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Abstract

Polysaccharides (PS) found in plants, mushrooms, algae and gut microbes have
been shown to modulate immune function in animals. However, the mechanisms
underpinning their immunomodulatory properties remain unclear. C-type lectin
receptors (CLRs) are carbohydrate-binding proteins, expressed by immune cells
including dendritic cells (DCs). CLRs SIGNR1, Dectin-1 and Dectin-2 recognise
mannose/fucose structures, B-glucans and a-mannans, respectively, which initiates

cellular activation and an immune response.

We first hypothesised that the mechanisms underpinning immunomodulatory PS
involve their interaction with CLRs. To test this, we established SIGNR1 reporter
cells, and used Dectin-1 and Dectin-2 reporter cells to screen a range of food and
microbial PS for their binding to CLRs.

We report several novel CLR-PS interactions including the interaction between
microbial levan, a high molecular weight -(2,6) fructofuranose exopolysaccharide
from gram-negative bacterium Erwinia herbicola, and Dectin-2. Crude E. herbicola
levan also activated Toll-like receptor 4 (TLR4) reporter cells, suggesting an

interaction with lipopolysaccharide (LPS).

Following the development of a robust method to remove LPS in levan, we confirmed
that LPS was an important contributor to crude levan’s ability to bind to TLR4 and
Dectin-2. Further, crude E. herbicola levan but not enzymatically synthesised (ES)
levan or purified E. herbicola levan induced cytokine production in bone marrow-
derived DCs. We also tested interaction of purified ES levan and intestinal epithelial
cells in vitro using Caco-2 cells. We found that purified ES levan did not improve
barrier integrity following LPS challenge and did not induce or modulate cytokine

production following inflammatory challenge by TNF-a treatment.

Overall, we demonstrated that the immunomodulatory properties of levan in vitro
were largely dependent on the presence of LPS and we present a novel purification

method to remove LPS in levan for future studies.
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1.1 Overview of carbohydrates

1.1.1. Carbohydrates in nature

Carbohydrates are one of the most abundant compounds on earth comprising > 50%
of the world’s biomass'?. They are highly structurally diverse in nature from plants,
microorganisms and mammals; and unlike proteins, they are not encoded but
synthesised by a vast range of enzymes“. The large diversity of polysaccharide (PS)
structures reflects the abundance of natural monomeric sugars (e.g. D-glucose, D-
mannose, D-fructose, D-xylose, D-galactose, D-fucose, D-glucuronic acid, L-
rhamnose, among many others) and pyranose and furanose ring formations that can
make up countless assortments of di- tri- and oligo-saccharides as well as low to high
molecular weight PS*2. These structures can be linked by o or B glycosidic bonds
and may adopt many variations of branching combinations from simple structures to
highly complex macromolecules!?. Poly- and oligo-saccharides are found
abundantly in dietary plants but are also found in animal tissues and secretions, or
microbes!. They may also be attached to other macromolecules to form
glycoconjugates such as glycolipids and glycoproteins which are found abundantly
in microbes2%6, Poly- and oligo-saccharides fulfii many critical functions of living
organisms including structural integrity and as storage PS in plants®’; or sustenance,
structural support as well as physiological and biochemical processes in animals and

microorganisms®256:8°9,

1.1.2. Dietary fibres

Edible PS are found abundantly in food and are important for human nutrition®
including starch, a common plant-derived storage PS that can be broken down by
host-derived enzymes to glucose units for energy. In contrast, dietary fibres
typically comprise diverse soluble and non-soluble non-digestible PS (NDP)*!. NDP
along with lignin (a non-PS) and resistant starch are the primary components of
dietary fibres'?. In general, these fibres are not capable of being broken down by
human gut enzymes in the upper part of the gastrointestinal (Gl) tract but are
fermented by trillions of resident commensal microbes found in the large intestine
(L4, The definition of dietary fibre is still under debate; however, many adopt the
CODEX of Alimetartious Commission’® that states: “Dietary fibre means
carbohydrate polymers with 10 or more monomeric units, which are not hydrolysed
by the endogenous enzymes in the small intestine of humans and belong to the
following categories: 1. Edible carbohydrates polymers naturally occurring in the food

as consumed. 2. Carbohydrate polymers, which have been obtained from food raw
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material by physical, enzymatic or chemical means and which have been shown to
have a physiological effect or benefit to health as demonstrated by generally
accepted scientific literature evidence to competent authorities. 3. Synthetic
carbohydrate polymers, which have been shown to have a physiological benefit to
health as demonstrated by generally accepted scientific evidence to competent

authorities.”*®

Consumption of dietary fibres by humans is linked to several health benefits®. For
example, a reduced risk of death and mortality from diabetes, cancer, infections, and
respiratory disease was recently shown by meta-analysis to be associated with
increased whole grain or cereal fibre consumption®*6, Intake of dietary fibres can
also lead to other physiological benefits including: laxation, decreased blood insulin
and glucose levels, reduced food transit time, increased satiety (food-bulking effect),
promoting weight loss, cholesterol-lowering effects, improved mineral absorption and
reduced blood pressure, among others!®*3, Notably, dietary B-glucans and fructans

are well-known examples of dietary fibres that contribute to many of these effects!” 18,

Modulation of the gut microbial composition by NDPs is emerging as a strategy to
impact on human health®. NDPs are an important source of energy for the microbiota
in the LI3, where they are fermented, leading to the production of metabolites
including short chain fatty acids (SCFAs)'*. SCFAs are important for the proliferation
of intestinal epithelial cells (IECs), as an energy source for colonocytes, conferring
benefits to host metabolism and influencing intestinal immune homeostasis®*°. A low
dietary fibre intake - commonly observed in ‘western style’ diets typically high in
sugar, fat and processed foods, and low in fruits, vegetables and legumes - leads to
reduced gut microbial diversity and a reduction in SCFAs®. This contributes to the
degradation of the protective intestinal mucus layer and a reduction in anti-microbial
peptides important for intestinal immune regulation®%2°, Therefore, dietary fibres
may influence intestinal immune homeostasis through modulation of gut microbial
ecology®'3. Notably, some PS are termed prebiotics and are commercially available
for human consumption including fructans and galactooligosaccharides (GOS)?..
Prebiotics are defined by the International and Scientific Association for Probiotics
and Prebiotics (ISAPP) as “a substrate that is selectively utilised by host
microorganisms conferring a health benefit’??. As dietary fibre encompasses
mixtures of PS, there is now increasing interest in individual PS for conferring health

benefits to humans®*2.
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1.1.3. Polysaccharides

PS are homopolymers or heteropolymers that are typically made up of > 20
monomeric sugar units and can be found in plants, fungi, algae and animal tissues?.
There are two broad classifications of plant PS () PS used as storage including
fructans, starch and other oligosaccharides and (Il) cell-wall PS such as pectin,
cellulose and hemicelluloses that provide structural support!®2, Further, microbial
PS are commonly found in commensal, opportunistic and pathogenic bacteria?.
Microbial PS can be also consumed in the diet (e.g. in fermented foods or baker’'s
yeast)?>2¢, Therefore, PS are frequently exposed to the environment of the Gl tract.
Depending on their origin, PS found in nature can be structurally complex*?. In the
following sections, we briefly describe some PS relevant to this thesis with a focus
on those derived from plants, mushrooms and algae including edible PS, as well as

PS from microbes (see Figure 1).
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Figure 1. Examples of PS found in nature and their composition

with permission

Note: levan should be with fructose label (orange hexagon). Taken from ?!

obtained from Annual Reviews and the Copyright Clearance Centre.
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1.1.3.1. Polysaccharides from plants and mushrooms

1.1.3.1.1. B-glucans

B-glucans are large polymers of glucose found in many plants and fungi and can vary
in size and structure depending on their origin?®. For example, cereal B-glucans
(Figure 1) are heterogenous glucose polymers that typically contain assorted 3-(1,3)
and/or B-(1,4) linkages*!829, They are mostly present in the cell-walls of barley and
oats but are also found in maize, sorghum and wheat in smaller quantities31829:30,
The molecular weights of these glucans are origin-specific and can range from 10 to
> 1000 kDa®:. In contrast to plant B-glucans, edible mushrooms such as lentinan
(shiitake mushroom) primarily contain large B-(1,3) glucans and are reported to have
an average molecular weight of 500 kDa®*. Further, Ganoderma lucidium also
harbours a B-(1-3) glucan backbone but with additional B-(1-6) branching points2. In
addition, the edible mushroom Agaricus blazei comprises a number of glucans with
B-(1-6) linked glucose backbones that contain either $-(1,3), a-(1,3) or a-(1,4)-linked
glucose branching with the latter two being acidic glucans®. Dietary B-glucan
consumption is associated with several health benefits including cholesterol-lowering
properties, improved blood lipid profiles, and reduced postprandial insulin and

glucose levels®.

1.1.3.1.2. Cellulose and hemicelluloses

Cellulose (Figure 1) is a B-1,4-linked linear glucose polymer and found in the cell
walls of the majority of plants®®. This large polymer (up to 10,000 glucose units) is
insoluble and an important dietary NDP. Hemicelluloses (Figure 1) are structurally
diverse heteropolysaccharides and can comprise xylans, glucomannans (Figure 1),
other mannan structures (see 1.1.3.1.4) and xyloglucan®*. Arabinans, galactans and
arabinogalactans have been commonly classified as hemicelluloses but are best
described as pectic compounds!?34, For a review on hemicellulose structures see 4.
Xyloglucans are hemi-cellulosic polymers consisting of a 3-1,4-linked glucose linear
chains and comprise a-1,6-linked xylose side units that may be attached to p-1,2-
linked galactose units or other sugars depending on the source®-3. Xyloglucan is a
generic linear B-glucan, as its glucose backbone is linked only to some xylose
sugars®. Xyloglucans are found in the cell walls of most vascular plants and are
commonly extracted from land plants including tamarind seeds, equisetum and

cran berry35,36,38-4o_
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1.1.3.1.2.1. Arabinoxylan

Arabinoxylans are a major constituent of the cell walls of cereals including barley,
millet, maize, rye and oats*'. Psylium gum is an arabinoxylan (Figure 1) and is
primarily sourced from the husk of psyllium seed (Plantago ovata forsk)*. Psylium
gum is generally regarded as a highly branched polymer comprising ~74.6% xylose
and 22.6% arabinose typically containing a p-1,4-linked xylose linear chain with
arabinose unit side chains*“2, Psylium gum from Plantago spp has also been
proposed to include B-1,3-linked xylose in its linear chain, and may contain xylose
and/or aldobiuronic acid disaccharide residues (D-galacturonic acid and L-
rhamnose) at its branching points*. Psyllium gum has been proposed as a
nutraceutical and functional food, for example for its possible cholesterol-lowering

properties in humans*44,

1.1.3.1.4. B-mannans

Plant-derived mannans (Figure 1) are found as either storage or cell wall PS?745,
They can be typically linear or are classed into various subcategories including
galactomannans, glucomannans and galactoglucomannan comprising D-galactose
or D-glucose units linked to linear mannose chains**#¢, B-1,4-linked “pure” mannans
are generally linear and range in molecular weight from 40 kDa to > 300 kDa“*® and
can be found in plant sources such as ivory nut**#¢, Glucomannan consists of both
mannose and glucose and are commonly found in Eastern white pine, Orchid and
Higanbana®. Further, Konjac glucomannan (Konnyaku root or Amorphophallus) is
reported as a $-1,4-linked D-glucose and D-mannose polymer which can be partially
acetylated. Intake of glucomannans is linked to several health benefits including
laxative properties, alleviation of diverticulitis, prebiotic effects, relieving
constipation, cholesterol-binding properties and delayed glucose absorption®.
Galactomannans are found in the endosperm walls of many leguminosae seeds such
as guar gum, locust bean gum, fenugreek gum and tara gum?’3°. They typically
consist of B-1,4-linked D-mannose with a-1,6-linked D-galactose side units and are
reported as ~1000 kDa in molecular weight?’#>. Finally, acemannan is a type of
glucomannan, a partially acetylated B-1,4-linked D-mannose linear chain containing

some D-glucose units and is reported as a bioactive compound found in aloe vera®’.

1.1.3.1.4. Pectins
Pectins (Figure 1) are structurally complex PS found in the cell walls of many
vegetables and fruits including sweet potatoes, grapefruit, apples, oranges, bananas,

beans and carrots?”4849, They are generally heteropolysaccharides and can consist
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of a linear chain of a-1,4-linked galacturonic acid which can also be interspersed with
individual residues of a-1,2 linked L-rhamnose, and are reported to range from 55 to
4200 kDa in molecular weight?”*0. However, pectins are highly structurally diverse,
which depending on the source, can consist of other sugars or larger PS structures
(Figure 1)?. Pectins can comprise rhamnogalacturonan type | and II, arabinan,
xylogalacturonan and homogalacturonan®>3, For a review on pectin structure see
53, Pectins are an important water-soluble dietary NDP that contribute towards gel-
formation in the human GI tract'®. They are also a common dietary fibre and are
associated with several promising health benefits including anti-diabetic, anti-cancer,
and cholesterol-lowering properties®>54%, For a recent review on the potential health-

promoting properties of pectins, see 2.

Gum Karaya is a partly water soluble rhamnogalacturonan pectic polymer that is
partially acetylated. It typically contains an alternating a-1,4 L-rhamnose and a-D-
galacturonic acid backbone with 3-1,4 D galactose or -1,3 D-glucuronic acid single
side units?’. Gum karaya can be commonly found in gums such as Sterculia urens

and is used as a food additive®.

Arabinan is commonly sourced from sugar beet and comprises a a-1,5-linked
arabinose backbone branched with o-1,3-linked or a-1,2-linked arabinose units?’.
Arabinan is also found in pectins from vegetables such as cabbage®’. Pectin-derived
arabinan is attached as a side chain to the rhamnose residues of

rhamnogalacturonan | (Figure 1).

1.1.3.1.5. Fucoidans

Fucoidans are PS that mostly consist of L-fucose residues and are commonly
sulphated. Typically, they consist of a-(1,3)- and o-(1,4)-linked L-fucose linear
chains; which may be assorted as linear a-(1,3)-fucans interspersed with single o-
(1,3)- and a-(1,4)-linked L-fucose or sulphate ester groups®®°°. Other sugar units
have been reported in fucoidan PS including glucuronic acid, arabinose, mannose
xylose and galactose®®®, For further information on fucoidan structures see * and
60, Fucoidans are primarily derived from brown seaweeds, however, they can also be
found in sea urchin and sea cucumber®®. Fucoidans can differ in their structure
depending on their source and are suggested to have bioactive properties including

antitumor, anticoagulant, and antithrombotic effects®.
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1.1.3.1.6. Fructans

Plant fructans are polymers of fructose found as storage PS in ~15 % of higher plants
such as forage grasses, cereals and vegetables®!. Fructooligosaccharides (FOS) or
inulins (Figure 1) are described as water soluble linear 3-(2,1)-linked fructans where
their degree of polymerisation (DOP) is dependent on their source, generally
between 3 and 60 DOP®2%3, Plant levans are typically termed linear B-(2,6) fructans.
Fructan PS are termed inulin while fructans with a DOP between 3 and 5 monomers
are typically referred to as oligofructose or FOS®3. Plants including cereal grains
utilise fructosyltransferases to synthesise fructans by adding fructose residues onto
sucrose (disaccharide of glucose and fructose) leading to the production of different
structures including: linear -(2,1) fructose (1-kestose or inulin); branched structures
comprising mixtures of B-(2,1) and B-(2,6) links (bifurcose or graminans); linear (-
(2,1) or pB-(2,6) fructose as N-kestose or Neoseries; or B-2,6 linear fructans
(levan)®264¢ B3-(2,1) inulins are a good source of soluble fibre and are found in foods
such as banana, garlic, wheat, onions, leeks, barley and rye. It has been also
reported that inulin from garlic contains B-(2,6)-linked fructose branching®’. p-(2,6)
levan is produced by several plant species including Agropyron cristatum®,
Pachysandra terminalis®® and Curcuma kwangsiensis’®. Plant levans are non-
structural storage carbohydrates located in leaf and stem sheaths and are generally
low in molecular weight’®73. Additionally, high molecular weight (> 500 kDa) B-2,6
levan-type fructans are produced by a diverse range of microbes’? which is discussed
in 1.1.3.2.1.4. Inulin and FOS are linked to a number of health benefits including
alleviation of allergy, disease-associated chronic inflammation, or colon cancer, and

are suggested to have immunomodulatory properties’.

1.1.3.1.7. Galactans

Galactans are structurally diverse in nature”. From algae and seaweeds, they are
primarily linear galactose polymers comprising alternating «-1,4 and $3-1,3 linkages
and are generally sulphated”. Depending on their source, these polymers can also
contain mixtures of other sugars including glucose, arabinose, and xylose’7®.
Galactans are also present in plants such as lupin which are mostly made up of p-
1,4-linked linear galactose chains’"’. Other plant galactans also contain B-1,3 or -
1,4 galactose chains and may comprise other sugars including arabinose, rhamnose
and glucose’™. For example, arabinogalactan type | is found in some fruits and

comprise B-1,4-linked galactose chains attached to a-(1,5)-linked arabinose units™.
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Arabinogalactan type Il can also be present™. The sources and structures of

galactans have been reviewed elsewhere, see .

1.1.3.2. Microbial polysaccharides

PS synthesised from pathogenic or commensal microbes are vast and structurally
complex’®8°, Microbial PS can be found in the cytoplasm as storage PS or be present
in the cell wall. They also exist as exopolysaccharides (EPS) that are secreted into
the extracellular environment or loosely associated with the bacterial cell surface;
capsular PS (CPS) that are attached to the microbe’s surface; or bacterial

lipopolysaccharides (LPS) anchored to the membrane®:82,

1.1.3.2.1. Exopolysaccharides

EPS are generally high molecular weight carbohydrate polymers that can be
subdivided into homopolysaccharides (comprised of one monosaccharide type) or
heteropolysaccharides (consisting of 2 or more monosaccharide types). EPS is a
general term that describes microbe-derived PS residing outside the cell wall - also
referred to as extracellular PS8, EPS including dextran, gellan gum, pullulan and
levan are used commercially including in the food and pharmaceutical
industries’®8485 Here we describe EPS relevant to this thesis that are secreted into
the extracellular environment or are loosely attached around the surface of the

microbe’®8! with a focus on levan.

1.1.3.2.1.1. Pullulan

Pullulan is a water-soluble linear EPS primarily consisting of a repeating maltotriose
residue (a-1,4-linked trisaccharide of glucose) connected by o-1,6 linkages®*%87, It
is produced by fungal microorganisms including Aureobasidium pullulans, Cytaria
spp. and Telochisttes flavicans, among others®42¢, Pullulan is used in the cosmetic,

textile, food, and pharmaceutical industries®8¢, For a recent review, see 6.

1.1.3.2.1.2. Gellan gum

Gellan gum is an EPS made and secreted by Sphingomonas paucimobilis (formerly
Pseudomonas elodea) and comprises a repeating unit of B-D-glucose and B-D-
glucuronate, a-L-rhamnose (molar ration 2:1:1) and may be partially acetylated’®28,
Gellan gum is widely used in the food industry particularly for its gel-forming capability

e.g. in milkshakes, jams and jellies’.

1.1.3.2.1.3. Dextran
Dextran is a high molecular weight glucose polymer and typically contains

predominant a-1,6 linkages in its linear chain and can comprise a-1,2, a-1,3, and a-
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1,4 branching depending on its source’®##8° |t is biosynthesised by many of the
bacteria belonging to the Lactobacillaceae family including Streptobacterium
dextranicum, Leuconostoc mesenteroids, and Leuconostoc dextranicum®. Dextran
is also used extensively in the food industry e.g. as a thickener in ice cream and

jam?™,

1.1.3.2.1.4. Levan

Microbial levan is a large B-(2,6) fructofuranose polymer that is linear or can contain
B-2,1 branching (Figure 2)"+72%0, Many bacteria are capable of synthesising levan
including Lactobacillus reuteri®*, Bacillus subtilis®®?, B. amyloliquefaciens®, L.
citreum®, Zymomonas mobilis®®, Pseudomonas syringae pv®, Erwinia herbicola®,
Microbacterium laevaniformans and Serratia levanicum’>, Further, yeast such as
S. cerevisiae has been used for levan production, although, this is not common?2°,
Levan’s degree of branching depends on the microbial source and the production
method used (e.g. culture conditions)’? and in between ~2 and 13% branching has
been reported’>%, For example, levan produced from E. herbicola is regarded to
consist of 5% branching while levan from M. laevaniformans produced up to 12.3%
or 12.9%%00101 = Alternatively, low branched levan has shown to be produced by
bacteria such as Serratia levanicum®,. Further, some species of acetic acid bacteria
produce linear levan'®?. Levan’s molecular weight depends on the microbial strain
and production method used (e.g. culture conditions)’. In general, levans form high
molecular weight polymers™. For example, levan produced by Serratia spp, B.
polymyxaevan and E. herbicola show molecular weights of 4400 kDa, ~2000 kDa,
and 1100/1600 kDa, respectively. Interestingly, some bacteria can produce both low
and high molecular weight levans. For example, B. subtilis natto simultaneously
produce levans of 1800 kDa and 11 kDa'®. The same strain was also reported to

produce two levans at 568 kDa and 50 kDa%,
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Figure 2. Structural conformations of microbial levan

(@) linear B-(2,6) levan. (b) linear $-(2,6) levan containing £-(2,1) branching points. Taken from 72
with permission obtained from Elsevier, Inc, and the Copyright Clearance Centre.

Levan is synthesised by levansucrase (E.C 2.4.1.10), a fructosyltransferase
belonging to family 68 of glycoside hydrolases according to the CAZy (carbohydrate-

active enzymes) database (www.cazy.orq)’?. Generally, levansucrases are secreted

into the extracellular environment but can also be attached to the bacterial cell
surface’™ "2, Levansucrase binds to a substrate, such as sucrose, and adds fructose
molecules to a growing fructose chain’t’2. Typically, this process produces a
glucose-capped B-(2,6)-linked fructofuranose polymer containing no or some p-(2,1)
branching (Figure 2)72. Levan can be produced by bacterial culture methods or in
vitro using recombinant levansucrase heterologously produced in Escherichia
coli’>105197 | evan is amphiphilic and known to adopt a spherical conformation in
agueous solution, and, therefore is commonly referred to as a
‘nanoparticle’”*72:90:192.107 ] eyan is functionally unique as it has a low intrinsic
viscosity, good tensile strength, low toxicity, and is eco-friendly and biodegradable.
Levan can be applied in several industries including in aquaculture and biofilm
packaging’. Further, levan has been proposed for use in the food industry e.g. in
dairy products or bread’>1%109 |t is also present in fermented food such as Natto
(fermented soybean)?®2¢, Levan may also be relevant to the pharmaceutical industry,
for example, as a nanoparticle for delivering drugs including antibiotics’>1°, Further,
levan is suggested to confer several health benefits including anti-cancer/anti-
tumour®-1% anti-pathogenicl®®, anti-diabetic'!!, cholesterol-lowering and anti-obesity

properties!'?, among others’. It has also been proposed as a prebiotic1113-115 This
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was shown in a recent study where levan supplementation of cultures of faecal
microbiota of healthy individuals led to positive changes in microbial composition,
including increased Bacteriodes spp and Facalibacterium spp (a known butyrate-
producer). For a recent review on levan as a prebiotic see®. Interestingly, isolates
of levan-producing strains have been detected in the faeces of healthy humans?¢,
although due to the limited number of reports, further work is warranted to verify that

levan is produced by resident bacteria in the Gl tract.

1.1.3.2.2. Cell wall-associated polysaccharides

1.1.3.2.2.1 Microbial glucans and mannans

a- and B-glucans and high-mannose structures are frequently found in pathogenic
microbial fungi and mycobacteria (Figure 3)17118  For example, outer layer
mannoproteins along with inner layer chitin and -1,6/p-1,3 glucans are components
of Pneumocystis spp such as Pneumocystis jiroveci!'® (Figure 3). Fungal a-mannans
are typically found as O- or N-linked mannoproteins, however, high-mannose
structures can also be covalently attached to lipid moieties that form glycolipids such
as lipoarabinomannan from Mycobacterium?*?%121, |n addition, a-(1,3) glucans can be
present on the outer surface of Blastomyces dermatitidis or Histoplasma capsulatum
which also consists of an inner layer of B-glucan and chitin (Figure 3)221%,
Interestingly, a-(1,3) glucans are thought to help evade immune system recognition
by shielding highly immune-responsive B-glucan”124, Other PS found in pathogenic
fungi include galactomannans, CPS glucuronoxylomannan (GalXM), CPS
galactoxylomannan (GXM) and galactoaminogalactans (GAG) (Figure 3)’. Along
with mannoproteins, B-glucans and chitin, these PS structures not only uphold
structural integrity but also serve as pathogen-associated molecular patterns
(PAMPs)!’. PAMPs are microbial structures recognised by a variety of pathogen
recognition receptors (PRRs) found on mammalian immune cells - including C-type
lectin receptors (CLRs) and Toll-like receptors (TLRs) (see 1.2.5.2 and 1.2.5.1,
respectively) — and help initiate the immune response to help combat
infection?#117.125 For a review on how the immune system recognises and responds

to fungal pathogens see 1?¢ or 117,
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Figure 3. Structure and carbohydrate composition of the cell walls in pathogenic fungi

GAG, galactoaminogalactans. GalXM, Glucuronoxylomannan. GXM, Galactoxylomannan. Taken
from 17 with permission obtained from Springer Nature and the Copyright Clearance Centre.

1.1.3.2.2.2. Scleroglucan

Scleroglucan is a high molecular weight p-glucan synthesised by members of the
Sclerotium genus??”128, The plant pathogen Sclerotium rolfii is commonly used for
the production of scleroglucan in industry*?°. Scleroglucan comprises a linear chain
of B-1,3-linked glucose with 3-1,6 glucose branching points every 3 residues, and
adopts a triple helix formation as a macromolecule!?®®, Like levan, its average
molecular weight depends on the production method used!?. Scleroglucan’s
reported molecular weight varies from 130 kDa to 6000 kDa'?. It is widely used in
industry, for example as a drug delivery carrier in the pharmaceutical industry, and
as a thickening agent and stabiliser in the food industry*?"12¢, For a review on the

properties and applications of scleroglucan see 128,

1.1.3.2.2.3. Lipopolysaccharide

LPS is a complex glycolipid which forms the outer membranous layer of gram-
negative bacteria (Figure 4a)®. LPS can be characterised into 3 main domains as
described by Steimle and colleagues (2016) (Figure 4b)3!. Briefly, (i) lipid A
comprises acyl structures - and the length and number of the acyl chains per domain
can differ between bacterial species!®! - that are connected to a disaccharide of -
(1,6)-linked glucosamine which are typically phosphorylated (Figure 4b)*3L. (ii) The
core saccharide region can consist of up to 15 sugar residues and contains one or

more residues of deoxy-D-manno-oct-ulosonic acid (Kdo) that is connected to one of
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the sugar moieties on lipid A?; (iii) O-antigen or O-specific PS is highly variable
among bacterial species and usually comprises repeating oligosaccharide residues
consisting of up to 5 different sugar types®131132 (Figure 4 b). The O-antigen fulfils
several functions including bacterial motility and protecting against oxidative
stress®2133, Rough type LPS comprises only lipid A and the core region®®!; the core
saccharide being partly responsible for its antigenic potential as no O-antigen is
present!3l, In contrast, smooth LPS contains all 3 domains (Figure 4 b)!, LPS is
important for the immune response against pathogenic gram-negative bacteria (also
see 1.2.5.1).
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Figure 4. The cell wall of gram-negative bacteria and the structure and composition of LPS

(@)Typical cell wall composition of gram-negative bacteria comprising LPS in the outer lipid
bilayer. In the periplasm, a peptidoglycan layer separates the outer membrane from the
cytoplasmic region. Taken from 82, Aritcle is under the Creative Commons CC BY licence. Image
licence: https://creativecommons.org/licenses/by/4.0/leqalcode. (b) Typical structure of LPS
from gram-negative bacteria. Taken with minor adaptions from 31, Article is under the Creative
Commons Attribution-Non-commercial-No Derivatives License (CC BY NC ND). Image licence:
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode. OM, outer membrane. CM
Cytoplasmic membrane.

41


https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode

1.1.3.2.2.4. Peptidoglycan

Peptidoglycan (PGN) is a large glycoprotein found in both gram-negative and gram-
positive bacteria®*. It is highly abundant in gram-positive species making up 30 — 70
% of the cell wall**. PGN is critical for cell wall structural integrity and helps combat
environmental stressors®®. PGN comprises peptides that link saccharide residues
made of B-1,4-linked N-acetylglucosamine and N-acetylmuramic acid®*®. For a
review, see 134, As gram-positive bacteria have no outer membrane, PGN resides on
the outer portion. In gram-negative bacteria, PGN is located between the cytoplasmic

and outer membrane (Figure 5a)%1%,

1.1.3.2.3. Capsular polysaccharides

CPS are found on the outer surface of many bacteria’®8. They are produced by both
pathogenic and non-pathogenic microbes, and the latter use CPS to defend
themselves against the host’'s immune system such as evasion from immune cells’®,
They are large, usually composed of > 200 monosaccharides, and can be found in
range of pathogenic microbes’®’. For example, N. meningitidis W-135 contains the
following repeating unit: galactose—[a-(1,4)-]N-acetylneuraminic acid[-a-(2,6)]-1361%7,
Also, microbial fungi Cryptococcus contain CPS GalXM and GXM (Figure 3)7.
Knowledge of the CPS structure from Neisseria meningitidis W-135 and other CPS
including Haemophilus influenza b3, have helped towards the development of
effective vaccines'®’. For a review on pathogenic CPS see **'. In addition, CPS are
present on commensal gut bacteria such as Bacteroidetes fragilis, which can be
found in the human ileum but mostly in the colon®®. B. fragilis can synthesise up to
8 types of CPS which are thought to help towards colonisation in the gut and possibly
immune system evasion'*®1%°, These CPS comprise both negative and positive
charges (zwitterionic) which are thought to be critical for their immunomodulatory
properties®°. Polysaccharide A (PSA) is the best-characterised zwitterionic CPS
from B. fragilis'®. Its structure comprises a repeating oligosaccharide of “[-1,3)-a-D-
AAT Galp-(1,4)-[B-D-Galf-(1,3)] a-D-GalpNac (1,3)-[4,6-pyruvate-B-D-Galp-(1,-

]”141,142.

1.1.3.3. Evidence from human clinical studies for immunomodulatory
properties of dietary polysaccharides

The health benefits to humans from consuming dietary fibre are well-accepted?,
however, less is known on the molecular mechanisms of individual fibres PS types
on the intestinal immune system in humans®#3, Interestingly, some oral PS-based

products are commercially available for immune health3144145  for example
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Yestimum®!#®, Cold-FX3!4¢ and Resistaid™’, The following sections describe

some evidence in human studies that reported immunomodulatory properties of

oral/dietary PS with a focus on fructans (see Table 1 for a summary).

Table 1. Examples of immunomodulatory PS: human dietary studies.

PS Treatment

Study Design

Relevant immunomodulatory results

Reference

Oral, Wellmune® (-

DB RCT; 50 — 70 y/o adults;

»  Trend (p=0.067) for | number of days
with symptoms in individuals with
urinary tract infections.

» 1 IFN-y levels from isolated blood

glucans)

adults; 21-41 y/o;

1,3 and B-16 | n=49, 250 mg/day or after LPS-stimulation compared to |
lucans lacebo; 90 days. control group at 45 days (not at 90
9 ) P Y days). Relatively, no notable changes
in IL-1p, IL-6, IL-8, TNF-o. or MCP-1,
among others.
»  1IL-4,1L-10, TNF-a. and IL-1p; | MIP-
lentinula elodes | 4-week parallel group study 1a; and no difference with IL-6, IL-1p.
" : : IL-17 and MIP-1bin stimulated-
Shiitake
( consuming lentinula elodes PBMCs (ex vivo) after 4 weeks
mushrooms; mushrooms; daily 5-10g; 52 compared to baseline values. 190
contains B- | health male and female

Ginseng PS from
Panax ginseng
(reported as
rhamnogalacturonan
I backbone with
arabinogalactan 1l

side

DB RPCT,; 72 healthy adults;
50 — 75 y/o; over 14 weeks;

» 1 serum TNF-a compared to placebo
at both 8 and 14 weeks.

» 1 NK cell activity (isolated from
Peripheral blood measuring % lysis)
compared to placebo at both 8 and 14
weeks.

» 1 phagocytosis of peripheral blood
macrophages (using pHrodo™ kit)
compared to placebo at both 8 and 14

152

(BENEO)

with inulin or placebo 60
days total; n= 30

LPS-induced whole blood (ex vivo).

type weeks.
branching?®t)
DB randomised  double » 1 serum IL-4 and GM-CSF.
B-2,1 fructan mix | crossover study; male and | > 1 CD282*/TLR2" circulatory DC.
(Orafti® Synergyl | female adults; supplemented > |serum IL-10. . 153
ynergy ’ » 1 1L-10 in Pam3Cys4-induced but not

Inulin and

oligofructose mix

(Frutafit 1Q)

RPCT;

females; n = 27 intervention;

type 2 diabetes

n = 22 placebo; 2 months
supplementation; 10g daily

Inulin and oligofructose mix

» | serum IL-12 and IFN-y after 2
months in treatment group and not in
placebo group.

» 1 serum IL-4 after 2 months in
treatment group and not in placebo
group.

154

Legend: DB, double blinded. DC, dendritic cell. GM-CSF, granulocyte-macrophage colony-
stimulating factor. IFN, interferon. IL, interleukin. LPS, lipopolysaccharide, MCP-1, monocyte
chemoattractant protein. MIP, macrophage inflammatory protein. NK, natural killer. PBMCs,
peripheral blood mononuclear cells. PS, polysaccharides. RPCT randomised placebo-controlled
trial. TNF-a, tumour necrosis factor-a.

1.1.3.3.1. Glucans
Glucans sourced from mushrooms and yeasts/fungi are one of the best-studied

immunomodulatory dietary PS in humans®!*® (see Table 1 for details). For relevant
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reviews, see 3 and °. It should be noted that whole mushrooms reported to be
immunomodulatory also contain other bioactive compounds in addition to glucans

including flavonoids and terpenoids®®®,

1.1.3.3.2. Fructans

Dietary inulin is linked to several health benefits in humans and has shown promise
in modulating immune system function (Table 1)’4%"1%8_Supporting this, a double-
blinded randomised placebo-controlled trial of 60 healthy individuals over 4 weeks
receiving a mixture of xylooligosaccharide and inulin not only caused prebiotic effects
by positively altering gut microbial composition increasing faecal numbers of
Bifidobacterium and butyrate levels but also decreased blood LPS levels, and
increased IL-B expression and decreased IL-13 expression in LPS-stimulated whole
blood (ex vivo)'®®. Another randomised control trial (RCT) of 52 women with type I
diabetes given fructans daily (including inulin) showed reduction in circulating TNF-
a, IL-6 and LPS and other metabolic parameters when compared to a control group
given maltodextrin'®®. Further, a recent systematic review by Fernandes and
colleagues'®! investigated the effects of inulin and galacto-oligosaccharides on
inflammatory markers in obese individuals including cytokine and LPS levels!®2, They
concluded that there was some evidence for immunomodulation in humans by
dietary inulin although more well-controlled studies were required!®®. Less explored
are the effects of dietary levan on human health. Healthy individuals receiving levan-
supplemented juice daily showed no difference in Gl symptoms such as
bloating/abdominal pain and metabolic measures including blood pressure
compared to the control group!®. Although studies of dietary levan are limited®,
based on the promising health benefits reported in experimental models’ 2, further
investigations in humans are warranted including assessment of levan’s

immunomodulatory and anti-cancer effects’ "2,

1.2. Overview of the gastrointestinal tract

1.2.1. Structure and function of the gastrointestinal tract

The Gl tract is a remarkable compartmental and multifunctional system that begins
at the mouth and terminates at the anus (Figure 5)*%*. As a long, muscular and tubular
structure, its function is to digest food, absorb water and nutrients, maintain
electrolyte balance, remove waste, regulate immune function, produce hormones,

harbour commensal microorganisms and re-absorb or excrete endogenous or
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exogenous biological molecules?®®®. This system is broadly categorised into two
compartments: the upper Gl tract consisting of the oral cavity, oesophagus, stomach
and duodenum (part of the small intestine [SI]); and the lower Gl tract containing the
jejunum and ileum of the small intestine (SI), and the appendix, cecum, colon
(ascending, transverse, descending and sigmoid), rectum and anal canal of the large
intestine (LI) (Figure 5)*°.

The GI system encounters a continuous bombardment of dietary and environmental
exogenous components!®. The main function of the Gl tract is to digest and absorb
dietary nutrients, providing energy and support for physiological and cellular
processes in the host!®®, Food is encountered and partially degraded in the oral cavity
through mastication and secretory digestive enzymes?!®*. A dietary-derived bolus
then peristaltically descends down the oesophagus entering the stomach where
mechanical churning, acidic secretions and local enzymes aid further digestion?64,
The components are passed into the Sl and LI where further digestion occurs, macro-
and micronutrients are absorbed, and microbial fermentation of non-digestible
carbohydrates takes place (in the LI) as well as the absorption of water and ions.
Unused components or unwanted biological molecules and secretions are excreted

via the anus?®.

In recent years, the Gl tract has been the centre of investigation over its role in
immune function!®®. The Gl tract harbours the largest collection of immune cells in
the human body, and is also a habitat for trillions of diverse microorganisms
collectively termed the gut microbiotal®. These organisms have co-evolved with their
hosts resulting in a complex and mutualistic relationship that can benefit host health

including regulating immune function>1¢7,
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Figure 5. Regions of the gastrointestinal tract.

