glucan prepa-
rations. Chromatograms are displayed of nine β-glucan preparations that were free of LPS and 
LTA, and used to determine molecular masses and solubility. Pullulan standards were used for 
calibration and indicated in the top of the figure. The area under the HPSEC curve of oatβG is 
representing the area of a completely soluble β-glucan.

4
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Curdlan, yeast-b and zymosan changed IL-4-polarized macrophages towards an 
inflammatory phenotype
Human monocyte-derived macrophages polarized with IL-4 were exposed to β-glucans 
and assessed for changes according to expression of genes and secretion of cytokines 
considered typical for M1 and M2 macrophages. Following exposure to oatβG, 
schizophyllan or yeast-a no significant alterations in gene expression of the M1 markers 
CCR7, CD80, CXCL9, ICAM1, CD83, HLA-DR, HLA-ABC nor of the M2 markers CD209, 
CD163 and MRC1 were observed (Figure 2). In contrast, yeast-b and zymosan, curdlan, 
lentinan, yWGP and grifolan increased gene expression of the M1 markers CCR7, CD80, 
CXCL9, ICAM1 and/or CD83, but did not affect gene expression of any of the M2 markers. 
Exposure of non-polarized macrophages to grifolan, curdlan, yeast-b or zymosan 
demonstrated similar increases in gene expression of CCR7, CD80 and/or ICAM1, and 
gene expressions of these markers became similar to those of polarized non- β-glucan-
stimulated M(IFNγ + TNF-α) macrophages (Supplementary Figure 2a). Again, none of 
the β-glucans induced significant changes in gene expression of the M2 markers in non-
polarized macrophages (data not shown). When analysing cytokine secretion following 
β-glucan exposure to M(IL-4) macrophages, we observed that yeast-b and zymosan 
significantly increased secretion of IL-6, TNF-α and IL-10; curdlan increased secretion 
of IL-6 and TNF-α; yWGP increased secretion of IL-6 and IL-10; grifolan, schizophyllan 
and yeast-a significantly increased secretion of IL-6; and none of the stimulations 
resulted in the secretion of IL-12 (Figure 3; and data not shown). When testing non-
polarized macrophages, we observed very similar cytokine secretions (Supplementary 
Figure 2b), with the exception of yWGP and zymosan that induced no secretion of IL-6 
nor IL-10. Cluster analysis using the combined data of gene expression and cytokine 
secretion following stimulation of M(IL-4) macrophages revealed that most β-glucans 
did not strongly change the phenotype of M(IL-4) macrophages (Figure 4). Importantly, 
curdlan yeast-b, zymosan induced a phenotype dissimilar from M(IL-4) macrophages 
and closely resembling an inflammatory-like macrophage state.

IL-4-polarized macrophages treated with curdlan, yeast-b and zymosan showed a 
unique expression and secretion profile of chemo-attractants
To better understand the change towards an inflammatory state induced in M(IL-4) by 
exposure to curdlan, yeast-b or zymosan we set out to perform whole genome expression 
analysis. To this end, we stimulated M(IL-4) with these three β-glucan preparations. Our 
results showed that these three β-glucans significantly affected expression of in total 501 
genes (fold change <-2 or >2 and q<0.05) when compared to medium stimulation. Venn 
analysis of this set of genes showed that differential expression of 4, 259 and 50 genes 
were unique to curdlan, yeast-b and zymosan, respectively (Supplementary Figure 3). 
Furthermore, 67 genes were differentially expressed following stimulations with either 
of the three β-glucans (Supplementary Figure 3 and Figure 5a). It is noteworthy that 
gene expression of inflammatory cytokines and chemo-attractants, such as CXCL8, 
CCL20, TNFSF15 and IL1B, was increased. These changes in gene expressions were most 
pronounced following stimulation with zymosan. Ingenuity Pathway Analysis (IPA) 
identified canonical pathways that best captured these differentially expressed gene 
sets (Fig. 5b). These pathways relate mostly to immune cell recruitment (i.e., CXCL8 
signalling, IL-1 signalling) as well as activation of myeloid cells and lymphocytes (i.e., 
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CD40 signalling, Toll-like receptor (TLR) signalling, and TREM1 signalling). We zoomed 
in on the increased gene expression of chemo-attractants and cytokines upon exposure 
of M(IL-4) to curdlan, yeast-b or zymosan, which is shown in Figure 5c. To verify 
secretion of chemo-attractants, we analyzed 31 chemo-attractants using a protein array 
and found that curdlan resulted in increased secretion of CCL2, CCL3/CCL4, CCL15, 
CCL20, CXCL1, and CXCL8; yeast-b of CCL3/CCL4, CXCL5, CXCL8, and CXCL10; and 
zymosan of CCL3/CCL4, CCL7, CCL22, CCL26, CXCL1, CXCL4, CXCL7, CXCL8, CXCL9, 
CXCL10, CXCL11, TIG-2, and LCF (Figure 6a-c). The above chemoattractant production 
profiles enabled identification of potential immune cell populations that would be 
recruited as a consequence of M2 macrophages stimulated with these β-glucans (33-
35) (displayed as pie charts, Figure 6d).

4
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Figure 2. Beta-glucans differentially affect expression of typical M1 and M2 genes in M(IL-4) 
macrophages. CD14+monocytes were differentiated into macrophages following 7 days of culture 
in the presence of M-CSF (see Materials and Methods for details), after which cells were polarized 
with IL-4 for 18 h. The resulting M(IL4) macrophages were stimulated for another 18 h with 50 
µg/ml curdlan, grifolan, schizophyllan, lentinan, zymosan, yeast-a, yeast-b or 100 µg/ml oatβG or 
yWGP, and analyzed for gene expression of CCR7, CD80, ICAM-1, CD83, CXCL9, HLA-ABC, HLA-DR, 
CD163, CD209 and MRC1 using QPCR; medium values are used as controls and displayed by grey 
bars and horizontal lines. Results are shown as average 1/ΔCt (Ct of target gene—Ct of beta-actin) 
of n=3 different donors, and analyzed with non-paired Student’s t test in comparison to medium 
values. Statistically significant differences: *p<0.001
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Figure 3. Curdlan, yeast-b and zymosan induce secretion of IL-6, TNF-α and IL-10 by M(IL-4) 
macrophages. M(IL-4) macrophages were generated and stimulated for 18 h with β-glucans as 
described in the legend to Fig. 2. Supernatants were collected and tested for the presence of IL-6 
(a), TNF-α (b) and IL-10 (c) using ELISAs; medium values are used as controls and displayed by grey 
bars and horizontal lines. Results are shown as pg/ml cytokine using a logarithmic scale of n=3 
different donors, and analyzed with non-paired Student’s t test in comparison to medium values. 
Statistically significant differences: *p<0.001

Figure 4. Curdlan, yeast-b and zymosan-stimulated M(IL4) macrophages show an inflammato-
ry-like state. Heat map of gene expression and protein secretion data obtained from Figure 2 and 
3. All data points were first individually standardized, i.e., experimental values were subtracted 
by mean value and then divided by standard deviation of values of corresponding parameter for 
corresponding stimulation. Following standardization, hierarchically clustering was performed.

4
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Figure 5. Curdlan, yeast-b or zymosan-stimulated M(IL-4) macrophages demonstrate enhanced 
gene expression of chemo-attractants and occurrence of immune cell recruitment pathways. 
M(IL-4) macrophages were generated and stimulated for 18h with 500 µg/ml curdlan, yeast-b or 
zymosan as described in legend to Fig. 2, after which whole genome expression analysis was per-
formed using Affymetrix Human Gene 1.1 ST array (see Materials and Methods for details). Genes 
were selected that demonstrated a fold change <2 and >2 when compared to medium, and FDR was 
corrected for q<0.05 (see Materials and Methods for details). All 67 genes that were differentially 
expressed following stimulation with either β-glucan when compared to medium were depicted 
in a heat map (a). Canonical pathway activation with a z-score >0.5 according to IPA for any of the 
β-glucans were depicted in a bar chart (b). Differential gene expression of selected chemo-attrac-
tants, cytokines and receptors were displayed as fold change compared to medium (c).
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Figure 6. Curdlan, yeast-b or zymosan-stimulated M(IL-4) macrophages show unique chemo-at-
tractant secretion profiles. M(IL-4) macrophages were generated and stimulated for 18h with 500 
µg/ml curdlan (a), yeast-b (b), or zymosan (c) as described in legend to Figure 2. Supernatants were 
collected (n=3 independent experiments) and tested for the presence of 31 chemo-attractants using 
a Human Chemokine Array kit (see Materials and Methods for details). Expression is displayed 
as fold-change in comparison to medium using a logarithmic scale, and tested with non-paired 
Student’s t-test. Pie charts show the induced potential of recruitment of immune cells based on 
the secretion profiles of chemo-attractants per β-glucan (d). Statistically significant differences: 
*p<0.05, **p<0.01.

4
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Curdlan, yeast-b and zymosan enhanced production of chemo-attractants by 
freshly isolated melanoma-associated macrophages
To analyze whether enhanced chemoattractant production is also occurring when using 
patient-derived TAMs, curdlan, yeast-b and zymosan were used to stimulate single-cell 
populations from freshly collected patient melanoma biopsies. Flow cytometry revealed 
that on average 15% of single-cell suspensions expressed CD45 and were CD3 negative, 
and of these CD45+/CD3- cells about 35% expressed CD11b and about 20% expressed 
both CD11b and CD163 (Figure 7a). Single-cell suspensions were treated with 500 µg/
ml of β-glucans for 24h revealed that all three β-glucans enhanced secretion of CCL3, 
CCL4, CCL20, CXCL1 and CXCL8, whereas yeast-b and curdlan also enhanced secretion 
of CXCL5 (Figure 7b).

Figure 7. Curdlan, yeast-b and zymosan enhance chemoattractant secretion by patient-de-
rived melanoma cell suspensions. Melanoma tissues were processed into single cell suspensions 
and subjected to flow cytometry analysis. Total leucocytes were first gated on a side scatter (SS-
C)/7-AAD, and then gated for CD45+, CD3- cells (~10%). These cells were further gated for CD11b+ 
(myeloid cells) and CD11b+, CD163+ (TAMs) which population frequencies were expressed as per-
centage of CD45+ cells and CD3- cells (a). These patient-derived melanoma single-cell suspensions 
were stimulated for 24h with 500 µg/ml curdlan, yeast-b, or zymosan, after which supernatants 
were collected and tested for the presence of chemo-attractants using a Human Chemokine Array 
kit. Secretion of a chemo-attractants is displayed as fold-change in comparison to medium using 
spin diagrams. Values represent logarithmic averages after transformation of measured values 
in pg/ml of n=3 different donors (b). No statistical differences were observed as tested with a 
paired Students’ t-test (p>0.01).
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Discussion

In this study, we report on a novel feature of β-glucans, namely to reprogram IL-4-
polarized macrophages and TAMs and changing them into macrophages that uniquely 
produce immune-potentiating chemo-attractants. Starting with nine different bacteria-, 
fungi-, yeast- or cereal-derived β-glucans, we first excluded the presence of LPS and 
LTA, after which we measured molar mass, solubility, protein and saccharide contents. 
This is not customary for many β-glucan-based studies(2), although in our view of 
critical importance to value the potential neo-adjuvant effect of these compounds, 
and better understand structural features that contribute to biological activity. 
Physicochemical analysis revealed that curdlan, yeast-b and zymosan preparations 
all contained high fractions of insoluble material (> 87%). The observed relationship 
between biological activity and insolubility of β-glucans is in accordance with other 
studies, which observed immune stimulatory effects particularly of branched(35) and 
insoluble β-glucans(36-38). Insoluble β-glucan can be phagocytosed by dendritic cells 
and macrophages via the dectin-1 receptor pathway(39). This pathway is considered 
essential for the activation of these innate immune cells, which in turn results in a 
T-cell response. Fragmented and/or soluble β-glucans, however, may not unequivocally 
bind nor stimulate the same receptors as full length β-glucans. In fact, small β-glucan 
particles with a backbone length below seven glucose units cannot bind to dectin-1, and 
soluble β-glucans cannot initiate clustering of dectin-1 in immunological synapses, and 
consequently cannot activate this receptor(39). It is noteworthy, however, that soluble 
β-glucans are able to bind to the complement receptor 3 and support humoral immune 
responses(40, 41). When taken current viewpoints together, both soluble and insoluble 
β-glucan fractions are capable of supporting immune responses, yet we argue that the 
β-glucan activity towards the production of chemo-attractants and potentially towards 
a cellular immune response is expected to be linked to insoluble β-glucans. Besides 
solubility, we cannot exclude that other physicochemical properties of β-glucans 
also contribute to the observed effects, such as degree of branching and higher order 
structures(42). The same holds true for differential expression levels of PRRs upon 
exposure to β-glucans, as we have previously observed for dietary fibres and again in 
our microarray data((29) and data not shown). In short, we advocate further systematic 
studies into structure-function relationships using β-glucans as well as PRR usage to 
better understand the exact mechanism of actions of β-glucans.

Our β-glucan preparations were employed to a human monocyte-derived macrophage 
culture system providing non-polarized macrophages and M(IL-4) macrophages and 
demonstrated increases in gene expression of the co-stimulatory molecule CD80 by 
lentinan, yWGP, yeast-b, curdlan, zymosan and grifolan, of which the latter four also 
significantly increased the expression of another M1 marker, namely the adhesion 
molecule ICAM-1. In contrast, none of the β-glucans reduced expression of the M2 
markers CD209, CD163 and MRC1, suggesting that β-glucans are able change the M(IL-4) 
macrophage phenotype, but not completely revert this phenotype (Figure 2). This is in 
line with a report demonstrating the potential of IMPRIME to reduce the expression 
level of CD163 on the surface of macrophages and enhance macrophage-induced T 
cell proliferation and IFN-γ secretion(43). Curdlan, yeast-b and zymosan were the only 
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β-glucans that enhanced secretion of IL-6 and TNF-α, whereas yeast-b and zymosan 
enhanced secretion of IL-10 by M(IL-4) macrophages (Figure 3). Expression of IL-10 may 
depend on the level of glycolytic commitment of macrophages(44). M1 macrophages 
generally use glycolysis, while oxidation is generally used by M2 macrophages as their 
main glucose metabolic pathway(45). In fact, these metabolic pathways and their 
downstream products determine the biologic activity of macrophages(46). In tumors, 
the metabolic activity of TAMs is in part guided by oxygen tension, such that TAMs that 
accumulate in a normoxic tumor area adopt a more M1-like phenotype, whereas those 
that accumulate in a hypoxic tumor adopt a more M2-like phenotype(47). Interestingly, 
IL-10 acts as feedback mechanism to limit glycolytic commitment and to balance the 
inflammatory phenotype of macrophages, and its expression may have been preceded by 
an inflammatory state of macrophages. Absence of IL-10 production by non-stimulated 
macrophages, whether they be non-polarized, M(IL-4) or M(TNF-α+IFN-γ) (Figure 3 and 
Supplementary figure 2b), suggests that IL-10 expression is a consequence of β-glucan-
ligation of pattern recognition receptors(48). Unexpectedly, there was no detectable 
IL-12 within the supernatant of β-glucan-stimulated macrophages. This might be partly 
explained by the production of TNF-α, which is a potent inhibitor of IL-12 secretion by 
human macrophages(49). The co-ligation of dectin-1 with several different TLRs has 
been demonstrated to up-regulate TNF-α secretion(50), but also to down-regulate IL-12 
secretion(51), which may imply that β-glucans may mediate the observed effects (in 
part) through TLRs. Integrating data obtained from QPCRs and ELISAs into a heatmap 
demonstrated that curdlan, yeast-b and zymosan induced the most pronounced skewing 
away from M(IL-4) harboring an inflammatory-like state (Figure 4).