Adapted from Servicer Medical Art images. Servier Medical Art by Servier is licensed under
Creative Commons Attribution 3.0 Unporter License:
https://creativecommons.org/licenses/by/3.0/legalcode

1.2.2. The intestinal microbiota

Humans harbour trillions of diverse microorganisms including fungi, bacteria,
archaea, viruses, and eukaryotes that are located in or on the host including the
skin'®, respiratory!®®, urogenital'’® and GI tract'*. The total microbial DNA associated
with humans is collectively known as the microbiome!’*. The number of bacteria to
human cells is suggested to be close to 1:1 and not 10:1 as previously reported’>
174 Further, the microbiome, particularly of the GI tract, is emerging as having

profound implications for human health and disease!’?174.

The gut microbiota comprises > 500 species of bacteria'®17>176, The majority of
these species reside within the LI: ~10° - 102 microbes per ml (other estimates
suggest 1072 which decreases towards the ileum (10°® — 107 [also reported as
10%]*”?) and to the duodenum and jejunum (< 10%!° (Figure 6). These
microorganisms have co-evolved with humans to form a mutually beneficial yet
complex relationship that contributes to Gl function and health4167.177, For example,
the gut microbiota plays a role in many intestinal metabolic processes in the gut'*
including the synthesis of vitamins which are important for cellular processes and gut

health'’® including folate!’®, vitamin B12!%° and vitamin K%, Notably, vitamin B12
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cannot be synthesised by fungi, animals or plants, however lactic acid bacteria are
able to produce'*#2, Importantly, characterisation of the human intestinal microbiota
has benefited from recent technological advances, leading to a better understanding
of how microbial composition is influenced by genetic and environmental factors
including geographical area, diet and disease!*83, Moreover, it is thought that the
colonisation of intestinal microbiota starts immediately from birth, however, this is still

a matter of debate!*.

Dominant gut phyla:
Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria, Verrucomicrobia

Predominant families in the:

Small intestine Colon
Lactobacillaceae, Bacteroidaceae, Prevotellaceae,
Enterobacteriaceae Rikenellaceae, Lachnospiraceae,

Inter-fold regions
Lachnospiraceae,
Ruminococcaceae
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Figure 6. Physiological and biochemical differences across the Sl and the LI, and the location of
bacteria in the gastrointestinal tract.

Taken from 18 with permission obtained from Springer Nature and the Copyright Clearance
Centre.

Commensal bacteria constitute complex microbial communities in the Sl and LI and
microbial composition and diversity of species not only varies and between
individuals but also across specific anatomical regions of the intestine'™. In this
regard, the colon contains a rich diversity of anaerobic species (Figure 6), particularly
in the caecum®®. The phyla that predominate in the LI include Bacteroidetes,
Proteobacteria, Actinobacteria, Proteobacteria, Firmicutes and Verrucomicrobia
(Figure 6)1%°18 In contrast, the Sl is typically acidic with a higher oxygen content and
contains more secreted antimicrobial factors that do not favour bacterial colonisation

(Figure 6)'*. The SI primarily harbours bacteria from Lactobacillaceae as well as
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Enterobacteriaceae families (Figure 6)1415185 Studies in mice have shown that the
Lactobacillus genus dominates the SI, reflecting the biochemical and physiological
environment of the Sl for their colonisation, whereas anerobic families
Lachnospiraceae, Bacteroidacea, Prevotellaceasa, Rickenellaceae and
Ruminococcacea dominate the LI'®. In addition, there is transverse spatial
distribution of bacteria in the LI (Figure 6) where microbes are kept away from the
epithelium due to the presence of the mucus layer'8+18’ In the colon, the mucus is
divided into a loose outer layer, which provides a habitat for the gut microbiota, and
a more stratified inner layer preventing the majority of bacteria to make contact with
the epithelial surface (Figure 7c¢)'*. Studies in mice have shown that B. fragilis can
pass through the mucus layer and reside within intestinal colonic crypts®8-190,
Microbes residing in the outer mucus layer may exert different biological functions

than those of the same species located in the lumen?®’.

a) b) c)

Small intestine ey & Follicle-associated epithelium Colon

Commensal
bacteria

Paneth i}
cell IESC

Macrophage DC

Figure 7. Structure of the epithelial barrier and mucus layers of the Sl and LI.

(a) Sl containing a loose mucus layer where IEC secrete AMP to limit bacterial numbers in the
epithelial region. Intestinal epithelial stem cells (IESC) move up the villi until they are excreted.
(b) Example of a lymphoid structure found in gut-associated lymphoid tissue (GALT), such as
macroscopically visible peyers patches (PP), that contains a lymphoid follicle harbouring
immune cells. The FAE contains microfold cells (M-cells) that aids transportation of antigen from
the lumen to underlying innate immune cells including DCs facilitating the sensing of antigen.
(c) In contrast to the SlI, mucus in the colon is thicker and contains two mucus layers. AMP are
also secreted. TFF3, trefoil factor 3. slgA, secretory IgA. Also see 1.2.3 and 1.2.4. Taken from 191
with permission obtained from Springer Nature and the Copyright Clearance Centre.
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Several intrinsic host factors influence microbial composition?®?. In the SlI,
antimicrobials including a-defensins, REGIIly, LPS-binding protein and lysozymes
are produced and secreted into the intestinal lumen by Paneth cells (Figure
7)14184.192.193 'Many of these molecules are cationic peptides that limit the number of
bacteria next to the epithelium through mechanisms such as disruption of the outer
bacterial membrane via enzymatic degradation!4184192193 These secretions are not
concentrated in the lumen but typically remain in mucus*. Microbes must also resist
reactive oxygen species (ROS) including those produced by the host epithelium,
however, many bacteria harbour genes for enzymes that contribute to bacterial
resistance against ROS*®419  Nevertheless, the decrease in secreted AMP from the
S| to the LI (Figure 6) influences bacterial diversity and the location of bacteria
throughout the intestine*1°°, Further, IgA secreted into the intestinal lumen resulting
from an adaptive immune response also has an influence on microbial
composition'#1%, IgA are found in abundance in the intestinal mucus of mice (Figure
7) which can bind to certain bacteria helping limit their attachment to the epithelium
and reducing bacterial motility in the mucus which facilitates their expulsion from the

intestine. 196197,

In addition, the composition of the microbiota'®1®® can be influenced by lifestyle
factors!74184199-201 including diet and nutrition'’*1%°, For example, bacterial diversity
in human faecal samples was shown to be significantly altered by both short-term
plant and animal-based diets?®. Human diets high in non-digestible dietary fibre has
a major impact on faecal microbial content!*2%2, Further, fibre content as well as
galactooligosaccharides have also been shown to modulate bacterial diversity as
determined in faecal samples of mice?®. Moreover, individual dietary components
can be important, for example, mice fed dietary emulsifiers led to alterations in
bacterial composition in the gut?®*. Other environmental factors including age,
smoking, exercise, household conditions are also thought to shape microbial

composition in the gut?°5:2%,

Many bacterial species can break down specific PSs, however, Bacteroides spp.
have been described as ‘generalists’ as they harbour the highest number and largest
diversity of PS-degrading enzymes'#®, The repertoire of enzymes available to
bacteria can prove advantageous in times of nutrient depletion, by expanding the
range of carbohydrates they can degrade and utilise’*. Notably, bacterial phyla
including Firmicutes and Bacteroides in the LI undergo fermentation of dietary non-
digestible carbohydrates that lead to the production of SCFA (including propionate,

acetate and butyrate) which are suggested to be important for human health and gut
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physiology including immune and/or metabolic functions within the gut 4297, For
example, butyrate is reported for its anti-cancer properties and its ability to improve

gut barrier function78208-210,

Further, complex O-linked glycoproteins such as MUC2 found in intestinal mucus are
another available carbohydrate source available to bacterial for energy and also
function as adhesion sites!#?!!, Adhesion of bacteria to mucus and the epithelium is
important for their colonisation and formation of microbial communities®4. This has
been extensively studied in pathogenic bacteria, however, commensals can compete
against pathogens for colonisation on the epithelial surface'®. Studies using
Lactobacillus species have demonstrated important roles for bacteria-derived
molecules such as EPS and cell-surface adhesins (mucus bind proteins [MUB]?'?) in
their colonisation and adherence to mucus and the epithelium. Therefore, mucus also

contributes to shape microbial composition in the intestines.%1184.212.213

Alteration of the gut microbiota has been associated with several noncommunicable
diseases and physiological conditions including cardiovascular disease, cognitive
impairment (e.g. Parkinson’s and Alzheimer’s), allergy, type |l diabetes and some
cancers (e.g. colon, prostate or liver)?*4. Moreover, much work has been centred
around inflammatory bowel disease (IBD) which is believed to be attributed to a
number of factors including genetics?'®, environment and lifestyle (e.g. diet)?!® and
dysregulation of the immune system?!’. These perturbations or imbalances of the gut
microbiota are often referred to as dysbiosis?!’. Dysbiosis is commonly defined as
“a compositional and functional alteration in the microbiota that is driven by a set of
environmental and host-related factors that perturb the microbial ecosystem to an
extent that exceeds its resistance and resilience capabilities™’. It is difficult to clearly
define a healthy gut microbiota composition across the Gl tract due to the
heterogeneity between individuals and the methodological limitations in
metagenomic studies!®. However, a healthy microbiota generally incudes a rich
bacterial diversity and a capability to regress from a perturbed state back to the
original condition?!’. There is clearly inter-individual diversity of the gut microbiome
in healthy subjects!’, and age and geographical location can also influence this
composition?!8, Further, it is speculated that multiple “states” exist for both healthy
individuals and those with dysbiosis, which may be influenced by environmental
factors such as diet and antibiotics?°*?7. However, a clear cause and effect for

dysbiosis and disease is not yet verified?®.
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1.2.3. Structure and function of the intestinal epithelial barrier

The intestinal tissue is made up of the serosa, layers of smooth muscle, submucosa,
mucularis mucosa and mucosa (the latter 3 are shown in Figure 8)1%5229, The mucosa
harbours the lamina propria (LP) which is a thin layer of loose areolar connective
tissue that provides structural support for villi, blood supply, lymphatic drainage
systems and nerve supply!®®. Notably, the LP and epithelium harbour most cells of
the innate and adaptive GI immune system including DC (dendritic cells),
macrophages, T cells and B cells that are critical for intestinal immunity and
homeostasis (Figure 8, also see 1.2.4.2 and 1.2.4.3)'%, Importantly, the mucosa is
covered by a continuous monolayer of several IEC (intestinal epithelial cell) types,
mostly enterocytes, constituting the epithelium (Figure 8)?2L. IEC are joined together
by tight junction proteins including occludins, claudins and junctional adhesion
molecules which maintain monolayer integrity??!. The epithelium forms a physical
and biochemical barrier that helps separate the intestinal mucosal immune system
from the Iluminal contents of the gut including a multitude of commensal
microorganismst®, thereby limiting luminal contents from contact with the intestinal

immune system??2,

The epithelium and LP are functionally and compositionally distinct and can differ
throughout the intestine (Figure 8)'%. It was previously proposed that the human
intestinal epithelium covered a surface area of 260 - 300 m? due to the presence of
villi and microvilli, however it is now considered to be 32 m? 164223 where the LI
accounts for only 2 m? of this area??. The intestinal epithelium is characterised by
small invaginations known as crypts (crypts of Lieberkiihn) which are located
between the villi in the SI and distributed between flat areas of the epithelium in the
LI (Figure 8)?%°, At the bottom of the crypts, multipotent stem cells differentiate into
several types of IEC, including enterocytes that facilitate the absorption of
nutrients!®*, however, Paneth cells, neuroendocrine cells, and goblet cells, among
other cell types are also present (Figure 8)!%°. Goblet cells are mostly responsible for
the secretion of mucins as well as production of AMP*1, Another important IEC are
Paneth cells that primarily reside in the ileum also producing antimicrobial peptides
(AMPs) that help maintain the crypt sterile??°. Excluding Paneth cells which migrate
downwards, other mature IEC’s move upwards towards the tip of the epithelium
where they are excreted into the lumen after 4-5 days (Figure 7a)'%°. Notably, IEC
play a role in the gastrointestinal immune system which is further discussed in
1.2.4.1.
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Supporting the IEC barrier is the mucus layer (Figure 8) comprising > 80%
carbohydrates with MUC2 being the most prominent mucin in the intestine??422°, In
the SI, a loose mucus layer (Figure 8) has been characterised in rodent models??®,
In contrast, the colon has two layers (Figure 8); an inner mucus layer that is attached
to IECs and ~50 um thick (in mice); and an unattached layer ~100 um thick similar
to that in the SI'%226, The mucus layer in the colon is substantially thicker compared
to the SI??’, Mucus acts as a strongly charged gel which confers its antimicrobial
properties, and aids in the prevention of noxious or toxic substances reaching the
epithelium?®, Mucus also contains AMPs, IgA antibodies and other proteins that

protect the epithelium from bacterial colonisation6519:229
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Figure 8. Structure and cellular composition of the epithelium and underlying LP of the small
and large intestine

The small and large intestine (S| and LI, respectively) are covered by a single monolayer of
intestinal epithelial cells (IECs) including Paneth cells, goblet cells, enteroendocrine cells and
micro-villi containing enterocytes. The Sl harbour villi but these are not present in the LI. The
underlying LP, part of GALT (see 1.2.4.2) harbours many immune cells important for intestinal
immunity and gut immune homeostasis. Notably, the LI has 2 layers of mucus whereas the Sl
has one loose layer. The mucus layer helps limit luminal content from reaching the epithelium
and underlying LP. The LP harbours many of the GALT’s innate and adaptive immune cells
including DC, macrophages, T cells and B cells that are important in intestinal immunity (also
see 1.2.4.2 and 1.2.4.3). AMP, antimicrobial peptide. IEL, intraepithelial lymphocyte. Taken from
165 with permission obtained from Springer Nature and the Copyright Clearance Centre.
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1.2.4. The gastrointestinal immune system

1.2.4.1. Intestinal epithelial cells

In addition to the epithelium acting as a physical and biochemical barrier, IEC
contained within this monolayer also have immunomodulatory roles!®*#°, |EC are
capable of secreting immunomodulatory molecules that can interact with the

underlying immune cells of LP such as DCs*%1°1,

Chemokines and cytokines help control intestinal immune homeostasis and
inflammation®!. For example, chemoattractant molecules such as chemokine
monocyte chemoattractant protein 1 (also termed CCL2 [MCP-1]), CXCL8 (IL-8)
induce chemoattraction of DCs/macrophages and neutrophils, respectively, and
secretion of IL-6 and TNF-a can lead to proinflammatory effects such as inducing the

differentiation of T cell subtypes (for further details see 1.2.4.2.)232:233,

Notably, IECs produce cytokines and chemokines in response to both pathogenic
and non-pathogenic bacteria (Figure 9a)'°:%1, This can be through contact with the
IEC apical side, internalisation by IEC, breaching the epithelial layer or directly
interacting with TLR on IEC either on the apical (facing the lumen) or basolateral side
(facing the LP)'*%2, For example, pathogenic bacteria Shigella flexneri 2a/Shigella
dysenteriae, Salmonella enterica serovar Thyphinium or E. coli shiga toxin 2 have
been reported to induce IL-8, IL-18, and TNF-a expression, respectively, in
vitro?®12342% |n contrast, the study from Wang and colleagues (2014) also showed
that the cytotoxin of E. coli subtilase reduced IL-8 expression as well as MCP-1,
highlighting the differences in immune responses to different bacterial toxins?31234,
Other molecules derived from bacteria such as LPS have been shown to induce
cytokine and chemokine responses of human IEC in vitro including IL-6, IL-8, TNF-
a, IL-1B, IFN-y, macrophage migration inhibitory factor (MIF) and MCP-1237-240,
Further, commensal bacteria have been reported to induce IL-8, as well as TGF-$
and TSLP, resulting in the induction of tolerogenic DC subtypes?'24!, Moreover, the
probiotic Enterococcus facium HDRSEfl has also been reported to reduce IL-8
expression following pathogenic challenge in vitro?22, These findings suggest that
commensals and probiotics also have an immunomodulatory role through
modulating IEC cytokine responses?!. Importantly, cytokines and chemokines
secreted by IEC interact with the underlying immune cells of the LP including DC and
macrophages, among others, which consequently secrete their own cytokines and
chemokines that interact with associated receptors on |IEC inducing

immunostimulatory effects, for example, AMP production®®. In this regard, the

53



epithelial layer and underlying immune cells of the gut-associated lymphoid tissue
(GALT) (see Section) have been described as a critical and complex communications
network that help direct inflammatory responses to pathogens, inducing tolerance
towards non-harmful microbes?3%-231,
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Figure 9. Cytokine and chemokine production by intestinal epithelial cells and their impact on
the epithelium.

a) Examples of cytokine and chemokine responses to bacterial stimuli including pathogenic
(including their toxins), commensal and probiotic bacteria. b) Effect of cytokine production by
intestinal immune cells on IECs and barrier integrity. Taken from 231, Images are licensed under
Creative Commons Attribution 4.0 International:
https://creativecommons.org/licenses/by/4.0/legalcode.
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1.2.4.2. Gut-associated lymphoid tissue

Underlying the epithelium is the intestinal immune apparatus termed GALT which is
formed of numerous lymphoid tissues and home to a dense population of innate and
adaptive immune cells including DCs, monocytes, macrophages, T cells, and B cells,
among others?#324 (Figure 10). Importantly, cytokines secreted by these immune
cells including DCs, macrophages and T -cells can impact the integrity of the
epithelial barrier including through IEC proliferation or apoptosis, or by modulating
monolayer permeability between tight junctions (Figure 9b)?31:245-250 Therefore, this
communication network is also responsible for maintaining the integrity of the

epithelium?231, For a comprehensive review on cytokine responses of IEC, see 2%

The GALT helps uphold the structural integrity of the GI epithelium and facilitates its
immune function including protecting against invasion of exogenous materials and
pathogenic or opportunistic microbes?+*?44, The GALT is the largest component of
all mucosa-associated lymphoid tissue (MALT), and is regarded as one of the largest
lymphoid organs in the body, as it is suggested to harbour ~70% of total lymphoid
cells?43244.251.252 GALT includes the tonsils, adenoids, aggregates of lymphoid tissues
(e.g. in the appendix, colon and oesophagus), and isolated lymphoid follicles (ILF)
and peyers patches (PP) of the intestine (Figure 8)?*32%3, GALT in the Sl and LI is
responsible for many immunoregulatory functions including acting as induction sites
for antigen sensing and presentation (PP being important induction sites in the SI)5°,
initiating adaptive immune responses against pathogens, maintaining mature and
naive lymphocyte populations, and distinguishing between harmful and non-harmful

antigens, for example, inducing tolerance towards commensal microbes!6°243:254.255,

PPs are aggregated lymphoid follicles that can be found in the jejunum but are
primarily found in the LP of the ileum and are the most well-characterised structure
of GALT (Figure 7b) 165243.256.257 Qverlying the PPs (and ILfs) is the follicle associated
epithelium (FAE)?*3, Here, microfold cells (M cells) have a highly phagocytic capacity
and specialise in the uptake and transcytosis of luminal contents and are important
in the immunosurveillance of luminal antigen including microbes (Figure 7b)65258:259,
Further, murine PPs harbour adaptive immune cell populations including many B
cells and smaller amounts of T cells as well as innate immune cells such as DCs,

macrophages and neutrophils®®,

T cells are important adaptive immune cells that can also be found in the LP (Figure
8)165260  These cells play a role in inflammatory responses to pathogens, anti-

inflammatory responses to non-harmful microbes and maintaining intestinal immune
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homeostasis (Figure 10)'%°. Moreover, naive CD4* T cells reside in the PP, however
they are the most abundant type of T cell in the LP%!23, These cells can undergo
differentiation into further CD4" T cell subtypes important for intestinal immunity via
the action of DC and macrophages in response to microbial stimuli (Figure 10). CD4*
T helper 17 (Th17) cells play an important role in immunity of the mucosa by
producing proinflammatory cytokines IL-17A and IL-22, and among several functions
can recruit neutrophils and stimulate production of AMP to help fight pathogens?61:262,
Further, CD4+ Thl cells are crucial for the immune response to some viruses and
pathogenic bacteria?®®. In contrast, CD4+ T regulatory (T reg) cells are critical for
intestinal immune regulation, as they have an ability to dampen Th17-mediated
inflammation and promote anti-inflammatory responses such as secretion of IL-10
(Figure 10)%61.264265 |nterestingly, induction of T reg cells are reported to involve the
commensal gut microbiotal®266:267 with Forkhead box P3 (Foxp3) cells being an
important T reg cell subset in the intestine for maintaining immune

homeostasis?61:265267,
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Figure 10. T cell responses induced by the gut microbiota

In the intestine, harmful and non-harmful bacteria can induce proinflammatory or anti-
inflammatory responses, respectively. These effects can be via microbial activation of Toll-like
receptors (TLRs) (see 1.2.5.1.) or Nod-like receptors (NLRs) on antigen presenting cells (see
1.2.4.3.). This can lead to downstream secretion of immunomodulatory molecules that can
induce T helper 17 (Th17) and T helper 1 (Th1) cells which drive inflammation and the clearance
of pathogens. This response can also lead to damage to the epithelium and other effects that
can lead to chronic inflammation. In contrast, T reg cells can also be induced by certain
commensal microbes (e.g. B. fragilis'®). This leads to T reg cell induction through secretion of
immune molecules including TGF-g and retinoic acid (RA) by DCs (see 1.2.4.3.2.) that produces
anti-inflammatory cytokine IL-10 leading to suppression of inflammatory responses. Other anti-
inflammatory effects include the repair of the epithelial barrier and increased production of
antimicrobial peptides. Further, the induction of B cells leads to IgA secretion that positively
acts on colitogenic bacteria (capable of inducing colitis). IL, interleukin. Taken from 264 with
permission from Springer Nature and Copyright Clearance Center.

1.2.4.3. Antigen presenting cells

Antigen presenting cells (APCs) encompassing DCs and macrophages are found in
GALT such as the LP, PPs and IFLs of the intestines?®®. Together, they play a key
role in gut immunity, inflammation and tolerance including sampling antigen from the

lumen and from M-cells, presenting antigen to T cells and B cells, secreting pro- and
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anti-inflammatory cytokines and carrying out phagocytosis of invading microbes?%,
The primary areas for the induction of adaptive immune responses in the intestine -
such as T cell and B-cell priming by DCs and macrophages - are the lymphoid
structures of the GALT including PP and draining lymph nodes (e.g. mesenteric

lymph nodes)65:2%9,

Most information on mononuclear phagocyte subsets has been acquired from the
study of mouse models?®. The characterisation of subpopulations of intestinal DCs
and macrophages is highly complex partly due to the diverse cell surface markers
for their identification and as they share similar phenotypic traits?®®. For a recent

review, see 279,

1.2.4.3.1. Intestinal macrophages

Macrophages are an abundant cell type across the LP of the Gl tract important for
immune homeostasis?’! where they play key functions including the clearance of
local bacteria and cell debris, cytokine secretion, and the stimulation and
maintenance of T cells?8, Although similar to DCs, mouse macrophages are best
identified by their expression of cell surface markers CX;CR;, F4/80 and CD64,
however, different subsets can express CD11b or CD11c. The expression profile of

macrophages has been shown to be highly diverse across a range of tissues in

miC6268'270'272.

In the steady state, macrophages display a strong phagocytic function if invaders
breach the epithelial layer despite their well-known anti-inflammatory profile?32:268.273,
Acquisition of their anti-inflammatory characteristics occurs after their differentiation
from monocytes in the intestine such as in the LP of the colon, which includes a

characteristic IL-10-producing capability?8274,

Under non-inflammatory conditions and after microbial stimulation, Toll-like receptors
(TLRs), a PRR that recognises bacterial LPS (see section 1.2.5.1.)?", expression by
gut macrophages is low, therefore, the production of pro-inflammatory cytokines such
as IL-6, TNF-a, IL-1 and IL-23 and nitric oxide is low or non-existent as is their ability
to induce an strong oxidative burst?2273276_ Alternatively, macrophage-derived IL-10
is suggested to be critical in maintaining T reg cell populations, and immune
regulation in the colon heavily relies on IL-10 recognition by macrophages (Figure
11)268277 Moreover, gut macrophages in a TGF-B-rich environment can also induce,
maintain, and expand anti-inflammatory FoxP3 T reg cells which can secrete IL-10

which in turn influence macrophage function and this is suggested to partly explain
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intestinal macrophages’ specific tolerance towards commensal microbes in the

gut232,278,279

During inflammation, inflammatory-type macrophages arise from Ly6C* monocytes
and become more abundant than resident macrophages with anti-inflammatory
profiles?68-280.281 " | y6C+ monocytes upregulate expression of PRRs [see 1.2.5.])
TLR2 and NOD2 resulting in the development of inflammatory macrophages that
induce proinflammatory molecules such as IL-6 and IL-23 and upregulate TNF-
o expression?68280.281 - However, it should be noted that TNF-o has both
immunostimulatory and immunosuppressive effects?%2!, Along with the action of
DCs, it is thought that secretion of proinflammatory cytokines by activated
macrophages in the inflammatory state can lead to T cell responses to help deal with
pathogenic invasion in the event of barrier disruption (Figure 11)2%2. It is unclear
which factors influence macrophage differentiation and function across different
areas of the gut, however it is suggested that IECs may be involved through their
secretion of cytokines and chemokines including thymic stromal lymphopoietin
(TSLP) and TGF-p268.282,
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Figure 11. Immune responses of intestinal macrophage and DCs in the steady and inflammatory
state.

IL, interleukin. Mg, macrophage. Th, T helper. Taken from 232 with permission from Elsevier and
Copyright Clearance Center.

It has been proposed that trans-epithelial dendrites (TEDs)?®®* on mononuclear
phagocytes could reach out through the epithelium of the SI LP into the intestinal
lumen and directly sample antigenic content®®®2%4, However, often subsets such as
CX3CR1+ macrophages or DCs have been proposed to perform this function?°285,

although more work is required to distinguish between DCs?268:285.286,
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Intestinal macrophages expressing CX3CR: have also been implicated with wound
healing of the epithelium, and may also influence barrier permeability through their
production of nitric oxide and IL-6 that may exacerbate pathogen invasion8287, |n
line with this, barrier dysfunction by inflammatory macrophages, through their direct

communication with IECs has also been reported recently in vitro?s,

1.2.4.3.2. Intestinal dendritic cells

In contrast to macrophages, intestinal DCs are the primary innate immune cells in
the intestinal LP responsible for inducing adaptive immune responses to foreign
antigens through the priming of naive T cells?®®. They also play a role in immune
tolerance towards the microbiota and are capable of secreting both pro- and anti-
inflammatory molecules?32268.289.2%  DCs predominantly express high levels of
CD103, CD11c and MHC class Il and can express CD11b 165291295 More recently,
CD24, among other markers, has been proposed for their discrimination from
macrophages6>268.270.291-2% \jgst studies that identify markers on DCs have been
performed in mice, however investigation of human DC subsets is more complicated
are not always comparable with mice?°2%, Nevertheless, 3 main murine DCs
subsets have been described in the literature: CD103* CD11b", CD103*CD11b" and
CD103 CD11b* CX3CRL1* and the distribution of these subsets across the intestines
cells are not uniform?%2%_ However, the LP, MLNs and PPs are home to CD103"*
DCs where CD11b" predominantly reside in the PPs and ILFs, and LP of the colon;
and CD11b* are found in the LP of the SI'%,

DCs are important in mediating adaptive immune responses?®®®, In the steady state,
DCs can be passed antigen from M-cells and goblet cells?*%2°7:2%8 |t is also proposed
that DCs are able to extend across the epithelium to sense antigen in the lumen but
this mechanism remains controversial, as macrophages expressing CD11c, MHCII
and CXR3;CR;: markers may be responsible as previously described?>°2%8, However,
direct capture of antigenic material across the epithelium by CD103+ DCs has been
reported?%®2%®, DC uptake of foreign material such as bacteria and food antigens
results in their migration to the MLNs leading to antigen presentation to T cells which
influence adaptive immune activation or induce tolerance through the generation of
inflammatory or regulatory T cells, respectively’®®. The role of DCs in intestinal
immune tolerance is critical?®83%. For example, their secretion of TGF-f and retinoic
acid promote proliferation of Foxp3+ T reg cells from naive CD4* T cells that helps
control intestinal immune homeostasis®®. In an inflamed gut, DCs residing in
intestinal tissue enhance Th17 and Thl responses that help fight invading microbes

through DC (and macrophage) secretion of proinflammatory cytokines such including
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TNF-a IL-1B and IL-23 in response to microbial TLR stimulation (Figure 11)2%2,
Conversely, in the healthy state, DCs (CD103") can induce microbial tolerance
through T reg cell induction via their production of retinoic acid (RA) and IL-10 yet
can still produce proinflammatory cytokines including IL-6 and IL-23 in response to
pathogenic microbes, leading to elevated Th17 cell responses dependent on TGF-3

(Figure 11)232,290,301—303_

TGF-B, RA and IL-10 production by DCs can occur in the LP and at the MLNs which
leads to proliferation of Foxp3+ T reg cells and help induce plasma B cells leading to
secretion of IgA268300.304 nterestingly, it was recently shown that purified mucin
induced IL-8 production in human monocyte-derived DCs, suggesting a pro-
inflammatory role for intestinal mucins in gut barrier function. Immunomodulation by
microbe-associated cell-structures and secreted factors such as PS and SCFAs can

also occur through interaction with DCgs41:296.305:306

The intestine also harbours follicular DCs in the germinal centres and lymphoid
follicles of the GALT. These have a unique phenotype manifesting long dendrites
which are important in driving IgA responses?®!. Moreover, intestinal plasmacytoid
DCs found in the SI**® can help induce IgA production?3%7, Further, microbe-
stimulated “TNF and inducible nitric oxide synthase (iNOS)-producing (TIP) DCs"?%!
can secrete TNF-a/nitric oxide synthase which is thought to influence secretion of

IgA by plasma B cells?6%:3%8,

Overall, DCs and macrophages as APCs function in a highly complex environment
communicating with other immune cells and act as gut sentinels which help to control
the balance between immune activation and tolerance towards the gut microbiota,

pathogens and dietary antigens?32:268,

1.2.5. Structure and function of pathogen recognition receptors.

PRRs (Figure 12) are one of the key players in innate immunity and critical for
sensing microbes and initiating immune responses®®. This recognition is mediated
by binding to pathogen associated molecular patterns (PAMPs) — typically
membrane-associated protein, carbohydrate or lipid-derived structures 3%°. PRRs
can be found on large variety of innate and adaptive immune cells including

macrophages, monocytes, DCs and T cells®%,

The following describes the function of two well-known PRRs: Toll-like receptors
(TLRs) and C-type lectin receptors (CLRs) and their association with intestinal

immunity.
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Figure 12. Examples of PRRs found on immune cells and their corresponding carbohydrate
ligands from fungi.

TLRs, Toll-like receptors. CLRs, C-type lectin receptors. NLRs, Nod-like receptors. Taken from
117 with permission from Springer Nature and Copyright Clearance Center.

1.2.5.1. Toll-like receptors

TLRs can be classed into 2 categories; intracellular TLRs which include TLR3, TLR7,
TLR8, TLR9 TLR11, TLR12 and TLR13; and cell surface TLRs including TLR1,
TLR2, TLR4, TLR5, TLR6 and TLR10 (see Figure 12 for examples of cell surface
TLRs including TLR2 heterodimeric complexes®9)3!!, TLR1 to TLR9 and TLR11 to
TLR13 can be found in mice while humans harbour TLR1 to TLR103!*. Cell surface
TLRs are a family of transmembrane proteins®'? which recognise many PAMPs
derived from gram-positive and gram-negative bacteria abundantly present in the
gut!®®, Notably, bacterial cell surface structures flagellin and lipoteichoic acid are
ligands of TLR5 and TLR2, respectively while LPS is recognised by TLR4. TLRs are
the best-characterised PRRs and bind to a diverse range of microbial and host-

derived ligands that help initiate and control intestinal immune responses!®312,

TLR4 is expressed by immune cells including macrophages, monocytes and DCs3!2
as well as IECs®3, among others®?. TLR4 recognises bacterial LPS (Figure 13),
among other host-derived and exogenous ligands3!? and is one of the best studied
TLRs*, LPS is one of the most well-known TLR4 ligands, however its recognition
relies on other key factors. Lipid binding protein (LBP) is secreted into the intestinal

lumen by Paneth cells (and is found in serum) and interacts with LPS from both
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pathogens and commensals and, therefore, plays a role in the maintenance of
intestinal immunity*31315, Further, LPS is cleaved by from intestinal bacteria by lipid
transferase®. LBP transfers LPS to CD14 which facilitates binding to myeloid
differentiation factor (MD-2) on the cell surface that associates with TLR4 forming a
heterooligomeric TLR4/MD-2 complex (Figure 13)'%2, It has been reported that CD14
may not be strictly required for LPS-binding to TLR4/MD-236, Nevertheless, lipid A
is primarily responsible for recognition by TLR4/MD-2 on innate immune cells. LPS-
binding to TLR4/MD2 leads to the upregulation of > 10° genes'®?243312 and
TLR4/MD?2 is well-known to associate with adaptor molecules MyD88 or TRIF/TRAM
which induces transcription factor NF-kB¥2243312 resylting in the production of
interferons or cytokines including IL-6, TNF-a and IL-1f leading to initiation of an

immune responsel32243.314,317.318,
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Figure 13. Lipopolysaccharide recognition by the Toll-like receptor-myeloid differentiation
protein complex 2.

Taken from ! Article is under the Creative Commons Attribution-Non-commercial-No
Derivatives License (CC BY NC ND). Image licence: https://creativecommons.org/licenses/by-
nc-nd/4.0/leqalcode. LBP, lipid binding protein. TLR4, Toll-like receptor 4. MD-2, Myeloid
differentiation protein.

The low : high ratio of LPS endotoxicity (degree of ability to induce an immune
response) can differ between bacteria'®3°. A large amount of intestinal high-
endotoxic LPS may induce Thl7 or Thl responses to enhance inflammation.
Alternatively, an abundance of low-endotoxic LPS may induce tolerogenic response
including T reg cells or suppress Th17/Thl responses®®31° although this needs
further work. LPS can be found on both non-pathogenic and pathogenic microbes?*

that are abundant in the gut'®®. The recognition of these molecules by TLRs help in
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the fight against pathogenic bacteria, however, they may also play a role in tolerance
towards commensal microbes®1%, Further, TLR4 has been suggested to play a role
in DC tolerance®°322, TLR4 is also thought be involved in maintaining intestinal
barrier integrity and inflammation particularly in response to bacterial LPS323325,
However, very little is known about the role of TLRs in intestinal immune homeostasis

with regards to food antigens 221324,

In addition to TLR expression by immune cells, TLRs are also found on IECs and
play a role in the sensing of pathogenic and commensal microbes via their cell
surface structures including LPS by TLR4 (further examples from fungal
carbohydrate ligands are shown in Figure 12)**7, The control of intestinal immune
homeostasis to microbial stimuli is facilitated by the polarised expression of TLRs
that can be expressed internally or on the apical or basolateral IECs!®®?¢, For
example, induction of apical TLR9 can have an overall inhibitory effect on the
immune response through IkB stabilisation whereas basolateral TLR activation of
IECs activates NF-xB leading to the production of pro-inflammatory cytokines

including IL-6, IL-8 and TNF-a as well as chemokines and AMPs9326,

A recent study showed TLR expression on IECs across the Sl and LI**. Apical
expression of TLR2, TLR4 and TLR5 was considerable in the colon (Figure 14)3!3
whereas there was virtually no expression of TLR2, TLR4, TLR5, TLR7 and TLR9 in
the SI, and TLR5 being primarily expressed by Paneth cells®:3. Intracellular TLR4
was also found in colonic IECs®!3, The authors suggested that IECs have a unique
ability to sense luminal and transcytosed microbes. Further, upon stimulation of
organoids by TLR ligand flagellin, NF-kB-associated proinflammatory cytokine
expression was upregulated including TNF-o, however this appeared restrictive to
flagellin (a TLR5 ligand3?")313, This extensive study provides novel insights into IEC
relationships with gut microbes®!?, however, the exact role of TLR polarisation and
their differential expression across the Gl tract as well as their response to different

microbial stimuli is not yet fully elucidated.
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Figure 14. TLR expression in mouse intestine and examples of immune responses by intestinal
epithelial cells in response to TLR ligands.

IL, interleukin. TLR, Toll-like receptor. For further details on IECs see 1.2.3. and 1.2.4.1. Taken
from 313 with permission from Elsevier and Copyright Clearance Center.

1.2.5.2. C-type lectin receptors

The CLR superfamily covers over 1000 C-type lectin proteins defined by the
presence of at least one C-type lectin domain (CTLD)3?832, CTLD are conserved
protein motifs®*°, however fold variability exists including among domains responsible
for carbohydrate and Ca?* binding. CLRs are well known for their ability to bind
sugars including a broad range of carbohydrate ligands found on pathogens328331,
however not all CTLD are capable of binding carbohydrates or Ca?* 332, CLRs are
classified into 17 different subgroups based on their domain types and phylogeny.
Some examples of CLRs in fungal immunity and their ligand specificities are
presented in Figure 12328331 CLRs generally bind carbohydrate ligands including
specific amino acid sequences in the carbohydrate recognition domains
(CRDs)®?833%, The EPN (Glutamic acid, proline and asparagine) and QPD
(Glutamine, proline and aspartic acid) amino acid motifs recognise mannose and
galactose-structures3?8:333:334 regpectively, in a Ca?"-dependent manner. However,
CTLDs can also recognise non-carbohydrate ligands including lipids, inorganic

molecules and proteins3?%333, CLRs exist as secreted and transmembrane-bound
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proteins; the latter are particularly important in many biological and cellular processes
including immune responses®®. CLRs are found on innate and adaptive immune
cells and are important for the recognition of pathogenic or opportunistic
microorganisms®®. Upon recognition of carbohydrate ligands, CLRs initiate the
immune response®®*. Here, we briefly cover CLR ligand binding interactions,
intracellular signalling mechanisms, and discuss four well-known classes of CLRs
Dectin-1, DC-SIGN, SIGNR1 (mouse homologue of human DC-SIGN) and Dectin-2,

and their role in immunity focusing on their possible roles in the intestine.

1.2.5.2.1. Molecular mechanisms of CLR-ligand interactions

CTLD-containing CLRs make up a superfamily of animal proteins with many diverse
biological functions®3, CTLDs contain a double loop structure harbouring, at the
bottom of the loop, disulphide bridges to maintain stability and highly conserved polar
and hydrophobic interactions®*. The ‘long loop region’ forming the second loop is not
present in a number of CLRs, however it is responsible for Ca2?*-dependent
carbohydrate binding to CLRs®*2. The carbohydrate binding ability of CLRs can
involve multiple mechanisms including hydrogen bonding and hydrophobic

interactionss3®.

Ca?*-dependent carbohydrate ligand binding to mannose- or galactose specific CLRs
occurs through a highly conserved CRD located in the CTLD3¥*. Binding to a
carbohydrate structure is facilitated by interaction with a single calcium ion: hydrogen
bonds form between carbonyl structures located in the CRD and the calcium ion; and
the calcium ion directly forms hydrogen bonds with the carbohydrate ligand®®.
Dectin-2 is an example of a Ca?*-dependent CLR that binds mannose residues®®. A
recent study by Feinberg, et al (2017) showed using competitive solid-phase binding
assays that Dectin-2 had a particularly high affinity for mannose disaccharides
containing a-(1,2) and a-(1,4) linkages, with mannose monosaccharide and a-(1,6)
and a-(1,3) linked mannose disaccharides with modest affinity®*. Further, analysis
by glycan array suggested that the predominant target for mannose oligosaccharide
binding by Dectin-2 is the o-(1,2) linkage*°. Protein crystallisation techniques
identified a primary and secondary binding site on the CRD of Dectin-2 that enabled
mannose-specific residue binding3*. At the primary binding site, reducing end-
mannose was found to ligate with Ca?" through hydrogen bonding whereas the
secondary binding site accommodated the non-reducing mannose of the
oligosaccharide®®. The mannose oligosaccharide used in the crystallisation analysis,
which also comprised of two GlcNac units, contained two differing mannose

trisaccharides, one containing a-(1,2) linkages only, and the other both a-(1,2) and
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a-(1,3) linkages®*. Both oligosaccharide sub-terminal mannose residues were
accommodated by the primary binding site; coordination bonds with Ca?* through
their 3- and 4- OH groups as well as hydrogen bonding with four amino acid residues,
the latter being also ligated to Ca?* 3°, Interaction of 3- and 4- OH groups of the
mannose residue with the CRD is also observed with other mannose-binding CLRs
including DC-specific ICAM-grabbing non-integrin (DC-SIGN)**°. Van der Waals
interactions are also present between specific amino acid residues and Carbon 4 and
6 of mannose in the primary binding site 3. For further details on the molecular

interactions of Dectin-2 with its ligands see 3°.

In contrast to many mannose-specific CLRs, Dectin-1’s ability to bind to B-glucan is
independent of Ca?* 337340, Dectin-1 possesses one extracellular CTLD, and study
insights into the molecular mechanism of B-glucan recognition by Dectin-1 generally
considers the glucan binding site to be in a shallow groove of the protein (Histidine
221 and Tryptophan 223) and binding is facilitated by hydrophobic interactions37-34°,
Brown and colleagues (2007) confirmed that the involvement of metal ions was not
required for B-glucan binding®¥°. However, it has previously been suggested that
binding to Dectin-1 required glucans comprising > 10 glucose units®#°34, yet it still
may be possible that smaller glucans can bind but with weak affinity3*. Further,
Brown et al (2007) suggested that it was feasible the shallow groove could

accommodate glucan binding including chains with > 10 glucose units34°,

1.2.5.2.2. C-type lectin receptor signalling

A diverse array of immune cells including DCs, macrophages and T cells contain cell
surface receptors that are coupled to signalling molecules that help regulate signal
transduction®°342. Many of these receptors harbour a conserved sequence (YxxL/I
motifs divided by a distinct interval, YxxL/I-Xs.s-YXXL/I**?) termed the
immunoreceptor tyrosine-based activation motif (ITAM), or associate with subunits
that contain this sequence®*. ITAM is crucial for signal transduction in response to
ligand binding in many receptors including some CLRs%°3%2 Upon CLR-
carbohydrate ligand binding, CLRs elicit intracellular signalling, the context of which
depends on their associated intracellular signalling motifs33/343, Some CLRs harbour
an immunoreceptor tyrosine-based inhibitory motif (ITIM) to inhibit cellular activation,
others have ITAM or hemi-ITAM (HemITAM) to initiate cellular activation33’:343, In
addition, some CLRs do not contain these motifs®¥":343, HemITAM CLRs, including
Dectin-1, in their cytoplasmic tail, harbour a tyrosine residue within the YxxL

sequence37344.345 |ITAM-coupled CLRs either associate with ITAM-bearing adapter
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proteins, for example the Fc receptor y (FCRy) chain; or contain a characteristic ITAM
motif as YxxL tandem repeats in their cytoplasmic domain3*334434¢_Most CLRs in this
group interact with FcRy including Dectin-2, Mincle and the Mannose receptor
(MR)3#,

CLR carbohydrate ligand binding induces the phosphorylation of ITAM (via tyrosine
residues), which is mediated by Src family kinases, leading to these activatory CLRs
with hemi-ITAM or ITAMs associating with spleen tyrosine kinase (SYK) to initiate
cellular signalling343344347:348  SYK is an important intracellular tyrosine kinase
involved in proinflammatory cytokine production34®348, SYK contains two domains of
Src homology 2 (SH2) at the N-terminal and a kinase domain at the C-terminal®*.
The phosphorylated tyrosine residue(s) located in the HemITAM or ITAM motifs
serve as docking sites for the SH2 domains of SYK3%4348 The binding of SYK to the
phosphorylated HemITAM or ITAM leads to a conformational change of SYK allowing
autophosphorylation, activation and further downstream signalling®**. For example,
upon activation, Mincle (ITAM-coupled) and Dectin-1 (HemITAM) via SYK induce
proteins Protein kinase C delta (PKC3) and Vav which induce caspase recruitment
domain-containing  protein 9 (CARD9)/B-cell lymphoma/leukaemia 10
(Bcll0)/Mucosa-associated lymphoid tissue lymphoma translocation protein 1
(MALT1) complex and Mitogen-activated protein kinase (MAPK) pathways leading
to production of chemokines and cytokines3#3%, As it is relevant to this thesis,
Dectin-1 and Dectin-2 signalling pathways are discussed in sections 1.2.5.2.3 and
1.2.5.2.6, respectively. For a comprehensive review of myeloid CLR signalling
including ITAM- and ITIM-associated CLRs see 344,

1.2.5.2.3. Dendritic cell-associated C-type lectin 1

Dendritic cell-associated C-type lectin 1 (Dectin-1) (CLEC7A [human and mouse]) is
a type Il transmembrane protein in group 5 of the CLR family3234° |t is mostly
expressed by innate immune cells, particularly of myeloid origin, including DC
subsets, macrophages and monocytes3?349-352; glthough it can be expressed on
other cell types including langerhans cells, mast cells, kupffer cells, eosinophils,
basophils and microglia®?830353, Dectin-1 is important in mediating murine and

354

human anti-fungal immunity, for example against C. glabrata®™*, and can initiate Thl

and Th17 responses required for host protection at the mucosal surface34%:3%,

Isoform A of Dectin-1 contains an CRD connecting to a stalk region, a
transmembrane domain, and a cytoplasmic tail comprising an (ITAM)-like motif

(Figure 15a). Isoform B does not contain the stalk region®*. Dectin-1 is generally
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known as a B-glucan receptor, as it binds to -1,3-linked glucans that can be found
on fungi, although other ligands have been proposed34:349356.357 | igand-mediated
activation of Dectin-1 leads to the production of cytokines through NF-xB including
TNF-a, IL-6 and IL-23 and anti-inflammatory 1L-10**°. Dectin-1 also interacts with

other PRRs including TLR2 to modulate cellular responses34°-38,

Dectin-1 recognition of fungal B-glucans initiates cellular activation through SYK-
independent or -dependent mechanisms leading to NFAT (Nuclear factor of activated
T cells [through dephosphorylation]) and NF-kB activation and the induction of innate
and adaptive immune responses, for example cytokine and chemokine production
and induction of Thl or Th17 cells, respectively (Figure 15b)34°3%°, Dectin-1 harbours
an ITAM-like motif (HemITAM; see section 1.2.5.2.2)) in its cytoplasmic tail®’.
Receptor clustering and phosphorylation of tyrosine residues on the ITAM region are
induced by Dectn-1 ligand binding and activation allowing interaction between SH2
domains of SYK (section 1.2.5.2.2.) and the phosphotyrosine residues of ITAM
leading to active SYK®*¥ (Figure 15b). Active SYK leads to phosphorylation of
“‘downstream substrates” and activation of the enzyme phosphoinositide 3-kinase
leading to generation of phosphatidylinositol (3,4,5)-triphosphate (PIP3) that induces
the enzyme phospholipase Cy2 (PLCy2) which modulates inositol triphosphate (IP3)
and diglycerol (DAG) pathways resulting in endoplasmic reticulum Ca?* release337:3¢°,
Ca? release activates PKCS leading to phosphorylation and induction of CARD9
(signalling adapter protein) resulting in the formation of a complex with Bcl10 and
MALT13%7:360361 " This complex is responsible for upregulation of NFxB pathway,
which can upregulate genes associated with chemokine and cytokine production
including IL-10, TNF-a and 1L-6337345362 Activated SYK can also interact with the IKK
complex through NFkB-inducing kinase (NIK) resulting in activation of NFkB subunits
RelB and p52. Notably, SYK-independent activation of Raf by Dectin-1 is able to
inhibit these subunits by phosphorylation and acetylation of p65 (Figure 15b)3%. In
addition, activation of PKC6 leads to induction of Calcineurin/NFAT as well as ROS
and activation of the NLRP3 inflammasome?®*’. NLRP3 is associated with production
of the proinflammatory cytokine IL-13. For a comprehensive review of Dectin-1

signalling and NF«kB in immune function see *7 and 3%, respectively.
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Figure 15. The structure of Dectin-1 and its cell signalling in response to the recognition of 5-
glucan.

(a) Dendritic cell-associated C-type lectin 1 (Dectin-1) isoforms showing isoform A’s CRD, stalk
region and immunoreceptor tyrosine-based activation motif (ITAM)-like motif which mediates
intracellular signalling. (b) Overview of Dectin-1 signalling upon ligand binding and activation
(see section 1.2.5.2.3). CARD9, caspase recruitment domain-containing protein 9. SYK, spleen
tyrosine kinase. Th, T helper cell. NF-kB, nuclear factor kappa-light-chain-enhancer of activated
B-cells. NFAT, Nuclear factor of activated T cells. ROS, reactive oxygen species. NIK, NFxb-
inducing kinase. PKCS4, protein kinase C delta. PLC#2, Enzyme phospholipase Cy2. IP3, inositol
triphosphate. PIP3, phosphatidylinositol-(3,4,5)-triphosphate. DAG, diaglycerol. ER,
endoplasmic reticulum. (a) was taken from 34 with permission from Springer Nature and
Copyright Clearance Center. (b) was taken from 33 and the article is under the Creative
Commons Attribution 3.0 Unported (Cc BY 3.0). Image licence:
https://creativecommons.org/licenses/by/3.0/legalcode.
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It was reported that large particulate glucans (representing multivalent ligands found
on a whole microbe) bind to Dectin-1 leading to phagocytosis whereas smaller
soluble glucans (a soluble fraction from particulate B-glucan®3364) bind but do not
induce Dectin-1 signalling®®*. Particulate forms of B-glucans are required for Dectin-
1 activation and the induction of cytokines®43¢5, This mechanism may help inform
innate immune cells whether a microbe is in direct contact or is at a distance®%4. For

a review on PRR clustering and signalling in fungal immunity see 3%,

In the past few years, microbiome research has primarily focused on gut bacteria,
however, the role of the mycobiome (fungal genetic content) in intestinal immune
regulation and disease is gaining more attention®®, Dectin-1 has been implicated in
intestinal immunity, however, the mechanisms are unclear®®’. For example,
Rochereau and colleagues (2013) found that Dectin-1 was responsible for reverse
transcytosis slgA uptake by intestinal M-cells and that both systemic and mucosal
antibody production against orally-administered HIV p24-SIgA antigen was Dectin-1-
dependent®®’. Another study showed that Dectin-1 was expressed by human primary
and secondary IEC cell lines and that B-glucan-induced IL-8 and CCL2 production
by IECs could be inhibited using a Dectin-1 antagonist®®, Interestingly, it was
recently shown that Dectin-1 was involved in immune regulation of T reg cell
responses through changes to microbial content in the gut®®°. CLEC7A deficient mice
(Dectin-1 KO) were resistant to experimentally induced colitis®®°. Further, in the colon
of Dectin-1 KO mice, L. murinus populations were elevated along with T reg cells
which was suggested to be attributable to a decrease in AMP levels®®°. These data
suggest that Dectin-1 is an important CLR involved in intestinal immune regulation
by indirectly impacting T reg cell induction through influencing microbial

composition®.

1.2.5.2.4. DC-specific ICAM-grabbing non-integrin

DC-SIGN (CD209 [human]) is a type Il transmembrane CLR consisting of an
extracellular domain harbouring a CRD, a transmembrane domain, and a
cytoplasmic region (Figure 16)%7%371, DC-SIGN is found on the cell surface of human
myeloid-derived DCs in both Ilymphoid and peripheral tissues and some
macrophages®'1*® as well as in the intestine such as DCs located in the LP and
PPs%4375 |ts CRD contains an EPN amino acid motif which, together with Ca?*, is
required for binding to exogenous ligands including mannose or fucose structures,
which can be found on a variety of microbes and viruses including HIV, measles
virus, dengue virus, Mycobacterium tuberculosis, SARS virus, C. albicans,

Leishmania spp. Lactobacilli spp, or H. pylori, among others34>346:376 |nterestingly, it
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was reported that PSA from B. fragilis was a ligand for DC-SIGN which was
necessary for induction of T cell responses and internalisation of PSA by human
DCs'¥; N-acetylglucosamine-high structures were also reported as ligands for DC-
SIGN®"7, Ligand-binding of DC-SIGN does not directly result in the immune response,
however DC-SIGN modulates signalling from other PRRs such as TLRs that
contribute to the production of pro- and anti-inflammatory cytokines including IL-6,
IL-23 and IL-103%". Further, the intracellular signalling mechanisms of DC-SIGN upon
recognition of high mannose or fucose structures are different and lead to differential

immune cell responses including cytokine production®*,
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Figure 16. DC-SIGN and its cell signalling.

DC-specific ICAM-grabbing non-integrin (DC-SIGN) does not contain any tyrosine-based motifs,
however can signal through Rafl to activate Nf-xkB-associated subunits (p50 and p65) leading to
upregulation of inflammatory genes'?, Taken from 1%, Images are licensed under Creative
Commons Attribution 4.0 International: https://creativecommons.org/licenses/by/4.0/legalcode.

1.2.5.2.5. Specific ICAM-3 grabbing non-integrin 1

Type Il transmembrane receptor Specific ICAM-3 grabbing non-integrin 1 (SIGNR1)
(CD209 [mouse]) are of the murine homologues of DC-SIGN with the CTLD sharing
a 59% identical amino acid (70% similarity)3’837°, Like DC-SIGN, SIGNR1 can bind
to high mannose or fucose structures present on microbes and also interacts with N-

acetylglucosamine (GIcNAc) residues®®281, SIGNRL1 is expressed by phagocytic
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cells the in the lymph nodes, splenic marginal zone macrophages, and on in vitro-
generated BMDCs382-385,

SIGNR1 has been shown to interact with a range of bacterial PS and
glycoconjugates. For example, SIGNR1 has been shown to mediate uptake of the
glucose polymer dextran by splenic macrophages®338, SIGNR1 can also bind to
CPS from S. pneumoniae®®. The down-regulation of SIGNR1 (transient KO model)
in vivo leads to an impaired uptake of both dextran and CPS38338¢_|n vitro, core
oligosaccharides found on LPS from Salmonella were found to be recognised by
SIGNR1, and LPS-induced cytokine production was enhanced in SIGNR1-
transfected RAW 264.7 macrophages suggesting that SIGNR1 and TLR4 cooperate
to enhance innate immune cell responses towards gram-negative bacteria®’.
SIGNR1 has also been shown to be important in reducing susceptibility to LPS-

induced experimental colitis®e,

SIGNR1 has also been demonstrated to be important in mediating intestinal immunity
and allergic responses®®4. For example, in mice with artificially-induced anaphylaxis
using orally-administered BSA, supplementation with multivalent mannoside-
conjugated BSA (BSA-man) significantly reduced the allergic response®®°. This was
suggested to be due to a direct interaction between BSA-man and LP DCs leading
to IL-10 production which was SIGNR1-dependent. Further, BSA-man-SIGNR1
interaction by LP DCs was shown to be responsible for Trl regulatory cell responses
in vitro and in vivo#*38_ This suggests that CLR SIGNR1 has an immunoregulatory
effect in intestinal immunity and homeostasis associated with food allergy38438°, A
proposed model for SIGNR1’s role inducing oral tolerance and immune homeostasis

to food-induced anaphylaxis is illustrated in Figure 17.
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Figure 17. Proposed role of SIGNR1 for inducing oral tolerance and immune homeostasis.
Mannose-conjugated bovine serum albumin (BSA) (Man51-BSA) was suggested to bind to
SIGNR1 on LP DCs and upregulate IL-10 production and exerted regulatory responses including

induction of T regulatory 1 cells (Tr1)%438, SIGNR1, Specific ICAM-3 grabbing non-integrin 1
(SIGNR1). Taken from 384 with permission from Springer Nature and Copyright Clearance Center.

1.2.5.2.6. Dendritic cell-associated lectin-2

Dendritic cell-associated lectin-2 (Dectin-2) (CLEC6A [human] and CLECA4N
[mouse]) is type Il transmembrane CLR important for antifungal and anti-
mycobacterial immunity*2%1213% |t is primary expressed on the surface of myeloid-
derived cells including DC subsets, monocytes, neutrophils, and macrophages31-3%,
Dectin-2 harbours a cytoplasmic tail, stalk region, transmembrane domain and an
extracellular domain comprising a highly conserved CRD containing an EPN amino
acid motif responsible for Ca2+-dependent mannose-specific ligand binding3®*.
Dectin-2 recognises high mannose-structures on pathogenic and opportunistic
microbes including cell surface a-mannan on C. albicans, O-linked mannobiose
glycoprotein from Malassezia spp., lipoarabinomannan from Mycobacterium
tuberculosis, o-mannan-linked O-antigen from Hafnia alvei and Klebsiella
pneumoniae O5 ,and o-mannan from S. cerevisiae, among others20:121,339,391,394,395
Dectin-2 has also been shown to bind to other endogenous mannose-derived ligands
such as B-glucuronidase®®. The binding specificities of human Dectin-2 to a-mannan
structures from different sources has recently been described®*. Dectin-2’s role in
anti-fungal immunity for C. albicans, Malassezia spp and M. tuberculosis is well

known?39L,
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A key difference important for understanding the intracellular signalling mechanisms
of Dectin-1 and Dectin-2 is that Dectin-1 contains a HemITAM motif within its
cytoplasmic tail while Dectin-2 has a shorter tail with no known signalling motif®.
Instead, Dectin-2 associates with the FcRy chain with which this interaction is reliant
upon the arginine residue located in the cytoplasmic domain®73%, The
FcRy chain has shown to be critical for Dectin-2-mediated cellular cytokine
production!?°, Dectin-2's SYK-dependent intracellular signalling mechanisms as well
as the activation of CARD9/Bcl10/MALT1 complex and induction of ROS and NLRP3
inflammasome is similar to that of Dectin-1 (see section 1.2.5.2.3). Upon ligand
recognition, Dectin-2 elicits cellular activation by associating with the ITAM adaptor
FcRy which subsequently recruits phosphorylated SYK kinase leading to activation
of the CARD9/BcI10/MALT1 complex, or ROS production important for activation of
the NLRP3 inflammasome and IL-1B production (Figure 18)*°. Induction of
CARD9/Bcl10/MALT1 leads to activation of NF-xB (for a review see ¢?) where it
translocation into the nucleus leading to the upregulated expression of cytokines
including IL-6, TNF-a. and 1L-23, or [L-1p3%3%94%0 CARD9/BcI10/MALT1 also
activates MAPK signalling cascades (for a review see “°1) leading to cytokine
production through another transcription factor activated protein 1 (AP-1)302 391403,
The induction of cytokines as a result of Dectin-2 ligand binding and activation leads
to Th17 induction and recruitment of neutrophils that aid host protection against
pathogens®4%2_ |n contrast to Dectin-1, Dectin-2 is not involved with Rafl

signalling®®’.
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Figure 18. Cell signalling and immune responses of Dectin-2.

Upon carbohydrate recognition by Dectin-2, immune cell activation (for example by DCs or
macrophages) is initiated through SYK which leads to downstream signalling and antimicrobial
responses including the production of cytokines that are involved with induction of Th17 cells
and neutrophils (Neu). For a review, see 3°. AP-1, Activator protein 1. CARD9, caspase
recruitment domain-containing protien9. IL, interleukin. ROS, reactive oxygen species. DC,
dendritic cell. MAPKs, mitogen-activated protein kinases. M@, macrophage. SYK, spleen tyrosine
kinase. Adapted from 391 with permission from Springer Nature and Copyright Clearance Center.

Dectin-2 has also been suggested to have anti-inflammatory properties, as it induced
of IL-10 production in BMDCs in response to stimulation by whole yeasts, a-mannan

from C. albicans and Man-LAM from Mycobacterium tuberculosis'?*402,

The role of Dectin-2 in pathogen-mediated immunity is still being investigated,
however little evidence exists for its significance in intestinal immunity and
homeostasis, despite the growing recognition of the mycobiome®®¢. The role of
Dectin-2 in the gut and its expression patterns in intestinal immune cells is not clear.
However, Dectin-2 was expressed in cells of the mouse LP including CD11c* and
CD11b* cells suggesting that Dectin-2 is found in macrophage or DC populations®®2,
There was also some evidence that Dectin-2 may also be expressed in CD11c+ cells

in mouse PPs.
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1.3. Mechanisms of the immunomodulatory

properties of polysaccharides

1.3.1. Immunomodulatory properties of polysaccharides from

plants, mushrooms and algae

PS from plants, algae, mushrooms and microbes have been shown to modulate
immune function in animals'324, Many studies have been performed in vitro (Table
1) or using experimental animal models (Table 2) while studies in humans are more

limited312.162,

For orally-administered/dietary PS, the literature mostly  describes
immunomodulatory properties, including anti-tumour effects, of fungal glucans as
well as inulin-type fructans®3274.143.156.157.404 'Nevertheless, there exists a large body
of literature investigating dietary and injected immunomodulatory PS which have
been extensively reviewed elsewhere312156:157:162,404-407 “Many of these studies used
oral administration or injected PS312, however, there is an abundance of in vitro/ex
Vivo studies investigating many types of PS or crude extracts (for examples see Table
21%6.162 The term “immunomodulatory” is vague and refers to any stimulatory,
inhibitory, or other effect on immune system function. A large heterogeneity observed
across many studies due to PS type and origin, characterisation, extraction method,
treatment dose, species, cell type, duration of treatment, inflammatory stimulus,
immune outcome measures, and purification method, among others®%2 Further, the
use of crude extracts®1°6162408-410 randers it difficult to distinguish the
immunomodulatory effects of PS from other bioactive consitutents*'45, The
mechanisms underpinning PS and their immunomodulatory functions remain unclear
yet are slowly being unravelled®*. PS accessible to the intestines may modulate the
immune system indirectly by altering the gut microbiota and their secretory molecules

or through direct interaction with intestinal immune cells and the epithelium?*-244%,

The following sections describe the immunomodulatory properties of a variety of PS
found in plants, mushrooms or algae that have been reported in vitro and in

experimental animal models.

77



Table 2. Examples of immunomodulatory PS: in vitro studies.

Polysaccharide/struc | Cell type and Immunomodulatory
) . PS dose LPS*
tural analysis* experiment* effects
Aqueous extract, crude
PS or purified PS from Muri RAW 264.7
urine .
stems of Dendrobium > All treatments 1 LPS-
fficinal macrophages induced phagocytosis
officinale
treated with aqueous | Up to by macrophage (NRU
(Dendronan®). _ assay) Y; <0.003125 EU
extract (Dendrobium | 160 »  All treatments 1 TNF- 409
o a, IL-12, IL-6 and NO | P€rmg.
officinale), crude or | pg/mi ]
PSs reported  as production compared
purified to unstimulated.
acetylated
glucomannan.
glucomannan®,
Y; assessed by
GC-MS; <5ng LPS
»  Both glucan extracts
-1,6-glucans Human THP-1 : er 100 m
P 9 . ] at either 3 and/or 6 hr P ) g
extracted from | monocytic cell line incubation 1 IL-1B Agaricus
Agaricus  brasiliensis | cells treated with | Up  to and TNF-o gene brasiliensis B-
) ] expression compared 17
and Agaricus bisporus. | LPS and/or p-1,6- | 100 to negative control. glucan (no LPS
Extracts characterised | glucans for 3 or 6 hr; | ug/ml > Bothglucan extracts | detected in other
" . | IL-1B and COX-2 _
by *C NMR and GC- | PBS negative but not TNF-o. gene glucan extract;
MS analysis. control. expression when co- | detection
incubated with LPS. o
sensitivity likely <
5ng)
PS extract from
Pleurotes eryngii
(edible mushroom).
. Murine Raw 264.7
Constituents:
macrophages » PS 1 TNF-g, IL-1, IL-
mannose, glucose and ) Up to 6 and NO production
] ) treated with PS
galactose in ration of 100 by 264.7 _ N 410
. extract from macrophages via
2.2; 2.0; 3.2 with - ) | ng/ml p38, ERK, JNK
eurotes eryngii i '
galactose as the main ) vno MAPKs and NF«B.
(edible mushroom)
backbone.  Structure
assessed by GC-MS,
FT-IR and 'H and *3C
NMR.
5 types of PS extracts
from Carrageenans
(red algae).
Human whole blood »  All carrageenans 1
Reported primary | cells treated with 5 IL-10, TNF-q, IL-6
Up to 1 production a8
sugars are Galactose | types of N
pg/ml by human blood cells

and anhydrogalactose
48 for full

structural analysis and

— see

other references on

strucutres.

carrageenans PS

extracts.

compared to control.

78




»  Galactomannan 1
TNF-o and IL-6
production in all cells.

»  Immunostimulatory
activity was through
TLRA4 using gene

1,4-linked  mannose | vera.(ex-vivo).
chains by *C and 'H
NMR, and GC-MS

analysis.

Murine J774A.1 expression analysis
of TLR4 shRNA-
macrophages  and treated J774A.1
isolated  peritoneal macrophages and
TLR4 KO peritoneal
Galactomannan from | macrophages, and | Up to macrophages ) )
) ) . o Y; using polymyxin
Antrodia cinnamomea | human DCs were | 100 > Murine cell activity o 419
] . ) was through protein B (LPS inhibitor)
(pathogenic fungi) treated with | pg/ml kinase C-a and
galactomannan from MAPK activation
) »  Pre-treatment of
A. cinnamomea. murine cells with
galactomannan
induced LPS
tolerance (e.g. | TNF-
o and IL-6
production)
B-mannan PS (partially
acetylated) from Aloe
vera. Isolated murine
. » 1 TNF-a. and IL-1B
peritoneal production by mouse
Two fractions isolated | macrophages, were peritoneal Y; LAL test, no
macrophages .
from aloe vera | treated B-mannan compared to control detectable LPS in
reported primarily as - | extracts from Aloe (media alone). samples.

Legend: *if study accounted for LPS in polysaccharide preparations stating either the method
used or LPS concentrations in PS. **if structure was reported in study. COX-2, cyclooxygenase-
2. DCs, dendritic cells. ERK, extracellular-signal-regulated-kinase. EU, endotoxin units. GC-MS,
gas chromatography-mass spectrometry. JNK, c-jun N-terminal kinases. IL, interleukin. KO,
Knockout (animal experimental model). LAL, limulus amebocyte lysate (test for LPS
quantification) LPS, lipopolysaccharide. MAPKs, mitogen-activated protein kinases. N, LPS not
addressed. NFxB NMR, nuclear magnetic resonance, NO, nitric oxide. PBS, phosphate-buffered
saline. TLR, toll-like receptor. TNF, tumour necrosis factor. Y, LPS was considered.
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Table 3. Examples of immunomodulatory PS: orally-administered/dietary PS in experimental

animal models.

Intraperitoneal

IL-1p (both fucoidans), IL-10 and
TNF-o (Synergy) and GM-CSF
(both fucoidans) among others

PS/structure* Experiment Relevant immunomodulatory results | Reference
DSS-induced  colitis;
mice given curdlan »  1intestinal inflamma_tion by all
glucans (observed via colon
Microbial B-glucans: Curdlan | (particulate), histology).
(particulate), Zymosan, and | zymosan, and glucan | » 1in TNF-o.and MCP-1 (CCL-2) in | 420
colonic tissue with curdlan
glucan phosphate (soluble) phosphate (soluble) or (particulate) and zymosan but not
vehicle control once glucan phosphate (soluble)
. compared to controls.
daily for 14 days.
» 1IL-17a, IL-17F, IL-22 and IL-6
Pigs diets expression in colonic tissue in
| red with both glucans compared to control.
supplemented with or i :
Seaweed and Yeast (S. pp > No difference to Foxp3 or TGF-B
without pB-glucans for (T reg targets) expression for both | 422
cerevisiae) B-glucan ) glucans in colonic tissue
28 days (experimental compared to control.
as in 424, >  Yeast -glucan only | IL-10
expression in colonic tissue
compared to control.
. . » 1 serum TNF-q, IL-6 and IL-1p but
Astragalus PS (structure not | " Vivo: Solid tumour- t”Ot ItL-dltzpm in t')-PS_' and APS-
. bearing mice; orally reated tumour-bearing mice.
defined but reported as o > APS 1 TNF-a, IL-6 and IL-1 by
heteropolysaccharides  and administered APS or raw 264.7 macrophages.
.| control (saline) once | » APS 1 NO production by raw 424
largely  heterogenous in _ ( ) 264.7 macrophages.
structure — for a review on | daily for 25 days. > LPSin APS ruled out (by CE TAL
423 In vitro: raw 264.7 assay — no level stated though).
APS structure see %) »  Immunomodulation suggested
macrophages. through TLR and MYD88
signalling.

»  PB-glucan | clinical symptoms of
colitis compared to controls.

»  B-glucan | colonic mMRNA

Mice (ICR strain); expression of IL-6, TNF-q, IL-1B
DSS-induced  colitis: and iNOS compe.ared to coptrols. 4o
Oat B-glucan o »  B-glucan | colonic production of
oral administered oat IL-6, TNF-a, IL-1p and INOS
_glucans for 7 days. compared to controls (assessed
P-glu Y by IHC).

»  Associated conclusion: anti-
inflammatory properties of oat -
glucans.

Chickens control feed | > | iejunum mucosal tissue MRNA
Astragalus PS: backbone of ‘ ar feed expression of IL-6, NF-xB, TLR4,
of or regular feed +
a-(1,4)-glucan with branched 9 and IL-1 after LPS-challenge at
APS; and challenged day 35 of feeding and compared 426
B-1,6-D-galactose and - . . . to controls.
(1.6)-D-xylose residues with  intraperitoneal | 5 Agsociated conclusion: attenuation
’ Xy ues. LPS or saline control. of LPS-induced immune stress by
dietary APS.
» 1 IL-6 and GM-CSF in culture
Pectin-type PS from Citrus | Oral administration of supernatants of isolated and 5-
unshiu peel (for full structure | pectinto C3H/He mice day-cultured PPs (ex v_|vo) INMICE | 427
orally supplemented with pectin
see 427 (5 — 21 days). compared to control mice.
. ) »  Oral fucoidans | clinical signs and
C57BL/6  Mice with symptoms of colitis compared to
Fucoidan (Maritech Synergy | acute  DSS-induced controls (e.g. immune cell
tai henol lit | ted infiltration and histology scores).
[contains phenols], | colitis supplemente »  Some fucoidans that were fed to 428
depyrogenated fucoidan | with 3 fucoidans daily mice | colonic tissue (ex vivo, 24
[purified fucoidan]) for 7 days. hr culture) supernatant levels of
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injection was also (measured in cultured

tested. supernatants).

»  Guar gum | clinical symptoms of
colitis (e.g. histological scores)
compared to controls.

C57BL/6 mice fed » | colonic mucosal mRNA

G (partiall diets containing guar expression and production TNF-a.,
uar gum partially
gum or control for 2 compa_red to contro_ls.. 429
hydrolysed) »  Associated conclusion:
weeks prior to TNBS- amelioration of intestinal

inflammation by chronic guar gum
intake possibly through microbiota
changes and SCFA production.

induced colitis

Rat model of
Bletilla striata PS (contains | thioacetamide (TAA)- | > Decreased cytokines TNF-o and
. . . . IL-6 in ieum.
mannose and glucose; for | induced cirrhosis >  Increased intestinal tight junction a1
more details on structure, see | (intraperitoneal). protein expression of ZO-1 and
430 gnd 31, N=10. Mice fed PS 15 occludidn in ileum.

»  Decreased ileal histology scores.
30 or 60mg/kg daily.

Legend: *if structure was reported in study. APS, astragalus polysaccharide. DSS, dioctyl
sodium sulfosiccinate. IHC, Immunohistochemical analysis. IL, interleukin. iNOS, nitric oxide
synthase. LPS, lipopolysaccharide. Monocyte chemoattractant protein-1.NO, nitric oxide. TGF,
transforming growth factor beta 1 TNBS, 2,4,6-trinitrobenzene sulphonic acid. TLR, toll-like
receptor.

1.3.1.1. Inulin

The fructan inulin as a common dietary fibre has received a lot of attention recently
for its immunomodulatory properties including its ability to induce beneficial effects
via the gut microbiota’#1°7.1%8432 Notably, a comprehensive review by Vogt and
colleagues (2015) describe many studies that investigate the immunomodulatory
effects of dietary fructans including inulins’. However, the underlying mechanisms
for these and other immunomodulatory PS are unclear but are suggested to involve
changes in the gut microbiota and their secreted metabolites or direct interaction with
immune cell PRRs such as TLRs, Dectin-1 or the MR74158:433-435

Inulin is reported as a prebiotic and has been shown to modulate immune system
function. For example, an inulin/oligofructose mix improved gut histology scores, and
reduced IL-18 and elevated TGF-B levels in the caecum of rats with pathogen-
induced colitis**®. Further, inulin/oligofructose orally-administered to rats increased
PP IL-10 and caecal secretory IgA**’. In the same study, other prebiotic effects were
observed in rats receiving combinations of probiotic bacteria, probiotics, inulin and
oligofructose®*’. Recently, it was shown that dietary supplementation with long chain
inulin improved clinical Gl symptoms and modulated immune function in the intestine
of mice subjected to caerulein-induced acute pancreatitis®*®. Long-chain but not
short-chain inulin improved intestinal barrier function and histology scores in the

colon*®, It was found that long-chain inulin decreased the amount of infiltrating
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neutrophils and macrophages in the colon (and in the pancreas)*®. Further, both
long-chain and short-chain inulins decreased and increased serum IL-1$ and IL-10,
respectively; decreased IL-18 and TNF-a and increased IL-10 in colonic tissue*%,
Interestingly, a recent comprehensive study showed both gut microbiota-dependent
and -independent mechanisms of immune modulation by B-(2,1) fructans*¥2. For
example, they found that oral intake of inulin influenced PP DC marker expression
and the numbers of B cells in the MLN in germ free mice in vivo**2. Some of the
immunomodulatory effects were dependent on fructan chain-length#2. In addition to
microbiota-dependent immunomodulatory effects (not discussed here), this study

demonstrated that 3-(2,1) fructans can directly modulate immune system function.

In vitro, inulin-type fructans stimulated both pro- and anti-inflammatory cytokines
including IL-6 and IL-10, respectively, in human blood mononuclear cells*®*. These
effects were found to be chain-length dependent; and the use of reporter cells
revealed that inulin-type fructans interacted with TLR2 as well as TLR4, 5, 7 and 8%%°,
Further, inulin-type B-2,1 fructans were shown to improve intestinal barrier integrity
using T84 (human intestinal cell line) monolayers**. This was shown to be through
interaction with TLR2 and was dependent on fructan chain-length**®. Further, using
reporter cells, it was shown that inulin-type B-2,1 fructans could bind to TLR2
directly**. In line with this study, it was reported that inulin improved intestinal barrier
function in Caco-2 cell monolayers following pathogenic challenge through protein
kinase C §*°. Overall, these studies demonstrated that inulin can interact with TLRs

and improve intestinal permeability in vitro.