The impact of curdlan, yeast-b and zymosan β-glucan on M(IL-4) macrophages was 
further assessed using whole genome expression analysis. When comparing the three 
β-glucan stimulations for differentially expressed genes, we observed that a set of 
67 genes was shared (Figure 5a) and 4, 259 and 50 genes were unique for curdlan, 
yeast-b and zymosan, respectively (Supplementary figure 3). When looking at shared 
genes, we observed that expression of F13A1 and MS4A6A, considered typical for 
human IL-4-polarized macrophages(52), were reduced, whereas expression of PTGS2, 
TNFAIP6, SERPINB2, ITGB8, typical for inflammation, were increased compared to 
non-stimulated M(IL-4) macrophages. The occurrence of the iNOS, IL-1, IL-6 and CXCL8 
signaling pathways in M(IL-4) macrophages stimulated with these β-glucans is also 
in line with an inflammatory state (Figure 5b). Interestingly, low-dose irradiation, 
which programs the differentiation of iNOS-positive M1 macrophages and induces 
expression of chemo-attractants, causes efficient recruitment of tumor-specific 
CD8 T cells in pancreatic carcinoma(53). Other affected pathways involved pattern 
recognition receptors and were illustrated by Toll-like receptor and TREM1 signaling 
pathways. Collectively, gene and pathway analyses revealed that curdlan, yeast-b and 
zymosan evoked concerted increases in expression of chemo-attractants (Figure 5c). 
This was confirmed by protein analysis, which enabled the identification of unique 
production profiles for the different β-glucans (Figure 6a to c). The induction of CCL3, 
CCL4 and CXCL8 in M(IL-4) macrophages was a similar feature between all three 
β-glucans, with CCL3 and 4 (MIP1 alpha and beta, respectively) and CXCL8 (IL-8) being 
chemokines that are mainly involved in the recruitment and activation of monocytes 
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and neutrophils(32-34). Both curdlan and zymosan enhanced secretion of CCL2; mainly 
produced by monocytes and macrophages in response to e.g. growth factors, oxidative 
stress or other pro-inflammatory cytokines. CCL2 recruits circulating monocytes and 
macrophages to the site of injury or inflamed tissue(54). The chemokines CXCL9 and 
CXCL10, secreted upon exposure to zymosan or yeast-b and zymosan, respectively, are 
produced by monocytes, macrophages and cancer cells in response to IFN-γ(55). Both 
chemokines attract activated T lymphocytes and are required for antitumor immune 
responses following immune checkpoint blockade when produced by macrophages(56).

Literature-based analyses of the significantly enhanced chemokines showed that yeast-b 
induced the potential to recruit neutrophils and NK cells; curdlan induced the potential 
to recruit MDSC and neutrophils; and zymosan induced the potential to recruit the 
most diverse panel of immune cell types, such as conventional CD4 T cells, eosinophils, 
basophils and monocytes (Figure 6d). Interestingly, production of CCL18 and CX3CL1 
by M(IL-4) macrophages was decreased following stimulation with zymosan. This 
finding corroborates the potential anti-tumor effects of zymosan-stimulated M(IL-4) 
macrophages since CCL18 profoundly influences macrophage maturation and induces 
an M2-like phenotype(57), whereas CX3CL1 is known to control the recruitment of 
TAMs to tumor sites(58).

When extending findings with M(IL-4) polarized macrophages to patient melanoma-
derived TAMs (which we defined as CD45+CD3-CD11b+CD163+ cells), we observed again 
that these three β-glucans enhanced secretion of chemo-attractants (Figure 7). Notably, 
the induction of CCL3, CCL4 and CXCL8 was again a similar feature between all three 
β-glucans. Concentrations of β-glucans used in our experiments may over represent 
actual peripheral concentrations following oral consumption, and accessibility of 
macrophages was maximized by using tumor-derived single cell suspensions. Despite 
these technical challenges, our data argue that β-glucans shift CD11b, CD163-positive 
intra-tumoral myeloid cells into myeloid cells that secrete chemo-attractants. Future 
studies are required to validate β-glucans’ effects towards the secretion of chemo-
attractants by TAMs and to assess their support towards recruitment and anti-tumour 
responses of immune effector cells. Along these lines, we are currently testing the 
potential of β-glucans as neo-adjuvant through oral delivery in support of adoptive 
T cell therapy to treat melanoma in a preclinical model. A number of clinical phase 
I and II studies in which β-glucans are used to support various therapies for multiple 
types of tumors, are already ongoing and further substantiate the expectancy of these 
compounds in combination therapies in the oncology setting (clinicaltrials.gov).

4
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Supplementary material

Supplementary Figure 1. High pressure size exclusion chromatography elution profiles of 
β-glucan preparations before and after alkali treatment. Chromatograms are displayed of two 
β-glucan preparations, schizophyllan and grifolan, pre- and post-treatment for alkali. Pullulan 
standards were used for calibration and indicate in the top of the figure.
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Supplementary Figure 2. Beta-glucans differentially affect expression of typical M1 and M2 
markers in non-polarized macrophages. CD14+ monocytes were differentiated into macrophages 
following 7 days of culture in the presence of M-CSF (see Materials and Methods for details). The 
resulting macrophages were polarised for 18h with 500 µg/ml curdlan, grifolan, schizophyllan, 
lentinan, zymosan, yeast-a or yeast-b, or 100 µg/ml oatβG or yWGP. In control settings, macro-
phages were polarised for 18h either with TNF-a and IFN-g or IL-4 to generate M(TNF-a+IFN-g) 
or M(IL-4) macrophages, respectively. Following stimulation or polarization, macrophages were 
analyzed for gene expression of CCR7, CD80, CXCL9, HLA-ABC, ICAM-1 and CD83 using QPCR; 
results are shown as average 1/ΔCt (Ct of target gene - Ct of beta-actin) of n=3 different donors (a). 
Supernatants were collected and tested for the presence of IL-6, TNF-α and IL-10 using ELISAs; 
results are shown as pg/ml cytokine using a logarithmic scale (b). In both (a) and (b) medium 
values are used as negative controls and displayed by gey bars and horizontal lines, and values of 
polarized macrophages are used as positive controls and displayed by shaded bars (at right-end 
of x-axes). Data is shown of n=3 different donors, and differences were analysed by a non-paired 
Student’s t-test. Statistically significant differences: *p<0.05, **p<0.01, ***p<0.001.

4
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Supplementary Figure 3. Shared and non-shared genes that are differentially expressed by 
M(IL-4) macrophages following exposure to curdlan, yeast-b and zymosan. M(IL-4) macro-
phages were generated and stimulated for 18h with 500 µg/ml curdlan, yeast-b or zymosan as 
described in legend to Figure 2, after which whole genome expression analysis was performed 
as described in the legend to Figure 5. Differentially expressed genes described in the legend in 
Figure 5 are illustrated in a Venn diagram showing overlap and non-overlap between those genes 
expressed following stimulations with the different β-glucans. The differentially expressed genes 
shared among the three β-glucan stimulations are displayed in Figure 5a.

Supplementary Table 1. Physicochemical characteristics of β-glucan preparations before alkali 
treatment.

β-glucan LPS content
(ng/ml)

LTA content (µg/
ml)

Protein content 
(%)

Grifolan 4.41 N.D. 36.7

Schizophyllan 16.3 N.D. 14.7

Zymosan 3.54 N.D. 28.6

Yeast-a 0.002 2 8

Yeast-b 25.76 N.D. 16.4

PriscillaDeGraaff_binnenwerk_proefdruk.indd   118PriscillaDeGraaff_binnenwerk_proefdruk.indd   118 15-02-2023   20:1415-02-2023   20:14



119

Beta-glucans reshape tumour-associated macrophages 

References

1. Yong S-B, Chung JY, Song Y, Kim J, Ra S, Kim Y-H. Non-viral nano-immunotherapeutics 
targeting tumor microenvironmental immune cells. Biomaterials. 2019 Oct;219:119401.

2. de Graaff P, Govers C, Wichers HJ, Debets R. Consumption of β-glucans to spice up T cell 
treatment of tumors: a review. Expert Opin Biol Ther. 2018 Oct;18(10):1023–40.

3. Zhang Q, Liu L, Gong C, Shi H, Zeng Y, Wang X, et al. Prognostic significance of tumor-
associated macrophages in solid tumor: a meta-analysis of the literature. PLoS One. 
2012;7(12):e50946.

4. Yang M, McKay D, Pollard JW, Lewis CE. Diverse Functions of Macrophages in Different 
Tumor Microenvironments. Cancer Res. 2018 Oct 1;78(19):5492–503.

5. Mantovani A, Schioppa T, Porta C, Allavena P, Sica A. Role of tumor-associated 
macrophages in tumor progression and invasion. Cancer Metastasis Rev. 2006;25(3):315–
22.

6. Chávez-Galán L, Olleros ML, Vesin D, Garcia I. Much More than M1 and M2 Macrophages, 
There are also CD169(+) and TCR(+) Macrophages. Front Immunol. 2015;6:263.

7. Yang L, Zhang Y. Tumor-associated macrophages: from basic research to clinical 
application. J Hematol Oncol. 2017;10(1):58.

8. Peranzoni E, Lemoine J, Vimeux L, Feuillet V, Barrin S, Kantari-Mimoun C, et al. 
Macrophages impede CD8 T cells from reaching tumor cells and limit the efficacy of 
anti–PD-1 treatment. Proc Natl Acad Sci. 2018 Apr 24;115(17):E4041 LP-E4050.

9. Cassetta L, Kitamura T. Targeting Tumor-Associated Macrophages as a Potential Strategy 
to Enhance the Response to Immune Checkpoint Inhibitors. Front cell Dev Biol. 2018;6:38.

10. Aras S, Zaidi MR. TAMeless traitors: macrophages in cancer progression and metastasis. 
Br J Cancer. 2017 Nov;117(11):1583–91.

11. Poh AR, Ernst M. Targeting Macrophages in Cancer: From Bench to Bedside. Front Oncol. 
2018;8:49.

12. Cassetta L, Pollard JW. Targeting macrophages: therapeutic approaches in cancer. Nat 
Rev Drug Discov. 2018 Dec;17(12):887–904.

13. Ohwada S, Ikeya T, Yokomori T, Kusaba T, Roppongi T, Takahashi T, et al. Adjuvant 
immunochemotherapy with oral Tegafur/Uracil plus PSK in patients with stage II or III 
colorectal cancer: a randomised controlled study. Br J Cancer. 2004 Mar;90(5):1003–10.

14. Oba K, Kobayashi M, Matsui T, Kodera Y, Sakamoto J. Individual patient based meta-
analysis of lentinan for unresectable/recurrent gastric cancer. Anticancer Res. 2009 
Jul;29(7):2739–45.

15. Yang P, Liang M, Zhang Y, Shen B. Clinical application of a combination therapy of 
lentinan, multi-electrode RFA and TACE in HCC. Adv Ther. 2008 Aug;25(8):787–94.

16. Li B, Cai Y, Qi C, Hansen R, Ding C, Mitchell TC, et al. Orally administered particulate 
beta-glucan modulates tumor-capturing dendritic cells and improves antitumor T-cell 
responses in cancer. Clin Cancer Res. 2010/09/20. 2010 Nov 1;16(21):5153–64.

17. Tian J, Ma J, Ma K, Guo H, Baidoo SE, Zhang Y, et al. β-Glucan enhances antitumor immune 
responses by regulating differentiation and function of monocytic myeloid-derived 
suppressor cells. Eur J Immunol. 2013 May;43(5):1220–30.

18. Noss I, Doekes G, Thorne PS, Heederik DJJ, Wouters IM. Comparison of the potency of a 
variety of β-glucans to induce cytokine production in human whole blood. Innate Immun. 
2013 Feb;19(1):10–9.

19. Jin Y, Li P, Wang F. β-glucans as potential immunoadjuvants: A review on the adjuvanticity, 
structure-activity relationship and receptor recognition properties. Vaccine. 2018 
Aug;36(35):5235–44.

20. Wang Q, Sheng X, Shi A, Hu H, Yang Y, Liu L, et al. β-Glucans: Relationships between 
Modification, Conformation and Functional Activities. Molecules. 2017 Feb;22(2).

21. Du B, Meenu M, Liu H, Xu B. A Concise Review on the Molecular Structure and Function 
Relationship of β-Glucan. Vol. 20, International Journal of Molecular Sciences. 2019.

4

PriscillaDeGraaff_binnenwerk_proefdruk.indd   119PriscillaDeGraaff_binnenwerk_proefdruk.indd   119 15-02-2023   20:1415-02-2023   20:14



120

Chapter 4

22. Weiss SA, Wolchok JD, Sznol M. Immunotherapy of Melanoma: Facts and Hopes. Clin 
cancer Res an Off J Am Assoc Cancer Res. 2019 Sep;25(17):5191–201.

23. Fujimura T, Kambayashi Y, Fujisawa Y, Hidaka T, Aiba S. Tumor-Associated Macrophages: 
Therapeutic Targets for Skin Cancer. Front Oncol. 2018;8:3.

24. Tomassen MMM, Hendrix EAHJ, Sonnenberg ASM, Wichers HJ MJ. Variation of Bioactive 
lentinan-containing preparations in Lentinula edodes strains and stored products. In 
7th International Conference of the World Society for Mushroom Biology and Mushroom 
Products. 2011. p. 259–567.

25. Govers C, Tomassen MMM, Rieder A, Ballance S, Knutsen SH, Mes JJ. Lipopolysaccharide 
quantification and alkali-based inactivation in polysaccharide preparations to enable in 
vitro immune modulatory studies. Bioact Carbohydrates Diet Fibre. 2016;8(1):15–25.

26. Englyst HN, Cummings JH. Simplified method for the measurement of total non-starch 
polysaccharides by gas-liquid chromatography of constituent sugars as alditol acetates. 
Analyst. 1984;109(7):937–42.

27. Ahmed AELR, Labavitch JM. A simplified method for accurate determination of cell wall 
uronide content. J Food Biochem. 1978 Oct 1;1(4):361–5.

28. Thibault J. Automatisation du dosage des substances pectiques par la méthode au méta-
hydroxydiphenyl. Leb Technol. 1979;12:247–51.

29. Tang Y, Govers C, Wichers HJ, Mes JJ. Macrophages treated with non-digestible 
polysaccharides reveal a transcriptionally unique phenotype. J Funct Foods. 2017;36:280–
9.

30. Di Carlo FJ, Fiore J V. On the composition of zymosan. Science. 1958 Apr;127(3301):756–7.
31. Ren G, Xu L, Lu T, Yin J. Structural characterization and antiviral activity of lentinan 

from Lentinus edodes mycelia against infectious hematopoietic necrosis virus. Int J Biol 
Macromol. 2018;115:1202–10.

32. Zhu Q, Han X, Peng J, Qin H, Wang Y. The role of CXC chemokines and their receptors in 
the progression and treatment of tumors. J Mol Histol. 2012;43(6):699–713.

33. Marcuzzi E, Angioni R, Molon B, Calì B. Chemokines and Chemokine Receptors: 
Orchestrating Tumor Metastasization. Vol. 20, International Journal of Molecular 
Sciences. 2019.