1.3.1.2. Glucans

A number of mechanisms have been reported underpinning the role of B-glucans in
modulating immune function including via interaction with immune cell receptors such
as Dectin-1 (see 1.2.5.2.3.) which recognises B-1,3-glucans!®232441 Examples of the
some reported immunomodulatory properties of glucans in vitro or using dietary

animal models are shown in Table 1 and 2, respectively. For a review, see °.

In vitro, the PS extract from the edible mushroom Dictyophora indusiate upregulated
cytokines IL-6, IL-1B and TNF-a by RAW264.7 macrophages through TLR4%2, The
study accounted for endotoxin contamination with < 0.01 ng/ml LPS per 25 ug/ml of
PS. A similar study showed that PS extract from D. indusiate increased phagocytic

function of macrophages and their production of TNF-a. and IL1-B. These effects
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were impaired after treatment with anti-Dectin-1 antibodies, suggesting Dectin-1

interaction as an immunomodulatory mechanism in addition to TLR44%,

1.3.1.3. Other polysaccharides

Many non-glucan PS have been reported to be immunostimulatory in non-clinical
experimental models. For example, in vitro, -(1,4)-linked mannans from Dioscorea
batatas (yam) induced TNF-a production by mouse J774A.1 macrophages through
TLR4-associated downstream signalling kinases including p38 mitogen-activated
protein kinase**3. Further, a PS extract from Actinidia eriantha comprising mostly
galactose, arabinose and fucose as well as xylose, rhamnose, glucose and mannose
in small quantities, induced TNF-a, IL-1f, IL-6 and IL-10 by murine RAW 264.7
macrophages through TLRs and NF-xB*. Further, fucoidan from brown algae
showed induction of IL-6, IL-12, TNF-a and IL-18 production in mouse BMDCs and
BMDMs in vitro**®. Moreover, modifications to fucoidans including their
“hyposulphation” and a lowering the number of acetyl groups reduced these effects
suggesting that sulphate and acetyl groups on fucoidans are critical to their
immunomodulatory function in vitro*#®. Mulberry leaf PS have also been shown to
stimulate proinflammatory cytokines IL-12 and TNF-ain BMDCs*#. Further, in
another study using human monocyte-derived DCs, galactomannan from
Caesalpinia spinose induced TNF-a, IL-8, IL-6, IL-1p and IL-12 p70 production and

MRNA expression*’.

PS have also been shown to activate SYK which is associated with CLR
signalling328:329448449  Recently, Meijerink and colleagues (2018) tested the
immunomodulatory activity of 44 dietary fibres using TLR4 and TLR2 double KO
mice*°. Firstly, they demonstrated that many fibres could bind to several TLRs
including TLR4 and TLR2%°. They also showed that some fibres stimulated the
production of several cytokines by BMDCs including TNF-o, IL-6, IL-12 and
monocyte chemoattractant protein 1 (MCP-1) #*°. Arabinan and pectin induced potent
immunostimulatory effects such as induction of cytokines by immune cells
particularly with their particulate fractions, suggesting that stimulation of cytokines in
vitro requires PS immobilisation which has also been shown using particulate B-
glucans®$44%°, Moreover, branched arabinan was less potent at inducing cytokine
production than linear mannan. Further, the effects of both arabinans did not depend
on Dectin-1 but were dependent on SYK which may suggest the involvement of other

CLRs that can activate SYK such as Dectin-2 4%°,
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Although many studies report the induction of proinflammatory cytokines, anti-
inflammatory effects of PS have also been reported. IL-10 is a cytokine that exerts
anti-inflammatory effects including through dampening the immune response after
infection preventing further immune system damage to the host*!. It also has a
immunoregulatory role in intestinal immunity 452453, IL-10 responses have been
shown to be induced by some PS in vitro/ex vivo“e+, For example, FOS and
galactooligosaccharides stimulated IL-10 production by human immature monocyte-
derived DCs**. The inhibition of proinflammatory cytokines by PS has also been
reported. For example, Astragalus PS (APS) have been shown to inhibit TNF-o and
IL-18 production and mRNA expression by THP-1 macrophages following LPS-
challenge in vitro**® (for a review of APS structure see “%%). This was suggested to be
through suppression of NF-xB activation**®. Similarly, studies using APS or chitosan
were shown to reduce cytokines and chemokines in IEC lines?3":23845%_ Syppression
of cytokine production or expression in tissues, including intestinal, by orally

administered PS has also been observed in vivo (Table 3)*2°426:428:429,431,.457

The epithelial layer of the intestine comprising many types of IECs is an important
structure of the Gl immune system (1.2.3.)'%, playing a key role in maintaining
intestinal immune homeostasis. Disruption of this barrier leads to intestinal immune
dysregulation®®4%8 As mentioned above, inulin and other PS have been shown to
improve gut barrier function??®. PS are now being investigated for their ability to
modulate secretion of inflammatory cytokines and chemokines from IECs?3":2%, For
example, extracts from Sijunzi (a mixture of herbs) primarily comprising ~71% PS
improved barrier permeability and decreased TNF-a, IL-8 and IL-6 production in
Caco-2 cells**8, It should be noted that the sugar composition of these PS was not
determined*®. Interestingly, zymosan and curdlan induced CCL2 and IL-8 production
in SW480 and HT-29 IEC lines®®®. Further, Dectin-1 expression was evident in IEC
surgical isolates and these cell lines®**®. Moreover, Dectin-1 and SYK inhibition
suppressed IL-8 and CCL2 production in B-glucan-stimulated IEC lines®*®®. Overall,
there is accumulating evidence that other PS in addition to glucans and fructans can

modulate immune function in vitro.

1.3.2. Immunomodulatory properties of polysaccharides from

microbes

Many PS structures found in microbes are important immunomodulatory
molecules!?+784%° They are often associated with initiating an immune response to

pathogens and are recognised by PRRs on immune or epithelial cells!?:118121:354,395
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Pathogen-derived PS are known as pathogen-associated molecular patterns
(PAMPSs) and include LPS, lipoteichoic acid, and peptidoglycan found in bacteria, or
mannoproteins or B-glucans present in microbial fungi’®117460461 Figure 12 shows
examples of PAMPs found in pathogenic microbial fungi and their reported PRRs.
However, non-pathogenic microbes also contain similar structures such as LPS,
therefore, the term microbe-associated molecular patterns (MAMPS) has been
proposed?4462, However, the role for MAMPSs from non-pathogenic microbes such as
gut commensals and their interaction with the mammalian intestinal immune system

remains underexplored®?4,

1.3.2.1. Peptidoglycan

Peptidoglycan PGN is an important cell wall PAMP/MAMP for the immune response
against bacterial pathogens?*°. During bacterial division, little PGN is released,
however, upon infection, pathogen-derived PGN is greatly increased?. PGN is
recognised by NOD-like receptors 1 and 2 and upon its immune cell activation there
is induction of proinflammatory cytokines!?>4%°, The interaction of PGN with TLR2 is

controversial and has been reviewed elsewhere 4,

1.3.2.2. Lipopolysaccharide

LPS O-antigen is reported to be important in immune system evasion®?. For example,
stalling epithelial cell activation including internalisation and recognition of LPS from
Salmonella Thyphinium82483, O-antigen also plays a role in bacterial colonisation
during infection and in antibody-mediated immune responses*44¢5, However, lipid A
is primarily responsible for the immunogenicity of LPS generating both poor or strong
host immune responses depending on its structure®®!. Lipid A structures can also
have no effect or even halt proinflammatory responses®®.. Nevertheless, LPS is
mostly known for its ability to initiate proinflammatory responses by the innate arm of
the immune system which helps fight bacterial infection*®. The recognition of LPS
by the innate immune cell receptor TLR4 and its role in intestinal immunity is
discussed in 1.2.5.1.

1.3.2.3. Fungal mannans and glucans

a-mannans and B-glucans can induce pro- or anti-inflammatory cytokines in myeloid-
derived immune cells and/or epithelial cells through the CLR Dectin-2 and Dectin-1
respectively. The recognition and immune response to a-mannan, -glucan and LPS

by immune cell receptors are discussed in section 1.2.5.
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In vivo, Rice and colleagues (2005) detected scleroglucan, laminarin and glucan
phosphate (B-glucans) in serum after oral administration in rats*’. Further, glucan
phosphate could bind and was internalised by murine IEC independent of Dectin-
1467, Together, these findings suggest that glucans are absorbed through IECs and
can reach circulation. In the same study, mice treated with oral glucan phosphate led

to improvements in overall survival following pathogenic challenge*®’.

Further, B-glucan’s structure may influence its immunomodulatory effects in vitro®2.
For example, recently Elder and colleagues (2017) found that high molecular-weight
B-glucans were more effective at inducing proinflammatory cytokines IL-23, IL-6 and
IL-1B by human monocyte-derived DCs than low molecular weight B-glucans®®.
Further, Goodridge and colleagues (2011) reported Dectin-1 signalling and TNF-a
production in bone marrow-derived macrophages (BMDMSs) by pB-glucans required -
glucan to be in particulate form (a particle of B-glucan derived from S. cerevisiae3®),
as none of these effects were observed using soluble B-glucans®“. Notably, they
showed that soluble B-glucan (a soluble derivative from particulate B-glucan3®3364)
could bind to Dectin-1 on BMDMs but did not induce cellular activation, however
(culture) plate-immobilised soluble pB-glucan induced TNF-o production by
BMDCs?*%. These findings suggest that the structure and form of B-glucans are

important for their immunostimulatory properties.

Knowledge is limited on the role of other PS particularly from commensals and their
impact on the immune system?*. Nevertheless, the evidence for commensal PS and
their immunomodulatory potential is attracting attention?*8!, For example, o-glucan
or pullulan, can be found on non-pathogenic fungi such as Aureobasidium pullulans
and it has shown to induce the production of pro-inflammatory cytokines including IL-

6 and TNF-a and IL-8 in whole blood of humans ex vivo*e.

1.3.2.4. Zwitterionic polysaccharides

There is emerging evidence that microbial PS may serve anti-inflammatory and
immunoregulatory roles®. Zwitterionic PS (ZPS), a capsular PS found on both
pathogenic and commensal bacteria (also see 1.1.3.2.3.), have shown to modulate
T cell functions and have demonstrated anti-inflammatory effects®19469 T cell
regulation is critical for intestinal immune homeostasis (see Figure 10 and
1.2.4.2.)**°, ZPS have both negative and positive charges and can influence CD4+ T
cell populations; these charges are crucial for theirimmunomodulatory activities 82470,

ZPS from pathogenic bacteria including Staphylococcus aureus and Strepptococcus
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pneumonia have shown to be important for the recognition and activation of immune
cells®470471 Fyrther, ZPS on the O-antigen of another commensal bacteria such as
Morganella morgani was shown to be important for microbial T cell recognition®2.
PSA from B. fragilis is an example of ZPS reported for its anti-inflammatory properties
and its role in bacterial colonisation and intestinal immune regulation306473474_ This
includes its ability to protect against opportunistic pathogen- and 2,4,6-
trinitrobenezene sulphonic acid-mediated intestinal inflammation through direct
induction of IL-10 producing T reg cells®267:3% Fyrther, it was shown that PSA
directly interacts with TLR2 on Foxp3 T reg cells to induce immune tolerance that
helps B. fragilis colonisation*’3. Recently, it was also shown that a PS from another
commensal bacteria Helicobacter hepaticus (a hon-pathogenic bacteria in WT mice
under steady state conditions) could directly promote anti-inflammatory responses

including TLR2-mediated induction of IL-10 production by intestinal macrophages*™.

1.3.2.5 Levan

In vivo, dietary levan has been shown to increase expression of proinflammatory
cytokines IL-1B, TNF-a and IL-12 in fish liver, kidney, gills and intestine*’®. In contrast
to increased cytokine levels, oral administration of levan in pigs decreased serum
TNF-a. and IL-6 following LPS-challenge*’’. Other benefits included improved
digestive capability and increased populations of commensal Lactobacillus spp. in
faeces*’’. These findings suggest that levan’s immunomodulatory properties may
occur via an indirect mechanism through modulation of the gut microbiota. In this
regard, using fructosyltransferase (ftf) KO (knockout) L. reuteri strain which cannot
produce levan, Sims and colleagues found that a diminished ability of the ftf mutant
strain to colonise the gut of rats when exposed to competition using the wildtype
(WT)®. This study also showed levan’s ability to modulate T cell responses, as the
WT but not ftf L. reuteri strains increased splenic Foxp3+ CD4+ regulatory T cell
cells®’. Levan’s ability to modulate immune function in vivo after oral administration
has also been demonstrated in other species. For example, Xu and colleagues
(2006) showed that oral administration of levan in mice decreased ovalbumin-
induced serum IgE and Th2 responses and suggested its use as a potential anti-
allergy agent®®. Further, in Cyprinus carpio (common carp fish), oral supplementation
with 0.5% levan led to a higher respiratory burst by plasma phagocytes, increased
serum lysozyme function and other physiological effects*’®. Further, dietary
supplementation with levan (0.2, 0.4 and 1%) improved the survival of fish following

pathogenic challenge compared to controls*’8.
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There is limited evidence for the induction of cytokine production or other immune
molecules by levan. However, in vitro, levan has been reported to induce IgA
production in isolated mouse PPs*®. Levan was also shown to induce TNF-a
production in murine splenocytes*. In line with this, Xu and colleagues (2006)
reported that levan induced TNF-a and IL-12 p40 in monocyte/macrophage cell
lines?®. The secretion of IL-12 p40 was not due to LPS since IL-12 p40 was not
dampened using an LPS inhibitor, polymyxin B?6. Further, levan induced TNF-a and
IL-12 p40 production by peritoneal and splenic murine primary macrophages,
respectively?®. Using TLR4 and TLR2 KO mice, levan induced TNF-a production in
peritoneal cells in a TLR4-dependent and partial TLR2-dependent manner. Using
TLRA4 reporter cells, levan was shown to bind to TLR4 and this effect was not reduced
using polymyxin B?%. Taken together, the study showed that levan’s activation of

immune cells was mediated through recognition by TLR4.

In addition, levan has been shown to possess marginal anti-oxidant*®! and anti-
inflammatory effects*?, improved macrophage proliferation and phagocytic activity’,

and anti-tumour and anti-cancer effects in vitro?1:95:100.483

We are only beginning to understand the immunomodulatory effects of PS from
commensals in the intestinal enviromnent-?4, Promising results from the literature,
including those previously described, justifies further investigation into the
immunomodulatory role of microbial PS particularly in the intestine where commensal

microbes are abundant.

1.4. Aims and objectives

The overall aim of this work was to test the hypothesis that the interaction of food
and microbial PS with CLRs contribute to the mechanisms underpinning their

immunomodulatory properties.

We first screened food and microbial PS for their binding to Dectin-1, Dectin-2 and
SIGNR1 using BWZ.36 reporter cell assays. Further, we carried out purification of
microbial levan and assessed levan’s interaction with CLRs. We then tested the
immunomodulatory effects of purified microbial levan in vitro using murine BMDCs

and human IECs with a focus on cytokine production.
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2.1. Materials
2.1.1. Cell lines

Plat-E cells were provided by Dr T. Kitamura (University of Tokyo, Japan). Parental
BWZ.36 cells and Dectin-2 reporter cells were provided by Dr N. Shastri (University
of California, Berkeley, CA, USA). Dectin-1, Dectin-2-QPD and mock-transfectant
(mock) reporter cells (BWZ.36 parenteral cells harbouring the pMXs-IRES-GFP-
CD3C-Ly49 (pMXs-IG) vector excluding the CLR extracellular domain sequence)
were established in the Kawasaki Lab by Dr Alexandra Wittmann and Dr Norihito
Kawasaki (Quadram Institute Bioscience, Norwich Research Park, UK). HEK-Blue™
human TLR4 reporter cells (#hkb-htlr4, Invivogen, USA) were a gift from Dr J.S Frick
(University of Tubingen, Germany). Caco-2 cells were a gift from Dr Stephanie
Schuller (University of East Anglia, Norwich, UK).

2.1.2. Bone marrow-derived dendritic cells
TLR4 KO BMDCs were provided by J.S Frick, University of Tubingen, Germany34,

2.1.3. Mice
All C57BL6/6J WT mice and Dectin-2 KO mice were maintained at the University of

East Anglia specific pathogen-free animal facility. Use of animals in this thesis was

performed in accordance with the UK Home Office guidelines3%4.

2.1.4. Strains and culture conditions
B. subtilis 168 was kindly provided by Professor Harry Gilbert (University of

Newcastle, Newcastle, UK).

Lactobacillus semi-defined medium Il (LDM2)* (5% sucrose) and lysogeny broth
(LB) was produced in house at the Quadram Institute Bioscience, Norwich, UK

(Appendix 1 and 2, respectively).

2.1.5. Antibodies
Anti-mouse Dectin-2-Alexa 647 and anti-rat IgG2a isotype-Alexa 647 (IgG isotype-

Alexa 647) antibodies were provided and established by Dr Norihito Kawasaki as

described in 34,

Anti-mouse SIGNR1-Alexa 647 (#MCA2394A647) was purchased from AbD
Serotec. Bio-Rad, USA. Anti-rat IgM-Alexa 647 isotype control (#400813) (IgM
isotype-Alexa 647) was purchased from Biolegend, UK. For use with SIGNR1
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reporter assays, anti-mouse SIGNRZ1 functional grade antibody was purchased from
eBioscience Ltd (#16-2093-82).

2.1.6. Plasmids, primers and gene synthesis

Full length Mus musculus CD209b (SIGNR1) cDNA was purchased from
Sinobiological (#MG50486-M). SIGNR1 primers were purchased and synthesised by
Sigma-Aldrich, UK (Table 4). The pBluescript 1l KS+ vector was obtained from Dr
Norihito Kawasaki. The pMXs-IRES-EGFP-CD3 (cluster of differentiation 3)(-Ly49
(pPMXs-1G) vector was provided by Dr T. Kitamura (University of Tokyo, Tokyo,
Japan)®*4+48, Hpal-SIGNR1-QPD-Notl DNA sequence was synthesised and
incorporated into a Pu57 vector by Genescript®, USA (Appendix 3). M13 forward
and reverse primers were a gift from Dr Arnoud van Vliet (Institute of Food Research,

Norwich, Norwich Research Park, UK).

Table 4. Sequences for SIGNR1 forward and reverse primers, and Hpal and Notl restriction
enzymes

Sequence Type Sequence

CD209b (SIGNR1) Forward 5’... agttaactccaaaaccccaaataccga...3’
Primer

CD209b (SIGNR1) Reverse 5’... tgcggcecgcectagcecttcagtgecatgggg. .3’
Primer

Hpal Restriction Enzyme 5'... gtt'aac...3’

Notl Restriction Enzyme 5’... gc'ggcege...3’

5’, 5’ prime end. 3’, 3’ prime end. Vv, site of cleavage. Sequences were constructed using ApE-A
Plasmid Editor v2.0.47.

2.1.7. Polysaccharides/glycans

Details of PS or glycoconjugates used in this work are listed in Table 5. All
saccharides were dissolved in sterile USP WFI bulk sterile filtered H20 (sterile filtered
H.0) (#LZBE17-724Q, Lonza, Switzerland) and concentrations were determined by
weight. Typically, stock concentrations were 2 — 10 mg/ml and PS used for CLR
screening - excluding all levans, all oligosaccharides, Hafnia alvei LPS (Hafnia-LPS),
Scleroglucan, a-mannan, a-glucan and inulin from Jerusalem artichoke - were sterile
filtered using a Minisart® High Flow Syringe 0.2 um Polythersulfone Filter (#16532,
Sartorius, Germany). Psyllium gum was suspended in NaOH and heated 70 - 80°C

for up to 5 hr. Gum Karaya was heated in at 70-80°C stirred using a magnetic stirrer
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for up to 5 hr. Gellan gum was heated and stirred at 70 - 80°C for 1 hr to dissolve.
Typically, E. herbicola levan was heated at 60 — 70°C in a water bath for 5 — 20 min
and vortexed to ensure all contents were dissolved. All PS were stored in 1.5 ml
Eppendorf tube aliquots at -20°C.

Table 5. Composition and source of PS or glycans used for CLR screening

) o Reference
General saccharide Company/Acquisition
PS/glycan . Source** ek
composition (Product No***)
B-1,4 D-mannose
Plant (Aloe o
Acemannan polymer (partially O- Vera) Elicityl (#MANB8O01) a7
era
acetylated)
a-1,6 and a-1,2-linked
mannose residues with Yeast
o-mannan a-2,6-linked branching (Saccharomyces Sigma Aldrich (#M3640) a
(Characterised in this cerevisiae)
thesis, see Chapter 3)
a-1,4 D-glucose Provided by Dr Stephen
) Streptomyces
a-glucan backbone with a-1,6 Borenmann (John Innes 486
venezuelae
branching points Centre, UK).
a-1,5-linked arabinose
backbone which is
) ) Plant (sugar
Arabinan branched with a-1,3- beet Megazyme (P-ARAB) 27,487,488
ee
linked or a-1,2-linked
arabinose units.
Provided by Mar Vilamiel,
b Instituto de Investigacién
Duphalac® See OsLu See reference en Ciencias de la 489
Alimentacion, CIAL (CSIC-
UAM), Spain.
B-2,6 fructofuranose
polymer that can contain
-2,1 branching. Erwinia
E. herbicola levan P 9 ] Sigma Aldrich, UK. 72490
Full characterisation is herbicola
described in this thesis
(see Chapter 4).
B-2,6 fructofuranose Recombinant
polymer that can contain levansucrase Provided by Associate
. -2,1 branching. (EC. 2.4.1.10) Professor Tiina Almae,
Enzymatically .
. Characterised in this from Institute of Molecular and 72,491,492
synthesised levan . . .
thesis by NMR and Pseudomonas Cell Biology, University of
GPC. Full syringae pv. Tartu, Estonia.
characterisation is tomato
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described in this thesis
(see Chapter 4).

Fucus Fucoidan

o-linked L-fucose
polymer consisting of a-
1,3-linked L-
fucose linear chains with
alternating o-1,3 and a-
1,4-linked L-fucose
units. This polymer may
be sulphated or
acetylated and/or
contain branching
consisting of other sugar
units including
glucuronic acid,
arabinose, xylose or

galactose.

Brown marine

algae

Glycomix Ltd/Carbosynth*

60,493

Galactan

f-1,4-linked D-galactose
polymer. Also contains
arabinose, rhamnose,
xylose and other sugars
according to

manufacturers.

Plant (Lupin)

Megazyme (P-GGMMV)

76

Gellan gum

Repeating unit of a-L-
rhamnose, B-D-glucose
and B-D-glucuronate and

is partially acetylated.

Microbial
(Pseudomonas

elodea)

Glycomix Ltd/Carbosynth*
(YG153497)

88,494,495

Guar

Galactomannan

B-1,4-linked D-mannose
with a-1,6-linked

galactose side units.

Plant (Guar
gum).

Megazyme (P-GALLU)

496

Gum karaya

Linear chain of a-1,4-
linked L-rhamnose, a-
1,2-linked D-galactose
with a-1,4-linked D-
galactose and B-1,3-
linked D-glucuronic acid
single side units (full
structure is still not
known). This
polyaccharide is partially

acetylated.

Plant (Sterculia

urens)

Glycomix Ltd/Carbosynth*
(YG58642).

27

Hafnia alvei LPS

Lipopolysaccharide
containing repeated
units of a-1,3-linked and
a-1,2-linked mannose in

its O-antigen.

Hafnia alvei
PCM 1223

Provided by Dr Ewa
Katzenellenbogen (Ludwik
Hirszfeld Institute of
Immunology and
Experimental Therapy,

Wroclaw, Poland.

394,497
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Inulin (Glycomix Ltd)

B-2,1-linked fructose
polymer generally
capped with -1,2-linked

Plant (chicory

root or jerusalem

Glycomix Ltd/Carbosynth*

498

artichoke)
D-glucose units.
B-2,1-linked fructose
inulin ( ) | I Plant
nulin (screenin olymer general
) 9 polymer g y (Jerusalem Sigma Aldrich 498
label: JA Inulin) capped with -1,2-linked .
artichoke)
D-glucose units.
) Plant (tubers of
) -1,4-linked D-glucose )
Konjac Amorphophallus | Glycomix Ltd/Carbosynth*

glucomannan

and D-mannose polymer

with partial acetylation.

konjac or

Konnyaku root)

(PSn8/YK1033)

499-501

OsLu

Lactulose (Duphalac®
[1,4-linked B-D-
galactose-D-fructose
disaccharide])-derived
non-digestible

galactooligosaccharides]

See reference

Provided by Mar Vilamiel,
Instituto de Investigacion
en Ciencias de |la
Alimentacion, CIAL (CSIC-
UAM), Spain.

489

Pectin

Highly complex polymer
consisting of D-
galacturonic acid-
derived polymers that
can include
homogalacturonan,
rhamnogalatoronan |
and Il and

xylogalacturonan.

Not attainable

Glycomix Ltd/Carbosynth*

51

Pullulan

a-1,6 D-glucose polymer
that may comprise o-
1,4-linked D-glucose

units.

Fungal (e.g.
Aureobasisium

pullulans)

Glycomix Ltd/Carbosynth*
(PSn12/YPQ7957)

502

Psyllium seed gum

Proposed
structure: repeating B-
1,4 (and 1,3-linked) D-
xylose backbone linked
to side chains of p-1,3-
linked D-xylose, a-1,3-
linked L-arabinose, or

disaccharide
aldobiuronic acid (1,2-
linked D-galacturonic
acid and L-rhamnose)
linked to the xylan

backbone.

Plant (Plantago

Sp genus)

Glycomix Ltd/Carbosynth*
(YP58645)

43

Scleroglucan

f3-1,3-linked D-glucose
polymer with 3-1,6 side

chains every three units.

Fungal
(Sclerotium

rolfsii)

Elicityl (#GLU700)

503
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) ) Obtained from Friesland
Commercially-available )
o . . Campina Domo,
Vivinal® galactooligosaccharide See reference ] 489

Hanzeplein, The
syrup.

Netherlands

-1,4-linked D-glucose
polymer linear chain
with a-1,6-linked xylose Plant:
Xyloglucan ) ] ) ) Megazyme (P-XYGLN) 36,37
side units which can be (Taramind)
also attached to p-1,2-

linked-D-galactose.

*Glycomix are now owned by Carbosynth Ltd. The information on the source and code of the PS
are based on the best available information from Carbosynth Ltd, as information on the original
Glycomix is no longer available.**Information on the source is based on the best available
information from Carbosynth Ltd. For PS acquired from Megazyme or Sigma Aldrich, the source
is based on information on the data sheets. **Product numbers are stated if known; or for
Glycomix PS, they are based on best available information including from the Carbosynth
catalogue.**** generic reference including information on PS structure. a, characterised in this
thesis by Gas chromatography-mass spectrometry (GC-MS) linkage analysis (see Chapter 4).
GPC, gel permeation chromatography.

2.2. Methods

2.2.1. Cell culture

2.2.1.1. Cell culture maintenance

2.2.1.1.1. Plat E cells

Plat-E cells were grown and maintained using 100 (diameter) x 20 (height) mm or
100 (diameter) x 20 (height) mm culture plates (Starstedt; #83.3902, TC Dish 100,
Standard or #83.390, TC 150 Dish, Standard, respectively) in D10 media: Dulbecco’s
modified Eagle medium (with 25 mM HEPES and 4.5 g/L glucose) (#LZBE12-614F,
Lonza, Switzerland) supplemented with 10,000 Units/ml Penicillin/Streptomycin, 1X
MEM Non-essential amino acids (#BE13-114E, Lonza, Switzerland) 4 mM L-
glutamine, 10 pug/ml blastomycin, 1 ug/m puromycin and 10% FBS. Medium was
changed every 2-3 days. Plat-E cells were passaged before reaching 70 - 80%
confluency, the supernatant was removed, and the cells were washed with sterile
Phosphate buffered saline (PBS [#BE17-512F, Lonza, Switzerland]). Adherent cells
were released by adding 2 — 4 ml trypsin-EDTA (Ethylenediaminetetraacetic acid)
(0.05%) (#25300054, Gibco™ [Life Technologies], ThermoFisher Scientific, USA) for
3 — 8 min in an incubator at 37°C and 5% CO,. Culture medium was added to
trypsinised cells and the suspension centrifuged at 250 g for 5 min. Cells were then
resuspended in D10 medium, added to culture plates, and supplemented with 10

ug/ml blastomycin and 1 pg/ml puromycin.
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2.2.1.1.2. BWZ.36 cells

BWZ.36 cells including parental and reporter cells were grown and cultured using
100 (diameter) x 20 (height) mm or 100 (diameter) x 20 (height) mm culture plates
(Starstedt; #83.3902, TC Dish 100, Standard or #83.390, TC 150 Dish, Standard,
respectively) and in R10 media: RPMI-1640 media (25 mM HEPES and L-glutamine)
(#LZBE12-115, Lonza, Switzerland), supplemented with 10,000 Units/ml
Penicillin/Streptomycin  (#LZDE17-602E, Lonza, Switzerland), 50 mM 2-
mercaptoethanol (#21985-023, Gibco™ [Life Technologies], ThermoFisher
Scientific, USA) 2 mM L-glutamine (#LZBE17-605E, Lonza, Switzerland) and 10%
heat-inactivated foetal bovine serum (FBS) (#10082147, Gibco™ [Life
Technologies], ThermoFisher Scientific, USA).

Cells were prepared from frozen stocks by thawing in a heating bath at 37°C for 1 -
2 min, then gently transferred to R10 media in 15 ml conical tubes. Cells were then
centrifuged at 570 g for 5 min, the supernatant discarded, resuspended in R10 and

cultured in culture plates as previously described.

Typically, cells were passaged every 2 - 3 days when grown to 70 — 80% confluency.
Briefly, non-adherent cells were harvested and placed in a 15 ml or 50 ml conical
tube. Adherent cells were then treated with 1 — 4 ml PBS-EDTA for 2 — 5 min in an
incubator at 37°C and 5% CO.. Adherent cells were detached by light tapping and
the cell suspension added to the non-adherent cells. The cell suspension was
centrifuged at 270 g for 5 min, the supernatant discarded, and cells resuspended in

R10 media generally using a 1:10 or 1:20 dilution and maintained described above.

For Dectin-1 reporter cell culture, cells were supplemented with 8.6 uM kifunensine
(#109944-15-2, Cayman Chemical Company, USA).

2.2.1.1.3. TLR4 reporter cells

TLR4 reporter cells (Invivogen, USA) were cultured, grown, and maintained using
100 (diameter) x 20 (height) mm or 100 (diameter) x 20 (height) mm culture plates
(Starstedt; #83.3902, TC Dish 100, Standard or #83.390, TC 150 Dish, Standard,
respectively) and in D10 media. Cells were prepared from frozen stocks by thawing
in a heating bath at 37°C for 1 - 2 min, then gently transferred to D10 media in 15 ml
conical tubes. Cells were then centrifuged at 570 g for 5 min, the supernatant
discarded, resuspended in D10 and cultured in culture plates supplemented with 1X
HEK-Blue™ selection marker (#hb-sel, Invivogen, USA) with the media changed
twice a week. For cell use or passaging, cells were harvested before reaching 80%

confluency. The supernatant was removed from the culture plates, and cells were
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washed with sterile PBS. Adherent cells were released by incubating with trypsin-
EDTA (0.05%) for 2 — 3 min at 37°C and 5% CO.. Culture media was added to
trypsinised cells and the cell suspension centrifuged at 250 g for 5 min, resuspended
in D10 media and added to culture plates supplemented with 1X HEK-Blue™
selection marker. Cells were then added to culture plates using an appropriate
dilution (for example, 1 : 10) and incubated at 37°C and 5% CO,. The media was
changed twice a week.

2.2.1.1.4. Caco-2 cells

2.2.1.1.4.1. Maintenance of Caco-2 cells

Caco-2 cells were maintained in C2 medium: high glucose (4500 mg/L) DMEM
(#5671, Sigma Aldrich, UK) supplemented with 200 mM L-glutamine, 10,000 Units/ml
Penicillin/Streptomycin, 1 mM NEAA (#M7145, Sigma Aldrich, UK) and 10% heat-
inactivated FBS (#F0804, Sigma Aldrich, UK) [Caco-2 media]. For thawing and initial
passaging, cells were gently heated in a water bath at 37°C and transferred to a new
tube containing C2 media. The cell suspension was centrifuged at 200 g for 4 min,
the supernatant discarded, and the cells resuspended in C2 media. Cells were
transferred to T75 culture flasks and the media was changed every 3 - 4 days. All

cells were used for experiments between passages 19 and 30.

2.2.1.1.4.2. Transwell culture

For culture on transwells, a protocol previously established by our group was used.
Briefly, Caco-2 cells were maintained in T57 flasks as described above. Cell
supernatants were discarded, and the cells washed with PBS. Cells were treated
with trypsin-EDTA (0.05%) (Sigma Aldrich, UK) and incubated for 2 - 5 min at 37°C
and 5% CO,. C2 medium was then added to the cells and the suspension centrifuged
200 g for 4 min. The cells were then resuspended in C2 medium and counted using
a haemocytometer (Bright-Line™). Cells were seeded at 3x10* on the apical side in
100 pl C2 medium in Transwell®-clear 0.4 mm pore cell culture inserts (#734-1581;
Corning®, USA). 600 ul medium was then added to the basolateral side and left for
21 days in an incubator at 37°C and 5% CO. with the media changed every 3 — 4
days.

2.2.1.2. Cell storage and thawing
BWZ.36 cells, Plat E cells, TLR4 reporter cells, and WT and Dectin-2 KO BMDCs
were stored in cell freezing solution (10% sterile dimethyl sulfoxide [DMSO] in FBS

and stored at -80°C. Caco-2 cells were stored in C2 medium containing 10% DMSO.
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For the thawing of all cells used in this thesis prior to initial culture, cells were gently
heated in a water bath at 37°C for 1 — 2 min and transferred to a new tube of media

for subsequent culture (described in 2.2.1.1.).

2.2.2. Generation and culture of bone marrow-derived dendritic
cells

2.2.2.1. Isolation of murine bone marrow cells

The femur bones of mice (from C57BL6/6J WT or Dectin-2 KO mice) were isolated
and cleaned with ethanol in tissue culture plates. Bones were then placed in a new
tube and washed with Hanks’s balanced saline solution (HBSS, Lonza, Switzerland)
supplemented with 3% FBS. Bones were crushed using a mortar and pestle
suspended in HBSS 3% FBS. The supernatant was transferred into a collection tube
using a cell Falcon® 40 um strainer. HBSS supplemented 3% FBS (2 — 5 ml) was
then added and the crushing of bones was repeated followed by transfer to the same
collection tube, as previously described. The cell suspension was centrifuged at 270
g for 10 min, the supernatant removed, and the cells dispersed by gently tapping the
tube. 3 ml of 1 X red cell lysis buffer (Ammonium chloride lysis buffer [8.02 g
Ammonium chloride, 0.84 g sodium bicarbonate, 0.37 g EDTA disodium dissolved in
100 ml sterile filtered H»0 for a 10X stock concentration]) was added to cells and left
at room temperature (R.T) for 5 min. The solution was centrifuged at 270 g for 10
min, the cell pellet resuspended in HBSS 3% FBS and passed through a Falcon® 40
um cell strainer. The cell suspension was again centrifuged at 270 g for 10 min,
resuspended in HBSS 3% FBS and cells were counted using a haemocytometer.
Cells were resuspended in cell freezing solution as described above and added to
cryogenic freezing vials (#10344691, Nalgene™, Thermo Fisher Scientific, USA) at

1x107 cells per vial and stored at -80°C.

2.2.2.2. In vitro generation of bone marrow-derived dendritic cells

Mouse WT or Dectin-2 KO BMDCs were generated in vitro from isolated bone
marrow cells as described above3%4°%, Briefly, bone marrow cells were thawed 1 - 2
min in a heating bath at 37°C. Cells were gently transferred into a new tube
containing M10 media (R10 media supplemented with 1 mM non-essential amino
acids [#M7145, Sigma Aldrich, UK] and 1 mM sodium pyruvate [#BE13-115E, Lonza,
Switzerland]). The cells were centrifuged at 270 g for 10 min, resuspended in M10
medium and cells were counted using a haemocytometer. Typically, cells were
added to 10 cm culture plates at 3x10° cells per dish. Generally, for older cell stocks

(> 3 - 5 months), cells were added at 5x10° or 10x10° cells per dish. 20 ng/ml of
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granulocyte-macrophage colony stimulating factor®® (GM-CSF) (#315-03,
Peprotech, UK) was added to the culture plates and cells were left for 6 days at 37°C

5% CO2*°*. Adherent cells were used for all BMDC experiments.

2.2.3. Flow Cytometry

2.2.3.1. Flow cytometer settings

For lazer and collection filter settings see Appendix 4.

2.2.3.2. Assessment of cell surface expression

2.2.3.2.1. BWZ.36 reporter cells

BWZ.36 cells were maintained as previously described in 2.2.1.1.2. Non-adherent
SIGNR1, SIGNR1-QPD, Dectin-2 or Dectin-2-QPD cells were transferred to 15 ml or
50 ml conical tubes. Adherent cells were treated with PBS-EDTA (#BE02-017F,
Lonza, Switzerland) and incubated at 37°C and 5% CO. for 2 — 3 min. Wells were
gently tapped by hand to remove any remaining adherent cells. Adherent cells were
added to the 15 ml conical tube of non-adherent cells and centrifuged at 270 g for 5
min. The supernatant was discarded, and the pellet dispersed gently by tapping the
tube and then cells were resuspended in R10 media. Typically, 200 ul cell
suspension (5x10° cells) was transferred into separate wells of a round-bottomed 96-
well plate (#83.3924.005, TC Plate 96 Well, Standard, Starstedt, UK,). Cells were
centrifuged at 510 g for 3 min, the supernatant discarded and the plate briefly
vortexed. 40 ul IgM isotype-Alexa 647 control or anti-mouse SIGNR1-Alexa 647 were
added to SIGNRL1 or SIGNR1-QPD cells at a final concentration of 10 ug/mlin FACS
buffer (HBSS [#BE10-527F, Lonza, Switzerland] supplemented with 0.1% FBS and
2 mM EDTA [#15575-038, Invitrogen™ Life Technologies, ThermoFisher Scientific,
USA]). Anti-mouse Dectin-2-Alexa 647 and lgG2a isotype-Alexa 647 and were added
to cells at a final concentration of 2.6 ug/ml in FACS buffer. For all experiments
(excluding Appendix 5 and Appendix 7), 1 ul mouse-fc block (#101320, TruStain
FcX™ anti-mouse CD16/32, Biolegend, UK) was immediately added and cells were
left on ice in the dark for 30 min. Cells were washed using 200 ul FACS buffer and
centrifugation at 510 g for 3 min. FACS buffer (200 pul) was then added to cells and
transferred to FACS tubes. Propidium iodide (PI [a fluorescent intercalating agent
used to stain for dead cells®**]) was added to cells at a final concentration of 0.33
ug/ml. Pl-stained unlabelled cells (additional control) and Non-PlI-stained unlabelled
cells were also prepared for compensation protocols. Compensation was performed

as described in 2.2.3.2.3. Cell surface expression analysis of all BWZ.36 cells were
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performed using a LSR Fortessa flow cytometer (BD Biosciences) and the data

analysed in FlowJo, version 10 (TreeStar, USA).

2.2.3.2.2. Bone marrow-derived dendritic cells

For detection of Dectin-2 cell surface expression, BMDCs were generated and
maintained as previously described in 2.2.2. Non-adherent BMDCs cells were
discarded and adherent cells were washed with PBS. Adherent cells were treated
with PBS-EDTA and kept in an incubator at 37°C and 5% CO; for 10 - 15 min.
Adherent cells were removed using a sterile cell scraper. Cells were centrifuged at
270 g for 5 min and resuspended in M10 medium. 200 pl cell suspension (1x10° cells
per well) was added to 96-well round bottom plates (#83.3924.005, Starstedt, UK).
The cells were centrifuged at 510 g for 3 min, the supernatant removed and briefly
vortexed. Anti-Dectin-2 and IgG isotype antibodies were added to the cells at a final
concentration of 2.6 ug/ml in FACS buffer, and 1 ul mouse Fc block (#101320,
TruStain FcX™, anti-mouse CD16/32, Biolegend, UK) was immediately added. Cells
were immediately incubated on ice for 30 min. Cells were then washed using 200 pl
FACS buffer and centrifuged at 510 g for 3 min and the supernatant removed. 200 pl
FACS buffer was added to the cells and the suspension transferred to FACS tubes.
Pl was added to cells at a final concentration of 0.33 ug/ml. Pl-stained unlabelled
cells (additional control) and Non-PI-stained unlabelled cells were also prepared for
compensation protocols. Compensation was performed as described in 2.2.3.2.3.
Analysis was performed using a LSR Fortessa flow cytometer (BD Biosciences) and
BD software (BD FACSDiva Version 7.0).

2.2.3.2.3. Compensation

Comp Beads anti-rat Ig k and negative control compensation particle sets (#552845,
BD Biosciences, USA) were used for compensation in all BWZ.36 cells or BMDC
flow cytometry experiments unless otherwise stated in Figure legends. Briefly, 10 pl
anti-rat Ig « and 10 ul negative control were incubated with 100 ul FACS for 10 - 15
min in the dark and 1 pl fluorescently-labelled rat IgM isotype-Alexa 647 (for SIGNR1
and SIGNR1-QPD reporter cells) or rat IgG2a isotype-Alexa 647 [for Dectin-2 or
Dectin-2-QPD, or reported cells or BMDCs) was added for another 10 — 15 min with
the tube protected from light. Pl and non-PI stained cells were also prepared for
analysis. Compensation was applied using the standard procedure provided by the
BD software (BD FACSDiva version 7.0, BD Sciences, USA).
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2.2.3.3. Cell Sorting GFP-positive BWZ.36-transfected cells and following cell
culture

GFP-positive-transfected BWZ.36 cells were isolated using a Sony SH800 Cell
Sorter. Briefly, transfected-cells were resuspended in sterile FACS buffer
supplemented with 0.33 pg/ml Pl and transferred through a 40 um cell strainer into a
FACS tube. Cells were sorted using a Sony SH800 Cell Sorter and collected in 15

ml tubes containing FBS and prepared for culture as described in 2.2.4.3.

2.2.3.4. Analysis of Caco-2 cell death and apoptosis.

Caco-2 cells were prepared and maintained as described in 2.2.1.4.1. The cell
supernatant was removed and replaced with C2 medium without phenol red (C2
medium composition [section] but using DMEM high glucose, no phenol red, no
glutamine [#31053028, Gibco™, ThermoFisher Scientific, UK] at least 4 days prior
to any sample treatment. Cells were grown to reach 70 — 80% confluency and the
supernatant was removed, and adherent cells were washed with sterile PBS. Cells
were removed by adding trypsin-EDTA (0.05%) (Sigma Aldrich, UK) and incubated
for 2 - 5 min at 37°C and 5% CO,. C2 medium was then added to the cells and the
suspension centrifuged 200 g for 4 min. The cells were then resuspended in C2
medium and counted using a haemocytometer. 5x10* cells were added to individual
wells of a 96 well flat-bottomed plate (#83.3924, Sarstedt, UK).

For treatment of the cells, cells were incubated with 1 mg/ml LPS from E. coli0111:B4
(#L2630, Sigma Aldrich, UK), 10 or 100 ng/ml TNF-a. (#300-01A, Peprotech EC Ltd,
UK) or 200 pg/ml ES levan or C2 medium alone (control) in a total volume of 200 pl
per well. for 24 hr incubation at 37°C and 5% CO.. For positive controls, 1 uM
staurosporine (apoptosis control [#ab120056, Abcam Ltd, UK]) and 1% Triton™ X-
100 (dead cell control [#T8787, Sigma Aldrich, UK]) were added to the cells and

incubated for 4 hr and 30 min, respectively.

Analysis of cell death/apoptosis was performed using a Dead Cell Apoptosis Kit with
Annexin V FITC and PI for Flow Cytometry (#10267392, Invitrogen™, Life
Technologies, ThermoFisher Scientific, USA) following the manufacturer’s
instructions with adaptions. Briefly, treated-cells were centrifuged at 510 g for 3 min
and the supernatant discarded. The cell pellet was washed with sterile PBS and
centrifuged at 510 g for 3 min and resuspended in annexin-binding buffer (in the kit
supplied by Invitrogen™, Life Technologies, ThermoFisher Scientific, USA). Cells
were gently mixed by pipetting up and down. 1 ul of Pl working solution (100 pug/ml)
and 5 ul of FITC Annexin (in the kit supplied by Invitrogen™, Life Technologies,
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ThermoFisher Scientific, USA) were added to the cells and kept in the dark at R.T
for 15 min. Cells were kept on ice and analysed using a LSR Fortessa flow cytometer
(BD Biosciences) and BD software (BD FACSDiva Version 7.0).

2.2.4 Construction of BWZ.36 SIGNR1 and SIGNR1-QPD reporter
cells

2.2.4.1. Cloning of SIGNR1
2.2.4.1.1. PCR amplification of SIGNRL1.

SIGNR1 primers were designed to amplify the extracellular domain of SIGNR1
containing a Hpal restriction site before the domain and a Notl restriction site after
the stop codon. Further, the first two amino acids of the extracellular domain of
SIGNR1 were omitted to ensure that the transmembrane region was completely

absent.

The extracellular domain of SIGNR1 from SIGNR1 cDNA was amplified by PCR
using Phusion® High-Fidelity DNA Polymerase (#M0530S, New England Biolabs,
UK). Briefly, the following was added at final concentrations into a PCR reaction tube:
5 uM SIGNR1 forward primer, 5 uM SIGNR1 forward primer, 10 ng SIGNR1 template
cDNA, 0.2 mM deoxynucleotide (dNTP) solution mix (#10297018, Invitrogen™,
Thermo Fisher Scientific, UK), 1X Phusion HF buffer (#M0530S, New England
Biolabs Ltd, UK), 1 unit/50 ul Phusion DNA Polymerase, and sterile filtered H.0
(#BE17-724Q, Lonza, Switzerland) in a total reaction volume of 100 pl. The reaction
mix was subjected to stepwise heating using a thermocycler (Techne® Prime,
Techne, UK) set at 4 stages: stage 1, 1 cycle at 98°C for 30 sec; stage 2, 20 cycles
of 98°C for 10 sec, 65°C for 30 sec and 72°C for 30 sec; stage 3, 98°C for 30 sec,
50°C for 20 sec and 72°C for 30 sec; and stage 4, 72°C for 5 min.

2.2.4.1.2. Gel electrophoresis and isolation of SIGNR1 DNA

PCR products were subjected to aragose gel electrophoresis and imaged by
fluorescence. Briefly, a 1% aragose solution was prepared in Tris acetate-EDTA
(TAE) buffer (#T9650, Sigma Aldrich, UK) in a conical flask and microwaved for 1 —
2 min and gently stirred until completely dissolved. The mixture was placed in a
casting tray with the well comb in place and left to set for 20 min. The set gel was
transferred into a gel box and moved into an electrophoresis apparatus (#G9-2500,
Mupid-ONE, Geneflow Ltd, UK). 1X loading dye was added to each PCR sample and
the solution was loaded into wells (15 ul — 50 pl total volume depending on the comb
used). A 100 base pair (bp) DNA ladder (#G2101, Promega™, UK), ranging from
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100 bp to 1500 bp was used for size determination. Electrophoresis was performed
typically at 100 v for 20 min. The gel was then transferred into a tray and incubated
in an ethidium bromide solution for 20 min, washed in H,0 and imaged using a

fluorescence imager (Alphaimager®, Alpha Innotech, USA).

The extracellular domain (missing the first two amino acids) of SIGNR1 (Ser76 —
Gly324%'?) is 753 bp and the restriction enzyme sequences Notl and Hpal are 8 and
6 bp’s, respectively. The 767 bp PCR product corresponding to Hpal-SIGNR1-Notl
was cut from the aragose gel using a sterile scalpel and transferred into 1.5 ml

Eppendorf tubes.

2.2.4.1.3. Extraction and quantification of SIGNR1 DNA

SINGR1 DNA was extracted using a GeneJET Gel extraction kit (#K0691,
ThermoFisher Scientific, UK) following the manufacturer’s instructions. Total DNA
was quantified using a NanoDrop™ 2000 Spectrophotometer (ThermoFisher
Scientific, UK).

2.2.4.1.4. Ligation of SIGNR1 DNA into pBluescript Il KS+ vector using T4 DNA
ligase

A pBluescript Il KS linear vector previously digested with restriction enzyme Smal
(#R0141S, New England Biolabs, USA) and dephosphorylated on the 5’ prime end
using shrimp alkaline phosphatase (#04898133001, Roche, Germany) was obtained
from the Kawasaki group (Institute of Food Research, Norwich, Norwich Research
Park, UK). The Hpal-SIGNR1-Notl PCR product was incubated with pBluescript Il
KS and T4 DNA ligase (#M0202T, New England Biolabs, USA), as described below.
Briefly, 50 ng of pBluescript Il KS was incubated with T4 DNA ligase reaction buffer,
T4 DNA ligase, and sterile filtered H,0 with 62.75 ng Hpal-SIGNR1-Notl in PCR
tubes in a total reaction volume of 15 ul at 16°C for 1 hr. A 5:1 Hpal-SIGNR1-Notl
(764 bp) to pBluescript Il KS (~3000 bp) ratio was used for the reaction.

2.2.4.1.5. Transformation of competent E. coli

The ligation mixture was used to transform competent E. coli DH5a (E. coli DH5a)
(#C2987H, New England Biolabs, USA). Briefly, E. coli DH5a was thawed on ice for
10 min. 1 ul of ligation mix was added to 25 pl E. coli DH5a in 1.5. ml Eppendorf
tubes, gently mixed and left on ice for 15 min. E. coli DH5a were heat-shocked by
incubating in a water bath at 42°C for 30 sec. Tubes were then placed on ice for 3
min. 300 ul of SOC medium (to obtain optimal transformation efficiency ([#S1797,
Sigma Aldrich, UK]) was added to each tube. The 1.5. ml tubes (containing the SOC

medium, E. coli and ligation mix) were placed into 50 ml centrifuge tubes and left in
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a shaking incubator at 37°C, 250 rpm for 30 min. The bacterial suspension (150 pl)
was spread onto across LB-carbenicillin agar plates agar plates until fully
incorporated using a sterile spreader. The agar plates were then incubated overnight

at 37°C until bacterial colonies were visible and were kept at 4°C.

2.2.4.1.6. Colony PCR

Colony PCR was performed using Taq DNA polymerase to identify colonies
containing pBluescript I KS+-SIGNR1. Briefly, 1X PCR reaction buffer
(#11271318001, Roche, Germany), dNTP solution (#10297018, Invitrogen™, USA),
M13 forward/reverse primers and Taqg DNA polymerase (#11146173001, Roche,
Germany) were added to PCR tubes of final concentrations/units of 200 uM, 0.5 uM,
0.5 uM and 1.25 units respectively in sterile filtered H20 in a final reaction volume of
25 ul. Selected colonies were added to the PCR mix using a sterile pipette tip and
subjected to PCR using a thermocycler set at the following; denaturing, 1 cycle at
94°C for 30 sec; amplification, 35 cycles of 94°C for 30 sec, 55°C for 30 sec and
72°C for 1 min 46 sec; and a final extension, 72°C for 5 min. In absence of the insert,
the product of the reaction is expected to be ~50 - 200 bp while the size of the
recombinant plasmid containing Hpal-SIGNR1-Notl would be ~817 - 967 bp.
Aragose gel electrophoresis of the colony PCR was performed and imaged as
described in 2.2.4.1.2. A 1 kb DNA ladder (#N3232S, New England BioLabs, USA)

was used for size determination.

2.2.4.1.7. Amplification and purification of the pBluescript I KS+-SIGNR1
recombinant vector

Positive colonies were cultured in 10 ml Lysogeny broth (LB) media in a 50 ml tube
supplemented with 50 ug/ml carbenicillin in a shaker incubator overnight at 37°C at
250 rpm. pBluescript Il KS-SIGNR1 plasmids were isolated from overnight liquid
cultures using a QlAprep® Spin Miniprep Kit (#27104, Qiagen, USA) following the
manufacturer’s instructions. Vector DNA was quantified by a NanoDrop™ 2000
Spectrophotometer (ThermoFisher Scientific, USA). pBluescript 1l KS+-SIGNR1
plasmid was sequenced by Eurofins using a SmartSeq Kit according to

manufacturer’s instructions and ApE-A plasmid Editor v2.0.47.

2.2.4.1.8. Digestion of pBluescript Il KS+-SIGNR1 using Hpal and Notl restriction
enzymes.

pBluescript Il KS-SIGNR1 was digested by restriction enzymes Hpal (#R0105S, New
England Biolabs, USA) and Notl High Fidelity HF™ (#R3189S, New England Biolabs,
USA). Briefly, the following were added into a PCR tube: 5 pg pBluescript II KS-
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SIGNR1 plasmid, 1X CutSmart® buffer (#87204S, New England Biolabs, USA), 5
units of Hpal and 5 units Notl enzymes and sterile filtered H.0 in a total reaction
volume of 25 ul. Mixtures were incubated at 37°C for 1 hr and subjected to gel
electrophoresis and imaged as described previously. A 1kb DNA ladder (#N3232S,
New England BioLabs, USA) was used for size determination. The Hpal-SIGNR1-
Notl insert was extracted from the gel using a sterile scalpel and purified and

quantified as described in 2.2.4.1.3.

2.2.4.1.9. Cloning SIGNRL1 into pMXs-1G-CD3(-Ly49

pMXs-IG contains the intracellular (CD3¢) and transmembrane (Ly49) fusion DNA
sequence (423 bp) required for ligation with the CLR extracellular domain sequence.
This plasmid also contains the sequence for enhanced green fluorescent protein
(EGFP). A pMXs-IG vector previously dephosphorylated on the 5’ prime end and
digested by Hpal and Notl was obtained from the Kawasaki group. A ligation reaction
with Hpal-SIGNR1-Notl into pMXs-IG vector was performed using T4 DNA ligase
and used to transform E. coli DH5a, as described in 2.2.4.1.4 and 2.2.4.1.5 (with
equivalent pMXs-IG and SIGNR1 DNA).

Colony PCR (see 2.2.4.1.6.) was used to identify colonies containing the pMXs-I1G-
SIGNR1 vector. CD3(-Ly49 contains 423 bp and SIGNR1 ~762 bp. M13 primers
start ~50 — 200 bp upstream. Therefore, a band of ~1232 — 1382 bp indicates the
pMXs-1G-SIGNR1 vector. A 100 bp DNA ladder was used for bp size determination.

Selected colonies were cultured and the pMXs-IG-SIGNR1 vector DNA was isolated
and purified using a QlAprep® Spin Miniprep Kit (Qiagen, USA) according to the
manufacturer’s instructions. The isolated DNA was then quantified by a NanoDrop™

2000 spectrophotometer (Thermo Scientific, USA).

2.2.4.2. Cloning of SIGNR1-QPD

The CRD of mannose-specific lectins including SIGNR1 contain an EPN (Glutamic
acid, Proline and Asparagine) amino acid motif*3*, SIGNR1 CRD-mutant cells were
established by switching the EPN amino acid motif to galactose-specific QPD
(Glutamine, Proline and Aspartic acid) when designing the SIGNR1 extracellular
domain sequence (2 mutations: E285 — Q; D287 - N)?'2, SIGNR1-QPD reporter cells
control for carbohydrate-specific ligand-binding through the CRD.

Establishment of SIGNR1-QPD mutant reporter cells was similar to the procedure
with SIGNR1 WT reporter cells. Briefly, the Pu57-Hpal-SIGNR1-QPD-Notl

recombinant vector was digested by Hpal and Notl and subjected to aragose gel
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electrophoresis and fluorescent imaging and the DNA isolated and quantified as
described in 2.2.4.1.8. Ligation of SIGNR1-QPD to linearised pMXs-IG was
performed using the T4 DNA ligase protocol as described in 2.2.4.1.4 (with
equivalent pMXs-IG and SIGNR1-QPD). Transformation with the SIGNR1-QPD
recombinant vector into E. coli DH5a, colony PCR, gel electrophoresis and
fluorescent imaging of the gel were used to identify colonies positive for SIGNR1-
QPD as described in 2.2.4.1.5., 2.2.4.1.6. and 2.2.4.1.2. (with equivalent pMXs-1G-
SIGNR1-QPD). Positive colonies for containing the SIGNR1-QPD recombinant
vector were cultured overnight in 50 ml tubes in LB medium and the vector DNA was
extracted using Gene JET Gel extraction kit (#¥K0691, ThermoFisher Scientific, UK)
according to the manufacturer’s instructions. The DNA sequence was confirmed
using a Eurofins SmartSeq kit according to the manufacturer’s instructions and ApE-
A plasmid Editor v2.0.47.

2.2.4.3. Transfection of SIGNR1 and SIGNR1-QPD recombinant vectors in
BWZ.36 parental cells

Retroviral vectors are an effective method to insert genes directly into a cell’s
genome®®, The package cell line Plat-E, contains an envelope protein gene®”.
pMXs-1G-CLR containing an envelope protein gene can be transfected into Plat-E
cells resulting in the production of efficient retroviruses containing the selected vector
DNA which are unable to replicate®®’. The isolated retrovirus is then incubated with
BWZ.36 cells ultimately leading to infection and incorporation of the plasmid DNA

into the genome of the cells.

For transfection of pMXs-IG-SIGNR1 or pMXs-IG-SIGNR1-QPD vector DNA to Plat-
E cells, cells were grown to ~70 - 80% confluency and maintained as described in
2.2.1.1.1. Plat-E cells were counted using a haemocytometer (Bright-Line™,
Cambridge Instruments Ltd, UK) and cells were resuspended in D10 medium added
to flat 6-well plates (#83.3920, Sarstedt, UK) at 1x10° cells per well. Cells were left
overnight at 37°C 5% CO,. Transfection into Plat E cells was performed using
Lipofectamine® 2000 Transfection Reagent (#11668027, Thermo Fisher Scientific,
UK) in line with manufacturer’s instructions. Briefly, a solution was made adding 7.4
pl (5 pg) of pMXs-IG-SIGNR1 vector DNA to 250 pl Opt-MEM™ (Gibco®,
ThermoFisher Scientific, UK) in a 1.5 ml Eppendorf tube and left at R.T for 5 min. In
a separate tube, a lipofectamine solution was made by adding 1 ml Opti-MEM™
(Gibco™, ThermoFisher Scientific, USA) to 40 ul Lipofectamine® 2000 transfection

reagent, briefly vortexed, and left at R.T for 5 min. The DNA solution was added to
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the lipofectamine solution and incubated for 10 min at R.T 500 pl solution was then
carefully added to Plate E cells. Following 2-day incubation at 37°C and 5% COx,
Plat E supernatants were harvested in a 15 ml conical tube and centrifuged at 270 g
for 5 min to separate the cells from the virus ready to be added to BWZ.36 parenteral
cells which were maintained and prepared as described in 2.2.1.1.2. Upon reaching
70 — 90% confluency, BWZ.36 cells were seeded in 6-well plates at 1x10° cells per
well (3 ml volume). Plat E supernatant (2 ml) was transferred to BWZ.36 parenteral
cells and 8 ug/ml Polybrene (#TR-1003-G, Sigma Aldrich, UK) was added, and the
cells incubated for 2 days in at 37°C and 5% CO,. Non-adherent cells were then
harvested to a 15 ml conical tube and adherent cells were treated with 0.5 ml PBS-
EDTA to released cells. These cells were then added to the non-adherent cells and
the cell suspension centrifuged at 270 g for 5 min. Cells were resuspended in R10
media and maintained as described in 2.2.1.1.2 in 6-well plates. The SIGNR1 WT
cells were assessed for SIGNR1 expression (WT only) by flow cytometry as

described in 2.2.3.2.1 (compensation not included) to assess if transfection occurred.

After cell sorting transfected-BWZ.36 SIGNR1 or SIGNR1-QPD reported cells, cells
were expanded to make cell stocks. Sorted cells (in FBS) were centrifuged 270 g for
5 min, resuspended in 2 ml R10 medium and added to flat-bottom 24 well plates
(#CLS3527, Corning® Costar® TC-Treated Multiple 24-Well Plates) and left in an
incubator at 37°C and 5% CO; for 2 — 3 days. Cells were then maintained as
previously described in 2.2.1.1.2 and passaged/expanded using 24 well, 6 well, 100
mm and 150 mm culture plates to make more cell stock. Cells were stored as
described in 2.2.1.2.

2.2.5. Reporter cell assays

2.2.5.1. BWZ.36 reporter cell assay

PS, glycoconjugates, oligosaccharides or SIGNR1 functional grade antibody were
prepared in sterile coating buffer (8.4 g sodium bicarbonate (#S5761, Sigma Aldrich,
UK), 3.56 g sodium carbonate (#S7795, Sigma Aldrich, UK) in 1l deionized water,
pH 9.5) and coated onto a flat-bottom 96-well ELISA plate (#10547781, Immuno
Maxisorp, ThermoFisher Scientific™, USA) overnight at 4°C. Final concentrations

are described in Figure legends.

BWZ.36 reporter cells, including SIGNR1, SIGNR1-QPD, Dectin-2, Dectin-2-QPD,
Dectin-1 and mock cells, were prepared from frozen stocks and maintained as
described in 2.2.1.1.2. Cells were typically grown to 70 — 90% for reporter assay

experiments. Briefly, non-adherent cells were harvested and transferred into a
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separate 15 or 50 ml conical tube. Adherent cells were treated with 1 — 4 ml PBS-
EDTA for 2 — 5 min in an incubator at 37°C and 5% CO,. Adherent cells were then
harvested and added to the non-adherent cells. The cell suspension was centrifuged
at 270 g for 5 min, the supernatant discarded, and cells resuspended in R10 media.
Cells were then counted using a haemocytometer and diluted to obtain 5 x 10°
cells/ml.

The 96 well plates incubated with PS coating buffer solutions were removed from the
wells using an aspirator pump and sterile glass pipette. Wells were then washed once
with 200 ul PBS, and PBS was discarded. 200 pl of cell suspension was then added
to each PS-coated or control-coated (coating buffer alone) wells at 1x10° cells per
well. Cells were incubated at 37°C at 5% CO? overnight for 18 hr. The next day, cells
were centrifuged at 510 g for 3 min, the supernatant discarded, and the cells briefly
vortexed. 100 ul chlorophenol red-p-D-galactopyranoside (CPRG) working solution
(100 mM 2-Mercaptoethanol [#M6250, Sigma Aldrich, UK] 0.125 % Triton X-100
[#T8787, Sigma Aldrich, UK] in PBS) containing 1.5 uM CPRG (#10884308001,
Roche, Switzerland) was then added to cells. B-galactosidase activity was assessed
by measuring absorbance at 570 nm and subtracted from 630 nm reference using a
microplate reader (Benchmark Plus™, Bio-Rad, UK) using the Bio-Rad Microplate

Manager software version 5.2.1.

2.2.5.2. TLR4 reporter cell assay

Binding to HEK hTLR4 reporter cells activates the NFkB pathway producing secreted
embryonic alkaline phosphatase (SEAP) [under control of the IL-12 p40 promoter]
which is detected in a colorimetric assay by the addition of HEK-Blue™ Detection
medium (#hb-det2, Invivogen, USA)3%.

TLR4 reporter cells were maintained as described in 2.2.1.1.3. TLR4 reporter assays
were performed using HEK-Blue™ detection medium and following the
manufacturer’s instructions with minor modifications. Typically, cells were grown to
50 — 80% confluency, the supernatant discarded, and the cells were washed with
PBS. Cells were incubated with PBS for 5 — 10 min in an incubator at 37°C and 5%
CO; and gently tapped to remove adherent cells and harvested into a 15 or 50 ml
tube. Cells were centrifuged at 250 g for 5 min, resuspended in D10 media and
counted using a haemocytometer. Cells were then centrifuged at 250 g for 5 min,
resuspended in appropriate volumes of HEK-Blue™ detection medium and 2.5 x 10*
cells were added to each well of a flat-bottomed 96 well plate (#83.3924, Sarstedt,

UK). All treatments were prepared in HEK-Blue™ detection medium which was
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added to wells containing the cells in a total volume of 200 ul. Hafnia-LPS (see Table
5) was used as a positive control in all TLR4 reporter assay. Final concentrations of
all treatments are outlined in the Figure legends. Treated-cells were incubated for 16
— 24 hr at 37°C and 5% CO,. Absorbance was read at 655 nm using a microplate
reader (Benchmark Plus™, Bio-Rad, UK).

2.2.6. Cytokine/chemokine analysis

2.2.6.1. Enzyme-linked immunosorbent assay

2.2.6.1.1. Analysis of bone marrow-derived dendritic cell supernatants by Enzyme-
linked immunosorbent assay

Concentrations of TNF-a, IL-6 or IL10 in supernatants were determined by Enzyme-
linked immunosorbent assay (ELISA) (mouse TNF-a [#430901], IL-6 [#431301] or
IL10 [431411] ELISA MAX™, Biolegend™, UK) following the manufacturer's
instructions. Briefly, TNF-a. and IL-6 capture antibodies diluted in assay diluent (1%
BSA in PBS) and IL-10 antibodies were diluted in PBS. 100 ul capture antibodies
were coated overnight in the wells of flat-bottom 96-well ELISA plates (#10547781,
Immuno Maxisorp, ThermoFisher Scientific™, USA) at 4°C. The next day, the
capture antibody solutions were discarded, and the plates were washed 4 times with
300 ul wash buffer (PBS in 0.05% Tween-20) and the wells blocked by adding assay
diluent and the plate sealed for 1 hr at R.T. The wells were then washed as previously
described. 100 ul of levan or peptidoglycan (in assay diluent) and serial standard
dilutions (in assay diluent) were added to wells for 2 hr at R.T with the plate sealed.
Plates were then washed as described above. 100 ul detection antibody was then
added to wells and the plates sealed at R.T for 1 hr. Plates were then washed as
previously described and 100 ul of Avidin-horse radish peroxidase solution was
added and incubated at R.T for 30 min. Plates were then washed as previously
described with an additional wash step. Tetramethylbenzidine (TMB) (Biolegend, UK)
was added to wells and the plates were kept in the dark until a colour change
developed. Absorbance was read at 450 nm subtracted from 570 nm using a
microplate reader (Benchmark Plus™, Bio-Rad, UK). For all tests, cytokine
concentrations were quantified from absorbance values interpolated from non-linear
standard curves using a 3-parameter logistic regression which was generated in
GraphPad Prism (V 6.05).

2.2.6.1.2. Quantification of IL-8 in TNF-a-induced Caco-2 cells
Caco-2 monolayers were prepared as previously described in 2.2.1.1.4.1 and treated

with media alone, or 10 or 100 ng/ml TNF-a on the apical side only or both apical
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and basolateral sides. Final volumes were 100 ul and 600 upl for apical and
basolateral compartments, respectively. IL-8 was measured by ELISA (Human IL-8
ELISA MAX™ Standard MAX™, Biolgend, UK) using the protocol described in
2.2.6.1.1. Of note, IL-8 capture antibody was diluted in assay diluent, as per

manufacturer’s instructions.

2.2.6.2. Screening of cytokine production by Caco-2 cells using 2.6.2.1. Meso
Scale Discovery®

Caco-2 monolayers were cultured and maintained as previously described in
2.2.1.1.4.1.

For the levan treatment, cells were pre-incubated with levan (190 ug/ml) or media
(control) on both apical and basolateral sides for 24 hr followed by TNF-a challenge
(20 or 100 pg/ml) or media control for another 24 hr. For the simultaneous treatment,
cells were incubated with levan (200 pg/ml) or media (control) on both apical and
basolateral sides and immediately followed by TNF-a challenge (10 or 100 pg/ml) or
media control for 24 hr. Final volumes across treatments were 100 ul and 600 pl for
apical and basolateral compartments, respectively. Apical and basolateral
supernatants in each well were transferred to new tubes. Cytokine analysis of cell
supernatants was performed using a custom Meso Scale Discovery® (MSD) U-
PLEX® Multiplex Assay (#K15067L-1 Biomarker Group 1 plate: U-PLEX Human IFN-
y U-PLEX Human IL-18 U-PLEX Human IL-6 U-PLEX Human IL-8 U-PLEX Human
IL-10 U-PLEX Human MCP-1 U-PLEX Human MIF U-PLEX Human TNF-a U-PLEX
Human TSLP; and TGF- plate [#K151XWK-1], Meso Scale Diagnostics, USA) with
assay procedures performed in accordance with manufacturer’s instructions. Results
were obtained by measuring electrochemiluminescence using an Meso™ QuickPlex
SQ120. For all tests, cytokines and chemokines were quantified from absorbance
values interpolated from non-linear standard curves using a 4-parameter logistic

regression which was generated by the Discovery Workbench software version 4.

2.2.7. Bone marrow-derived dendritic cell treatments

2.2.7.1. Non-plate-immobilised ligand procedure

BMDCs were generated and maintained as described in 2.2.2. Non-adherent BMDCs
cells were discarded and adherent cells were washed with PBS. Adherent cells were
treated with PBS-EDTA and kept in an incubator at 37°C and 5% CO, for 10 - 15
min. Adherent cells were removed using a sterile cell scraper. Cells were centrifuged

at 270 g for 5 min and resuspended in M10 medium and counted using a
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haemocytometer. Levans or positive control peptidoglycan were diluted in M10
media added to round bottomed 96-well plates (#83.3925, Sarstedt, UK) containing
1x10° BMDCs per well in a total volume of 200 ul for 18 hr. Final concentrations of
levan or ligands are provided in the Figure legends. 96-well plates were centrifuged
510 g for 3 min and the supernatant transferred into new 96-well plates. TNF-a., IL-6

or IL10 in cell supernatants were measured by ELISA (see 2.2.6.1.1).

2.2.7.2. Plate-immobilised ligand procedure

Plate-immobilisation of ligands or levan was performed as per the coating of PS in
the BWZ.36 reporter cell assay as described in 2.2.5.1. Coating buffer alone was
used as a negative control (including for cells alone with medium). BMDCs were
prepared as previously described for the non-plate-immobilised procedure where
1x10° cells were added to PS-coated wells in 96-well plates in a total volume of 200

pl. TNF-a, IL-6 or IL10 in cell supernatants were measured by ELISA (see 2.2.6.1.1).

2.2.7.3. Inhibition assay

BMDCs were generated and maintained and prepared as described in 2.2.2. Non-
plate-immobilised or plate-immobilised levan/control was performed as described
above. For LPS-challenge after 3, 6, 12 or 24 hr of levan/control incubation, BMDCs
were treated with 20 ng/ml E. coli K12 LPS (#TLR-PEKLPS, Ultrapure, Invivogen,
UK) or M10 media (negative control stimulus) for 24 hr. Final volumes across all
treatments in the 96-wells were kept at 250 pl following LPS-challenge. Levan pre-
treatment/incubation times are indicated in the Figure legends. TNF-a, IL-6 or IL10

in cell supernatants were measured by ELISA (see 2.2.6.1.1).

2.2.8. Measurement of monolayer barrier integrity

Caco-2 cells monolayers were maintained and prepared as described in 2.2.1.1.4.2.

For the LPS treatment, cell supernatants were removed and both apical and
basolateral compartments were washed with C2 media. Cells were then pre-treated
200 pg/ml ES levan or media (control) on the apical side or both apical and
basolateral sides for 2 or 24 hr followed by the addition of 1 mg/ml E. coli 0111:B4
LPS. For TNF-a experiments, all treatments are described in 2.2.6.1.2 and 2.2.6.2.

Prior to the addition of FITC-dextran, cells were washed with C2 media on both apical
and basolateral sides. 100 ul 1 mg/ml of FITC-dextran (Sigma Aldrich, UK) was
added to apical compartments and 600 ul C10 was added to basolateral

compartments and incubated for 4 hr. Following incubation, the basolateral
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supernatant was collected. In addition, after this collection, 600 pl C2 media was also
added to the basolateral compartment and discarded (wash). Another 600 pl C2
media was added to the basolateral side and incubated for another 24 hr followed by

collection of the basolateral supernatant.

2-fold serial dilutions FITC dextran standards were prepared in C2 medium.
Basolateral supernatants were then transferred to a 96-well plate (Black Nunc-
Immuno™ MicroWell™, Nunclon®, ThermoFisher Scientific, UK) and FITC-dextran
content was analysed fluorometrically using a microplate reader (ClarioStar, USA) at
excitation 485 nm and emission 520 nm. A linear standard curve generated in
Microsoft Excel was used to interpolate fluorescence values to FITC-dextran

concentrations.

2.2.9. Characterisation of levans

2.2.9.1. Gel permeation chromatography

E. herbicola levan fractions were separated by size exclusion using a Superose™ 6
Increase 10/300 GL prepacked column for high-performance size exclusion
chromatography (#29091596, GE Healthcare Life Sciences, USA). For E. herbicola
levan collection, fractions were collected using a gel permeation chromatography
(GPC) system and refractive index detector (Precision instruments, UK), and
Trilution® Software (Version 3.0.26.0). All levan fractions were weighed and
resuspended in sterile filtered H20. For GPC analysis, dextrans and levans were
analysed using a GPC system and refractive index detector (Series 200,
PerkinElmer, USA), and the Chomera software (PerkinElmer, USA). Dextran
standards were derived from Leuconostoc mesenteroides of 5 kDa, 12 kDa, 25 kDa,
50 kDa, 150 kDa, 270 kDa, 410 kDa, and 1400 kDa (#31417, #31418, #31419,
#31420, #31421, #31422, #31423, #31424, and #49297 respectively, Fluka, Sigma
Aldrich, UK). The column was kept and utilised at R.T, all injection volumes were 1
ml, and a constant flow rate of 0.5 ml/min was used for all experiments.
Concentrations for collection of E. herbicola levan were 5 mg/ml per injection.
Concentrations for the analysis of E. herbicola levan, ES levan and all dextrans were
5 mg/ml, 1 mg/ml and 1 mg/ml, respectively. A 4-parameter logistic curve of
approximate peak elution times against voltage peaks for each dextran standard was

generated in GraphPad Prism version 6.05.

2.2.9.2. Gas chromatography-mass spectrometry (GC-MS) linkage analysis
This work was carried out by the Chemical Sciences, Geosciences and Biosciences

Division, Office of Basic Energy Sciences, U.S. Department of Energy grant (DE-
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SC0015662) to Parastoo Azadi at the Complex Carbohydrate Research Center,
Athens, GA, USA by lan Black.