34. Sokol CL, Luster AD. The chemokine system in innate immunity. Cold Spring Harb 
Perspect Biol. 2015 Jan;7(5).

35. Adams EL, Rice PJ, Graves B, Ensley HE, Yu H, Brown GD, et al. Differential High-Affinity 
Interaction of Dectin-1 with Natural or Synthetic Glucans Is Dependent upon Primary 
Structure and Is Influenced by Polymer Chain Length and Side-Chain Branching. J 
Pharmacol Exp Ther. 2008;325(1):115–23.

36. Graubaum H-J, Busch R, Stier H, Gruenwald J. A Double-Blind, Randomized, Placebo-
Controlled Nutritional Study Using an Insoluble Yeast Beta-Glucan to Improve the Immune 
Defense System. Food Nutr Sci. 2012 Jan 1;03.

37. Stier H, Ebbeskotte V, Gruenwald J. Immune-modulatory effects of dietary Yeast Beta-
1,3/1,6-D-glucan. Nutr J. 2014 Apr 28;13:38.

38. Rösch C, Meijerink M, Delahaije RJBM, Taverne N, Gruppen H, Wells JM, et al. 
Immunomodulatory properties of oat and barley β-glucan populations on bone marrow 
derived dendritic cells. J Funct Foods. 2016;26:279–89.

39. Goodridge HS, Reyes CN, Becker CA, Katsumoto TR, Ma J, Wolf AJ, et al. Activation of the 
innate immune receptor Dectin-1 upon formation of a “phagocytic synapse”. Nature. 2011 
Apr;472(7344):471–5.

40. Bose N, Chan ASH, Guerrero F, Maristany CM, Qiu X, Walsh RM, et al. Binding of Soluble 
Yeast β-Glucan to Human Neutrophils and Monocytes is Complement-Dependent. Front 
Immunol. 2013;4:230.

41. Halder LD, Jo EAH, Hasan MZ, Ferreira-Gomes M, Krüger T, Westermann M, et al. 
Immune modulation by complement receptor 3-dependent human monocyte TGF-β1-
transporting vesicles. Nat Commun. 2020 May;11(1):2331.

PriscillaDeGraaff_binnenwerk_proefdruk.indd   120PriscillaDeGraaff_binnenwerk_proefdruk.indd   120 15-02-2023   20:1415-02-2023   20:14



121

Beta-glucans reshape tumour-associated macrophages 

42. Han B, Baruah K, Cox E, Vanrompay D, Bossier P. Structure-Functional Activity 
Relationship of β-Glucans From the Perspective of Immunomodulation: A Mini-Review. 
Front Immunol. 2020;11:658.

43. Chan ASH, Qiu X, Jonas AB, Patchen ML, Bose N. Imprime PGG, a yeast β-glucan 
immunomodulator, has the potential to repolarize human monocyte-derived M2 
macrophages to M1 phenotype. J Immunother Cancer. 2014 Dec 1;2(Suppl 3):P191.

44. Baseler WA, Davies LC, Quigley L, Ridnour LA, Weiss JM, Hussain SP, et al. Autocrine 
IL-10 functions as a rheostat for M1 macrophage glycolytic commitment by tuning nitric 
oxide production. Redox Biol. 2016;10:12–23.

45. Biswas SK, Mantovani A. Orchestration of metabolism by macrophages. Cell Metab. 2012 
Apr;15(4):432–7.

46. Arts RJW, Joosten LAB, Netea MG. Immunometabolic circuits in trained immunity. Semin 
Immunol. 2016 Oct;28(5):425–30.

47. Geeraerts X, Bolli E, Fendt S-M, Van Ginderachter JA. Macrophage Metabolism As 
Therapeutic Target for Cancer, Atherosclerosis, and Obesity. Front Immunol. 2017;8:289.

48. Sanin DE, Prendergast CT, Mountford AP. IL-10 Production in Macrophages Is Regulated 
by a TLR-Driven CREB-Mediated Mechanism That Is Linked to Genes Involved in Cell 
Metabolism. J Immunol. 2015 Aug;195(3):1218–32.

49. Ma X, Sun J, Papasavvas E, Riemann H, Robertson S, Marshall J, et al. Inhibition of 
IL-12 production in human monocyte-derived macrophages by TNF. J Immunol. 2000 
Feb;164(4):1722–9.

50. Dennehy KM, Ferwerda G, Faro-Trindade I, Pyz E, Willment JA, Taylor PR, et al. Syk kinase 
is required for collaborative cytokine production induced through Dectin-1 and Toll-like 
receptors. Eur J Immunol. 2008 Feb;38(2):500–6.

51. Dennehy KM, Willment JA, Williams DL, Brown GD. Reciprocal regulation of IL-23 and 
IL-12 following co-activation of Dectin-1 and TLR signaling pathways. Eur J Immunol. 
2009 May;39(5):1379–86.

52. Wang H-W, Joyce JA. Alternative activation of tumor-associated macrophages by IL-4: 
priming for protumoral functions. Cell Cycle. 2010 Dec;9(24):4824–35.

53. Klug F, Prakash H, Huber PE, Seibel T, Bender N, Halama N, et al. Low-dose irradiation 
programs macrophage differentiation to an iNOS+/M1 phenotype that orchestrates 
effective T cell immunotherapy. Cancer Cell. 2013 Nov;24(5):589–602.

54. Elsaafien K, Korim WS, Setiadi A, May CN, Yao ST. Chemoattraction and Recruitment 
of Activated Immune Cells, Central Autonomic Control, and Blood Pressure Regulation. 
Front Physiol. 2019;10:984.

55. Tokunaga R, Zhang W, Naseem M, Puccini A, Berger MD, Soni S, et al. CXCL9, CXCL10, 
CXCL11/CXCR3 axis for immune activation - A target for novel cancer therapy. Cancer 
Treat Rev. 2018 Feb;63:40–7.

56. House IG, Savas P, Lai J, Chen AXY, Oliver AJ, Teo ZL, et al. Macrophage-Derived CXCL9 and 
CXCL10 Are Required for Antitumor Immune Responses Following Immune Checkpoint 
Blockade. Clin cancer Res an Off J Am Assoc Cancer Res. 2020 Jan;26(2):487–504.

57. Schraufstatter IU, Zhao M, Khaldoyanidi SK, Discipio RG. The chemokine CCL18 causes 
maturation of cultured monocytes to macrophages in the M2 spectrum. Immunology. 
2012 Apr;135(4):287–98.

58. Batool A, Wang Y-Q, Hao X-X, Chen S-R, Liu Y-X. A miR-125b/CSF1-CX3CL1/tumor-
associated macrophage recruitment axis controls testicular germ cell tumor growth. 
Cell Death Dis. 2018 Sep;9(10):962.

4

PriscillaDeGraaff_binnenwerk_proefdruk.indd   121PriscillaDeGraaff_binnenwerk_proefdruk.indd   121 15-02-2023   20:1415-02-2023   20:14



05
PriscillaDeGraaff_binnenwerk_proefdruk.indd   122PriscillaDeGraaff_binnenwerk_proefdruk.indd   122 15-02-2023   20:1415-02-2023   20:14



Priscilla de Graaff1,2, Cor Berrevoets1, Renata M.C. Ariens2, Amy L. Kessler3, Coen 
Govers2,4, Reno Debets1

1Laboratory of Tumour Immunology, Department of Medical Oncology, Erasmus 
MC-Cancer Institute, Rotterdam, The Netherlands; 2Wageningen Food and 
Biobased Research, Wageningen UR, Wageningen, The Netherlands; 3Department 
of Gastroenterology and Hepatology, Erasmus MC, University Medical Center 
Rotterdam, Rotterdam, The Netherlands; 4Cell Biology & Immunology, Wageningen 
UR, Wageningen, The Netherlands

Journal of Immunology, in revision

Adoptive T cell therapy-mediated increase in 
frequency of G-MDSC in blood is accompanied by 
increase in abundance of Faecalibaculum in the gut, 
is counteracted by zymosan resulting in delayed 
recurrence of melanoma
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Abstract

Adoptive T cell transfer represents an effective treatment for tumours. Currently, 
adoptive T cell transfer is challenged by tumour recurrence, which is often the 
consequence of adaptive suppression through myeloid cells that keep T cells in check. 
Here, we studied oral administration of the β-glucans yeast whole glucan particles 
(yWGP) and zymosan in combination with adoptive transfer of TCR T cells, and observed 
that yWGP and particularly zymosan significantly delayed the recurrence of melanoma. 
Melanomas harboured high frequencies of G-MDSC, and to a lesser extent M-MDSC 
and CD206-positive macrophages, and treatment with zymosan decreased frequencies 
of G-MDSC in recurring tumours. In addition, zymosan prevented an increase over 
time in numbers of G-MDSCs in blood, and this curtailed increase in G-MDSC counts 
associates with a lack of increase in relative abundance of the microbiota species 
Faecalibaculum. Notably, the abundance of Faecalibaculum correlates positively with the 
presence of G-MDSCs, yet negatively with those of TCR CD8 T cells within the tumour. 
Taken together, we show that supporting TCR T cell transfer with oral administration 
of zymosan delays tumour recurrence and counteracts an increase in the number of 
G-MDSCs as well as the abundance of the microbiota species Faecalibaculum. These 
findings advocate further studies into the combination of adoptive T cell therapy and 
zymosan-enriched diet.
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The research presented in this thesis consists of studies on β-glucans regarding their 
properties to modulate via oral delivery and activate the immune system and thereby 
boosting anti-tumour immunity. Beta-glucans resist digestion during their passage 
through the digestive tract and they provide health-promoting effects. Novel sources 
of prebiotics are gaining increasing attention due to their association with reducing 
risk factors for certain diseases (i.e. reducing elevated cholesterol levels and thereby 
modulate cardiovascular disease risk(1,2)). In past decades, β-glucans isolated from 
natural sources have been widely studied and were shown to have immune-activating 
activity that, in some instances, even supported anti-tumour immunity(3). A major 
advantage of using β-glucans, in contrast to for instance small anti-cancer molecules, 
is the fact that β-glucans are well recognized for their lack of toxic side effects. The 
mechanism behind the immunomodulatory effects of β-glucans remains largely 
unknown, as well as differences in these effects among different β-glucans regarding 
source, molecular weight, length in side chains and solubility.

This final chapter presents an overall discussion of my β-glucan preparations, in vitro 
research performed with these preparations as well as in vivo research with selected 
preparations according to in vitro immunological outcomes. We have given structure/
function analysis dedicated attention to support comparison of ß-glucans in their 
in vitro activity and anticipated in vivo activity. Emphasis is given to a selection of 
β-glucans that putatively are of interest to support adoptive T cell therapy. This chapter 
has 3 sections. Section 6.1 discusses methods to investigate the ability of β-glucans 
to induce trained immunity in monocyte-derived macrophages as well as the direct 
effect of β-glucans towards polarization of these macrophages. Section 6.2 discusses 
the supportive effect of β-glucans in a pre-clinical melanoma mouse model treated with 
adoptive T cell therapy. Finally, in section 6.3 I present and discuss future directions 
for implementation of β-glucans in clinical immunotherapy trials.

6.1 Beta-glucans and functional and phenotypical modulation of macrophages in 
vitro
In Chapters 3 and 4 of this thesis, we have investigated and adjusted an existing protocol 
to study trained immunity and resilience with the intent to mimic oral administration 
and study the effect of β-glucans on suppressive macrophages as generally present in 
tumours. Our findings can be summarized as follows (see Conclusions I).
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CONCLUSIONS I: Trained immunity and immune modulation of 
macrophages

Major findings

 Chapter 3
• Enhanced secretion of IL-6 and TNF-α in trained and resilient macrophages upon 

stimulation with yeast and bacteria-derived β-glucans
• Activation of dectin-1a and -1b receptors by yeast-a, yeast-b, zymosan, curdlan, 

yWGP, lentinan and schizophyllan
• Dectin-1b activation by β-glucans correlated with lactate and TNF-α secretion

Chapter 4

• Non-soluble β-glucans curdlan, yeast-b and zymosan changed IL-4-polarized 
macrophages towards an inflammatory phenotype characterized by enhanced 
secretion and expression of chemo-attractants

• Curdlan, yeast-b and zymosan enhanced the production of chemo-attractants by 
freshly isolated melanoma-associated macrophages

Trained immunity is defined as a long-term (persisting for at least several months in 
vivo(4)) functional reprogramming of innate immune cells following an initial trigger. 
Innate immune memory regulates a delicate balance between immune homeostasis, 
priming, training and tolerance. However, excessive trained immunity can lead to 
inflammatory autoimmune diseases, whereas defective trained immunity can facilitate 
disease progression, such as cancer and infection diseases(5). On the other hand, 
trained immunity may find use in overcoming immunoparalysis in treating cancers. 
Tumour-associated macrophages (TAMs) represent a major component of the leukocyte 
infiltrate present in solid tumours and may promote tumour growth and suppress anti-
tumoral T cell responses. We hypothesize that it would be beneficial to cancer therapy 
to exploit trained immunity by reprogramming monocytes, the progenitors of TAMs. 
Reprogramming would result in the production of higher levels of immune mediators 
that boost the immune system, combat the tumour and reduce the release of immune-
inhibiting factors.

Beta-glucans are potent inducers of epigenetic and functional reprogramming of innate 
immune cells, and we assessed whether β-glucans differ in their abilities to induce 
trained immunity. In previously conducted studies in which the training ability of 
β-glucans was assessed, mainly β-glucans derived from C. albicans(6–8) and oat(9) 
demonstrated to induce trained immunity in human blood-derived monocytes. In 
Chapter 3 and 4, we have built further on these data and investigated the effect of nine 
different β-glucans derived from yeast, bacteria, fungi and oat, all with clear annotation/
analysis of their physicochemical properties, on monocytes and macrophages.
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In more detail, in Chapter 3 we have attempted to investigate three outstanding 
challenges:

• Can we set-up a pre-clinical in vitro s creening  model  that  r esembles  mucosa l 
exposure and activation to β-glucans thereby simulating a first step of entry? (see 
section 6.1.1)

• Do β-glucans induce trained immunity in monocyte-derived macrophages? (see 
section 6.1.1.)

• Can we link the different physicochemical characteristics of β-glucans to their 
ability to induce trained immunity? (see section 6.1.1) 

6.1.1 Beta-glucans and their in vitro induction of macrophage trained immunity 
and resilience
Protocols for β-glucan-induced trained immunity were originally established by 
Netea and colleagues, in which they investigated and optimized an initial training 
period followed by washing and resting of monocytes and, thereafter, restimulation 
with secondary bacterial stimuli(10,11). Starting with this protocol, we have assessed 
whether the differentiation of monocytes into macrophages by the addition of M-CSF 
leads to a different inflammatory cytokine release after the secondary stimuli. The 
addition of M-CSF is debatable, since the original protocols were conducted in the 
presence of human serum, which also induces differentiation of human monocytes into 
macrophages(12). To address this uncertainty (i.e., human serum containing unknown 
levels of monocyte-differentiating factors), we have replaced human serum by foetal 
bovine serum (FBS). Besides the use of FBS and addition of M-CSF, we prolonged the 
incubation period with β-glucans to five days instead of 24h. This adaption better 
emulates the intestinal situation, in which macrophages will be exposed for a longer 
time to a β-glucan when consumed regularly. In addition to trained immunity, we also 
investigated our β-glucans in a protocol that captures resilience, in which monocytes 
were stimulated initially with β-glucans and LPS, followed by a secondary response 
comparable with the training setting. In the resilience protocol tolerance is induced 
by the addition of LPS to the β-glucan regime (see Chapter 3 for detailed protocol).