For glycosyl linkage analysis, the samples were permethylated, depolymerized,
reduced, depolymerized again, reduced again, and acetylated; and the resultant
partially methylated alditol acetates (PMAAS) were analysed by GC-MS as described
by Heiss and colleagues®®,

For analysis of crude and purified E. herbicola levan, the two-step hydrolysis
procedure and a spitless injections was performed. The spitless injection (as
opposed to a split injection) in GC-MS analysis allows for greater sensitivity to
determine the presence of trace analytes. GC-MS linkage analysis for crude and
purified E. herbicola levan was performed using the split injection method. Of note,
the experimental procedure was modified to include an initial mild hydrolysis step
and reduction to prevent further degradation of fructose®®. The initial reduction
generated reduced fructose to prevent interconversion to glucose/mannose under
acidic conditions®°. The initial hydrolysis and reduction was followed by a more
aggressive hydrolysis step and a second reduction to allow for the detection of any
less labile substituents (e.g. a-mannan). To determine the sensitivity of the detection
for mannose residues, the two-step hydrolysis of 1, 5 and 25 ug a-mannan from S.
cerevisiae (Sigma Aldrich, UK) was used. Similarly, the sensitivity for fructose was
also evaluated using 1, 5 and 25 ug of E. herbicola levan subjected to GPC and LRA

treatment.

2.2.9.3. Nuclear magnetic resonance analysis

NMR experiments and analyses were carried out by Dr Gwenaelle Le Gall and Dr
Sergey Nepogodiev (Quadram Institute, Norwich Research Park, UK). NMR
analyses of levan extracts or controls were performed on a 600MHz Bruker Avance
spectrometer fitted with a 5 mm TCI cryoprobe and controlled by Topspin 2.0
software. 1H NMR spectra were recorded in D20 at 300 K and consisted of 64 scans
of 65,536 complex data points with a spectral width of 12.3 ppm. The NOESYPR1D
presaturation sequence was used to suppress the residual water signal with low
power selective irradiation at the water frequency during the recycle delay (D1 = 3 s)
and mixing time (D8 = 0.01 s). Spectra were transformed with 0.3 Hz line broadening
and zero filling, manually phased, and baseline corrected using the TOPSPIN 2.0
processed using Mnova 12.0 software. Interpretation of 1D spectra was assisted by
use of 2D methods including COSY and HSQC.

113



2.2.9.4. Protein analysis

2.2.9.4.1 Bradford assay

Briefly, 2-fold standard dilutions from 1.4 to 0.1 mg/ml of bovine serum albumin (BSA)
(#A7906, Sigma Aldrich, UK) were prepared in sterile filtered H20. 5 ul of standards,
E. herbicola crude levan (> 3 mg/ml) or sterile filtered H20 (blank) were added to
polystyrene flat-bottomed 96-well plates (Starstedt, UK) in duplicate. 250 pl Bradford
reagent (#B6916, Sigma Aldrich, UK) was then added to wells containing the
samples and standards and incubated on a UltraRocker™ Rocking Platform (BIO-
Rad, UK) for 30 sec. Samples were incubated at R.T for 45 min. Absorbance was
measured at 595 nm using a microplate reader (Benchmark Plus™, Bio-Rad, UK).
Detection of protein in levan was assessed using a standard linear curve generated

in Excel.

2.2.9.4.2. Sodium dodecyl sulphate polyacrylamide gel electrophoresis

BSA standards (dilutions from 32 ng to 0.25 [or 20 ng only] of BSA were prepared by
serial dilution of BSA in sterile filtered H20]). 6.5 ul BSA standard(s) or E. herbicola
crude levan (4 mg/ml) or E. herbicola levan F1 (post GPC [3.2 mg/ml]) were added
to 2.5 ul 4X lithium dodecyl sulphate (LDS) buffer (#NP0007, ThermoFischer
Scientific, UK) and 1 ul (100 mM) dithiothreitol (DTT) (#D6052, Sigma Aldrich, UK)
and the solution heated for 10 min at 70°C. Standards or levan samples (10 pl) were
loaded into a pre-made 4 — 12% BIi-TRIS NuPAGE polyacrylamide gel
(#NP0323BOX, Novex®, ThermoFischer Scientific, UK). 5 ul of protein marker
(#12949, Cell Signalling Technology, USA) was also loaded in separate wells.
Electrophoresis was performed using a Novex XCell SureLock™ apparatus typically
at 200 V (constant), 350 mA for 35 — 45 min. The gel was stained using SPYRO®
Ruby protein gel stain (#512000, ThermoFischer Scientific, UK) according to
manufacturer’s instructions. Briefly, the gel was placed in a container and fixed by
adding 100 ml of fix solution (50% methanol and 7% acetic acid in H»0) and left on
an orbital shaker for 30 min and the fix solution discarded. This process was then
repeated. The gel was then incubated with 60 ml of SPYRO® Ruby protein gel stain
overnight at R.T on an orbital shaker. The gel was then transferred into a new
container and incubated in 100 ml wash solution (10% methanol and 7% acetic acid)
for 30 min. The gel was then rinsed in H.0 for 5 min at least twice and visualised by
a Pharos-FX™ Plus molecular imager (Bio-Rad, UK) using the pre-made setting for
SPYRO® Ruby protein gel stain on the Bio-Rad software (excitation and emission

wavelengths at 280 and 450/610 nm, respectively).
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2.2.10. Detection and removal of lipopolysaccharide

2.2.10.1. Quantification of lipopolysaccharide using Endozyme recombinant
factor C assay

LPS in all levan samples was quantified using the Endozyme Recombinant Factor C
(RFC) assay (Kits | and Il, Hyglos, Germany) and the assay procedure was carried
out following the manufacturer's instructions. RFC is a zymogen/proenzyme
(precursor protease) and it is activated by LPS%!, Addition of a fluorescent substrate
with LPS-activated RFC leads to substrate cleavage and fluorescence can be
measured®512, Briefly, an LPS standard was reconstituted in Endozyme endotoxin-
free H.0 and standard dilutions were prepared from 0.005 Endotoxin unit (EU)/ml to
50 EU/mI (0.5 pg/ml to 5000 pg/ml by weight; 100 pg represents 1 EU in the Hyglos
LPS standard). 100 ul of standards or samples were added to the wells of a 96-well
plate (#P8741-50EABlack Nunc-Immuno™ MicroWell™, Nunclon®, ThermoFisher
Scientific, UK). 100 ul of Endozyme reaction mix (substrate, enzyme and assay buffer
[volume ratio: 8:1:1]) was added. The plate was placed in a microplate reader pre-
heated at 37°C and baseline fluorescence was measured at excitation 380 nm and
emission 445 nm using a microplate reader (ClarioStar, BMG LABTECH, USA). The
plate was incubated at 37°C for 60 or 90 min in the plate reader and fluorescence
was measured again at excitation 380 nm and emission 445 nm. For all tests, LPS
was quantified from absorbance values interpolated from a standard curve using a
4-parameter logistic regression, as per the manufacturer’s instructions, and was
generated in GraphPad Prism (V 6.05).

2.2.10.2. Lipopolysaccharide removal

2.2.10.2.1. Calcium silicate treatment

Following size exclusion chromatography, E. herbicola levan was purified using Lipid
Removal Agent (LRA) (#13358, Sigma Aldrich, UK); a calcium silicate hydrate with a
high affinity of lipids®'3. The LRA protocol was based on the procedure by Zhang and
colleagues®®®. Briefly, 20 g/l LRA (by volume) was added to 4 mg/ml levan and
supplemented with 20 mM sodium chloride. The solution was incubated for 4 hr on
a rotary wheel at 4°C and then centrifuged at 3000 rpm for 10 min and the
supernatant removed. This process was repeated and left overnight at 4°C. The

supernatant was lyophilised and resuspended in sterile H»0.

2.2.10.2.2. Alkali treatment
E. herbicola levan 2 or crude enzymatically synthesised (ES) levan was lyophilised

and resuspended in 0.9 M NaOH for 48 hr in a 15 ml conical tube at a concentration
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of 4 mg/ml. Samples were vortexed at least twice each day for 1 - 2 min. Samples
were dialysed in 4 | ultra-filtered H20 for 2 days using a 10 kDa molecular weight cut
off (MWCO) 22 mm x 35 feet dry diameter dialysis membrane (#68100, SnakeSkin®
Dialysis Tubing, ThermoFisher Scientific, USA) and the H.0 was changed at least
twice per day. Levan samples were harvested, freeze-dried and the dry product was
resuspended in sterile filtered H20. Of note, the alkali treatment was repeated for E.

herbicola levan 2.

2.2.10.2.3. Thin layer chromatography (TLC) of alkali-treated levan

TLC of alkali-treated levan (while still in NaOH) was performed. The samples tested
were as follows: Fructose (in H.0 and/or NaOH), crude levans and alkali-treated
(purified) levans. The latter 2 samples were spiked with fructose as a control.
Typically, 1 pl of E. herbicola levan or ES levan was placed on a TLC plate and
heated until dry. This was repeated at least 5 times. Chloromethane, ethyl acetate,
2-Propanol (Isopropanol) and H.0 were mixed in a ratio of 85: 20: 50: 50,
respectively, as the solvent mixture for the mobile phase. The solvent mixture was
added to a TLC chamber for 30 min covered with a lid. The TLC plate was added to
the chamber and left partially upright for 20 — 30 min. Following migration of the
samples, the TLC plate was left to dry, briefly heated and stained with orcinol (5-
Methylresorcinol) using a spray apparatus and left to dry. The plate was heated using

heat gun until orange spots were clearly observed.

2.2.11. Production of levan from B. subtilis 168

The levan production protocol was based on work by Sims et al®* and Shi et al®® with
modifications. Briefly, B. subtilis 168 was cultured overnight at 180 RPM at 37°C in
a shaking incubator in sterile 50 ml tubes. Sterile 250 ml conical flasks (no baffles)
containing 100 ml to LB or LDM2 media were inoculated with 2% vol B. subtilis culture
for 24 hr at 180 rpm at 37°C in a shaking incubator. LB and LDM2 5% sucrose alone
containing no bacteria were used as controls and subjected to the same treatment
as bacterial cultures. All samples were centrifuged at 6000 g and the supernatant
placed into sterile flasks. Ice-cold ethanol (1.5 vol) was added to supernatants and
mixed by mechanical shaking and vortexing for 2 — 5 min. Samples were placed on
an Ultra Rocker (Bio-Rad) at full speed at 4°C for at least 2 hr. Samples were
harvested into 50 ml tubes and centrifuged at 12,000 g for 15 min and the
supernatant discarded. Sterile filtered H.0 was added to the pellet, vortexed 2 - 5

min, and heated at 60 - 70°C. Samples were dialysed in 4 | ultra-filtered H.0 for 2
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days using a 10 kDa dialysis membrane and H.0 was changed three times per day.

Samples were freeze-dried, weighed and sterile filtered H,0 was added.

2.2.12. Treatment of E. herbicola levan and a-mannan with ion-

exchange resin
Dowex® 50W8X, 200-400 mesh, ion-exchange resin (#335355000, Acros

Organics™, Belgium) was added into a sterile 1.5 ml Eppendorf tube. The resin was
washed by adding 1 ml sterile filtered H20 and removing H20 after using a pipette and
sterile pipette tips. This was repeated 10 times and 1 ml sterile filtered H;0. E.
herbicola levan was treated with alkali as described in 2.2.10.2.2 to remove LPS
(purified E. herbicola levan). 400 pl of the purified E. herbicola levan or a-mannan
was added to 200 pl of the washed resin in a separate sterile 1.5 ml Eppendorf tube.
Tubes were placed on rotator for 10 min at medium speed. The resin was left to settle
upright at R.T. After gravity-separation of the resin, the supernatant was collected
and added to a new sterile 1.5 ml tube, freeze-dried. The samples were then weighed

and resuspended in sterile filtered H-0.

2.2.13. Atomic force microscopy (AFM)

All AFM experiments were carried out by Dr Patrick Gunning (Quadram Institute

Bioscience, Norwich Research Park, UK).

2.2.13.1. Tip functionalisation

Silicon nitride AFM tips (PNP-TR, Nanoworld AG, Neuchatel, Switzerland) were
functionalised using a two-step procedure (carried out at 21-C): the first step involved
incubation in a 2% solution of 3-mercaptopropyltrimethoxy silane (#175617, MTS,
Sigma—Aldrich, Poole, Dorset, UK) in toluene (Sigma—Aldrich, UK) (dried over a 4A
molecular sieve) for 2 hr, followed by washing with toluene and then chloroform. In
the second step, the silanised tips were incubated for 1 h in a 1 mg/ml solution of a
heterobifunctional linker: MAL-PEG-SCM (binds amines for Dectin-2), 2 kD (Creative
PEGWorks, Chapel Hill, NC, USA) in chloroform. The tips were rinsed with
chloroform and then dried with argon and transferred into a clean gel pack. 0.5 mg/ml
of proteins in PBS (#1525-DC [mouse Dectin-2], #3114-DC [human Dectin-2], R&D
Systems, USA) were added onto the tips and incubated at 4 °C overnight. 50 ul (20
mg/ml) of glycine (to reduce unspecific covalent binding) was added for 2 hr and then
rinsed with PBS.
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2.2.13.2. Functionalisation of PS to glass slides

Silanised glass slides were incubated in 2 mM MPBH (#22305, 4-(4-N-
maleimidophenyl) butyric acid hydrazide) (Thermo Fisher Scientific, Waltham, MA,
USA) in ethanol for 1 hr. The tips and slides were rinsed with chloroform/ethanol,
respectively, and then dried with argon. Covalent attachment of a-mannan or levans
were incubated as 100 ul of 1 mg/ml solutions of the PS in PBS at pH 7.4 overnight
at 4 °C followed by a PBS washing step the next day. Slides in an 18 mg/ml solution
of glucose in PBS to ‘sugar’-cap any unreacted hydrazide groups, followed by
washing in PBS.

2.2.13.3. Force spectroscopy

Binding measurements were carried out in PBS using a MFP3D BIO AFM (Asylum
Research Inc., Santa Barbara, CA, USA). Software Asylum MFP3D program. The
experimental data were captured in ‘force-volume’ (FV) mode at a rate of 2 ym/sec
in the Z direction and at a scan rate of 1 Hz and a maximum load force of 300 pN
(pixel density of 32 x 32). The spring constant, k, of the cantilevers was determined
by fitting the thermal noise spectra®4, yielding typical values in the range 0.03 — 0.06
N/m. Adhesion in the force spectra was quantified using a bespoke Excel macro®®
which fits a straight line to the baseline of the retract portion of the force-distance
data. To explore the specificity of the control mannan binding interactions, the force
measurements for mannan were repeated after addition of 200 mM mannose to the

liquid cell.

2.2.14. Statistics and graphical programs

All graphs were constructed in Graph Pad prism 6 unless otherwise stated in Figure
legends. Figures were adapted in Adobe lllustrator 6 or Microsoft PowerPoint.
Cartoons were made in Adobe lllustrator 6 or Microsoft PowerPoint. Vector NTI
v11.5.4 was used for the vector illustration. All statistical analyses including one way
and two-way ANOVA were performed in Graph Pad Prism 6. A p value < 0.05 was
considered as statistically significant. Statistical tests are indicated in the Figure

legends.
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Chapter 3: Construction and use of C-
type lectin reporter cells to screen for

novel carbohydrate ligands
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3.1. Introduction

Many PS including edible PS from plants and fungi, or microbes have been shown
to modulate immune function in animals including humans®%2, These
immunomodulatory PS have sometimes led to the development of commercial
dietary products for promoting immune health!441%5516517 “However, the molecular

mechanisms underpinning the immunomodulatory properties of PS remain unclear?.

CLR Dectin-1, Dectin-2 or DC-SIGN, are transmembrane carbohydrate-binding
proteins expressed by a variety of innate immune cells including those of myeloid-
origin such as DC, and are well-known for their role in antifungal and anti-
mycobacterial immunity'!832, These CLRs can induce an immune response by
binding to carbohydrate structures located on the cell-surface of pathogenic or
opportunistic microbes®#63%43%_Upon carbohydrate ligand binding, these receptors
elicit cellular activation and initiate an immune response providing protection to the
host3?8, Dectin-1, Dectin-2, and SIGNR1 (mouse homolog of human DC-SIGN), have
a high-affinity for a-mannans, B-glucans, and both high-mannose and —fucose
structures, respectively33851851% while the mechanism of B-glucan recognition by

Dectin-1 is not yet fully elucidated®?.

Dectin-2 and SIGNR1’s binding specificity for high-mannose (and fucose for
SIGNR1) is achieved through a conserved EPN amino acid sequence motif located
in the CRD of their CTLD (and putatively) in the presence of Ca?**3**. In contrast,

galactose-binding lectins contain a QPD motif in their CRD334:520,

Here, we aim to investigate the interaction of a range of carbohydrate structures
including immunomodulatory PS with CLRs as a potential mechanism underpinning
their function. To test this, we will use Dectin-1, Dectin-2 and Dectin-2-QPD reporter
cells and construct SIGNR1 and mutant SIGNR1-QPD BWZ.36 reporter cells.
BWZ.36 cells are mouse T cell hybrids that harbour a NFAT-lacZ construct®?!, a
vector containing the lacZ (lac operon Z) gene fused to the minimal promotor of the
human IL-2 gene®??°23, Upon NFAT activation with a ligand, NFAT binds to the IL-2
promotor region and subsequently induces (-galactosidase production via
lacz521523524 To express CLRs at the cell surface of the cells, BWZ.36 cells are
transduced with a pMXs-1G vector containing a fusion protein sequence comprising
a CLR extracellular domain, a Ly49 transmembrane domain - a type Il NK cell
receptor integral membrane protein®?® - and a CD3( intracellular domain (Figure 19)

resulting in the expression of CLR fusion proteins on the cell surface. Thus, ligand-
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binding to the CLR extracellular domain on BWZ.36 CLR reporter cells results in
CD3¢-mediated activation of NFAT and induction of the IL-2 promoter/lacZ, and B-
galactosidase can be measured in a colorimetric assay in the presence of a CPRG,

a substrate for B-galactosidase (Figure 20) (see 2.2.5.1.).
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CD3z-Ly49a-pMXs-1G
6378 bp

Hpal (2345)
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Figure 19. Schematic representation of the pMXs-IRES-EGFP-CD34-Ly49 (pMXs-1G) and CD3¢-
Ly49-CLR fusion protein sequence for transfection into BWZ.36 reporter cells.

(a) and (b) the pMXs-IG retroviral vector construct contains a CD34-Ly49 sequence in its multiple
cloning site (MCS) and includes sequences for Hpal and Notl (restriction enzymes). The CLR
ectodomain domain (labelled C-type lectin domain) sequence can be inserted adjacent to Ly49
(transmembrane) and CD3¢4 (intracellular) resulting in the construction of a CD34-Ly49-CLR
fusion protein sequence. The pMXs-IG-CD34-Ly49-CLR (pMXs-IG-CLR) is then used for
transfection into BWZ.36 cells. The vector illustration was constructed using Vector NTI version
11.5.4.

For this study, the CLR BWZ.36 reporter assay allows a relatively high-throughput
method to screen for carbohydrate ligand candidates. BWZ.36 reporter cells were
used to screen a range of PS found in plants, mushrooms, algae and microbes for
their binding to SIGNR1, Dectin-1 and Dectin-2.
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Figure 20. Schematic representation of BWZ.36 CLR reporter cell function in a colorimetric

assay.

CLR BWZ.36 reporter cells are incubated with immobilised carbohydrate ligands using a 96 well
plate. Binding to the CLR ectodomain induces the LacZ gene producing f-galactosidase which
can be measured in a colorimetric assay by adding chlorophenol red-g-D-galactopyranoside
(CPRG) and reading 570/630 nm absorbance. Ly49 and CD3¢ are transmembrane and
intracellular regions, respectively. IL, interleukin. LacZ, lac operon Z.

3.2 Results

3.2.1. Establishment of BWZ.36 SIGNRL1 reporter cells
3.2.1.1. Cloning of SIGNR1

For the construction of SIGNRL1 reporter cells, the murine SIGNR1 DNA sequence
was amplified from a SIGNR1 ectodomain template plasmid cDNA by PCR using
forward and reverse SIGNRL1 primers (see 2.2.4.1.). Figure 21 shows DNA bands on
an aragose gel of the PCR-amplified product corresponding to the size of the
SIGNR1 ectodomain (753 bp including stop codon).
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Figure 21. Electrophoresis of the SIGNR1 ectodomain after PCR amplification of SIGNR1 cDNA
using SIGNRL1 forward and reverse primers.

Following electrophoresis, the aragose gel (1%) was stained with ethidium bromide and
visualised fluorometrically by exposure to ultraviolet light. Lane 2, DNA Ladder. Lanes 4 and 5,
SIGNR1 ectodomain PCR products (duplicate). SIGNR1 ectodomain PCR products are
highlighted in the black box. All other lanes are blank. Bp sizes are indicated by arrows.

The SINGR1 ectodomain PCR product was then cloned into a Smal-digested
pBluescript Il KS vector following transformation in E. coli (see 2.2.4.1). Colony PCR
identified colonies (C#2, C#6 and C#8) showing bands corresponding to the size of
the SIGNR1 ectodomain within the vector (817 — 967 bp) (Figure 22). Sequencing
confirmed that colonies C#6 and C#8 contained the SIGNR1-pBluescript Il KS vector.
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C#1 C#2 C#3 C#4 C#5 C#6 C#7 C#8 C#9
1 2. 3 4 D 6 /4 8 9 40 M 12 13

3000bp
2000bp
1500bp
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500bp

Figure 22. Electrophoresis of colony PCR products identifying colonies positive for SIGNR1.

Following electrophoresis, the aragose gel (1%) was stained with ethidium bromide and
visualised fluorometrically by exposure to ultraviolet light. Lane 1, DNA ladder. Lane 2, Smal-
digested pBluescript Il KS vector. Lane 3, undigested pBluescript Il KS. Lanes 4 -12, colonies
C#1 — C#9. Lane 13, blank. Colonies containing the recombinant SIGNR1 vector are shown in the
black boxes (lane 5, 9 and 11).

3000bp
2000bp
1500bp

1000bp
500bp

Figure 23 Electrophoresis of the SIGNR1 pBluescript Il KS recombinant vector after digestion by
Notl and Hpal restriction enzymes.

Following electrophoresis, the aragose gel (1%) was stained with ethidium bromide and
visualised fluorometrically by exposure to ultraviolet light. Lane 2, DNA ladder. Lane 3, colony
C#6. Lane 4, colony C#8 (from Figure 22). All other lanes were blank. The orange box highlights
the digested products corresponding to the SIGNR1 sequence.
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3.2.1.2. Expression of SIGNR1 in BWZ.36 reporter cells

The SIGNR1-pBluescript I KS recombinant vector was further amplified by culturing
positive colonies (containing the recombinant vector), and the recombinant vector
was then purified (see 2.2.4.1.7.). The SIGNR1 DNA sequence was cut from the
vector using Notl and Hpal restriction enzymes (see 2.2.4.1.8.). Gel electrophoresis
was used to verify the size of the digested product. Figure 23 shows bands in lanes
3 (C#6) and 4 (C#8) between 500 and 1000 bp corresponding to the size of the
SIGNR1 ectodomain sequence (767 bp including digested Hpal and Notl
sequences). SIGNR1 was then cut from the gel and purified.

Next, the purified SIGNR1 ectodomain sequence was inserted upstream of the
CD3C-Ly49 sequence in a pMXs-IG vector following digestion with Notl and Hpal
(see 2.2.4.1.9). Following transformation into E. coli, colonies containing the
recombinant SIGNR1 pMXs-IG vector were identified by PCR. Three colonies (C#1,
C#2 and C#3) contained the recombinant SIGNR1 pMXs-IG vector with bands
between 1000 and 1500 bp corresponding to its predicted size (~1232 — 1382 bp)
(Figure 24). The recombinant SIGNR1 pMXs-IG vector was purified and isolated from
colonies C#1 and C#3.

C#1 C#2 C#3 CH#4 C#5 CH#Ho C#7 C#8 C#I C#10
1 2 3 4 5 6 7 8 9 10 11 12
(e TR . RET T (e S S B :

Figure 24. Electrophoresis of colony PCR products to identify colonies containing pMXs-IG-
SIGNR1.

Following electrophoresis, the aragose gel (1%) was stained with ethidium bromide and
visualised fluorometrically by exposure to ultraviolet light. Lane 2, DNA ladder. Lane 3 — 12,
colonies C#1 — C#10. Lane 1 was blank. Colonies containing pMXs-IG-SIGNR1 are shown in black
boxes.
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The purified recombinant SIGNR1 pMXs-IG vector was transfected into the Plat E
retrovirus packaging cell line and subsequently BWZ.36 cells were transfected with

the resulting retrovirus containing the CD3(-Ly49-SIGNR1 sequence (see 2.2.4.3.).

Next, we confirmed the expression CD3(-Ly49-SIGNRL1 fusion proteins on the cell
surface of transfected BWZ.36 cells. The cells were analysed by flow cytometry
following incubation with antibodies anti-mouse SIGNR1 Alexa 647 or rat IgM
isotype-Alexa 647 control, which emits red fluorescence upon excitation. Further, as
the pMXs-IG vector sequence also contains enhanced green fluorescent protein
(EGFP), which emits a green fluorescence®?, this was used to identify and

distinguish between transfected and non-transfected cells.

We found cells positive for both GFP and Alexa 647 fluorescence, indicating that in
this population, transfection occurred and SIGNR1 was expressed on these cells
(Figure 25a, Q2) (for gating strategy see Appendix 6). Non-GFP-positive cells
showed negligible SIGNR1 expression (Figure 25a, Q1). Isotype controls are
fluorescently-labelled antibodies that are not specific for the target antigen of interest
and are used to identify unspecific binding. In contrast to the binding of anti-mouse
SIGNR1-Alexa 647 shown in Figure 25a, cells labelled with IgM isotype-Alexa 647
showed negligible amounts of cells positive for Alexa 647, yet did show GFP-positive
populations (Figure 25b), confirming that the binding of anti-mouse SIGNR1-Alexa
647 was specific. Of note, Alexa 647 fluorescence was initially identified using the
allophycocyanin (APC) emission detection range, as APC emission is similar to Alexa
647.
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Figure 25. Analysis of SIGNR1 expression on transfected unsorted BWZ.36 cells by flow
cytometry.

(a) and (b), dot plots illustrate individual cell events. The number of cell events are shown as a
percentage in each of the quadrants relative to total events, Q1, Q2, Q3 and Q4. Cells were
labelled with (a) anti-mouse SIGNR1-Alexa 647 or (b) IgM isotype-Alexa 647 control. Analysis
was performed after initial pre-gating of cells which exclude doublet cells and dead cells (for
gating strategy see Appendix 5. Q1, Q2, Q3 and Q4 split cell populations into discrete
subpopulations for illustrative purposes to help clarify fluorescent and non-fluorescent cell
populations. Numbers in each quadrant represent the percentage of total sample cell
populations in that quadrant. Axis: APC (allophycocyanin) was used to detect Alexa 647
fluorescence, as it has a similar emission spectrum, and GFP (green fluorescent protein) is
detection of GFP fluorescence. Data were generated in FlowJo® v10.0.8.

Next, the transfection of BWZ.36 cells with the recombinant SIGNR1 pMXs-1G vector
was repeated as previously described. This time, GFP-positive BWZ.36 cells were
isolated using a Sony SH800 flow cytometer cell sorter (see Appendix 6). To verify
SIGNR1 expression on these cells, the cells were labelled with anti-mouse SIGNR1-
Alexa 647 or IgM isotype-Alexa 647 and analysed by flow cytometry as previously
described. We found that most cells were positive for both GFP and Alexa 647
fluorescence confirming that the cell population was primarily SIGNR1 reporter cells
(Figure 26a, Q2). There were negligible amounts of cells negative for GFP
highlighting the usefulness of the cell sorting (Figure 26a, Q1 and Q4). Cells labelled
with IgM isotype-Alexa 647 control showed mostly GFP-positive cells and negligible
cell populations positive for Alexa 647 (Figure 26b) confirming the binding specificity
of anti-mouse SIGNR1-Alexa 674. Clear shifts in Alexa 647 fluorescence of anti-
mouse SIGNR1-Alexa 647-treated cells compared to isotype and unlabelled controls
are shown in Figure 26d, confirming SIGNR1 expression on the reporter cells. For
gating strategy see Appendix 5. Another experiment also confirmed SIGNR1

expression on these reporter cells (Appendix 8).
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Figure 26. Analysis of SIGNR1 expression on sorted SIGNR1 reporter cells by flow cytometry

(a), (b) and (c), dot plots illustrate individual cell events. The number of cell events are shown as
a percentage in each of the quadrants relative to total events, Q1, Q2, Q3 and Q4 for (a) (b) and
(c). Cells were labelled with (a) anti-mouse SIGNR1-Alexa 647, (b) IgM isotype-Alexa 647 control
or were (c) unlabelled (cells with PI). Analysis was performed after initial pre-gating of cells
which exclude doublet cells and dead cells (for gating strategy see Appendix 6). Q1, Q2, Q3 and
Q4 split populations into discrete subpopulations for illustrative purposes to help clarify
fluorescent and non-fluorescent cell populations. Numbers in each quadrant represent the
percentage of total sample cell populations in that quadrant. d) Histogram directly compares
anti-mouse SIGNR1-Alexa 647-labelled (black outline); IgM isotype-Alexa 647-labelled (grey
shading with black outline); and unlabelled cells (cells with Pl only) (light grey, no black outline).
Axis labels: Alexa 647 label represents detection of Alexa Fluor 647 fluorescence and GFP is
represents detection of GFP fluorescence. Data were generated using FlowJo® v10.0.8.

3.2.2. Establishment of BWZ.36 SIGNR1-QPD mutant reporter
cells

The CLR binding domain of mannose-specific lectins contain an EPN (Glutamic acid,
Proline and Asparagine) amino acid motif3**, SIGNR1 cells with a mutated
carbohydrate-binding domain were established by introducing a galactose-specific
QPD (Glutamine, Proline and Aspartic acid) amino acid motif in place of mannose-

specific EPN when designing the SIGNR1 ectodomain sequence.
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To construct SIGNR1-QPD reporter cells, a similar procedure to SIGNR1 was
followed. Briefly, the mutant SIGNR1-QPD (ectodomain) sequence was synthesised
and incorporated into a Pu57 vector commercially, and then digested by Hpal and
Notl restriction enzymes. A band corresponding to the size of the SIGNR1-QPD

sequence (753 bp) was identified by aragose gel electrophoresis (Figure 27).

1500bp
1000bp

Figure 27. Electrophoresis of the SIGNR1-QPD recombinant vector after digestion by Hpal and
Notl restriction enzymes

Following electrophoresis, the aragose gel was stained with ethidium bromide and visualised
fluorometrically by exposure to ultraviolet light. Image shows an 1% aragose gel subjected to
electrophoresis. Lane 2, DNA ladder. Lane 3, blank. Lane 4, PCR products of SIGNR1-QPD

recombinant vector after digestion by restriction enzymes. The orange box highlights the
SIGNR1-QPD ectodomain sequence. All other lanes were blank.

The purified SIGNR1-QPD ectodomain sequence was inserted upstream of CD3(-
Ly49 following digestion by Hpal and Notl and cloning into pMXs-IG vector (see
2.2.4.2.). Following transformation in E. coli, colonies containing the recombinant
SIGNR1-QPD vector were identified by PCR. Figure 28 shows four colonies
corresponding to the size of the recombinant SIGNR1-QPD vector (~1232 — 1382
bps); C#5, C#8, C#9 and C#10.

Colonies containing pMXs-1G-SIGNR1-QPD were cultured and the DNA was isolated
and purified (see 2.2.4.2.). Sequencing confirmed that colonies C#5 and C#9
contained the recombinant vector comprising the SIGNR1-QPD ectodomain

sequence. The recombinant SIGNR1-QPD vector was purified and transfected into
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BWZ.36 cells, and GFP-positive BWZ.36 cells were isolated using a cell sorter (see
2.2.3.3.and 2.2.4.2).

C#1 C#2 C#3 C#4C#5CH#6 C#7 C#8 C#9 C#10
1.2 3 45 6 78 9 10 1112 13 14 15 16 17

1500bp
1000bp

500bp

Figure 28. Electrophoresis of colony PCR products to identify colonies containing the
recombinant SIGNR1-QPD vector.

Following electrophoresis, the aragose gel was stained with ethidium bromide and visualised
fluorometrically by exposure to ultraviolet light. Lane 2; unused DNA ladder. Lane 4, DNA

Ladder indicated. Lane 6 - 15; colonies C#1 — C#10. Colonies containing the recombinant
SIGNR1-QPD vector are shown in the orange boxes. All other lanes were blank.

3.2.2.1. Expression of SIGNR1 in SIGNR1-QPD BWZ.36 reporter cells
SIGNR1 expression in BWZ.36 SIGNR1-QPD reporter cells was verified using
fluorescently-labelled antibodies anti-mouse SIGNR1-Alexa 647 or IgM isotype-Alex
647 and flow cytometry as above. Anti-mouse SIGNR1-Alexa 647 could bind to
SIGNR1-QPD mutant reporter cells. Most cells were positive for both GFP and Alexa
647, suggesting that in this population, transfection led to successful SIGNR1
expression in cells (Figure 29a, Q2). Further, non-GFP-positive cells showed
negligible SIGNR1 expression (Figure 29a, Q3). In addition, cells labelled with IgM
isotype-Alexa 647 showed negligible amounts of cells positive for Alexa 647
fluorescence, yet did show GFP-positive populations, confirming that the binding was
specific to SIGNR1 (Figure 29b). Figure 29d shows clear shifts in Alexa 647
fluorescence of anti-mouse SIGNR1-Alexa 647-treated cells compared to isotype
and unlabelled controls, further confirming SIGNR1 expression in the SIGNR1-QPD
reporter cells. For gating strategy of Figure 29 see Appendix 9. An independent
experiment confirmed SIGNR1 expression on SIGNR1-QPD reporter cells (Appendix
10).
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Figure 29. Analysis of SIGNR1 expression on SIGNR1-QPD reporter cells by flow cytometry.

(a), (b) and (c), dot plots illustrate individual cell events. The number of cell events are shown as
a percentage in each of the quadrants relative to total events, Q1, Q2, Q3 and Q4. Cells were
labelled with (a) anti-mouse SIGNR1-Alexa 647, (b) IgM isotype-Alexa 647 control or were c)
unlabelled (cells with Pl only). Analysis was performed after initial pre-gating of cells which
exclude doublet cells and dead cells (for gating strategy see Appendix 9). Q1, Q2, Q3 and Q4
split cell populations into discrete subpopulations for illustrative purposes to help clarify
fluorescent and non-fluorescent cell populations. Numbers in each quadrant represent the
percentage of total sample cell populations in that quadrant. d) Histogram directly compares
anti-mouse SIGNR1-Alexa 647-labelled (black outline); IgM isotype-Alexa 647-labelled (grey
shading with black outline); and unlabelled cells (Cells with PI) (light grey, no black outline). Axis
labels: Alexa 647 label represents Alexa Fluor 647 fluorescence and GFP (green fluorescent
protein) is represents detection of GFP fluorescence. For repeated independent experiment see
Appendix 10. Data were generated using FlowJo® v10.0.

131



3.2.2.2. Reporter assay using SIGNR1-QPD and SIGNR1 WT BWZ.36
reporter cells.
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Figure 30. Interaction of SIGNR1 ligands with SIGNR1 WT and SIGNR1-QPD BWZ reporter cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces g-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm. SINGR1 and SIGNR1-QPD BWZ reporter cell assay using anti-mouse
SIGNR1 functional grade antibody (see 2.1.5.) and Hafnia-LPS. Concentrations in (a) were 20
p#a/ml for anti-mouse SIGNR1 functional grade antibody and 30 wg/ml for Hafnia-LPS.
Concentrations in (b) were 20 pg/ml anti-mouse SIGNRL1 functional grade antibody and 10 gg/ml
Hafnia-LPS. Experiments were performed in singlicate (a) or in triplicate (b). Error bars, + SD.
Statistical analysis was performed using one-way ANOVA followed by tukey’s test (b). ***, p <
0.001. N.s., not statistically significant.

SIGNR1-QPD cells can be used to decipher if ligand binding is through the CRD of
SIGNR1. Anti-mouse SIGNR1 functional grade antibody (see 2.1.5.) were used as a
positive control to bind to SIGNR1-QPD fusion proteins expressed on reporter cells
to assess the functionality of the SIGNR1-QPD mutant reporter cells. We showed
that anti-SIGNR1 induced B-galactosidase production in SIGNR1-QPD reporter cells
and in SIGNR1 WT reporter cells (Figure 30a). A second independent experiment
was performed in triplicate confirming that the anti-mouse SIGNR1 functional grade

antibody was able to induce B-galactosidase production in both SIGNR1-QPD and
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SIGNR1 WT reporter cells (Figure 30 b). Further, we found that a mannan-linked
lipopolysaccharide from Hafnia alvei PCM 1223 (Hafnia-LPS)®?” was able to bind to
SIGNR1 but not SIGNR1-QPD, suggesting that Hafnia-LPS was recognised by
SIGNR1 through its CRD. These findings were further confirmed in our published
work where Hafnia-LPS was used as a control for binding experiments with bacterial

adhesins?!2.

3.2.3. Screening for novel SIGNR1 carbohydrate ligands

The BWZ.36 SIGNRL1 reporter cells were used to screen for binding of various food
and microbial PS to SIGNRL1 in a bioassay (Figure 20). Mock cells containing a
transfected pMXs-IG vector not harbouring a CLR ectodomain sequence were used
as a negative control. These cells were previously established by the Kawasaki group
(Quadram Institute, Norwich Research Park, Norwich, UK). Here, we carried out
screening of Hafnia-LPS, a-mannan, scleroglucan, acemannan, xyloglucan, pectin,

fucoidan and inulin (see 2.1.7.).

The results of the screening at 3 different concentrations of PS showed binding of
Hafnia-LPS (Figure 3la [and Figure 30]) and a-mannan from S. cerevisiae to
SIGNR1 as compared to mock cells (Figure 31a). Binding was assessed by
comparing to unstimulated cells treated with PS coating buffer only (cells alone). The
binding of Hafnia-LPS, a-mannan and acemannan to SIGNRL1 reporter cells was
repeated in triplicate confirming binding of Hafnia-LPS and a-mannan to SIGNR1
compared to cells alone (Figure 31b). Hafnia-LPS, a-mannan and acemannan were
also incubated with mock cells where negligible absorbance was observed (see
Appendix 11).
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Figure 31. Screening of PS to SIGNRL1 reporter cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces p-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm. (a) Reporter assay was performed with both SIGNR1 and mock reporter
cells. PS concentrations were 10, 4 and 0.2 pg/ml. (b) Second independent experiment with
SIGNR1 reporter cells. Inulin (Glycomix). Data in (b) were performed in triplicate. PS
concentrations were 1, 0.3 and 0.1 gg/ml. Error bars, + SD. Statistical analysis was performed
using one-way ANOVA followed by tukey’s test (b). ***, p < 0.001 compared to cells alone. N.s.,
not statistically significant compared to cells alone.

Hafnia-LPS was then used as a positive control to screen other carbohydrate ligands
including a-glucan from Streptomyces venezuelae which was shown to bind to
SIGNR1 (Figure 32 and Appendix 12).
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Figure 32. Interaction of a-glucan from Streptomyces venezuelae with SINGR1 and mock
reporter cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces p-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm. a-glucan was used at 100 gg/ml and 10 pxg/ml and Hafnia-LPS at 10
Ha/ml (positive control). All experiments were performed in triplicate. Error bars, + SD. Statistical
analysis was performed using one-way ANOVA followed by tukey’s test (b). ***, p < .001 and **,
p < 0.001, as indicated. N.s with straight line, not statistically significant. For repeated
independent experiment see Appendix 12.

Taken together, the results of PS screening with BWZ.36 SIGNR1 reporter cells
indicate that Hafnia-LPS and a-glucan are likely novel ligands of SIGNR1.

3.2.4. Screening for novel Dectin-1 and Dectin-2 carbohydrate

ligands

Dectin-2 WT reporter cells were kindly provided by Dr N. Shastri (University of
California Berkeley, CA, USA). Dectin-1 reporter cells and Dectin-2 QPD cells were
established by Alexandra Wittmann and Norihito Kawasaki (Quadram Institute,
Norwich, UK). Dectin-1 and Dectin-2 expression on reporter cells were verified
previously by the Kawasaki group®®. In addition, expression of Dectin-2 on Dectin-2
and Dectin-2-QPD reporter cells are shown in Appendix 13. Here, we screened a
diverse range of food as well as microbial glycans including Hafnia-LPS, a-mannan,
scleroglucan, acemannan, pectin, fucoidan, inulins, pullulan, konjac mannan,
galactan, galactomannan, glucomannan, gum karaya, xyloglucan, arabinan, psyllium
gum and lactulose- and lactose-derived prebiotic galactooligosaccharides. See

2.1.7. for further details of food and microbial glycans used in this study.
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3.2.4.1. BWZ.36 Dectin-1 reporter cell screening
Among all PS tested, only scleroglucan, a B-(1,3) glucan!?®, was found to bind to
Dectin-1 and not to mock cells (Figure 33a), as also confirmed in a second

independent experiment in triplicate (Figure 33Db).
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Figure 33. Screening of PS to Dectin-1 reporter cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces p-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm. Reporter assays were performed with both Dectin-1 reporter cells and
mock cells. Experiments were performed in (a) duplicate and (b) in triplicate. All PS
concentrations were 1 ug/ml. Error bars, +SD. Statistical analyses were performed by one-way
ANOVA followed by Tukey’s test. ***, p < 0.001. N.s., not statistically significant.
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3.2.4.2. BWZ.36 Dectin-2 reporter cell screening

The initial screening of PS to Dectin-2 reporter cells in two independent experiments
showed that Hafnia-LPS and a-mannan (from S. cerevisiae) could bind to Dectin-2
(Figure 34 and Appendix 14), with no binding seen with mock cells. No binding to
Dectin-2 was observed with the other PS tested. a-mannan, a known Dectin-2
ligand®*®, was also shown to bind to Dectin-2 and was used as a positive control for

subsequent Dectin-2 reporter assays.
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Figure 34. Screening of PS to Dectin-2 reporter cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces p-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm. Reporter assays were performed using Dectin-2 and mock reporter
cells using PS concentrations of 10, 2 and 0.4 ug/ml. For repeated independent experiment see
Appendix 14.

Prebiotic galactooligosaccharides (GOS) were also tested for their binding to Dectin-
2 using reporter cells*°. Oligosaccharide OsLu is a prebiotic GOS derived from
lactulose and is synthesised using Aspergillus oryzae-derived (-galactosidase and
commercial lactulose (Duphalac®)®?® (Figure 35 and Appendix 16). OsLu mixtures
were initially purified by fermentation with S. cerevisiae (OsLu-Sc) or activated
charcoal (OsLu-ActC)*%52° (Figure 34).

OsLu-Sc but not OsLu-ActC bound to Dectin-2 reporter cells, but not to mock or
Dectin-2 QPD suggesting that binding of OsLu-Sc occurred through the CRD (Figure
36a). Further, commercial GOS Duphalac® and Vivinal® did not bind to Dectin-2
compared with OsLu-Sc (Figure 36b). These data suggest that purification of OsLu

with S. cerevisiae conferred OsLu the ability to interact with Dectin-2. These findings
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were also shown in repeated experiments (Appendix 15). We hypothesised that S.
cerevisiae-derived mannoproteins were introduced through purification. OsLu-Sc
was fractionated by ultrafiltration, resulting in compounds > 10 kDa (Retentate; OsLu-
Sc-R) or > 10 kDa (Permeate; OsLu-Sc-P); and precipitated with 87% ethanol,
resulting in a precipitate (OsLu-Sc-Pp) and supernatant fraction (OsLu-Sc-S) (Figure
35). The carbohydrate composition and protein content are shown in Appendix 16.
We found that OsLu-Sc-R and OsLu-Sc-Pp could bind to Dectin-2 but not OsLu-Sc-
P (Figure 36a). This was also found in repeated experiment (Appendix 15). The
protein content of all samples was generally low, however appreciable amounts were
found in OsLu-Sc, OsLu-Sc-R and OsLu-Sc-Pp (Appendix 16). The binding of OsLu-
Sc-R and OsLu-Sc-Pp (but not OsLu-Sc-P) to Dectin-2 suggest that the protein
content in these samples may be responsible for Dectin-2 binding to OsLu-Sc.
Further proteomic analysis performed by our collaborators of OsLu-Sc-R and OsLu-
Sc-Pp, identified 119 and 89 proteins, respectively, and confirmed the presence of
mannoproteins in these samples including Hsp150%° and invertase®! (most
abundant) from S. cerevisiae*®®. As mannan is the only sugar moiety attached to
fungal proteins, all S. cerevisiae-derived glycoproteins contain mannan®32. Further,
the mannan attachment sequence N-X-S/T is strongly identifiable in the protein list
constructed by our collaborators*®®. Overall, these data suggest that the observed
binding to Dectin-2 by OsLu-Sc was mediated by mannoproteins introduced during
the purification process with S. cerevisiae. For further information about this study

see*8?,
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Vivinal® Duphalac®

Oligosaccharides from lactose Lactulose

B-galactosidase from Aspergillus oryzae

OslLu

Oligosaccharides from lactulose

Purified with Saccharomyces cerey Qﬂed with activated charcoal

OsLu-Sc OsLu-ActC
Fractionated by ultrafiltration (1oy Yimnated with ethanol at 87%
OsLu-5Sc-R || OsLu-Sc-P OsLu-Sc-Pp | OsLu-5¢-S
Retentate Permeate Precipitate Supernatant

Figure 35. Basic schematic of the production and purification of prebiotic
galactooligosaccharide OsLu.

Samples used for testing interaction with Dectin-2 are shown. Taken from 48, Permission is not
required for authors to use this Figure as stated by the Copyright Clearance Centre.
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Figure 36. Interaction of OsLu preparations and other prebiotic oligosaccharides with Dectin-2
using reporter cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces p-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm. (a) Dectin-2, Dectin-2-QPD and mock reporter cell assay of different
preparations of OsLu (see Figure 35). All OsLu concentrations were used at 50ug and a-mannan
at 1 ug/ml (b) Dectin-2 reporter assay with OsLu and commercial prebiotic
galactooligosaccharides. Concentrations are as indicated. Data are means of triplicate values
+SD (error bars). Statistical analyses were performed by one-way ANOVA followed by Tukey’s
test. ***, p < 0.001 as indicated. For repeated independent experiments see Appendix 15.

Interestingly, a levan-type fructan from E. herbicola, a high molecular weight fructose
polymer, bound to Dectin-2 and not Dectin-2-QPD or mock cells suggesting that
binding was through the CRD (Figure 37 and Appendix 17). This was unexpected,

as Dectin-2 so far has been reported to be highly specific for a-mannan structures.
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Figure 37. Screening of PS to Dectin-2 and Dectin-2-QPD reporter cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces p-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm. Reporter assay using Dectin-2, Dectin-2-QPD and mock reporter cells.
All PS concentrations were 20 gg/ml. JA, Jerusalem artichoke. Data are means of triplicate
values +SD (error bars). Statistical analyses were performed by one-way ANOVA followed by
Tukey’s test. ***, p < 0.001. For repeated independent experiment see Appendix 17.

3.3. Summary and Discussion

In this study, we screened for new carbohydrate ligands through the construction and
use of BWZ.36 CLR reporter cells. Among all food oligosaccharides/PS or microbial

glycans tested, several ligands were identified as discussed below.

Scleroglucan is a high molecular weight B-glucan comprising a -1,3 backbone with
B-1,6 linked branch points and is produced by Sclerotium fungi'?®. Here, scleroglucan
was shown to bind to Dectin-1 using reporter cells. This result is in line with previous
studies showing that scleroglucan can confer the ability of mouse DCs through
Dectin-1-activation to differentiate CD4+ T cells into Th9 cells, a T cell subset
reported to be involved in autoimmune disease, antitumor immunity and allergy®®.
Further, scleroglucan has been shown to bind to mouse recombinant Dectin-1 using

surface plasmon resonance competition assays®®“.

We found that Hafnia-LPS, an a-mannan-linked LPS from strain Hafnia alvei PCM
1223 strain®?’, was recognised by SIGNR1. The binding was confirmed to be through
the CRD since no binding was observed to SIGNR1-QPD reported cells. SIGNR1
and SIGNR1-QPD reporter cells were also used by our group which found that

SIGNR1 recognises gut commensal bacteria Lactobacillus reuteri mucus adhesin
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(MUB)#2, Interestingly, we showed that SIGNR1 bound to an a-glucan from S.
venezuelae. The a-glucan structure is similar to glycogen and contains an o-1,4
backbone with o-1,6 branching points*®. Interestingly, a mycobacterial CPS, a-
glucan, has previously been reported to bind to DC-SIGN, the human homolog of

mouse SIGNR1, which is in line with our findings®®®.

Here, we showed that Hafnia-LPS was also recognised by Dectin-2. Hafnia-LPS
contains mannose residues in its O-antigen>?” which would contribute to the reporter
cell binding, as Dectin-2 is known to recognise high-mannose structures®®°. It was
also reported by the Kawasaki group that Hafnia-LPS interaction with Dectin-2
augments Toll-like receptor 4 (TLR4) activation in BMDC?*%. Furthermore, our data
also showed that a-mannan from S. cerevisiae was recognised by Dectin-2 but did
not bind Dectin-2-QPD reporter cells, confirming that a-mannan-binding to Dectin-2
is through the CRD.

Moreover, using Dectin-2 reporter cells, we showed that prebiotic oligosaccharide
OsLu purified using S. cerevisiae and not OsLu purified by active charcoal or other
prebiotics Duphalac® and Vivinal® could bind to Dectin-24¢°. During purification of
OsLu, our data suggest that the introduction of mannoproteins from yeast was
responsible for the observed binding to Dectin-2, highlighting the importance of the
method used for purification of prebiotic GOS. The mechanisms for OsLu’s reported
immunomodulatory effects in vivo are not fully verified, however, this capacity to bind

to an immune cell receptor warrants further investigation®3.

Strikingly, we found that microbial levan PS bound to Dectin-2 through the CRD. The
binding of this commercial fructofuranose EPS to Dectin-2 was unexpected, as to
date, a-mannans and other high-mannose structures are the only reported ligands
of Dectin-23%, Levan is a fructan that is produced by both plants and bacteria’725%,
Microbial levan is generally of higher molecular weight than levans produced in
plants®®. Microbial levans are large B-(2,6) fructofuranose polymers which can
possess B-(2,1) branch points’ and are generally > 500 kDa in molecular weight,
however microbial levans lower in molecular weight including < 50 kDa have been
reported'®. Levan is synthesised by many bacteria®® including B. polymyxa®° and
M. laevanformans®®® B. subtilis?®, Z. mobilis®, p. syringae pv**° and E. herbicola®’
through the action of levansucrase (EC 2.4.1.10)"2. Levan is also produced by
Streptococcus mutans found in human oral cavities®*! and Lactobacillus reuteri, a
commensal microbe found in the gut®:. Low molecular weight levan-type fructans are

also produced and present in a few plant species such as Curcuma kwangsiensis’,
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Pachysandra terminalis® and Agropyron cristatum® as a non-structural storage
carbohydrate located in leaf and stem sheaths"3, Further, levan can also be found
in fermented foods?#°%’. The molecular weight of levan can vary depending on the
bacterial species and production method used’*72102542543 \Moreover, the structural
features of levan may be important, as they may have an impact on levan’s bioactivity
including its anti-tumour effects®>'®, In addition, similar structure-function
relationships are suggested for other immunomodulatory PS including another

fructose polymer, inulin162:3%9.432,

Interestingly, levan has shown to elicit immunomodulatory and anti-tumour effects
both in vivo and in vitro26:70.91.95.482544.545 "yiat the molecular mechanisms underpinning
these effects remain unclear. Moreover, it has been suggested that levan may
interact with immune cell receptor TLR4 expressed by innate immune cells?.
Interestingly, inulin from Jerusalem artichoke, another fructose polymer comprising
B-2,1 backbone® did not bind to Dectin-2. Therefore, our data suggest a possible
preference of Dectin-2 for B-2,6 fructofuranose linkages. Levan’s interaction with
Dectin-2 may thus contribute to the reported immunomodulatory effects of

Ievan26,72,91

Overall, several interactions of PS and CLRs SIGNR1, Dectin-1 and Dectin-2 were
identified using the BWZ.36 CLR reporter cell assays. The next chapter will
investigate the purification and characterisation of levan and will further assess its

interaction with Dectin-2.
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Chapter 4: Interaction of crude and

purified levan with Dectin-2 and TLR4
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4.1. Introduction

In the previous chapter, commercial microbial levan from E. herbicola was found to
bind to Dectin-2 through the CRD using a cell reporter assay. The binding of microbial
levan to Dectin-2 was unexpected, as levan is a fructofuranose polymer’. E.
herbicola is a gram-negative bacterium that resides in various environments
including soil, aquaculture and on the surface of plants, and is suggested as an
opportunistic pathogen in animals including humans®4->4’, Levan can also be derived
from commensal bacteria including B. subtilis and L. reuteri and can be found in

fermented food?526:91.92,

Recognition of PS structures by CLR including Dectin-2 is well known, however, most
reports are based on the study of opportunistic or pathogenic microbes®?¢3%4, Dectin-
2 is a CLR found on a variety of myeloid cells including DC and macrophages and
plays a role particularly in antimycobacterial and antifungal immunity!?1-328:548 Dectin-
2 has a high specificity for a-mannan structures which can be found on the surfaces
of pathogenic fungi and mycobacterial?%3%549 Carbohydrate recognition by Dectin-

2 can lead to immune cell responses providing protection for the host20.391.548,

The aim of this chapter is to purify and characterise commercial E. herbicola levan
and test the interaction of crude and purified levan with Dectin-2 using BWZ.36
reporter cells and assess the direct binding with Dectin-2 protein using atomic force
spectroscopy. Lastly, the interaction of crude or purified levan with TLR4 using HEK
293 reporter cells was investigated.
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4.2. Results

4.2.1. Purification of E. herbicola levan

E. herbicola levan was first purified using gel permeation chromatography (GPC)
resulting in 5 main elution fractions (Figure 38). F1 was the most abundant fraction
with a yield of ~53% by overall weight. Analysis of the identifiable peak elution times
for 5 kDa, 12 kDa, 25 kDa, 50 kDa, 80 kDa, 150 kDa, 270 kDa, 410 kDa, and 1400
kDa commercial dextran standards was performed to use for investigation of levan’s
size (see Appendix 18). As dextran is a compositionally- and structurally-different PS
from levan, the approach provides apparent molecular weights. It should be noted
that no levan size standards are commercially available and dextrans > 1400 kDa
were not obtainable. Therefore, the abundant F1 fraction of E. herbicola was

estimated to be > 1400 kDa (Figure 38), which is in line with previous reports®”4,
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Figure 38. Representative fractionation and molecular weight determination of E. herbicola
levan by gel permeation chromatography.

Arrows on the chromatograph show the apparent molecular weights of E. herbicola levan
fractions F1, F2, F3, F4 and F5 based on commercial Dextran standards (see Appendix 18). The

graph was constructed in GraphPad Prism after exporting data from the gel permeation
chromatography (GPC) system and Microsoft Excel.

No protein content > 33.4 ug per mg of levan was detected in E. herbicola crude
levan by Bradford (Appendix 19). For higher sensitivity, we used SDS PAGE and

stained gels with Spyro™ Ruby reagent. No proteins > 0.3 pg per mg of levan were
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detected in E. herbicola levan crude, or > 0.38 ug per mg of the E. herbicola levan
F1 fraction (E. herbicola levan 1) (Appendix 20).

Most gram-negative bacteria including E. herbicola harbour LPS®%%%1 a potent
immune cell-stimulator and PRR ligand?”®>. Therefore, we quantified LPS in E.
herbicola crude levan using the EndoZyme® recombinant Factor C Assay. Our
analysis showed that levan contained 8.2 ng/mg (ng of LPS per mg of levan; average
of 4 independent tests; SD, + 1.4). After GPC, E. herbicola levan 1 LPS levels
increased ~3-fold to 23.8 ng/mg (average of 2 independent tests; SD = 0.7). To
remove LPS from E. herbicola levan 1, two methods were employed (Figure 39).
Initially, commercial LRA was used on E. herbicola levan 1 (see 2.2.10.2.1.) leading
to a ~4.3-fold decrease from 23.8 ng/mg to 5.5 ng/mg (average of three independent
tests; SD = 1.8). LPS is reported to elicit immunostimulatory effects on human-
derived DCs in vitro at concentrations as low as 0.002 - 0.2 ng/ml including the
induction of pro-inflammatory cytokines (> 0.02 ng/ml)*', Therefore, a method to
degrade LPS chemically using sodium hydroxide (alkali-treatment) was developed
(see 2.2.10.2.2. and Figure 40) which further reduced LPS concentrations to < 7.8
pag/mg ([E. herbicola levan 3] Figure 39). Further, we confirmed that no smaller
oligosaccharides or monosaccharides were released as a result of the treatment with

sodium hydroxide, as shown by thin layer chromatography (TLC) (Appendix 21).

Taken together, E. herbicola crude levan was purified using GPC, LRA and alkali
treatment to reduce LPS content to a concentration which is likely below the reported

immunostimulatory levels on DCs in vitro*!%,
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LPS content per mg of levan

E. herbicola crude levan 8.2 ng/mg

Size exclusion by gel
permeation
chromatography

E. herbicola levan 1 (F1) 23.8 ng/mg

Use of Lipid Removal
Agent (Calcium silicate
hydrate)

A 4

E. herbicola levan 2 5.5 ng/mg

Chemical modification
of LPS by alkali
treatment

v
E. herbicola levan 3 < 7.8 pg/mg

Figure 39. Graphical representation of the purification of E. herbicola levan and removal of LPS.

F1, fraction 1 from Figure 40 (E. herbicola levan 1).
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Figure 40. Structure of LPS and its chemical modification by alkali treatment.

(a) basic structure of LPS containing an oligosaccharide core, Lipid A (made up of lipids linked
to sugar moieties), and a variable O-antigen region. (b) region of LPS (black box) that is cleaved
and released from the core and O-antigen region when treated with sodium hydroxide. Taken
from 131 with minor adaptions. Article is under the Creative Commons Attribution-Non-
commercial-No Derivatives License (CC BY NC ND). Image licence:
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode.

4.2.2. Characterisation of crude and purified E. herbicola levan
4.2.2.1. NMR analysis

Structural characterisation of crude and purified levan from E. herbicola was
performed by NMR spectroscopy. *H NMR spectra of both crude and purified E.
herbicola levan 3 showed identical spectra in the carbohydrate region (3-5 ppm) that
confirmed that levan’s structure was unaffected by the purification procedure (Figure
41a and 41b). Furthermore, H NMR spectra profiles of both levan samples were
similar to published *H NMR spectra of known levans to that of previously reported

L. reuteri levan® (Figure 41c). Further, a sample of E. herbicola levan 3 was analysed
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by 2D COSY and *H,**C HSQC technique (Figure 41d and 41e, respectively) which
allowed to assign its chemical shifts as listed in Table 6. **C NMR chemical shifts for
E. herbicola levan 3 were similar to published values, see * (Appendix 22). Taken
together, our NMR analysis confirmed the characterisation of E. herbicola crude

levan and its purified form E. herbicola levan 3 as -(2,6) fructans.
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Figure 41. NMR spectra of levans.

(a) Carbohydrate region of *H NMR of E. herbicola levan crude as compared to (b) purified E.
herbicola levan 3 and (c) *H NMR of L. reuteri levan as adapted from Ref.?!; (d) COSY 2D NMR of
purified E. herbicola levan 3; (e) *H,*3C HSQC 2D NMR of purified 3 with proton carbon signals
assignment shown on projections. NMR: 600 MHz, D20, 300 K. (c) was taken from °! with
permission from Springer Nature and the Copyright Clearance Center. NMR analysis was
performed by Sergey Nepogodiev and Gwenaelle Le Gall.
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Table 6. Chemical shifts for E. herbicola levan 3 in 'H and '3C NMR spectra.

H-la H-1b H-3 H-4 H-5 Héa H-6b
3.71 3.61 4.12 4.02 3.89 3.71 3.49
c1 c-2 C3 C-4 €5 c-6
59.89 104.20 | 76.28 75.19 80.28 63.4

Legend: H, hydrogen. C, Carbon. NMR analysis was performed by Sergey Nepogodiev and
Gwenaelle Le Gall.

4.2.2.2. Glycosyl linkage analysis by gas chromatography-mass spectrometry
a-mannan is a potent Dectin-2 ligand found on the cell-surface of some pathogenic
fungi and bacteria®®. To characterise the carbohydrate linkage of crude and purified
E. herbicola levan and confirm that no mannose residues were present, glycosyl
linkage analysis using partially methylated alditol acetates and GC-MS was used.
The sensitivity of the method allowed the detection of 1 - 5 ug of mannose or fructose
residues in a-mannan from S. cerevisiae or E. herbicola levan 2, respectively
(Appendix 23 and 24).

E. herbicola crude levan and E. herbicola levan 3 had similar GC-MS profiles
showing predominant 3-(2,6) fructose linkages (see Appendix 25 for GC-MS data).
Table 8 shows the relative percentage (area) of GC profile peaks for each levan
sample; the 2,6-linked fructose residues (6-Fructose), representing -(2,6) linkages,
accounted for 86.1% and 81.3% of total residues for E. herbicola crude levan and E.

herbicola levan 3, respectively. Importantly, no mannose residues were detected.

Table 7. Relative percentage of each detected peak in E. herbicola 3 and E. herbicola crude levan.

Peak E. herbicola levan 3 (%) E. herbicola crude levan (%)
Terminal Fructose Residue #1 (t-Fruc) 2.0 2.2
Terminal Fructose Residue #2 (t-Fruc) 3.8 4.0
Terminal Glucopyranosyl residue (t-Glc) 0.5 0
2,6 linked Fructose residue #1 (6-Fructose) 37.0 46.2
2,6 linked Fructose residue #2 (6-Fructose) 44.8 39.9
1,4 linked Glucopyranosyl residue (4-Glc) 0.9 0.1
2,4,6 linked Fructose residue #1 (4,6-Fructose) 0.3 0.0
2,4,6 linked Fructose residue #2 (4,6-Fructose) 0.2 0.0
1,2,6 linked Fructose residue #1 (1,6-Fructose) 4.1 2.7
1,2,6 linked Fructose residue #2 (1,6-Fructose) 6.4 4.8

GC-MS linkage analysis was performed by lan Black.

1,2,6-linked fructose residues (1-6-Fructose), representing -(2,1) branching points,
accounted for 7.5% and 10.5% of linkage residues for E. herbicola crude levan and

E. herbicola levan 3, respectively. Terminal fructose (t-Fructose) residues (2 peaks)
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accounted for (in total) 6.2% and 5.8% for E. herbicola crude levan and E. herbicola
levan 3, respectively. A small amount of a terminal glucopyranosyl residue (0.5%)
was detected in E. herbicola crude levan, but not in E. herbicola levan 3. The low
amount of 2,4,6-linked fructose residues (4,6-Fructose) may be as a result of
undermethylation, which has been described as a common difficultly of this
method®®®. 1,4-linked glucopyranosyl! residues accounted for 0.9% and 0.1% in E.
herbicola crude levan and in E. herbicola levan 3, respectively. This may be due to

capped glucose residues’ or due to small contaminants such as cellulose.

Taken together, our data show that E. herbicola crude levan and E. herbicola levan
3 were fructofuranose polymers comprising a predominant linear chain of -(2,6)-

linked fructose with B-(2,1) branching points which is in line with previous reports”4,

4.2.3. Dectin-2 interaction with crude and purified E. herbicola

levan using BWZ.36 reporter cells.

To test the binding of crude and purified E. herbicola levan to Dectin-2, Dectin-2

BWZ.36 reporter cells were used in a cell bioassay (see Figure 20)3%4489,

The carbohydrate-binding domain of mannose-specific lectins including Dectin-2
contain an EPN (Glutamic acid, Proline and Asparagine) amino acid motif*34. Dectin-
2-QPD cells were established by our group harbouring a mutated carbohydrate-
binding domain through introduction of a galactose-specific QPD (Glutamine, Proline
and Aspartic acid) amino acid motif in place of a mannose-specific EPN motif3®*
allowing a control for CRD-specific binding. Further, mock cells, which are BWZ.36

parental cells that do not express a CLR ectodomain, were used as another control.

After initial purification by GPC, all E. herbicola levan fractions showed observable
binding to Dectin-2 (Figure 42a). The positive control a-mannan bound to Dectin-2,
but not to mock cells (Figure 42b). Further, in the same experiment, no binding was

observed to mock cells using the highest concentration (Appendix 26).
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Figure 42. Interaction of E. herbicola levan fractions and Dectin-2 using Dectin-2 and mock
reporter cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces p-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm. (a) E. herbicolalevan fractions and Dectin-2 reporter cells. (b) Controls
a-mannan and cells alone with Dectin-2 and mock reporter cells used in the same experiment as
a). F1, F2, F3, F4 and F5 represent collected fractions of E. herbicola levan after GPC (see Figure
38). The concentration of positive control e-mannan was 1.5 ug/ml. The experiment was
performed in triplicate. Error bars, + SD. Statistical analysis for was performed using one-way
ANOVA followed by tukey’s test (b). ***, p < 0.001. N.s., not statistically significant.

As E. herbicola levan 1 was shown to bind to Dectin-2 in the screening assay (Figure
42a), Dectin-2 and Dectin-2-QPD mutant reporter cells were used to confirm binding
and to determine if the interaction was through the CRD. E. herbicola levan 1 bound
to Dectin-2 and not to mock cells confirming binding (Figure 43 and Appendix 27).
The absorbance values for E. herbicola levan 1 were significantly lower in Dectin-2-
QPD cells than Dectin-2 WT, suggesting that binding is likely through the CRD.

Similar results were observed for positive control a-mannan (Figure 43).
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Figure 43. Interaction of E. herbicola levan 1 with Dectin-2 and its CRD using Dectin-2, Dectin-2-
QPD and mock reporter cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces g-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm. E. herbicola levan was used at 25 ug/ml and 5 gg/ml, positive control
a-mannan at 1 upg/ml. Experiment was performed in triplicate. Error bars, + SD. Statistical
analysis was performed using one-way ANOVA followed by tukey’s test (b). ***, p < 0.001. N.s
with straight line, not statistically significant. For repeated independent experiment see
Appendix 27.

Following LPS removal (Figure 39), Dectin-2-binding to E. herbicola levan 2 and E.
herbicola levan 3 was found to be greatly reduced compared E. herbicola crude levan
(Figure 44). Two further independent experiments confirmed that Dectin-2 binding by
E. herbicola levan 2 and E. herbicola levan 3 was significantly reduced compared to
E. herbicola crude levan (Appendix 28). Taken together, these data showed that LPS
is likely to be an important contributor of E. herbicola crude levan’s ability to bind to
Dectin-2.
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Figure 44. Comparative binding of E. herbicola crude levan, E. herbicola levan 2 and E. herbicola
levan 3 to Dectin-2 and its CRD using Dectin-2, Dectin-2-QPD and mock reporter cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces p-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm. All levans were used at 200 and 20 uxg/ml, and positive control a-
mannan at 1 xg/ml. Experiment was performed with n = 6. Error bars, + SD. Statistical analysis
was performed using one-way ANOVA followed by tukey’s test (b). ***, p < 0.001. For repeated
independent experiments see Appendix 28.

4.2.4. Production and characterisation of B. subtilis levan

As E. herbicola is a gram-negative bacterium, it is possible that the source of LPS
bound to levan comes from the bacteria. To further investigate levan’s interaction
with Dectin-2, the gram-positive bacterium B. subtilis 168 was used to produce levan
in-house. Here, two culture media were tested; Lysogeny Broth (LB) which is widely
used for bacterial culture®?; and minimal media Lactobacillus defined medium II

(LDM2) which is used for the growth of L. reuteri strains?2484,
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Figure 45. NMR analysis of levan-producing B. subtilis 168 culture extracts and media-only
controls.

Stacked 'H NMR spectra show the region characteristic for signals of levan protons. LB,
lysogeny broth. LDM2, Lactobacillus semi-defined medium Il. NMR analysis was performed by
Sergey Nepogodiev and Gwenaelle Le Gall.

B. subtilis levan and controls were characterised by 2D *H NMR. The production of
levan in both LB and LDM2 B. subtilis cultures produced similar NMR spectra to that
of E. herbicola crude levan used as a standard (Figure 45). Levan was not detected
in the *H NMR spectrum of LB and LDM2 media-only controls (Figure 45).

Taken together, the NMR analysis demonstrated that levan was effectively produced
by B. subtilis in both LB and LDM2 media.
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4.2.5. Dectin-2 interaction with B. subtilis levan using BWZ.36

reporter cells

The rationale for the use of LDM2 to produce levan is that LB but not LDM2
comprises yeast extract which contains a-mannans®; and we found that LB but not
LDM2 media could bind to Dectin-2 in the reporter assay (Figure 46 and Appendix
29). Many studies of levan production using culture-based methods have been
reported to use yeast or yeast extract in some form during the process®%:490:553-557,
Therefore, both LB (with yeast extract) and LDM2 (no yeast extract) containing no

bacteria were also subjected to the levan production process as controls.
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Figure 46. Interaction of LB and LDM2 culture media with Dectin-2 using Dectin-2 and mock
reporter cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces g-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm. DF 100 (of LB or LDM2) represent their dilution by a factor of 100 in
sterile H20. Error bars, + SD. The experiment was performed in triplicate. Statistical analysis was
performed using one-way ANOVA followed by tukey’s test. ***, p < 0.001, as indicated. N.s. with
straight line, not statistically significant compared to cells alone and across the indicated
treatments. For repeated independent experiments see Appendix 29.

To determine if B. subtilis levan could bind to Dectin-2, Dectin-2, Dectin-2-QPD and
mock reporter cells were used as previously described. Levan produced in LB or
LDM2 bound to Dectin-2 cells but not Dectin-2-QPD (Figure 47), suggesting that
binding occurs via the CRD, with LB-produced B. subtilis levan showing more

pronounced binding. However, the medium-only controls also bound to Dectin-2 and
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with higher binding observed with LB B. subitilis levan, suggesting other factors in the
media may induce Dectin-2 reporter cells, hampering the use of this material to
assess the immunomodulatory properties of levan in vitro. CRD-dependent Dectin-2
binding of levan made in LB or LDM2, and LB and LDM2 controls, was further

confirmed in an independent experiment (Appendix 30).
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Figure 47. Interaction of B. subtilis levan and media-only controls with Dectin-2 using Dectin-2,
Dectin-2-QPD and mock reporter cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces g-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm. B. subtilis levan and medium-only controls were used at 100 zg/ml and
10 pg/ml and positive control e-mannan at 1 ug/ml. The experiment were performed in triplicate.
Error bars, + SD. Statistical analysis was performed using one-way ANOVA followed by tukey’s
test (b). ***, p < 0.001, as indicated. N.s, with straight line, not statistically significant. For
repeated independent experiment see Appendix 30.

4.2.6. Purification and characterisation of enzymatically
synthesised levan

Enzymatically synthesised (ES) levan derived from recombinant levansucrase Lsc3
from Pseudomonas syringae pv tomato was obtained from Tiina Almae (University
of Tartu)*1492 and characterised here by GPC analysis. The analysis revealed that
the predominant fraction has a high molecular weight, >1400 kD (Figure 48), in line
with previous reports®®®. A small peak at 40 min was also observed in water, which
may be due to contamination in the GPC system. ES levan showed a very low LPS
content (compared to E. herbicola crude levan and E. herbicola levan 1 and 2) of ~88

pg/mg (SD = 0.003 [average of two independent tests]). After alkali treatment (see
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2.2.10.2.2.), the LPS content in ES levan was further reduced to < 2 pg/mg (two
independent tests). The GPC profile for ES levan post alkali-treatment (purified ES
levan) was similar to ES levan prior to treatment (ES levan) (Figure 48) both showing
molecular weights > 1400 kDa. Repeat runs of these samples using GPC confirmed
the similar profiles between ES levan and purified ES levan and the high molecular
weights of the predominant fractions (Appendix 31).
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Figure 48. GPC profile of ES levan pre- and post-LPS alkali treatment.

Purified ES levan (ES levan post-alkali treatment) is after treatment with sodium hydroxide to
inactivate LPS (see 2.2.10.2.2.). Water (blank) was used as a control for known system
contaminants. The graph was constructed in GraphPad Prism after exporting data from the GPC
system and Microsoft Excel.

In addition, ES levan pre- and post-alkali treatment showed similar *H NMR spectra
and peak distribution as E. herbicola crude levan (Figure 49). Taken together, these

data confirmed the integrity of ES levan.
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Figure 49. 'H NMR spectra of ES levan before and after alkali treatment.
NMR spectra of ES levans are shown in comparison to *H NMR of E. herbicola crude levan. ES

levan (crude) and purified ES levan (treated with alkali). NMR analysis was performed by Sergey
Nepogodiev and Gwenaelle Le Gall.

4.2.7. Dectin-2 interaction with enzymatically synthesised levan

using BWZ.36 reporter cells

The interaction of Dectin-2 and ES levan was tested using Dectin-2, Dectin-2-QPD
and mock reporter cells. In one experiment, although the a-mannan control bound to
Dectin-2, but not to mock or Dectin-2-QPD cells (Figure 50), there was no binding to
ES levan, showing that high-purity ES levan synthesised by recombinant

levansucrase Lsc3 does not interact with Dectin-2. Two further independent
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experiments confirmed that ES levan did not bind to Dectin-2 using reporter cells
(Appendix 32).
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Figure 50. Interaction of ES levan with Dectin-2 using Dectin-2, Dectin-2-QPD and mock reporter
cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces p-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm. ES levan was used at 100 gg/ml, positive control e-mannan at 1 ug/ml.
The experiment was performed in triplicate. Error bars, + SD. Statistical analysis was performed
using one-way ANOVA followed by tukey’s test (b). ***, p < 0.001, as indicated. N.s with straight
line, not statistically significant. For repeated independent experiments see Appendix 32.

4.2.8. Interaction of crude E. herbicola levan and enzymatically
synthesised levan with Dectin-2 recombinant protein using atomic

force spectroscopy

To assess the direct interaction of levan to Dectin-2, ES levan and E. herbicola levan,
immobilised on glass slides, were tested for specific adhesion to Dectin-2
recombinant protein-functionalised atomic force microscopy (AFM) tips (see
Materials and Methods). Interaction between ES levan and mouse Dectin-2 protein
was not observed, however, a modest interaction was observed with E. herbicola
crude levan (Figure 51). A high number of specific adhesions were seen with the
positive control a-mannan (Figure 52), in line with the reporter cell results. When
using mannose as an inhibitor, the frequency of specific adhesions for a-mannan
was reduced (Figure 52c). These data showed that Dectin-2 directly interacts with a-
mannan, and to a lesser extent with E. herbicola crude levan, but not with ES levan,

and therefore supports our previous findings using reporter cells.
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Figure 51. Forces spectroscopy measurements showing interaction of ES levan and E. herbicola
crude levan with AFM tips functionalised with recombinant mouse Dectin-2 protein.