Using the above 2 protocols, we demonstrated that β-glucans, depending on their 
source and solubility, induced training and/or resilience effects as measured by 
release of cytokines (see Figure 1). To first describe our resilience model, we observed 
a significant increase in produced nitric oxide (NO) upon stimulation with yeast-a. It has 
been reported that for pro-inflammatory M1 macrophages, NO is largely the product 
of inducible nitric oxide synthase (iNOS) and the production of NO strongly increases 
during stimulation with LPS(13). In our training model, we found significantly decreased 
production of NO by stimulation with grifolan, schizophyllan, lentinan, yeast-a and 
yeast-b. NO is an antimicrobial component and acts as a mediator for defence responses 
whereas reactive oxygen species (ROS) are important signals mediating defence gene 
activation that are closely linked to NO generation(14). Bekkering and colleagues 
demonstrated statistically significant downregulation of the production of ROS in their 
training model, when cells were trained with a β-glucan(15), and thus in line with our 
results by using NO as read-out parameter. NADPH oxidase is the first source of ROS that 
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has been identified in macrophage in which the mitochondria seems to be the crucial 
site of ROS formation in these cells(16). The generation of ROS may promote a more 
pro-tumorigenic environment. For example, TAMs and MDSC are producers of ROS 
which can affect the function of regulatory T cell(17). In addition, nitric oxide synthase 
(NOS) via its product NO lead to enhanced generation of ROS and results in enhanced 
phagocytosis(18). Along these lines, we have tested the capacity of macrophages to 
phagocytize through measuring uptake of fluorescent E. coli bioparticles following their 
incubation with curdlan and zymosan as exemplary β-glucans with strong training 
and resilience inducing potency (data not shown in Chapter 3). We found reduced 
phagocytic capacity because of exposure to either β-glucan, which is in line with the 
absence of phagocytosis-stimulating NO.

In addition to NO as read-out parameter, we followed up in more detail whether our 
established training protocol using β-glucans would lead to different phenotypic and 
functional changes of macrophages. Pre-exposure with curdlan, yWGP, zymosan, 
yeast-a and -b resulted in increased secretion of TNF-α and IL-6 in our training 
model. It could be that different and unique functional programs are the result of 
different physicochemical properties of the β-glucans. Indeed, insolubility of the nine 
β-glucans (see for all physicochemical properties measured Chapter 4) was positively 
correlated with TNF-α secretion when using our training protocol. This relationship 
between biological activity and insolubility of β-glucans corroborates other studies 
which also observed immune stimulatory effects particularly of branched(19) and 
insoluble β-glucans(20–22). Interestingly, in vitro and in vivo studies have established 
that particulate (insoluble) β-glucan can be phagocytosed by dendritic cells and 
macrophages via the dectin-1 receptor pathway(23). Moreover, the β-glucan particle 
size plays a role in the capacity to induce phagocytosis and the production of certain 
cytokines (24). Importantly, exact criteria for the immunomodulating abilities of 
β-glucans in terms of size, side chain length or branching frequency are not yet defined.

The dectin-1 pathway is considered essential for β-glucan-mediated activation of innate 
immune cells, in which ligation to this receptor results in cytokine release. Our results 
exemplify this for macrophages, which, following exposure to curdlan, a prototype 
dectin-1 agonist(25), show a significantly enhanced production of TNF-α and IL-6 
when using our training protocol (Chapter 4). In contrast, fragmented and/or soluble 
β-glucans, may not bind nor stimulate the same receptors as full length β-glucans. 
In fact, small β-glucan particles with a backbone length below seven glucose units 
cannot bind to dectin-1, and soluble β-glucans cannot initiate clustering of dectin-1 in 
immunological synapses, and consequently cannot activate this receptor(23). However, 
these soluble fragments can bind to complement receptor 3 (CR3) expressed by for 
example neutrophils or hematopoietic progenitors in the bone marrow(26,27). In 
our research, we analysed the dectin-1a and -1b activation by β-glucans using NF-κB 
reporter cell lines that overexpress dectin-1a or -1b. We correlated receptor activation 
to secretion of cytokines and found that dectin-1b activation was correlated with TNF-α 
and lactate secretion when using our training model. Our findings extend reports that 
link the expression of dectin-1b to the maturation of monocytes(28) as well as their 
differentiation with M-CSF(29).
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Figure 1. Trained immunity and resilience. The established training and resilience protocol to 
generate a macrophage model. The addition of M-CSF to the cell culture system on day 0 lead to 
differentiation of monocytes to macrophages. Prolonged incubation (day 2-6) with β-glucan lead 
to an activation state of the macrophages, depicted as strength of innate immune response for 
both resilience and training protocol. Created with BioRender.com

6.1.2 Beta-glucans and their in vitro effect on innate immune cell phenotype and 
function
In Chapter 3 we demonstrated the ability of β-glucans to induce training in monocyte-
derived macrophages (see Conclusions I) that could be exploited for therapeutic 
purposes in cancer treatment. It has been proven that these trained myeloid cells can 
change the tumour microenvironment and thereby allow immune cells to combat the 
cancerous cells. This process can be explained by trained-immunity-related increase 
in myelopoiesis and the production of trained myeloid cells in the bone marrow(26,27). 
Macrophages are a dominant immune cell type present in gut tissues and are a major 
component of tumour infiltrating immune cells in the tumour microenvironment. In 
Chapter 4, we evaluated the effect of the β-glucans on monocyte-derived macrophages 
polarized towards a tumour suppressive M2-like phenotype. Ifrim and colleagues 
demonstrated that primary exposure to microbial ligands alters the functional fate 
of monocytes (not focussing on polarization), which is determined by the nature and 
concentrations of the pattern recognition receptors (PRRs) engaged(30). Engagement 
to PRRs, such as TLRs, with high doses of ligands (10-100 µg/ml) predominantly 
induces tolerance. Interestingly, low concentrations of TLR ligands not only abolished 
the tolerance-induced effect but reversed it, and in fact, trained the monocytes to be 
maintained in an increased proinflammatory state(30). In our experiments, we have 
exposed macrophages to a concentration of 500 µg/ml of β-glucans, which includes both 
soluble and (when present) insoluble parts; the exact composition being dependent on 
source and solubility of the various preparations. The concentration of 500 µg/ml of 
β-glucans was carefully chosen and deduced from dose-response curves of individual 
β-glucans to determine cell viability of macrophages. We argue that the selected 
concentration has demonstrated the potency of individual (not all) β-glucans to impact 
the phenotype and function of macrophages, and enables further dissection of ligand-
receptor interactions. To date, it is not known what exact epitopes on β-glucans are 
recognized by dectin-1 or other receptors. However, besides β-glucans, it has been 
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shown that arabinoxylan (a major component of dietary fibre found in cereals) induced 
trained immunity in macrophages is mainly dependent on Dectin-1b.

Dectin-1 is predominantly expressed on the surface of cells of the monocyte/
macrophage and neutrophil lineage and defined as a major β-glucan receptor(31).There 
is not much known about the recognition of β-glucans by T cells, so we also tested the 
direct effect of β-glucans on T cells. We measured expression of co-stimulatory and co-
inhibitory receptors using flow cytometry but did not observe any changes in expression 
of these receptors upon exposure to β-glucans (data not shown). However, interestingly, 
dectin-1 shows β-glucan-independent binding to a subset of T-lymphocytes, by 
recognizing an endogenous ligand on T cells and seems to be involved in triggering their 
proliferation(32,33). T cell binding by dectin-1 was not inhibited by β-glucans and the 
ligand(s) for dectin-1-mediated T cell proliferation are yet undefined on T cells(32,33). 
However, Sa Palma and colleagues found that dectin-1 binds specifically to exogenous 
oligosaccharides, and these are unrelated to the known endogenous, mammalian type 
sequences captured by current microarrays of oligosaccharides(34). Along this line, we 
did not expect direct effects of β-glucans towards T cells.

Secondly, I also would like to introduce the addition of M-CSF, since it is not clear to what 
extent monocyte-derived macrophages recapitulate the behaviour of tissue resident 
macrophages in the gut. Monocytes and macrophages are prototype mononuclear 
phagocytes that mediate pathogen clearance, inflammatory cytokine production and 
tissue repair. Saeed and colleagues studied macrophage differentiation in the presence 
of human serum and stated that such in vitro differentiation is probably closest to the 
development of tissue resident macrophages in vivo, as the differentiation is taking place 
under the influence of homeostatic levels of M-CSF, rather than stimulated by artificially 
high concentrations of recombinant CSFs(7,35). Addition of recombinant IL-4, TNF-α 
or IFN-γ, however, is needed to polarize macrophages towards an M2 or M1 phenotype, 
which may represent states of macrophages that are encountered during infectious 
processes and cancer. For future research, I recommend to further investigate whether 
our trained immunity protocol could also be optimized to investigate the effect of our 
β-glucans on the trained immunity ability of monocyte-derived macrophages once they 
have been polarized into M2 macrophages (as surrogate cells representing TAMs). Such 
a model may provide increased understanding about the origin of TAMs as current 
methods to study TAM have not been replicated across cancer types and often do 
not include exogenous growth factors from the tumour, which is a key factor in TAM 
differentiation in vivo.

Current immunotherapies are aimed at improving lymphocyte function. Trained 
immunity-based immunotherapy could rewire innate immune cells to support anti-
tumour effect. It is known that monocytes infiltrate tumours and differentiate into 
TAMs (TAMs with M2 phenotype due to the activation by cytokines in the TME) which 
promote tumour growth, progression, invasion, and angiogenesis and suppress the 
antitumoral immune responses. In addition, epigenetic reprogramming is also, as 
mediated in trained immunity, a central feature of TAM differentiation and could 
be assessed as therapeutic potential of trained immunity in cancer. Functional 
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reprogramming of TAMs by β-glucans would promote and contribute towards the 
M2→M1 transition. As β-glucans have been demonstrated to exert proinflammatory 
effects, we examined whether β-glucans affect macrophages’ suppressive M2-like 
phenotype. We generated an M2-like phenotype by the addition of the cytokine IL-4 
to monocyte-derived macrophages (protocol from Tang and colleagues(36)), whereas 
other studies are using tumour-conditioned media or cytokines such as GM-CSF and 
IL-10. 

Based on whole genome expression and protein analysis, we observed differential 
expression of chemo-attractants, cytokines and their receptors. Moreover, we found 
enhanced production of the chemo-attractants, such as CCL3 and CCL4, which may 
contribute to recruitment of monocytes and neutrophils in vivo. Strikingly, the 
enhanced production was found both in our β-glucan stimulated polarized monocyte-
derived macrophages and our isolated TAMs from cancer patients stimulated with 
either curdlan, zymosan or yeast-b. Kochumon and colleagues have reported that CCL4 
expression at both protein and mRNA levels in human monocytic cells is induced via 
TLR4/MyD88-dependent activation of the NF-кB/MAPK/PI3K signalling system(37). 
Authors have not measure the expression of CLL3 or any other chemokine. CCL3 
and CLL4 are 68% homologous at amino acid level(38), so it would be interesting to 
understand redundant and distinct functions regarding immune response. Interestingly, CCL3 
appears to be mainly responsible for the function of CD8+ T cells, whereas CCL4 acts 
on CD4+ T cells(39–41). Both chemokines also have pro-tumoral effects and promote 
tumour growth and can cause regulatory T cells recruitment via CCR1 and CCR5(6,42). 
Furthermore, M2-like macrophages stimulated with curdlan show increased secretion 
of CCL20 (~8 fold compared to M2-like macrophages stimulated with medium only). It has 
been reported that TAM-derived CLL20 enhances the growth and supports metastasis 
of pancreatic cancer(43) and that the expression of CCL20 could serve as a marker that 
predicts progression of human primary cutaneous melanoma(44). This suggests that 
curdlan-mediated CCL20 secretion may counteract anti-tumour effects. Our analyses 
with melanoma-derived TAMs also demonstrated a prominent role for IL-8 (CXCL8), a 
chemokine that is highly secreted upon stimulation with curdlan, zymosan and yeast-b, but 
whose starting level (i.e., upon medium stimulation) is(36) also already high. It has already 
been demonstrated that blockage of the IL-8 receptor significantly reduced 
hepatocellular carcinoma metastases in tumour-bearing mice(45) and that elevated 
levels of IL8 secreted by primary tumour cells or TAMs induce the phosphorylation of 
the AKT and ERK1/2 signalling pathway, in turn resulting in malignant progression to 
lymph nodes and distant organs. This process was induced through the expression 
of the IL8Rb (CXCR2) in primary tumour cells. Indeed, elevated IL-8 levels seem to 
predispose oesophageal cancer patients to later development of tumour progression(46). 
Measured chemokines can exert both pro-tumour and anti-tumour properties and can 
guide anti-tumour effector and immunosuppressive immune cells in solid 
tumours. I demonstrated in Chapter 4, Figure 4, the potential of recruitment of immune 
cells based on the secretion profiles of chemo-attractants as a consequence of M2 
macrophages stimulated with β-glucans. Understanding and manipulating 
intratumorally chemokine signalling offers a promising avenue to improve responses 
to adaptive T cell therapy.
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Benner and colleagues generated TAMs by using tumour-conditioned medium and 
IL-4, IL-10 and M-CSF and found a significant higher frequency of CD163/206 double 
positive cells compared with TAMs generated using M-CSF and IL-4(47). In addition, 
PD-L1 was highly expressed on such in vitro generated TAMs compared to M2-generated 
macrophages. Moreover, in vitro generated TAMs showed a high expression of the 
chemo-attractants CCL2, CCL7 and MIP-1β(47). The expression of CCL3,4, CCL20 and 
CXCL8, dominant in our analyses after stimulation with β-glucans, was not taken along 
as read-out parameter by Benner and colleagues. Such data may reflect an existing 
continuum of functional states of macrophages, and points to the need of markers 
to better distinguish such states, and better enable interpretation of above findings. 
Currently, there is a lack of robust markers which confounds the quantification of 
TAMs. For example. CD163, a marker of M2 macrophages is also expressed by some 
dendritic cells and endothelial cells(48). The introduction of defined phenotypes would 
provide more insight on how TAMs are dictated by their ontogeny, activation status, and 
localization. New technologies such as multiplexed immunohistochemistry (mIHC), 
mass cytometry by time-of-flight (CyTOF), single-cell RNA-seq (scRNA-seq), spatial 
transcriptomics, and systems biology approaches, are likely to contribute to better 
define and isolate TAM subpopulations(49).

Based on Chapter 3 and 4, the non-soluble β-glucans, in particular the yeast-derived 
β-glucans zymosan and the bacteria derived β-glucan curdlan are able to induce training 
in monocyte-derived macrophages In addition, these β-glucans skew suppressive M2-
like macrophages towards M1-like macrophages and thereby enhance the production 
of chemo-attractants, which also apply for freshly isolated melanoma-associated 
macrophages exposed to these β-glucans.

6.2 Beta-glucans and their in vivo effect towards adoptive transfer of anti- 
melanoma T cells
In Chapter 5 of this thesis, we have studied oral administration of the β-glucans yWGP 
and zymosan in combination with adoptive transfer of TCR T cells. Our findings can 
be summarized as follows (see Conclusions II).
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CONCLUSIONS II: yWGP and zymosan as an oral adjuvant in 
support of TCR T cell therapy

Major findings

Chapter 5 

• Combination of adoptive T cell therapy and the oral administration of the β-glucans
yWGP and zymosan led to delayed tumour recurrence

• Decreased numbers of G-MDSC in blood as a result of the oral administration of
zymosan in combination with adoptive T cell therapy

• Increased numbers of G-MDSC in blood were associated with early tumour relapse
and abundance of the gut-associated bacterial specie Faecalibaculum

Therapies that aim to enhance the patient’s own anti-tumour immune responses are 
rapidly gaining ground in the treatment of cancer patients. One prominent example 
being the use of adoptively transferred T cells, which has shown impressive clinical 
results. Despite a high initial response rate, this form of therapy is challenged by an 
unsustainable anti-tumour effect(50,51). To address this particular issue, we have 
set up a preclinical immune competent model in which HLA-A2 transgenic mice are 
transplanted with melanoma and treated with TCR-engineered T cells. Response 
rates from this model are generally transient and in close accordance with data from 
clinical trials. Recent studies with this model revealed that recurred tumours develop 
an environment that hampers monocyte and T cell infiltration into tumour tissue and, 
once T cells are infiltrated, hampers local T cell co-stimulation(52). With use of the 
data from Chapters 3 and 4, we hypothesize that β-glucans constitute a potent, orally 
administrable, adjuvant to enhance endogenous immunity and support T cell therapy 
in treating cancer. To test this hypothesis, we have orally administered zymosan and 
yWGP as additional treatment in this mouse model. Zymosan was included since this 
β-glucan demonstrated its potential to induce trained immunity in M-CSF differentiated 
macrophages. Moreover, zymosan also demonstrated the unique ability to preferentially 
skew macrophages towards a chemoattractant-producing phenotype that may aid in 
anti-cancer immune responses (Chapter 4). yWGP (in literature also called Wellmune) 
was included since this β-glucan is (again) a well-studied and yeast-derived β-glucan 
yWGP with reported anti-tumour effects in preclinical models(3). Beta-glucan yWGP in 
Chapter 3 demonstrated the ability to induce training and resilience (based on TNF-α) 
in the macrophage model with continuous exposure whereas in Chapter 4 that from 
all measured gene expression markers we only found increased expression of CD80 
and induced secretion of IL-6 and IL-10 by M2-like macrophages upon exposure to 
yWGP. This β-glucan was not taken into further analysis in Chapter 4, i.e. microarray 
and chemokine array analysis. In pilot studies, we have optimized and adjusted the 
study protocol, including the frequency of β-glucan administration via gavage and 
time frame of β-glucan administration relative to tumour implantation and start of 
chemotherapy. We have selected oral gavage since it has advantages over other routes 
of oral delivery, such as incorporation into the food or drinking water. By administering 
the mice β-glucans via oral gavage, we prevented them from having to be housed 
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individually. When applying our optimized study protocol, we observed significant 
delayed recurrence of melanoma tumours in mice treated with the combination of 
TCR T cells and either β-glucan. Li and colleagues also adoptively transferred antigen-
specific T cells to mice and combined this therapy with orally administered β-glucans 
(yWGP) and found reduced tumour burden(53). Importantly, their model, where they 
injected T cells 24h after injection of tumour cells, was far less challenging than our 
model, where T cells were injected only when tumours were palpable (i.e., about 200 
mm3 in size). In addition, Li and colleagues found enhanced antigen-specific T cell 
responses in splenocytes 5 days after adoptive transfer of T cells, and in another 
study, where palpable tumours were treated for a prolonged period, found that yWGP 
increased CD8 T cell responses as well as diminished tumour burden. Collectively, these 
data argue that yWGP and zymosan aid anti-tumour T cell responses in a preventive 
as well as curative setting.

When assessing underlying mechanisms of action, we demonstrated that treatment 
with zymosan decreased the frequencies of G-MDSC in recurring melanoma tumours. 
Notably, zymosan prevented an increase over time in numbers of G-MDSCs in blood, 
and this curtailed increase in G-MDSC counts was associated with a lack of increase 
in the relative abundance of the microbiota species Faecalibaculum. This particular 
bacterial specie (fold change between days 9 and - 14) correlated positively with 
the number of G-MDSC in blood (1), and also positively correlated at baseline with 
G-MDSC in late relapsed tumours (2). In contrast, Faecalibaculum at baseline correlated 
negatively with CD8 TCR T cells in late relapsed tumours (3). The first correlation 
would suggest that an increase of Faecalibaculum caused by the therapy should not be 
considered as a therapeutic advantage. That we have found correlations with G-MDSC 
and CD8 TCR (2,3) in late relapsed tumours correlated with the baseline OTU number 
of Faecalibaculum is surprisingly, since these mice were randomized in treatment 
groups based on their tumour size and did not receive β-glucan until faeces sampling. 
Our finding of decreased numbers of G-MDSC in early tumours of mice treated with 
zymosan compared to no β-glucan suggests that zymosan treatment relieves tumours 
of this subset of immune-suppressive immune cells and may make tumours more 
sensitive for immune treatments. For instance, it was demonstrated that anti-PD-L1 
efficacy can be enhanced by inhibition of MDSC with a selective inhibitor of PI3K(54). 
Moreover, such an inhibition partially abrogated local immunosuppression mediated 
specifically by G-MDSC and enhanced CD8-dependent responses to anti-PD-L1 therapy. 
In a recent study by Wang and colleagues the orally administered β-glucan yWGP was 
combined with PD-1/PD-1-blocking antibodies(55). They started to administer β-glucan 
seven days after tumour inoculation (lewis lung carcinoma) and euthanized mice on 
day 19. They demonstrated delayed tumour progression in mice that received yWGP 
and PD1 compared to PD1 therapy only. In addition, they found decreased numbers of 
CD11b+/Gr-1+ in tumours treated with yWGP+PD-1 compared to PD-1 only, assuming 
these are M-MDSC. Interestingly, they also found increased numbers of macrophages, 
but did not determine the phenotype (M1/M2) of these macrophages. The same authors 
combined yWGP with anti-PD-1/PD-L1 in cancer patients (i.e. colon, long, liver and 
bladder). Treatment with yWGP increased cytokine levels of Il-1β, IL-6 and IL-8 in blood 
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serum. In Chapter 4 we also found increased levels of IL-6 upon stimulation with yWGP 
by macrophages.

Chemotherapy and the administration of T cells, independent of β-glucan 
administration, seem to affect the composition of the microbiota (see Chapter 5 
for more details)(56). Uribe-Herranz and colleagues showed the importance of gut 
bacteria to adoptive cellular therapy immunomodulation via an IL-12 mediated effect 
on systemic expansion and tumour invasion of the adoptively transferred T cells(57). 
They reported that adoptive T cell efficacy in tumour-bearing mice is significantly 
affected by differences in the native composition of the gut microbiome or treatment 
with antibiotics, or by heterologous faecal transfer. Prolonged exposure to β-glucans 
could affect microbiota, alter metabolic regulation and may affect the abundance 
of SCFA-producing strains(58,59). We found significant increase in the relative 
abundance of bacterial strains Faecalibaculum,Turicibacter and Erysipelotrichaceae, and a 
significant decrease in the relative abundance of the bacterial strains Butyricicoccus and 
Oscillibacter. It has been reported that patients with colorectal cancer have an increased 
abundance of Oscillibacter(60) and Erysipelotrichaceae(61), whereas chitooligasaccharides 
protected mice from colorectal cancer by reducing the abundance of Turicibacter(62). 
In contrast, Faecalibaculum has been identified as an anti-tumorigenic strain of the 
microbiota, that are strongly under-represented during tumorigenesis(63). Similarly, 
the level of Butyricicoccus in the oesophageal cancer and gastric cancer groups was 
significantly lower than that in the control group(64). This latter finding is of interest, 
since we found a fold change of 0.3 between day -14 and 9 for mice treated with TCR 
T cells and zymosan, but no significant difference in the TCR T cell treatment group 
without β-glucan administration. There is not much known about the relation of these 
particular species with TCR T cell therapy and with G-MDSC in blood. To further unravel 
the role of these bacteria strains, starting with β-glucan administration before tumour 
inoculation and collect faecal samples at different time points would give more insight 
in the preventive effect of β-glucans on microbiota composition and whether particular 
bacterial strains provide benefit towards delay of tumour recurrence. Such research 
may define a beneficial microbiota composition before the start of the therapy, which 
may be confirmed with faecal microbiota transplantations, and ultimately help towards 
better stratification for adoptive T cell therapies. Such research may also provide more 
insight in particular metabolic routes, i.e., the consumption of short-chain fatty acids 
and its effects on microbiota compositions.

6.3 Future preclinical and clinical research regarding β-glucans and immune 
therapies
Based on our pre-clinical findings, standard criteria that a certain β-glucan must fulfil 
to be translated to clinical studies are displayed in Figure 2. The exact route of uptake 
and whether β-glucans would end up in the TME is currently unknown. However, we 
are aware of the internalization by intestinal epithelial cells (IECs) and/or microfold 
(M) cells in Peyer’s patches and of the fact that the uptake by IECs appeared to be 
independent of dectin-1 whereas the uptake by gut-associated lymphoid tissue (GALT) 
is linked to increased expression of PRRs. Beta-glucans seems to affect the migration 
of innate immune cells into the tumour tissue, probably due to the mobilization of 
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precursors from the bone marrow (training)(3) and/or by inducing another macrophage 
phenotype in the tumour microenvironment. Besides the exact route after orally 
administration of β-glucans, there are more research questions that should be answered 
to introduce β-glucans as a novel approach to rationally enhance endogenous immunity 
and support AT in treating cancer. Therefore, I would also strongly advocate further 
pre-clinical as well as new clinical studies towards the added value of β-glucans in 
immune therapies to address the research questions listed in Figure 2. The definition 
of relatively well-defined research questions are one of the results of this research.

Figure 2: Beta-glucans in clinical cancer immunotherapy trials: inclusion criteria and out-
standing research questions. Created with BioRender.com

6.3.1 Inclusion criteria β-glucans
As demonstrated in Figure 2, there are several inclusion criteria that a research study 
should meet and consider before sharing their knowledge and publish their findings. 
There are studies that reported the extraction and/or purification of β-glucan from 
various sources, but by-products were given little attention. Arzami and colleagues 
reported that removing components such as proteins, lipid and starch would help to 
increase the extraction yield and purity of β-glucan(65). In addition, both extraction 
and purification methods can have a great impact on β-glucan structure(66,67). 
The β-glucans in our studies were derived from various sources, and differ in 
physicochemical properties that impact their solubility, and in turn, affect their 
biological activities. It is noteworthy that clinical trials are mainly performed with 
dietary insoluble particulate β-glucans derived from yeast (S. cerevisiae) and fungi (L. 
edodus) that consist of a β-(1→3) linked backbone with β-(1→6) linked side chains. As 
reviewed by Stier and colleagues, β-glucans derived from yeast and from fungi are 
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known for their immune modulating effects(21), whereas studies from this thesis have 
complemented this list. Despite the above-mentioned immune-stimulatory promise 
of β-glucans, little data regarding the sources and physicochemical properties are 
known and/or listed in currently available manuscripts. In this regard, the relationship 
between biological activity and insolubility of β-glucans is of importance(19). Our 
findings extended this observation (see Chapter 4), and showed that insolubility and 
dectin-1b activation predict whether β-glucans have the capacity to induce training or 
resilience of macrophages. In addition to solubility, the purity, which indicates how 
much β-glucan is present in the sample, is important in order to draw conclusions as 
a results of the observed effect by β-glucans. Manufactures use the term high purity 
for β-glucans ranges in purity from 75 – 93%. Analytical methods should be available 
to quantify the amount of active ingredient present in the finished products post-
processing. Next to purity, endotoxin present in the final sample could impact the 
biological activity by binding to multiple receptors in an in vitro setting, and levels 
should be below immune-stimulatory levels(68). Furthermore, β-glucans that are 
freeze-dried should be stored in sealed lab packaging to avoid contamination and 
the presence of endotoxins. In addition, receptor-ligand interactions are important 
to investigate to (1) investigate the biological processes such as the cellular signal 
transduction pathway, (2) provide an approach to improve selectivity, and (3) learn 
and identify whether expression is comparable and translational between preclinical 
settings and clinical settings/in vivo models. Combining two β-glucans may be necessary 
if both β-glucans target different receptors that potentially mediate different routes 
of immune activation. Nevertheless, combination of dietary fibres to modulate gut 
microbiota and induce ‘immune activation’ should not only be restricted to combining 
β-glucans but could also include oligosaccharides (such as galactooligosaccharides 
(GOS)) or a hemicellulosic polysaccharide like arabinoxylan)(69,70). Lastly, we should 
put more effort in investigating the interaction between cytotoxic T cells, tumour cells 
and myeloid cells in the presence of β-glucans. It is crucial to understand whether the 
secreted chemokines and different phenotype caused by the interaction of macrophages 
and β-glucans boosts the T cell in destroying the tumour. Additional studies are 
needed to unravel the underlying biology of our findings. For example, tumour-on-a-
chip(71) and 3D microfluidic models(72) may demonstrate which immune cell types are 
recruited, and competitive ELISAs may help in identifying the chemokine receptors 
required for such effects.

6.3.2 Future research opportunities and considerations to answer outstanding 
questions
There are some outstanding questions that were raised before initiating this research 
and that are expanded over the years by the obtained information due to investigations. 
The role of the chemoattracts is currently unknown, as well as the fact whether they 
play a role in the migration of myeloid immune cells that were ‘activated’ by β-glucans. 
The activation status of myeloid cells is initiated by the receptor-ligand interaction. 
Beta-glucans are expected to be engulfed by innate immune cells within the small 
intestine due to their recognition by PRRs, which are predominantly expressed on 
immune cells. We investigated whether β-glucans ligate to dectin-1a or/and -b but did 
not investigate whether these receptors play a determining role in the interaction and 
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response of macrophages to β-glucan and release of cytokines for instance via receptor 
blocking experiments. In mammals, the number of TLRs varies between species: for 
instance, humans have 10 TLRs, whereas mouse have 12 TLRs. In more detail, TLR1–
TLR9 are conserved in both species, whereas mouse TLR8 appears to be non-functional 
or at best a regulator of TLR7. Interestingly, the murine TLR7 is present on cells from the 
myeloid compartment, while it is restricted to B cells and plasmacytoid dendritic cells 
in humans, suggesting that TLR7 might compensate for the lack of a functional TLR8 
in mice(73,74).These data argue that ligand-directed signalling differs between rodents 
and humans. If TLRs are to be included in future studies, we should systematically 
characterize the expression of TLR1 to TLR9 in different gastrointestinal organs/tissue 
in the species in which studies are performed. Besides TLRs and as mentioned earlier, 
dectin-1 is a well identified receptor for the recognition of β-glucans. Heinsbroek and 
colleagues investigated two dectin-1 isoforms in mice that are identical in structure and 
function to the two most common human isoforms. The two isoforms, however, exhibit 
differences in their ability to recognize zymosan and to induce cellular responses 
upon zymosan recognition(75). Both dectin-1a and dectin-1b transfected cells, showed 
activation following zymosan supplementation. When using a high dose of 100 and 
1000 µg/ml, zymosan showed concentration-dependent activation of both Dectin-1a 
and Dectin-1b. Of note, the activation of the Dectin-1a reporter cells in the presence of 
zymosan was much higher compared to the levels measured after stimulation of the 
Dectin-1b reporter cell line, which confirm the differences in recognition and in the 
induction of cellular responses. The receptor ligand identification is crucial for the 
translation of in vivo studies towards clinical translation in patients. Interestingly, 
although BALB/c and C57BL/6 mice are both C. albicans-resistant strains, they show 
a substantial difference in the production of defensins, chemokines, and cytokines 
upon gastric candidiasis(76). This suggests that differences in measured chemokines 
throughout an in vivo study or ex vivo analyses may be explained by the respective strain 
of mouse used in different studies.

I advocate that new clinical study protocols should include secondary objectives that 
address tumour and peripheral immunity. First, to confirm β-glucan-induced changes 
in tumour immunity and potentially overcoming immune exclusion, and second to 
observe whether, in a therapeutic approach, β-glucans induce a systemic (and this 
easily accessible) predictor of local changes. For example, increased levels of chemo-
attractants in analogy with a study in which they performed unbiased quantification 
of innate and adaptive chemokines within the liver(77). Clinical experience to-date 
suggests that combination cancer immunotherapy is needed to increase effectiveness 
of treatments against cancers. In our study we investigated the combination of orally 
administered β-glucans with systemically administered T cells to treat melanoma, but 
different immune therapies in combination with β-glucans could be tested in future 
research. Examples of such immune therapies include humanized tumour-specific 
antibodies that can activate the complement system and opsonize tumour cells with 
iC3b fragment. The same holds true for tumour vaccines if the tumour vaccine can 
elicit anti-tumour humoral responses and the Abs can bind to tumour cells to activate 
the complement system. Such therapies combined with β-glucans may provide synergy 
since specific antibodies may mediate complement activation and target tumour 
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cells, whereas β-glucan may induce leukocyte-mediated killing of complement-
activated tumour cells(78). The combination of vaccines and β-glucans has already 
been investigated in an influenza mouse model. With this model, it was demonstrated 
that this combination improved immune responses to influenza vaccine through 
stimulation of lymphocyte proliferation, enhanced antibody titres and promotion 
of cytokine production(79). The β-glucan alone also significantly improved immune 
response against an influenza challenge in this mouse model(80). Recently, research 
has also focussed on β-glucan microparticles as a delivery platform for oral vaccination. 
Such particulate nanocarriers could increase the immune response to vaccination due 
to their size and structural similarity to natural pathogens. Beta-glucans seem to be 
promising in this respect since they could serve as receptor-targeted antigen carriers 
to enhance mucosal immunity(81). In fact, a β-glucan-based encapsulation system 
may protect antigens against degradation under gastric conditions, enhance their 
immunogenicity and increase their accumulation in the vicinity of mucosal tissue for 
better absorption(82,83).

We now tested this therapeutic approach in a competent mouse model. A logical follow-
up would be to test the practical applicability in other mice models. Currently, it is 
unknown whether our observations would be reproduced in a different mouse strain, 
for instance using a different tumour or a model in which tumours metastasize or 
by immune checkpoint inhibitors, instead of adaptive T cell therapy. Such additional 
studies would help to better translate our current findings towards a clinical study. 
Regarding β-glucans, also the exact route of delivery to the tumour after oral uptake 
and the mechanisms of action remain unclear. For instance, it is not known whether 
β-glucan particles end up in the tumour, or whether they only affect the phenotype 
and migratory capacity of innate immune cells present in the lymph and bone marrow. 
More and more studies point to β-glucans being involved towards establishment of 
macrophage-mediated tumour selectivity or at least towards activation of myeloid cells 
that capture dying tumour cells(53,84). The actual distribution of β-glucans throughout 
the body probably varies according to their molecular weight, polydispersity, side 
chain branching and solubility. Some detailed studies have revealed that after orally 
administering labelled β-glucans, they have accumulated in their original form (i.e., 
non-degraded) within splenic macrophages(85). Interestingly, glucan aggregates became 
concentrated at the edges of the cytoplasm near the cell membrane. A subsequent 
study showed that phagocytosed β-glucan was slowly degraded within cells and that 
highly active soluble fragments were released towards surrounding cells(85). Hong 
and colleagues showed that bone marrow granulocytes used complement receptor 3 to 
take up the soluble β-1,3-glucan released by macrophages that had partially degraded 
insoluble yeast WGP β-1,3-glucan(85). Further tracking studies with labelled β-glucans 
in vivo would provide more information about the distribution and potential (long)-
lasting effects and address the question as to whether they reach and enter tumour 
site(s). Moreover, it would be interesting to find out whether a fixed number or type of 
innate immune cell is required to mediate the immunostimulatory effect of β-glucans.

At a patient level, it is still unknown what mechanisms, orchestrated by β-glucans, 
improve the quality of life and reduce the adverse effects of chemotherapy(86–88). 
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Studies conducted so far with orally administered β-glucans in cancer patients mainly 
focused on ex vivo stimulated blood-derived cells, the total number of monocytes 
and leukocytes, and their ability to bind β-glucans(3). Sampling of blood at various 
timepoints, collection of stool samples, preferably before, during and after treatment, 
would give valuable extra information. Also, standard inclusion of techniques such 
as multiplex flow cytometry, immunohistochemistry and next generation DNA/
RNA sequencing of such biomaterials would result in a better understanding of the 
health effects of β-glucans. More challenging, but still recommendable, would be the 
future imaging of innate immune cells, T cells and/or chemo-attractants by means 
of positron emission tomography (PET). In fact, chemokine receptors are nowadays 
introduced in clinical imaging studies, and since we suggest that chemokines are part of 
a β-glucan-mediated macrophage phenotype, direct imaging of certain receptors would 
provide understanding on the biological behaviour of immune cells after engulfing 
β-glucans(89,90)

Orally administered β-glucans are easily accessible and could be applied in a preventive 
setting and in a more curative setting. There is not yet much known regarding the 
administered recommended daily dose of β-glucans. In our curative model, mice 
received CRM (P) and this particular type of food contains around 4% of crude fibre. 
Tested and suggested daily doses in humans remain in the range of 100–500 mg to 
enable stimulation of immune cells, whereas, for instance, a daily dose of 3 g is 
recommended to lower cholesterol levels. The intake of β-glucans could influence the 
composition of bacteria within the microbiome, for which reason one could postulate 
to start administering β-glucans in a preventive setting, i.e., in mice already before 
tumour inoculation. Beta-glucans are present in our daily food, but it is not known 
to what extent we ingest these fibres daily. More than a third of the Dutch population 
eats sufficient amounts of bread and cheese, but they mainly choose varieties that are 
low in fibre(91). It has been known that cooking and processing methods modify the 
physicochemical characteristics of β-glucans, such as molecular weight, extractability 
and the resulting viscosity. Therefore, the health impact of β-glucans will depend not 
only on the dose administered, but also on the ways they are cooked, processed or 
converted into food products(66). Notwithstanding the above-mentioned challenges, the 
practical advantages of using food-derived agents as adjuvants are that they can easily 
[1] be implemented in anti-tumour therapies; [2] be administered at high frequency 
at low additional costs; and [3] support self-assertiveness and self-awareness among 
patients through active contribution to their own therapy. Considering the reported 
safety of β-glucans in a human clinical trial(92), our results advocate the therapeutic 
use of β-glucans in combination with anti-cancer adoptive T cell therapy.

Taken together, we have demonstrated that the β-glucans curdlan, yeast-b and 
zymosan exert clear immuno-modulatory activity towards differentiated and 
polarized macrophages in vitro as well patient melanoma-derived TAMs ex vivo. This is 
particularly evident regarding the secretion of defined chemo-attractants. In addition, 
we have demonstrated that the in vivo combination of adoptive T cell therapy with either 
zymosan or yWGP delays tumour recurrence. In these studies, zymosan acts against an 
increase in G-MDSC in blood and tumour, which is accompanied with a relative decrease 
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of the bacterial species Faecalibaculum in the gut. Finally, the future perspective should 
be oriented towards the discovery of in vivo distribution, mechanisms of action, and 
applications in clinical practice in which clear inclusion criteria have been defined for 
β-glucans.
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Bij bepaalde soorten kanker, waaronder huidkanker, wordt immuuntherapie toegepast. 
Dit houdt in dat de kankercellen niet direct worden aangepakt door de therapie, maar 
indirect door het verbeteren en herstellen van het afweersysteem van de patiënt zelf, 
die op haar beurt de tumorcellen aanpakt. Ondanks de belofte die immunotherapie 
inlost, reageert een aanzienlijk deel van de patiënten nog niet op deze therapieën. 
Door recent onderzoek in de afgelopen jaren zijn we steeds meer te weten gekomen 
over immuun cellen aanwezig in het tumor micro-milieu die de groei van de tumor 
ondersteunen en bijdragen aan resistentie tegen verscheidene therapeutische 
toepassingen, waaronder immuuntherapie. Zo kunnen bepaalde type myeloïde cellen 
een effectieve immuun response onderdrukken. Het is bekend dat niet-verteerbare 
polysachariden effect hebben op de darmflora en daarmee positief bijdragen aan de 
ontwikkeling van het immuun systeem. Niet-verteerbare polysachariden ondersteunen 
bijvoorbeeld de groei van micro-organismen in de darmen welke niet compleet 
kunnen worden verteerd door ons spijsverteringsstelsel. Dergelijke vezels zouden 
wellicht immuuntherapie kunnen ondersteunen waarmee kankerpatiënten worden 
behandeld. Deze aanname wordt bevestigd door huidige onderzoek welke laat zien 
dat vezels de aanwezigheid en functie van suppressieve myeloïde cellen in de tumor 
kunnen ondermijnen. Daarnaast laat onderzoek ook zien dat een verbeterd herstel 
en een vermindering van therapeutische bijwerkingen optreedt door het gebruik van 
vezels. Ondanks de aangetoonde relevantie is er echter een gebrek aan fundamentele 
en samenhangende kennis om specifieke (type) niet-verteerbaar polysacharide te 
combineren met immuuntherapie ter behandeling van kanker. In dit proefschrift 
hebben we ons gericht op de niet-verteerbare polysachariden die β-glucanen worden 
genoemd. Beta-glucanen behoort tot de subklasse hemicellulose die bekend staat om 
haar grote diversiteit in structuur en functie vanwege diversiteit met betrekking tot 
molecuulmassa, oplosbaarheid en viscositeit. De keuze is gevallen op β-glucanen omdat 
van deze polysachariden bekend is dat ze bepaalde typen immuun cellen, waaronder 
suppressieve myeloïde cellen, kunnen activeren die relevant zijn bij immuuntherapie 
gericht tegen de tumor. In dit proefschrift bieden we een samenhangende analyse van 
een geselecteerde set van β-glucanen wat betreft immuun modificerende activiteiten 
als ook moleculaire kenmerken in de context van in vitro studies en een in vivo muis 
tumormodel.

Hoofdstuk 1 leidt het onderzoek in door verschillende celtypen van het aangeboren 
en het verworven immuunsysteem te beschrijven. We beschrijven met name de rol 
van monocyten, macrofagen en dendritische cellen (allen aangeboren immuniteit) en 
T-lymfocyten (verworden immuniteit), welke relevant zijn voor deze studie en een rol 
spelen in de omgeving van de tumor. Daarnaast leggen we uit hoe tumoren profiteren 
van het remmen van immuun effector cellen, waaronder cytotoxische T cellen, om 
surveillance te ontwijken en bij te dragen aan resistentie tegen velerlei therapieën, 
waaronder ook immuuntherapie. We introduceren een vorm van immuuntherapie 
waarbij de tumor-specifieke T-cellen ex vivo worden vermeerderd of zelfs worden 
gegenereerd en aan een patiënt worden gegeven om kanker te behandelen (adoptieve 
T-celtherapie). 
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We bespreken hoe β-glucanen vanwege hun remmend effect op myeloïde subpopulaties 
kunnen dienen als zogenaamde adjuvantia in combinatie met adoptieve T-celtherapie. 
Verder beschrijft dit hoofdstuk waar de uitdagingen liggen in het verbeteren van 
adoptieve T-celtherapie, namelijk het aangrijpen van een β-glucaan op de juiste 
receptoren van suppressieve myeloïde cellen zoals macrofagen of dendritische cellen 
welke zo tevens een effect kunnen hebben op de T-lymfocyten en indirect op de 
samenstelling van bacteriën in de darmen. Om onze geformuleerde onderzoeksvragen 
zo goed mogelijk te beantwoorden maken wij gebruik van een literatuuronderzoek en 
includeren wij in ons onderzoek een aantal β-glucanen van verschillende bronnen om 
zo te kunnen analyseren welke vezels direct aangrijpen op myeloïde cellen en deze 
kunnen veranderen in een celtype dat de tumor niet langer ondersteunt en wellicht als 
adjuvantia kunnen dienen in combinatie met adoptieve T-celtherapie.

In Hoofdstuk 2 hebben we recente literatuur geanalyseerd met betrekking tot orale 
toediening van β-glucanen als adjuvantia therapie in klinische studies met gezonde 
individuen en kankerpatiënten, en ook in preklinische studies met verschillende 
tumormodellen. In onze analyse vatten wij de stand van kennis samen over wat 
T-cellen ‘zien’ in tumormassa’s, en wat T-cellen moeten ‘doen’ om tumorceldood te 
veroorzaken. Tot slot wordt in dit literatuuroverzicht de meerwaarde van depolarisatie 
van suppressieve myeloïde cellen meegenomen. Dat wilt zeggen een fenotypische 
verandering tot stimulerende myeloïde cellen om T-cellen te ondersteunen in hun ‘doen’. 
We beschrijven verder de vermeende opname van β-glucanen door immuun cellen in 
de darm en hoe ze zich naar verwachting door het lichaam verspreiden ná opname. De 
vertaalbaarheid van preklinische studies naar klinische studies hebben we getracht te 
verbeteren door alle in vivo studies bij muizen op te sommen en te bespreken waarin 
tumoren werden behandeld met verscheidene therapieën, waaronder immuuntherapie, 
in combinatie met oraal toegediende β-glucanen.

Gestuurd door het overzicht in Hoofdstuk 2 hebben we 9 verschillende ß-glucanen 
verzameld met een variëteit qua bron en chemische structuur. In Hoofdstuk 3 hebben 
we onderzocht of deze β-glucanen immuun training van myeloïde cellen zouden 
kunnen induceren. Activatie van het aangeboren immuunsysteem kan resulteren in een 
verbeterde respons op volgende triggers wordt ook wel getrainde immuniteit genoemd. 
Deze vorm van immunologisch geheugen is onlangs ontdekt en is een waarschijnlijke 
representatieve in vitro meting voor de mate waarin β-glucanen immunotherapie 
kunnen beïnvloeden. Uit onze analyse blijkt dat de β-glucanen curdlan, yWGP, zymosan 
en twee soorten gist (a en b) in staat zijn om getrainde immuniteit te induceren, zowel 
in een klassiek protocol als in een door ons geoptimaliseerd protocol dat meer in lijn is 
met oraal toegediende klinische studies bij mensen. Dit aangepaste macrofaagprotocol 
omvatte de toevoeging van M-CSF en continue blootstelling aan β-glucanen.

Verder karakteriseerden we de belangrijkste structurele kenmerken van onze set van 
β-glucanen in Hoofdstuk 4 en bepaalden tevens de molaire massa’s, oplosbaarheid en 
zuiverheid door middel van high pressure size exclusion chromatografie. In deze studie 
onderzochten we of macrofagen, ná blootstelling aan de eerdere set van 9 β-glucanen: 1) 
beter in staat waren om T-cellen te stimuleren; 2) resulteerde in productie van moleculen 
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betrokken bij de activatie (d.w.z. cytokinen) en/of 3) infiltratie van T-cellen of andere 
immuun effector cellen in tumoren (d.w.z. chemo-attractanten). Curdlan, zymosan 
en één van de gisten bleken effectief te zijn in het omvormen van macrofagen die 
theoretisch immuuntherapieën tegen tumoren zou kunnen ondersteunen. Vervolgens 
hebben we onderzocht of de productie van chemo-attractanten ook van toepassing 
is als we dezelfde 3 β-glucanen toevoegen aan tumor-geassocieerde macrofagen, 
die doorgaans door de tumor worden gekaapt om tumorgroei te ondersteunen en 
T-cel activiteit te remmen. Onze data suggereert dat het met name de niet-oplosbare 
β-glucanen zijn die het vermogen hebben om dit tumor bevorderende fenotype te 
depolariseren richting een T-cel-stimulerend fenotype. Het is de verwachting dat 
het sturen van een dergelijke macrofaag plasticiteit naar een meer tumor remmend 
fenotype bijdraagt aan de anti-tumorimmuniteit van T-cellen.

Ten slotte hebben we, op basis van onze bevindingen in Hoofdstuk 3 en 4, het potentieel 
van 2 veelbelovende β-glucanen, namelijk yWGP en zymosan om bij te dragen aan 
adoptieve T-celtherapie getest in een immuun competent muismodel (Hoofdstuk 5). 
De muizen zijn geïnjecteerd met subcutane melanoomcellen en zijn verder behandeld 
met adoptieve T-celtherapie. We combineerden adoptieve T-celtherapie met oraal 
toegediende β-glucanen en we monitorden de tumorgroei, de aanwezigheid en fenotype 
van T-cellen en myeloïde cellen in het bloed en tumor, en de aanwezigheid van bacteriën 
in ontlasting. Orale toevoeging van deze β-glucanen in combinatie met adoptieve 
T-celtherapie vertraagde op significante wijze de terug groei van de tumor (na het 
initiële anti-tumor effect van adoptieve T celtherapie). Daarnaast toonden we aan dat 
met name zymosan resulteert in geen toename in de frequentie van G-MDSCs in bloed, 
een type suppressieve myeloïde cellen afkomstig van granulocyten (welke normaliter 
qua frequentie toeneemt ná adoptieve T celtherapie). Tot slot, de aanwezigheid van 
Faecalibaculum in de ontlasting, een specifieke darmbacteriesoort bij muizen (tot dusver 
nog niet eerder gerapporteerd als zijnde gerelateerd aan de immuun status), was positief 
gecorreleerd met die van G-MDSC in tumoren, en juist negatief gecorreleerd met die 
van T-cellen in tumoren.

In Hoofdstuk 6 zijn de belangrijkste bevindingen van Hoofdstukken 3,4 en 5 in een 
bredere context besproken. Er zijn nog openstaande vragen geformuleerd op basis 
waarvan verder onderzoek wordt voorgesteld naar β-glucanen in combinatie met T-cel-
immunotherapie.
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There are several approved immunotherapy options to treat certain types of cancer (i.e. 
skin cancer). Immunotherapy of cancer is a strategy that harnesses the body’s immune 
system to combat tumours. Despite the promise of immunotherapeutic approaches, a 
significant fraction of patients does not yet respond to these therapies. With the current 
knowledge and performed investigation the last couple of decades, we are aware of the 
present of immunosuppressive immune cells within the tumour-microenvironment that 
supports the tumour growth and limit effectivity of immunotherapeutic approaches. 
Myeloid cells can effectively suppress immune responses. Recently, non-digestible 
polysaccharides have been recognized for their impact on the gut microbiota and 
contribution to the development of the immune system. Non-digestible polysaccharides 
are a class of compounds that assists the growth of beneficial microbiota in the gut 
that cannot be completely digested by our digestive system. It has been hypothesized 
that these dietary fibres could support cancer patients undergoing immunotherapeutic 
approaches. In addition, reports described that dietary fibres also have the ability to 
subverts the myeloid-derived suppressor cells in the tumour. Moreover, there are, albeit 
scarce, scientific reports describing enhanced recovery and a reduction of therapeutic 
side effects. However, there is a lack of a fundamental and cohesive knowledge base on 
a specific (type of) non-digestible polysaccharide to combine this as an adjuvant with 
immunotherapy for the treatment of cancer. Here, we focused on the non-digestible 
polysaccharides termed β-glucans. Beta-glucans are a class of dietary fibres that belong 
to the non-digestible polysaccharide subclass hemicellulose that are known on their 
great diversity on structure and function due to their diverse group of molecules that 
can vary with respect to molecular mass, solubility, and viscosity. We investigated the 
functionality of β-glucans as it is known of these polysaccharides that they can activate 
certain type of immune cells (i.e. suppressive myeloid cells) that are relevant in anti-
tumour immune therapy. In this thesis we provide a cohesive analysis of a selected set of 
β-glucans including their molecular features, direct immune-modifying activities and 
supportive activity towards a immunotherapy in the context of a mouse tumour model.

Chapter 1 provides an introduction of the immune system and described the players 
relevant for this study, including innate and adaptive components. We described the 
role of monocytes, macrophages and dendritic cells (part of the innate immune system) 
and T-lymphocytes (adaptive immune system), including the function and development 
of these immune cells within the tumour microenvironment. Next to this, we elaborated 
on how tumours take advantage of inhibiting immune subtypes (i.e. cytotoxic T cells) 
to evade immunosurveillance and develop resistance to chemotherapy, radiation, 
hormone-deprivation treatments, and immunotherapy. We hereby introduced a type of 
immunotherapy, adoptive T cell therapy, in which tumour specific T cells are expended 
or generated ex vivo and are given to a patient to treat cancer. We discussed how specific 
dietary fibres, called β-glucans, can serve as so-called adjuvants by targeting inhibitory 
myeloid subpopulations in combination with adoptive T cell therapy. Furthermore, 
this chapter describes the challenges in improving adoptive T-cell therapy by ligand 
binding to β-glucan receptors of suppressive myeloid cells such as macrophages or 
dendritic cells to activate these cells, which can also have an effect on T-lymphocytes, 
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and indirectly on the composition of bacteria in the gut. In order to answer our 
formulated research questions, we made use of a literature study in which we included 
multiple β-glucans from different sources in our research study in order to analyse 
which fibres act directly on myeloid cells and can change them into a cell type that no 
longer supports the tumour and may serve as adjuvants in combination with adoptive 
T-cell therapy.

In Chapter 2 we reviewed recent literature regarding orally administered β-glucans 
as adjuvant therapy in clinical studies with healthy individuals and cancer patients, 
and also in preclinical studies with different tumour models. In our analysis, we 
summarized the state of knowledge regarding what T cells ‘see’ in tumour masses and 
what T cells must ‘do’ to trigger tumour cell death. This literature review takes into 
account the added value of depolarization of suppressive myeloid cells. An example 
of this is the phenotypic change towards myeloid cells that do not support the tumour 
any longer and support T cells. We further described the putative uptake of β-glucans 
by immune cells in the intestine and how they are anticipated to spread throughout 
the body after processing. Moreover, to improve translatability of preclinical studies 
towards clinical trials, we also listed all in vivo studies conducted in mice in which they 
induced tumours and treated these mice with treatments such as immunotherapy in 
combination with orally administered β-glucans.

Based on the knowledge acquired in Chapter2 we collected 9 different ß-glucans with 
a variety in source and structure. At first, in Chapter 3 we investigated whether these 
ß-glucans could induce innate immune training. Activation of the innate immune 
system can result in an improved response to subsequent triggers, also known as 
trained immunity. This form of immunological memory was elucidated recently 
and could very well be a feature through which β-glucans impact immunotherapy. 
Our analysis revealed that curdlan, yWGP, zymosan and two kind of yeast β-glucans 
(a and b) are able to induce trained immunity, both in the currently used protocol 
and the adjusted protocol, which was established since it is more in line with orally 
administered regimes clinical studies in humans. This adjusted macrophage protocol 
included the addition of M-CSF and continuous exposure to β-glucans.

We characterized the main structural features of our set of β-glucans in chapter 4, 
and determined molar masses, solubility and purity by means of high pressure size 
exclusion chromatography analysis. We investigated whether macrophages, after 
exposure to the β-glucans, directly increased their 1) capability of stimulating T cells; 
2) signalling molecules involved in the activation of T cells (i.e. cytokines); and/or 3) 
infiltration of T cell or other immune effector cells into tumours (i.e. chemo-attractants). 
Curdlan, zymosan and one of the yeast-derived β-glucans proved to be effective in 
inducing endogenous macrophage functionality that theoretically would support anti-
tumour immune therapies. We next investigated whether the production of chemo-
attractants could also be instilled by the β-glucans onto tumour-derived macrophages, 
which are typically highjacked by the tumour to support tumour growth and inhibit 
immune activity. Our data suggests that there are non-soluble β-glucans that have the 
ability to affect this tumour promoting phenotype. It is expected that directing such 
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macrophage plasticity towards a more tumour-inhibiting phenotype could contribute 
to the antitumour immunity of T cells.

Finally, based on our findings in Chapter 3 and 4, we tested the potential of two 
promising β-glucans, yWGP and zymosan, to contribute to adoptive T cell therapy in 
an immune competent mouse model (Chapter 5). The mice were bearing subcutaneous 
melanomas and were treated with adoptive T cell therapy. We combined adoptive T 
cell therapy with orally administered β-glucans and we measured the tumour growth 
over time, drew blood to analyse the phenotype of immune cells in blood and collected 
faeces to determine the abundance of bacteria on different time point in the intestines. 
Strikingly, we found that the oral addition of β-glucans to this T cell immunotherapy 
delayed relapse of the tumour (after the initial anti-tumour effect of adoptive T cell 
therapy). In addition, we showed that zymosan results in no increase in the frequency of 
G-MDSCs in blood, a type of suppressive myeloid cells derived from granulocytes (which 
normally increases in frequency after adoptive T cell therapy). Finally, the presence of 
Faecalibaculum, a specific intestinal bacterial specie in mice (not previously reported 
as being related to immune status), was positively correlated with G-MDSC in tumours, 
and negatively correlated with T cells in tumours.

In Chapter 6, the main findings of Chapter 3,4 and 5 were discussed in a broader 
context. Outstanding questions were formulated, and according to these questions, 
the implementation of β-glucans in clinical research studies that involve T cell 
immunotherapy were proposed.
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De afgelopen zeven jaar zijn gepaard gegaan met flink wat vallen en weer opstaan. Dit 
proefschrift had echter niet mogelijk geweest zonder de support van mijn begeleiders, 
collega’s, vrienden en familie.

Allereerst mijn dank voor mijn promotor, Prof. dr. Debets, beste Reno, ik kwam binnen 
als enthousiaste wetenschapper met heel veel ideeën die heel veel dingen tegelijk wilde 
ondernemen en onderzoeken. Je hebt mij geleerd om doelen te stellen en duidelijke 
plannen te maken om deze te behalen en een focus te hebben. Vele werkbesprekingen over 
de opzet van de experimenten, het schrijven en de presentaties hebben zeker geresulteerd 
in een mooi eindproduct. Je dwong mij altijd om scherp te blijven en kritisch naar de 
details te blijven kijken. Ik had daar soms wel wat moeite mee, maar ik denk wel dat dat 
iets is wat ik zeker mee neem en waardoor ik nu kan zeggen dat we de afgelopen jaren 
echt wel iets moois hebben neergezet als het gaat om het combineren van voedingsvezels 
en immuuntherapie. In de afgelopen jaren waren we het wel eens oneens, maar was er 
nooit discussie over de mooiste en beste club van het land: Feyenoord!

Mijn promotor Prof. dr. Wichers, beste Harry, bedankt voor het meedenken bij de opzet 
van experiment en het meelezen van de alle stukken. Na 1 jaar Wageningen ging ik verder 
in Rotterdam, maar de afgelopen jaren (zelfs de jaren toen ik weg was), ontving ik eens 
in de zoveel weken een mailtje met een interessant artikel wat aansloot bij mijn project. 
Bedankt voor de vele mails, voor de gezelligheid en ik kijk uit naar je nieuwe boek;).

Dr. Govers, beste Coen, ik had mij geen enthousiastere co-promotor kunnen voorstellen. 
Ik had nog niet iedereen zijn hand geschud en je stond al in het lab te vertellen dat je ‘HEK’ 
cellen voor mij had opgestart en ik de week erop al de eerste experimenten kon starten. 
We gingen gedreven aan de slag en hadden wel tientallen ideeën over co-cultures en 
experimenten. Ja, jouw enthousiasme werkte zeker motiverend. We waren direct een 
goed team en ik heb altijd onwijs om je moeten lachen. Zoals tijdens de isolatie van de 
PBMCs als je weer gekke typetjes nadeed uit series, welke ik allemaal niet kon of wanneer 
je weer onzin liep uit te kramen over die club uit Amsterdam. Ook bedankt voor al je 
commentaar op mijn stukken tekst, daar waar je mij bij de les hield en soms als comment 
plaatste: ‘Pris, wat bedoel je nou weer’ – ‘waar zit je met je hoofd’ – ‘volgorde???’. Coen, 
bedankt voor de support die ik van je kreeg de afgelopen jaren en ik je altijd kon bellen 
en mailen voor vragen!

Daarnaast wil ik de leden van de kleine beoordelingscommissie, Prof. dr. Hendriks, dr. 
Leenen, Prof. dr. De Gruijl, bedanken voor het lezen en beoordelen van mijn proefschrift. 
De overige leden Prof. dr. Netea, Prof. dr. Garssen, dr. de Jong en dr. Mes wil ik hartelijk 
bedanken voor het plaatsnemen in de grote commissie. 

Mijn eerste jaar van mijn PhD onderzoek bracht ik door op het lab van FBR in Wageningen. 
Ik wil alle mensen van FBR onwijs bedanken voor hun support. Ik voelde mij direct op 
mijn plek en onderdeel van het team!
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Jurriaan, je bent vooral aan het begin belangrijk geweest bij het opstarten van de 
experimenten en de keuze van de beta-glucanen. Bedankt voor je input in het begin 
en de afgelopen jaren en de gezellige etentjes in mijn eerste jaar bij je thuis!  Dianne, 
daar waar ik altijd heb geleerd om bij de verdeelpipet de ballon te gebruiken om deze 
met vloeistof te vullen, liet jij mij zien dat je deze ballon eigenlijk helemaal niet nodig 
hebt. We hebben er onwijs om gelachen in het lab en ik wil je bedankt voor al je hulp en 
support de afgelopen jaren! Renata, de ‘SHIME queen’ van FBR. We waren een goed team 
de afgelopen jaren, zowel op het voetbalveld als in de analyse van de microbiota. Onwijs 
bedankt voor als je hulp met de analyses en je support op het lab! Monic, met jouw hulp 
en expertise isoleerde wij lentinan – een bijzondere isolatie met vele stappen die mij altijd 
bijblijft. Bedankt voor je hulp met de beta-glucanen schoonmaken en de celkweek. Bart, 
super fijn om met iemand samen te werken die alles net zo nuchter bekijkt als ik! We 
hebben samen onwijs veel gelachen tijdens de experimenten  en uiteindelijke met onze 
data een mooi artikel geschreven. Shanna, wat is het jammer dat we uiteindelijk niks 
met de FIPs hebben gedaan. Ik vond het mooi om te zien hoe gedreven je te werk ging en 
hoeveel plezier je hebt ik het werk dat je doet. Een mooie en welverdiende bekroning op 
je werk dat je inmiddels ook je PhD titel hebt. Verder ook heel fijn dat door jou continue 
aanwezigheid ik nooit alleen was in het lab in het weekend;). Bedankt voor alle hulp! 
Liyou and Danny, thank you for being great roomies and creating a nice work atmosphere 
that made coming to work just a little bit nicer! 

In het Erasmus MC kwam ik terecht in de ‘warme’ cave met Maud, Dora, Andre en Yarne. 
Lieve Maud, mijn roomie in het EMC en tijdens alle congressen in NL. Ik ben onwijs 
trots op jou hoe je jezelf hebt gemanifesteerd de afgelopen jaren en er altijd voor al je 
patiënten was. Ik vond het prima om je assistente te zijn en memo’s te plakken op je 
scherm van alle bellers of je geklaag aan te horen als het weer tegenzat of iets te lang 
duurde – ik weet heel goed dat als ik dan even ergens mee zat ik ook bij jou terecht 
kon. Heel mooi trouwens dat ondanks onze verschillende projecten we nog mooi even 
samen een multiplex hebben gepipetteerd! Maud, wij hebben heel wat afgelachen de 
afgelopen jaren en ik vind het heel leuk, mooi en speciaal dat ik lachend met jou als mijn 
paranimf aan mijn zijde mijn PhD titel in ontvangst mag nemen. Andre, mede door jouw 
aanwezigheid verliep mijn integratie in de cave vlekkeloos. Jij zorgde ook vaak voor de 
vele leuke cave uitjes na het werk als ontspanning! Bedankt voor je hulp, fijne gesprekken 
en advies! Yarne, je liet mij inzien dat kei-en-kei hard werken niet het resultaat oplevert 
waar je op hoopt in dit wereldje. Beter af en toe even dumpert filmpjes kijken of lachen 
met Ronald Goedemondt. Fijn om met iemand wekelijks de eredivisie wedstrijden te 
bespreken en goals in de champignons league te analyseren. Met al je slimme R scripts 
heb je mij aan ‘schittermagische’ figuren geholpen, dankje! Dora, samen werkten we de 
afgelopen jaren even hard aan het groeien van onze biceps als aan het voltooien van het 
proefschrift. Bedankt voor al je advies, gezelligheid en shopavonden met Maud samen. 
Cor, samen werkten wij de afgelopen jaren hard aan alle experimenten op het lab en aan 
de dierstudies. Je vond langzamerhand steeds meer je draai binnen mijn project en samen 
bedachten we experimenten met ronduit 80 condities – waarbij de hocus pocus superfocus 
noodzakelijk was. In de weekenden naar de dieren en elkaar appen als onvoorziene 
situaties zich hadden voorgedaan. Cor, als jij mij appte in het weekend, dan was het geen 
goed nieuws. Onwijs bedankt voor al je hulp en de gezelligheid (o.a. de muziek op het 
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lab;) de afgelopen jaren. Je opperde destijds dat je mijn paranimf zou zijn… en groot gelijk 
heb je! Zonder jou hulp zat ik nog steeds te pipetteren! Na onze verhuizing naar de PhD 
room boven werd er een monday morning ná de monday morning geïntroduceerd, met 
Dian en Shweta op de kamer. Dian, ik vind het super mooi om te zien hoe enthousiast 
jij bent en helemaal opgaat in je onderzoek, maar je daarnaast ook altijd lekker gek kan 
doen en we heel veel hebben gelachen (o.a. over de stukjes van Patrick Laureij, ik ben 
ook fan nu). Bedankt dat je altijd even je ongezouten mening wilde geven over de figuren 
en kleurkeuze van de grafieken! Shweta, jij leerde mij op SKImmunology hoe je echt 
goed Indiaas eten bereidt. Samen in Winterberg op de skies overwon je je angsten. Jouw 
‘gooood morning ladiess’ en grote glimlach bij binnenkomst in de PhD room maakte mij 
altijd aan het lachen. Ik vind het mooi dat jij je naast het werk voor zoveel goede doelen 
inzet en daarbij probeert de wereld weer iets groener te laten kleuren. 

Mandy, Rebecca en Astrid, de personen aan wie ik alles kon vragen en wie altijd zagen 
als ik weer kleding en schoenen had geshopt. Bedankt dat jullie mij hebben geholpen 
met de FACS, als die het weer niet deed, ik een nieuw panel voor ogen had of wanneer ik 
wat hulp nodig had voor de dierstudie. Oh ja en Astrid, ik ben al even weg maar merkte 
onlangs dat er niets is veranderd; we pakken beide nog steeds geen punten en zijn (helaas) 
nog steeds de losers van de kelderklasse! 

Cor L en Emrah, niet direct betrokken bij mijn project maar hebben wel input geleverd 
op de maandagochtend altijd. Dank hiervoor en voor jullie gezelligheid en moves op de 
dansvloer!;-) 

Rosita, bedankt voor het altijd inplannen van de meetings, rekening houdend met alles 
en iedereen in Wageningen. Met je altijd opgewekte humeur attendeerde je mij erop om 
niet saggerijnig door de gang te lopen als een experiment weer eens niet tot de uitkomst 
leidde zoals gehoopt. 

Daarnaast ook veel dank aan mijn studenten welke ik begeleidde de afgelopen jaren, 
Amar, Amy en Collin, die de afgelopen jaren onwijs veel werk hebben verricht!

Mijn vriendinnen Danièla en Demi - we leerde elkaar kennen toen ik kwam te spelen 
voor VV Rijsoord, mede door mijn verhuizing naar Ridderkerk. Onze vriendschap werd 
pas echt hecht op kamp, toen we uren lang de ‘borstaanname oefenden’ – ook dit jaar 
moeten we dit weer even opnemen in het dagprogramma! Voetballend gaat het ons 
niet voor de wind, daar waar ik altijd bloedsaggerijnig na een uitwedstrijd in de auto 
zit, moeten jullie hard om mij lachen en herinneren jullie mij eraan dat het maar een 
spelletje is. Iris, jij kwam er iets later bij maar maakt inmiddels ook deel uit van ons 
hechte vriendinnenclubje. Veel samen naar de sportschool, waar we naast onze goede 
gesprekken ook veel kilo’s liften en ik je push om alles uit jezelf te halen (en niet te 
smokkelen;). Lieve meiden, ik weet wat ik aan jullie heb en ben onwijs dankbaar voor 
onze vriendschap! Dat de spelletjesavonden maar altijd blijven bestaan, net als de tapas 
avonden bij lust! 

PriscillaDeGraaff_binnenwerk_proefdruk.indd   184PriscillaDeGraaff_binnenwerk_proefdruk.indd   184 15-02-2023   20:1415-02-2023   20:14



185

Dankwoord

Zeineb, al een vriendin sinds de opleiding BML. Jouw keuze om tussentijds van studie 
te wisselen veranderde niks aan onze vriendschap. Daar waar we eerst luxe broodjes 
falafel aten in Den Haag, eten we nu snel en gehaast inclusief entertainment voor de kids. 
Bedankt dat je altijd even naar mij wilde luisteren de afgelopen jaren en weet dat ik altijd 
voor je klaar sta om bijvoorbeeld jouw teksten te corrigeren!

Owano vrienden, bedankt voor de leuke jaarlijkse vriendenweekenden weg!  Anne, 
onderdeel van Owano en al jarenlang mijn vriendin. Inmiddels moet ik mijn titel ‘fitgirl 
van de groep’ met je delen en dat maakt mij eigenlijk alleen maar heel trots op jou. 

Lieve schoonouders, Nelleke en Theo, bedankt voor de interesse en support de afgelopen 
jaren! Lieve opa Jelle, eigenlijk de opa van Died, maar toch ook een beetje mijn opa. U 
toonde de afgelopen jaren misschien wel meer interesse in mijn onderzoek dan wie dan 
ook. Ik vind het super mooi en speciaal dan ook dat u mijn promotie komt bijwonen en 
vindt het helemaal geen straf om u even op te pikken vooraf in Spanje! Bedankt opa voor 
uw support! 

Lieve pap en mams, ik wil jullie bedankt voor jullie support de afgelopen jaren. Mam, 
ik weet hoe trots je op mij bent, ook al had je geen idee wat ik nou allemaal aan het doen 
was de afgelopen jaren. Ik ben ook heel trots op jou en hoe je alles weet te combineren, 
lieve oma bol bent voor kleine Harv en altijd een bordje eten over hebt als ik ‘toevallig’ 
rond etenstijd even langs kom. Lieve pap, je helpt ons altijd direct met alles als ik je bel. 
Nu ik mijn handen vrij heb, kun je tijd inplannen om mij de kneepjes van het loodgieters 
vak te leren zodat ik niet hoef te bellen als de wasmachine weer eens niet werkt of de 
gootsteen verstopt is! 

Lieve Kevin, lief broertje, superhelden bestaan eigenlijk niet, maar toch ben jij de mijne! 
Je bent een strijder, je geeft niet op, die etter in je kop krijgt jou niet klein! Ik zeurde niet 
over experimenten die niet goed gingen of over mijn artikelen die niet direct werden 
geaccepteerd – door jou weet ik dat je je over dit soort dingen echt niet druk moet maken. 
Je bent een doorzetter en hebt mij gemotiveerd de afgelopen jaren mijn koppie niet te 
laten hangen. Ik heb nu geen excuses meer voor de weekenden, dus op naar nog vele 
casino avondjes samen en gekke ‘trol’ momenten;)

Lieve Harvey, je moeder (of ‘ma’, zoals je mij aan je kameraden op de opvang voorstelt) 
is heel trots op jou. Weet dat je alles kunt worden, je kunt alles zijn, het is jouw leven en 
jij bent (mijn vooralsnog ‘kleine’) kapitein. 

Lieve Died, jouw humor en gekke grapjes hebben mij er doorheen geholpen de afgelopen 
jaren. Je gaf mij altijd de vrijheid om weer even iets te schrijven of door te lezen voor mijn 
phD en grapte tegen iedereen dat mijn usb stick eigenlijk min of meer mijn leven is. Je 
bedacht dat wanneer de plant in onze woonkamer het plafond zou bereiken, ik klaar zou 
zijn met mijn PhD. Nou Died, niets is minder waar; de plant heeft inmiddels bijna voor 
de tweede keer het plafond bereikt. Lief, het is eindelijk klaar – je hebt je vriendin weer 
helemaal terug – op naar het maken van vele mooie nieuwe herinneringen!
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General information:
Name: Priscilla de Graaff
Research school: Molecular medicine
Period: April 2016 – July 2020
Supervisor: Prof. Dr. Reno Debets
Promotor: Prof. Dr. Reno Debets

1. PhD training Year ECTS

General academic skills
Scientific integrity
Workshop on photoshop and Illustrator CS6
Workshop Career Development for PhD Candidates
Ingenuity Pathway Analysis (IPA) training

2016
2017
2018
2019

0.3
0.3
0.15
0.3

Research skills
Biomedical English Writing Course for MSc and PhD-students
Gene expression data analysis using R: How to make sense out of your 
RNA-Seq/microarray data

2017

2017

2

2

In-depth courses (e.g. Research school, medical training)
- Molmed course ‘Basic and Translational Oncology’
- Molmed course ‘Advanced immunology’
- Advanced course on Applications in flow cytometry

2016
2017
2018

1.8
3
0.5

Oral presentations
JNI Scientific Research Meetings, Erasmus Medical Centre
Medical oncology research meeting, Erasmus Medical Centre
International Dietary Fibre Conference, Rotterdam
Wetenschapsmiddag, Erasmus Medical Centre
Cancer Research Institute day, Erasmus Medical Centre
Molecular Medicine Day, Rotterdam
DTIM, Breukelen
Lymphocyte Consortium, Erasmus Medical Centre, Rotterdam
JNI Scientific Research Meetings, Erasmus Medical Centre

2017
2017
2018
2018
2018
2019
2019
2019
2020

1
1
1
1
1
1
1
1
1

Poster Presentations
 - Annual Molecular Medicine Day, Erasmus Medical Centre
 - DTIM Breukelen (laptop presentation)
 - European Congress of Immunology, Amsterdam
 - EMDS, Marseille

2017
2017
2018
2019

1
1
1
1

National conferences
 - Annual Molecular Medicine Day, Erasmus Medical Centre
- DTIM Breukelen
 - International Dietary Fibre Conference, Rotterdam
 - European Congress of Immunology, Amsterdam
 - international Marseille EMDS

2017,2019
2017
2018
2018
2019

0.6
0.4
1
1.6
1

Seminars and workshops
- National cancer immunotherapy symposium, Amsterdam
- Mini symposium adoptive T cell therapy, Erasmus MC
- Symposium ‘cellular immunotherapy for cancer’, Rotterdam

2016
2016
2017

0.3
0.15
0.3
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Other 2016-2020
T cell consortium (TCC) meetings (~6x yearly), Erasmus MC
JNI scientific research meetings (~36x yearly), Erasmus MC
Tumour Immunology Platform (TIP) meetings (~36x yearly), Erasmus 
MC, an interdepartmental journal club and project meeting on tumour 
immunology, Rottedam
Medical Oncology Research Meeting (MORM) (~6x yearly), Erasmus MC

3years
3years
3 years
3 years

0.6
4.5
4.5
1.5

Lecturing
- Lecture Biomedical Research Techniques
- Lecture Biomedical Research Techniques

2018
2019

1
1

Supervising practical’s and excursions
 - Supervising master student
 - Supervising master student
 - Supervising bachelor student

2016
2018
2019

2
2
2

Supervising theses
 - Supervising master student
 - Supervising master student
 - Supervising bachelor student

2016
2018
2019

1
1
1

Other
- Tumour Immunology Platform organizer 2018 1

Subtotal 50,8

(28 hours workload = 1 ECTS) Total ECTS ECTS
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  Priscilla was born the 8th of October 1991 in Rotterdam, the 
Netherlands. She studied Life Science at the Hogeschool 
Rotterdam, where she graduated in 2012. Oncology 
research has sparked her interest since her brother was 
diagnosed with a rare brain tumour at a very young age. In 
addition, during her graduation internship project at 
Nutricia Research, she became intrigued by dietary 
components, their anti-inflammatory properties and how 
they can be considered for emerging adjuvant therapies to 
fight against cancer. Following her BSc degree, she worked 
for one year as an assistant scientist at Nutricia Research 
to deepen her knowledge regarding dietary supplements 
and food ingredients. Priscilla started the Master 

‘Toxicology and Environmental Health’ at the Utrecht University in 2013 and fulfilled 
her final internship at the Edinburgh University in Scotland, where she studied the 
development of intestinal organoids as a novel in vitro system to study chicken M cells. 
Gaining a variety of expertise during her Bachelor and Master studies, and following 
her personal ambition and goals, made her decide to continue with a PhD in which 
cancer and nutrition are combined. She started a PhD project in April 2016 at the 
Laboratory of Tumour Immunology, department of Medical Oncology, at the Erasmus 
MC in Rotterdam in close collaboration with the Food and Biobased Research 
department in Wageningen, under the supervision of Prof. Reno Debets (Erasmus MC), 
Prof. Harry Wichers (FBR Wageningen) and Dr. Coen Govers (FBR Wageningen). She 
put all her energy and effort in investigating which and how food-derived β-glucans 
could support adoptive T cell therapy and trying to overcome various technical and 
logistic challenges specifically related to nutrition research. Priscilla started to work 
as a life science consultant specialized in assuring compliance with applicable medical 
device and pharma regulations as regulatory affairs specialist in July 2021. Next to her 
job, she is involved as a reviewer in the animal experiments committee and assesses 
ethical aspects of projects in which animals are involved.
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