Force curves allow the characteristic detection of specific interactions between an AFM
functionalised tip (attached to a cantilever) and ligand attached on a glass slide by measuring
changes in force per interaction. (a) Adhesion maps show a collection of individual AFM Dectin-
2 protein-functionalised tip-surface force map curves (both retraction and extending) at many
separate points (2D scan) on across the glass slides containing levan 559560, Each square
represents force spectroscopy curves (b) showing characteristic specific (top right), or non-
specific or no adhesions (shown by characteristic changes in force) between the sample on the
surface of the glass slides and the Dectin-2 protein-functionalised tip. Y axis, Force (pN). (c)
Adhesion (pN) histograms showing the frequency of any specific interactions. AFM, atomic
force microscopy. AFM was performed by Allan Patrick Gunning.
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Figure 52. Forces spectroscopy measurements showing interaction of a-mannan with e-mannan
+ mannose with AFM tips functionalised with recombinant mouse Dectin-2 protein.

Force curves allow the characteristic detection of specific interactions between an AFM
functionalised tip (attached to a cantilever) and ligand attached on a glass slide by measuring
changes in force per interaction. (a) Adhesion maps show a collection of individual AFM Dectin-
2 protein-functionalised tip-surface force map curves (both retraction and extending) at many
separate points (2D scan) on across the glass slides containing mannan or mannan with
mannose %950, Each square represents force spectroscopy curves (b) showing characteristic
specific (top right), or non-specific or no adhesions (shown by characteristic changes in force)
between the sample on the surface of the glass slides and the Dectin-2 protein-functionalised
tip. X axis, Zsnsr. Y axis, Force (pN). (c) Adhesion (pN) histograms showing frequency of any
specific interactions comparing e-mannan with e-mannan + mannose. AFM was performed by
Allan Patrick Gunning.
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The binding of ES levan and E. herbicola crude levan was also tested to human
Dectin-2 recombinant protein. ES levan showed negligible specific adhesions to
human Dectin-2 protein while E. herbicola crude levan showed a higher frequency of
specific adhesions (Figure 53). Again, a high number of specific adhesions were
seen using the positive control a-mannan (Figure 54). Interestingly, with or without
mannose as an inhibitor, the frequency of specific adhesions were similar (Figure
54c), which was not observed using mouse Dectin-2 protein. A summary of the
adhesion histograms for all force spectroscopy measurements comparing the
interaction of levans to mouse or human Dectin-2 recombinant proteins is shown in

Figure 55.

Taken together, the force spectroscopy data showed that human and mouse Dectin-
2 recombinant proteins directly interact with a-mannan, and to a lesser extent E.

herbicola crude levan, but not to ES levan.
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Figure 53. Forces spectroscopy measurements showing interaction of ES levan and E. herbicola
crude levan with AFM tips functionalised with recombinant human Dectin-2 protein.

Force curves allow the characteristic detection of specific interactions between an AFM
functionalised tip (attached to a cantilever) and ligand attached on a glass slide by measuring
changes in force per interaction. (a) Adhesion maps show a collection of individual AFM Dectin-
2 protein-functionalised tip-surface force map curves (both retraction and extending) at many
separate points (2D scan) on across the glass slides containing levan 559560, Each square
represents force spectroscopy curves (b) showing characteristic specific (top right), or non-
specific or no adhesions (shown by characteristic changes in force) between the sample on the
surface of the glass slides and the Dectin-2 protein-functionalised tip. X axis, Zsnsr. Y axis,
Force (pN). (c) Adhesion (pN) histograms showing frequency of any specific interactions
comparing e-mannan with e-mannan + mannose. AFM was performed by Allan Patrick Gunning.
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Figure 54. Forces spectroscopy measurements showing interaction of e-mannan with a-mannan
+ mannose with AFM tips functionalised with recombinant human Dectin-2 protein.

Force curves allow the characteristic detection of specific interactions between an AFM
functionalised tip (attached to a cantilever) and ligand attached on a glass slide by measuring
changes in force per interaction. (a) Adhesion maps show a collection of individual AFM Dectin-
2 protein-functionalised tip-surface force map curves (both retraction and extending) at many
separate points (2D scan) on across the glass slides containing mannan or mannan with
mannose %5950, Each square represents force spectroscopy curves (b) showing characteristic
specific (top right), or non-specific or no adhesions (shown by characteristic changes in force)
between the sample on the surface of the glass slides and the Dectin-2 protein-functionalised
tip.X axis, Zsnsr. Y axis, Force (pN). (c) Adhesion (pN) histograms showing frequency of any
specific interactions comparing e-mannan with e-mannan + mannose. AFM was performed by
Allan Patrick Gunning.
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Figure 55. Summary of the adhesion histograms for all force spectroscopy measurements
comparing interaction of levan and Dectin-2 recombinant proteins.

(@) Adhesion histogram of ES levan, E. herbicola crude levan, a-mannan and e-mannan +
mannose showing specific adhesions with mouse Dectin-2 protein. (b) Adhesion histogram of

ES levan, E. herbicola crude levan, e-mannan and e-mannan + mannose showing specific
adhesions with human Dectin-2 protein. AFM was performed by Allan Patrick Gunning.

4.2.9. Interaction of crude and purified E. herbicola levan and
enzymatically synthesised levan with Toll-like receptor 4 using
HEK 293 reporter cells.

It was previously reported that levan interacts with TLR4 and can elicit
immunostimulatory effects in vitro®®. Here we showed that LPS was an important

contributor of E. herbicola levan’s ability to bind to Dectin-2. Since LPS is a TLR4
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ligand that initiates a potent immune response34411561 ' HEK 293 TLR4 reporter cells
were used to assess TLR4 interaction with E. herbicola crude and purified levans.
Using this approach, E. herbicola crude levan and E. herbicola levan 2 both showed
significant binding to TLR4 when compared to cells alone (Figure 56 and Appendix
33). However, E. herbicola levan 3, which had negligible LPS concentrations,
showed no binding to TLR4 (Figure 56 and Appendix 33). These data suggest that
removal of LPS impairs the ability of E. herbicola levan to interact with TLR4.
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Figure 56. Interaction of TLR4 with crude and purified E. herbicola levans using TLR4 reporter
cells.

Ligand binding to TLR4 reporter cells results in the production of secreted embryonic alkaline
phosphatase (SEAP) which can be measured in a colorimetric assay: TLR4 reporter cells were
incubated with carbohydrate ligands or control (LPS) in HEK blue medium3®* using a 96 well
plate; and absorbance values were read at 655 nm. The experiment was performed in triplicate.
E. herbicola levans were used at 100 xg/ml and 50 pg/ml and positive control LPS at 0.1xg/ml.
Error bars, + SD. Statistical analysis was performed using one-way ANOVA followed by tukey’s
test (b). ***, p < 0.001 compared to cells alone. N.s with straight line, not statistically significant
compared to cells alone. For repeated experiments see Appendix 33a and Appendix 33b.

Next, we tested the ability of ES levan to interact with TLR4. As mentioned previously,
ES levan contained very small amounts of LPS (~88 pg/mg, SD = 0.003 [2
independent tests]) which were reduced to < 2 pg/mg after alkali treatment (purified
ES levan). ES levan was found to bind to TLR4 compared to cells alone (Figure 57a
and Appendix 34a). In addition, purified ES levan failed to bind to TLR4 when
compared to cells alone, where ES levan and LPS control bound to TLRA4 significantly
(Figure 57b and (Appendix 34b and Appendix 34c). In support, B. subtilis levan
produced in minimal media LDM2 (to overcome the presence of yeast components
in LB) failed to bind to TLR4 (Figure 57c and Appendix 34d).
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Figure 57. Interaction of TLR4 with crude and purified ES levan and B. subtilis levan using TLR4
reporter cells.

Ligand binding to TLR4 reporter cells results in the production of secreted embryonic alkaline
phosphatase (SEAP) which can be measured in a colorimetric assay: TLR4 reporter cells were
incubated with carbohydrate ligands or control (LPS) in HEK blue medium?3%* using a 96 well
plate; and absorbance values were read at 655 nm. (a) TLR4 binding to ES levan compared to
cells alone. ES levans were used at 100 gg/ml, 50 gg/ml and 25 pg/ml and positive control LPS
at 1 gg/ml. b) TLR4 binding to ES levan (crude) compared to purified ES levan (ES levan treated
with alkali). ¢c) TLR4 reporter assay with gram-positive B. subtilis levan compared to controls.
All experiments shown were performed in triplicate. Error bars, + SD. Statistical analysis was
performed using one-way ANOVA followed by tukey’s test. ***, p < 0.001 compared to cells
alone. N.s., not statistically significant compared to cells alone. For repeated independent
experiment(s) from (a) see Appendix 34a, from (b) see Appendix 34b and 34c, and from (c) see
Appendix 34d.

To exclude the possibility that the alkali treatment used to remove LPS had an impact
on E. herbicola crude levan’s ability to bind to TLR4 through the potential formation
of salts, E. herbicola crude levan was directly subjected to alkali treatment (Purified

ES levan) and subsequently treated with an anion exchange resin in an attempt to
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remove any potential salts. Non-TLR4 ligand a-mannan was also treated with the
anion exchange resin as a control, as LPS or other components capable of binding
to TLR4, may be acquired through exposure to non-sterile resin. It was found that
purified E. herbicola levan subjected to alkali and treated with or without the resin
failed to bind to TLR4 and no difference was seen between treatments (Figure 58
and Appendix 35). The positive controls, LPS and E. herbicola crude levan, did
significantly bind to TLR4. These data demonstrate that the alkali treatment did not

interfere with the ability of E. herbicola levan to bind to TLR4.

Overall, LPS was shown to be an important contributor to the TLR4-binding ability of

crude levans.
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Figure 58. Interaction of TLR4 with E. herbicolalevan and a-mannan treated with or without anion
exchange resin using HEK293 TLR4 reporter cells.

Ligand binding to TLR4 reporter cells results in the production of secreted embryonic alkaline
phosphatase (SEAP) which can be measured in a colorimetric assay: TLR4 reporter cells were
incubated with carbohydrate ligands or control (LPS) in HEK blue medium3®* using a 96 well
plate; and absorbance values were read at 655 nm. All levans and a-mannan were used at 100
#a/ml and 50 pg/ml, and LPS control at 1 gg/ml. E. herbicola levan purified, E. herbicola crude
levan directly treated with alkali to remove LPS. The experiment was performed in triplicate.
Error bars, + SD. Statistical analysis was performed using one-way ANOVA followed by tukey’s
test. *** p < 0.001 as indicated or compared to cells alone. N.s with straight line, not statistically
significant across treatments or all compared to cells alone. For repeated independent

experiment see Appendix 35.

170



4.3. Summary and Discussion

In this chapter, we investigated the interaction of microbial fructan levan with immune
cell receptor Dectin-2. Levan has been reported to modulate immune function in vitro
and in vivo?s71.7291 " yet the molecular mechanisms remain unclear. We found that
commercial crude E. herbicola levan could interact with immune cell PRR and CLR
Dectin-2 which is the first report of a fructan interacting with a CLR. We then
developed a robust process to purify and inactivate LPS found in levan. Importantly,
Dectin-2 binding of purified E. herbicola levan was significantly reduced suggesting
that LPS was a key contributor towards the ability of commercial E. herbicola crude

levan to bind to Dectin-2.

Using TLR4 reporter cells, we also showed that crude E. herbicola levan could
interact with TLR4 in vitro, however, purified E. herbicola or ES levan did not bind to
TLR4 suggesting LPS was responsible for crude levan’s ability to bind to TLR4.
Interestingly, it has been reported that TLRs including TLR4 interact with plant and
microbial fructans?6439562 For example, the immunomodulatory properties and
protective effect on the epithelial barrier by -(2,1) fructose polymer inulin in vitro is
reported to involve TLR4%%2 and TLR2%*°, respectively. Further, B-(2,1) fructans have
been shown to increase cytokine expression in human peripheral blood mononuclear
cells***, and using TLR reporter cells, these B-(2,1) fructans were found to bind to
TLR2 but also other TLRs including TLR4, suggesting that the immunomodulatory
properties of fructans may involve interaction with TLRs*%. More relevantly, the
immunomodulatory properties (cytokine production by isolated peritoneal cells) of -
(2,6) fructan levan from B. subtilis natto were shown to be dependent on TLR4, where
they also found that levan activated TLR4 reporter cells in vitro 2°. In contrast to our
findings, the contribution of LPS to TLR4 binding by levan was ruled out due to the
use of i) gram-positive-derived levan and ii) use of polymyxin B (LPS inhibitor) which
reduced TLR4 binding (on TLR4 reporter cells) by LPS but not levan?.

LPS is recognised by TLR4 through involvement of extracellular proteins including
CD14 and MD-2 and is important for the host immune response against pathogens
including the induction of proinflammatory cytokines by immune cells?75:309314 | PS is
derived from gram-negative bacteria and comprises 3 basic parts; lipid A, a core
oligosaccharide region, and an O-antigen PS which is highly variable among
bacterial species and usually comprises up to 5 different sugar residues®***2, Lipid
A is important for TLR4-mediated recognition of LPS®3, In this work, degradation of

lipid A using alkali treatment may explain why the TLR4-binding of levan was
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abolished. It is unlikely that the core oligosaccharide and O-antigen was degraded,
as no free monosaccharides were observed in post-alkali-treatment TLC analysis.
The exact role of the variable O-antigen structure of LPS in immune function
including pattern recognition is unclear®¥4, however it is known to be important for the
adaptive immune response against some pathogenic/opportunistic bacteria645,
Interestingly, it was recently shown that a—mannan-linked O-antigen of LPS from
Hafnia alvei PCM 1223 but not galactose-linked LPS from Salmonella enterica 066
was recognised by Dectin-2 which influenced cellular activation of BMDCs*%4. The
glycan composition of LPS found in E. herbicola levan may be important for the
binding of crude levan to Dectin-2. Other bacterial strains including Rahnella aquatilis
3-95 and Klebsiella pneumoniae O3 and O5 have been reported to possess LPS
structures containing a-mannan residues in their O-antigen®%-%8, Further work is
required to isolate and characterise the glycan structures of E. herbicola LPS and
investigate its potential interaction with Dectin-2. This perhaps highlights a future
area for investigation focused on deciphering the LPS O-antigen structures of other

bacterial strains and their interaction with CLRs.

E. herbicola levan (before and after purification) was characterised by GC-MS
linkage analysis and NMR. GC-MS linkage analysis showed a predominant linear
chain of B-(2,6) fructosyl residues containing 8 — 10% p-(2,1) branching which is
higher than previously reported for E. herbicola levan (5%) by NMR®24%°, However,
higher degrees of branching up to 12% and 12.9% and have been reported using
methylation analysis in levans from B. polymyxa®° and M. laevanformans'®,
respectively. There are limited reports of microbial levan’s branching structure using
GC-MS linkage analysis. Further, the sensitivity for GC-MS linkage analysis for
mannose and fructose residues from o-mannan and levan, respectively, was only 1
ug - 5 ug, therefore other glycans present in levan including LPS could only be
detected at these limits or above. These factors are important to consider when
assessing immunomodulatory PS in vitro where bioactive carbohydrate-derived

contaminants at trace levels may be present3411-413:415,

Overall, we showed that LPS was an important contributor to levan’s ability to bind
to Dectin-2 and TLR4. This was established through the development of an effective
method to inactivate LPS allowing purified samples for further testing levan’s

immunomodulatory properties in vitro.

172



Chapter 5: Interaction of crude and
purified levan with dendritic cells and

Intestinal epithelial cells
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5.1. Introduction

TLRs and CLRs are important for pathogen recognition of MAMPs and initiation of
the immune response in mammalian species, and are primarily expressed in myeloid
APC including DCs and macrophages, amongst other cell types3'2392569  ApPCs
including DCs are found in GALT and can elicit an immune response or induce
tolerance depending on the antigen it encounters®®. APCs are proposed to
encounter antigen either by extension of their dendrites into the lumen or through M-
cell transport across the epithelial layer?®®2%’, Notably, TLRs are also expressed by
IECs®3, The epithelium contains several multi-functional IECs including enterocytes
which can elicit an immune response upon exposure to antigen, such as secretion of
cytokines and chemokines, similarly to APCs9191230 | PS s a typical MAMP found
on gram-negative bacteria that can bind to TLR4/MD-2 and induce the production of
cytokines by immune cells®®. Likewise, Dectin-2 is a CLR that binds to high-mannose
MAMPs which elicits cellular activation inducing cytokine production by APCs
including DCs and macrophages®?3!, In chapter 4, LPS was found to be a

contributor to crude levan’s ability to bind to TLR4 and Dectin-2.

The aim of this chapter is to investigate the immunomodulatory properties of crude
or purified levan in vitro using immune cells and IECs. Primary murine BMDCs
produced in vitro are an effective model to test for immunomodulatory properties of
PS including assessment of the induction of pro- and anti-inflammatory
cytokines394446:570 Here, we used WT, TLR4 KO or Dectin-2 KO BMDCs derived from
mouse models to test the ability of levan to induce cytokine production. Further, we
investigated whether levan could modulate cytokine production in BMDCs following
an inflammatory challenge. Finally, we assessed levan’s immunomodulatory effects

on epithelial cells in vitro using Caco-2 cells.
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5.2. Results

5.2.1. Impact of crude and purified E. herbicola levan on cytokine
production by WT, Dectin-2 knockout and TLR4 knockout bone

marrow-derived dendritic cells

To assess the impact of levan on cytokine production, BMDCs were generated in
vitro from WT, Dectin-2 KO and TLRK KO mice bone marrow cells. Although these
have been suggested to comprise a heterogenous population of macrophages and

DCs®%, we refer to these cells in this thesis as BMDCs.

5.2.1.1. Detection of Dectin-2 expression on WT, TLR4 knockout and Dectin-
2 knockout bone marrow-derived dendritic cells

Dectin-2 expression on WT, Dectin-2 KO or TLR4 KO BMDCs was analysed by flow
cytometry using Alexa 647-labelled antibodies anti-mouse Dectin-2-Alexa 647 (see
section 2.1.5.) and rat isotype control IgG isotype-Alexa 647 (see section 2.1.5.)3%,
Gating strategies for all experiments are shown and described in Appendix 36 (for
data in Figure 59) or Appendix 38 (for data in Appendix 37).

Figure 59a (and Appendix 37a) shows expression of Dectin-2 on WT BMDCs
represented by a notable shift change in Alexa 647 fluorescence compared to isotype
and unlabelled controls. A small second peak with no shift difference in Alexa 647
fluorescence was also detected (Figure 59a), suggesting that a population of WT
cells (~5 %) in these preparations may not express Dectin-2 as shown in Appendix
36d. In addition, no notable shift in Alexa Fluor 647 fluorescence was detected in
Dectin-2 KO BMDCs compared to isotype and unlabelled controls (Figure 59b and
Appendix S 37d), confirming that Dectin-2 KO BMDCs did not express Dectin-2.

Further, we assessed Dectin-2 expression on TLR4 KO BMDCs. Figure 59¢ shows
a shift change in Alexa 647 fluorescence compared to isotype and unlabelled controls
indicating expression of Dectin-2 on TLR4 KO BMDCs but a second peak with no
notable shift difference in Alexa 647 fluorescence was also observed, suggesting that
~50 % of cells in this population expressed Dectin-2 as shown in Appendix 36e. A
second independent experiment also showed expression of Dectin-2 on WT and
TLR4 KO BMDCs (Appendix 37a and Appendix S37b, respectively) with ~86 % of
cells in both these populations expressing Dectin-2 (Appendix 37e and Appendix 37f

respectively).
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Of note, we did not check TLR4 expression on WT BMDCs, as TLR4 KO BMDCs
were obtained and previously characterised by J.S Frick, University of Tubingen,

Germany and were not responsive to LPS, as shown in a recent publication by the
Kawasaki group®%4.

Overall, we confirmed that Dectin-2 was expressed in cell populations of WT and
TLR4 KO BMDCs and was not expressed by Dectin-2 KOs.

a) b)
WTBMDCs Dectin-2 KO BMDCs

Count

Alexa 647
TLR4 KO BMDCs

Count

Alexa 647

Figure 59. Expression of Dectin-2 on WT, Dectin-2 KO and TLR4 KO BMDCs using flow
cytometry.

Bone marrow cells isolated from wild type, Dectin-2 KO or TLR4 KO mice were differentiated into
BMDCs and analysed for Dectin-2 expression by flow cytometry using fluorescently-labelled
(Alexa Fluor 647) anti-mouse Dectin-2 antibodies. Histograms show fluorescence of cell
populations after cell labelling and initial pre-gating of cells which exclude doublet cells and
dead cells (for gating strategy see Appendix 36). (a) WT BMDCs (b) Dectin-2 KO BMDCs and (c)
TLR4 KO BMDCs labelled with anti-mouse Dectin-2-Alexa 647 (grey shading with dark grey
outline), IgG isotype-Alexa 647 (black outline) or unlabelled (cells with PI) (dotted black outline).
Data were analysed using FlowJo® v10.0.8.
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5.2.1.2. Impact of E. herbicola levan crude, E. herbicola levan 2 and E.
herbicola levan 3 on cytokine production by bone marrow-derived dendritic
cells

Next, we assessed the impact of levan on cytokine production by BMDCs using E.
herbicola crude levan, E. herbicola levan 2 and E. herbicola levan 3 from (see Figure
39) containing 8.2 ng/ml, 5.5 ng/ml and < 7.8 pg/ml of LPS respectively. In three
independent experiments, we showed that E. herbicola crude levan stimulated IL-6,
TNF-a and IL-10 production but purified E. herbicola levan 3 did not (Figure 60 and
Appendix 39 and Appendix 40). E. herbicola levan 2 also stimulated IL-6 and TNF-
o (Figure 60a and 60b; and Appendix 39a and Appendix 39b; and Appendix 40a
and 40b). A statistically significant induction of IL-10 in WT BMDCs by E. herbicola
levan 2 was only observed in one independent experiment (Appendix 40c [also see
Appendix 39¢ and Figure 60c]). Peptidoglycan was used as a positive control and
induced IL-6, TNF-a. and IL-10 in all experiments (Figure 60 and Appendix 39 and
Appendix 40).

We also assessed differences in cytokine production between WT and Dectin-2 KO
cells by E. herbicola levan. We observed a statistically significant reduction of IL-6
and TNF-a production by Dectin-2 KO BMDCs compared to WT BMDCs using E.
herbicola crude levan in all three independent experiments (Figure 60a and 60b;
Appendix 39a and Appendix 39b; and Appendix 40a and Appendix 40b). A
statistically significant reduction of IL-10 production by Dectin-2 KO BMDCs
compared to WT BMDCs using E. herbicola crude levan was only seen in one
experiment (Appendix 40 [also see Figure 60c and Appendix 39c]). Moreover, a
statistically significant reduction of IL-6 production by Dectin-2 KO BMDCs compared
to WT BMDCs using E. herbicola levan 2 was only observed in one independent
experiment (Appendix 40a [also see Figure 60a and Appendix 39a]).

Taken together, E. herbicola levan crude induced IL-6, TNF-o and IL-10 production
in both WT and Dectin-2 KO BMDCs, with the induction of TNF-o. and IL-6 by E.
herbicola levan crude being partly dependent on Dectin-2. Importantly, data from 3
independent experiments showed that purified E. herbicola levan 3 did not induce IL-
6, TNF-a or IL-10 production by WT, Dectin-2 KO or TLR4 KO BMDCs, suggesting

that LPS is responsible for these effects.
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Figure 60. Induction of cytokine production in WT and Dectin-2 KO BMDCs by crude and purified
E. herbicola levan.

BMDCs were incubated with E. herbicola levans or a positive control using a 96 well plate; and
cytokine production in the supernatant was measured by ELISA. Data show (a) IL-6, (b) TNF-,
and (c) IL-10 production in BMDCs by crude and purified E. herbicola levan. E. herbicola levan
was used at 250 gg/ml and peptidoglycan at 100 gg/ml as a positive control. All experiments
were performed in triplicate. Error bars, + SD. Statistical analysis was performed using one-way
ANOVA followed by tukey’s test. ***, p<0.001. **, p<0.01. *, p < 0.05 compared to cells alone. N.s.
with straight line, not statistically significant compared to cells alone. Statistically significant
differences between treatments are marked as indicated (comparative line; *** p < 0.001. **, p <
0.01. *, p < 0.05). For repeated independent experiments see Appendix 39 and Appendix 40.

Next, the impact of levan on cytokine production was tested using BMDCs derived
from WT or TLR4 KO mice. Peptidoglycan, used as a positive control, showed that
WT and TLR4 KO cells produced IL-6, TNF-a. and IL-10 in two independent
experiments (Figure 61 and Appendix 41). We showed induction of IL-6 production
by E. herbicola crude levan in WT BMDCs while IL-6 production was significantly

reduced or absent in TLR4 KOs (Figure 61a and Appendix 41a). E. herbicola levan
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2 also induced IL-6 production in WT BMDCs while no induction of IL-6 in TLR4 KOs
was observed (Figure 61a and Appendix 41a). Importantly, there was no induction
of IL-6 in WT or TLR4 KO BMDCs by purified E. herbicola levan 3 (Figure 61a and
Appendix 41a). Further, TNF-a production by BMDCs using E. herbicola crude levan
and E. herbicola levan 2 was also TLR4-dependent, as induction of TNF-a was
observed in WT BMDCs but not TLR4 KOs (Figure 61b and Appendix 41b).
Importantly, induction of TNF-a by purified E. herbicola levan 3 was not observed in
WT or TLR4 KOs (Figure 61b and Appendix 41). E. herbicola crude levan induced
IL-10 production by WT BMDCs in one experiment only while no statistically
significant induction of IL-10 was observed in TLR4 KO cells (Appendix 41c and
Figure 61c). Importantly, no induction of IL-10 production by E. herbicola levan 2 or
purified E. herbicola levan 3 compared to cells alone was observed in the WT or
TLR4 KO BMDCs (Figure 61c and Appendix 41c).

Taken together, these data showed that the induction of cytokines IL-6 and TNF-a
by BMDCs using E. herbicola crude levan was strongly dependent on TLR4. Further,
there was no induction of IL-6 or TNF-a or IL-10 by purified E. herbicola levan 3,

suggesting that LPS is primarily responsible for the cytokine responses in vitro.
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Figure 61. Induction of cytokine production in WT and TLR4 KO BMDCs by crude and purified
E. herbicola levan.

BMDCs were incubated with E. herbicola levans or a positive control using a 96 well plate; and
cytokine production in the supernatant was measured by ELISA. Data show (a) IL-6, (b) TNF-«,
and (c) IL-10 production in BMDCs by crude and purified E. herbicola levan. E. herbicola levan
was used at 250 pg/ml and peptidoglycan at 100 gg/ml as a positive control. All experiments
were performed in triplicate. Error bars, + SD. Statistical analysis was performed using one-way
ANOVA followed by tukey’s test. ***, p < 0.001. **, p<0.01. *, p < 0.05 compared to cells alone.
N.s. with straight line, not statistically significant compared to cells alone. Differences between
treatments are marked as indicated (comparative line; ***, p < 0.001. **, p < 0.01. *, p < 0.05). For
repeated independent experiment see Appendix 41.

5.2.2. Impact of crude and purified enzymatically synthesised
levan on the induction of cytokine production by WT bone-marrow-

derived dendritic cells

In order to validate the results obtained with purified E. herbicola levan and BMDCs,

we used crude ES levan containing ~88 pg/mg (SD = 0.003) LPS and alkali-treated
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ES levan (Purified ES levan) with < 2 pg/mg LPS, therefore, considered below the
reported levels of LPS-induced induction of cytokine production by dendritic cells in

vitro*'®.

To verify previous results with purified E. herbicola levan 3, we first investigated the
stimulatory effects of crude and purified ES levan on WT BMDCs using two
approaches. Previously, we added E. herbicola crude levan freely (non-plate
immobilised) to the cells. Using this approach, we found that co-incubation of (non-
plate-immobilised) E. herbicola levan but not crude or purified ES levan induced IL-
6 (Figure 62a and Appendix 42a) and TNF-a production (Figure 62b and Appendix
42b) in WT compared to cells alone. Further, induction of IL-10 by E. herbicola crude
levan was observed at 125 and 250 ug/ml whereas there was no induction of IL-10
production by ES levan or purified ES at 62.5, 125 or 250 ug/ml (Figure 62c and
Appendix 42c). Taken together, these data confirmed that non-immobilised ES levan
did not induce production of cytokines in WT BMDCs, as shown for E. herbicola levan
3.
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Figure 62. Induction of cytokine production in WT BMDCs by non-immobilised crude or purified
ES levan and E. herbicola crude levan.

BMDCs were incubated with ES levan, purified ES levan or E. herbicola crude levan (positive
control) using a 96 well plate; and cytokine production in the supernatant was measured by
ELISA. Data show a) IL-6, b) TNF-¢, and c) IL-10 production in BMDCs by non-plate-immobilised
E. herbicola crude, ES levan (crude) and purified ES levan (post alkali treatment). In a), all ES
levan concentrations were 250, 125 and 62.5 pg/ml and E. herbicola levan 125 and 62.5 pg/ml.
For b) and c), all levan concentrations were 250, 125 and 62.5 gg/ml. All experiments were
performed in triplicate. Error bars, + SD. Statistical analysis was performed using one-way
ANOVA followed by tukey’s test (b). ***, p < 0.001 compared to cells alone. N.s. with straight line,
all not statistically significant compared to cells alone. For repeated independent experiment
see Appendix 42.

It was previously reported that Dectin-1-activation and the induction of TNF-a in
murine BMDCs required immobilisation of soluble B-glucan or for $-glucan to be in

particulate form in vitro®“ (also see 1.3.2.3.).

Therefore, we tested whether plate-immobilised E. herbicola crude levan and crude
or purified ES levan could stimulate pro- or anti-inflammatory cytokine production in
BMDCs. We found that plate-immobilised E. herbicola crude levan co-incubated with
WT BMDC:s led to the induction of IL-6, TNF-a and IL-10 at 62.5, 125 and 250 ug/ml
but this was not seen using ES levan or purified ES levan (Figure 63 and Appendix
43).
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Taken together, these data confirmed that plate-immobilised crude or purified ES
levan was not able to induce the production of cytokines in BMDCs, as shown for E.

herbicola levan 3.
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Figure 63. Induction of cytokine production in WT BMDCs by plate-immobilised crude or purified
ES levan and E. herbicola crude levan.

BMDCs were incubated with ES levan, purified ES levan or E. herbicola crude levan (positive
control) using a 96 well plate; and cytokine production in the supernatant was measured by
ELISA. Data show a) IL-6, b) TNF-e, and c) IL-10 production in BMDCs by plate-immobilised E.
herbicola crude, enzymatically synthesised (ES) levan (crude) and purified ES levan (post alkali
treatment). All levan concentrations were 250, 125 and 62.5 wg/ml. All experiments were
performed in triplicate. Error bars, + SD. Statistical analysis was performed using one-way
ANOVA followed by tukey'’s test (b). ***, p <0.001 compared to cells alone. N.s. with straight line,
not statistically significant compared to cells alone. For repeated independent experiment see
Appendix 43.

5.2.3. Modulation of cytokine production in LPS-induced bone
marrow-derived dendritic cells by purified enzymatically

synthesised levan.

Here, we explored the inhibitory effects of levan on proinflammatory cytokine
production using LPS-treated BMDCs.
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Our preliminary results showed that simultaneous co-incubation of purified ES levan
and LPS did not inhibit cytokine production in BMDCs (Appendix 44). Next, we
assessed LPS-induced cytokine production following pre-treatment of BMDCs with
purified ES levan for 3, 6, 12 and 24 hr (Figure 64). A statistically significant ~1.3-
fold reduction of IL-6 production (at 12 hr) was observed using both 50 and 200 ug/ml
plate-immobilised purified ES levan when compared to cells treated with LPS alone
(Figure 64a). In contrast, no decrease in IL-6 production was detected using non-
plate-immobilised purified ES levan (Figure 64c). There was no inhibitory effect on
TNF-a using non-plate-immobilised or plate-immobilised ES levan (Figure 64b and
64d).
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Figure 64. Modulation of cytokine production in LPS-challenged BMDCs pre-treated with purified
ES levan.

BMDCs were pre-incubated with purified ES levan or media control and then challenged with
LPS or media control using a 96 well plate; and cytokine production in the supernatant was
measured by ELISA. X axis; time of BMDC pre-incubation with purified ES levan, PS coating
buffer (for coating levan) or media alone (control) prior to challenge with LPS or media (control).
PT, pre-treatment. +LPS (LPS challenge). +media (challenge control). First experiment using
plate-immobilised [(a) and (b)] and non-plate-immobilised [(c) and (d)] pre-treatment of levan at
3, 6, 12 and 24 hr prior to LPS challenge (see 2.2.7.3). Second experiment using plate-
immobilised [(e) and (f]) and non-plate-immobilised [(g) and (h)] pre-treatment of levan at 12 and
24 hr prior to LPS challenge. Purified ES levanfish, ES levan°"¥ and LPS (E. coli K12)
concentrations were 200 gg/ml, 50 ug/ml and 20 ng/ml respectively. Experiments (a) to (d) were
performed in triplicate. Experiments from (e) to (h) were performed with n = 6. Error bars, + SD.
Statistical analysis was performed using two-way ANOVA followed by tukey'’s test (b). p < 0.05
was considered statistically significant. N.s., not statistically significant as indicated. N.s.
(straight line), not statistically significant across indicated treatments.

For further validation of these results, experiments were repeated at 12 and 24 hr
pre-incubation with purified ES levan, with replicates increased to n = 6. No
statistically significant inhibition of TNF-a or IL-6 production was observed under

these conditions (Figure 64e to 64h).

5.2.4. Impact of purified enzymatically synthesised levan on Caco-
2 cells.

5.2.4.1. Impact of purified enzymatically synthesised levan on monolayer
permeability.

Here, we investigated whether levan could improve intestinal barrier function in vitro
using LPS-challenged Caco-2 monolayers. Caco-2 cells were grown for 21 days in
transwell culture plates resulting in differentiated Caco-2 monolayers. Purified ES
levan was used in this study, as it was the purest levan available. Apical or both
apical and basolateral compartments were treated with levan alone, cells alone,
levan and LPS or LPS alone. Levan pre-treatment was carried out for 2hr (‘2 hr pre-
treatment experiment’) or 24 hr (‘24 hr pre-treatment experiment’) before LPS-
challenge. FITC-dextran was applied to the apical compartment and monolayer
permeability was assessed by measuring basolateral supernatant concentrations of
FITC*°, High concentrations of LPS (1 mg/ml) were used to disrupt Caco-2

monolayers, as previously reported®’*.

As expected, LPS treatment disrupted Caco-2 monolayer integrity. In the 24 hr pre-
treatment experiment with cells simultaneously stimulated in apical and basolateral
compartments, significantly higher concentrations [means] of FITC dextran were

found in basolateral supernatants of cells treated with LPS alone (48.43 ug/ml, SD +
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6.68) or LPS + levan (52.58 ug/ml, SD + 17.53) compared to levan alone (0.8 ug/ml,
SD + 0.05) and cells alone (0.65 pg/ml, SD + 0.04) (Figure 65d). Similarly, in the 2
hr pre-treatment experiment with cells simultaneously stimulated in apical and
basolateral compartments, significantly higher concentrations of FITC dextran were
observed in basolateral supernatants of cells treated with LPS alone (37.8 ug/ml, SD
+14.9) or LPS + levan (37.6 ug/ml, SD + 12.75) compared to levan alone (0.79 ug/ml,
SD + 0.06) and cells alone (0.69 pg/ml, SD + 0.03) (Figure 65c).

In the 24 hr pre-treatment experiment with cells simultaneously stimulated in apical
compartments only, significantly higher concentrations of FITC dextran were found
in basolateral supernatants of cells treated with LPS alone (12.73 pg/ml, SD + 3.58)
or LPS + levan (19.92 ug/ml, SD + 5) compared to levan alone (0.78 ug/ml, SD +
0.08) and cells alone (0.78 pug/ml, SD + 0.04) (Figure 65b). In the 2 hr pre-treatment
experiment with cells simultaneously stimulated in apical compartments only, no

statistically significant differences were observed (Figure 65b).

In addition, no statistically significant differences in basolateral FITC-dextran
concentration between cells treated with LPS only or both LPS and levan were
observed (Figure 65). Further, treatment with levan only did not differ significantly in

FITC-dextran concentrations compared to cells alone (Figure 65).

Taken together, these experiments indicate that levan did not improve Caco-2
monolayer permeability in response to high-dose LPS treatment, and levan treatment

alone did not disrupt barrier integrity.
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Figure 65. Impact of purified ES levan on Caco-2 monolayer permeability following LPS-
challenge.

Caco-2 cell monolayers were prepared after 21 days using transwell culture plates. Monolayers
were pre-treated with purified ES levan for 2 or 24 hrs and subsequently challenged with LPS on
apical sides only or on both apical and basolateral sides. After washing, FITC-dextran was added
to apical compartments and FITC concentrations were measured on the basolateral side.

Data show FITC dextran concentrations in the basolateral compartment after application of 1
mg/ml FITC-dextran on the apical side. Cells were pre-treated with 200 ug/ml purified ES levan.
LPS (E. coli 0111:B4) was added at 1 mg/ml. (b) and (d) purified ES levanzs; cells pre-treated for
24 hr before LPS/media control stimulation. (a) and (c) purified ES levanz; cells pre-treated for 2
hr before LPS stimulation. ‘Apical treatment only’ ([a] and [b]) and or ‘apical and basolateral
treatment’ ([c] and [d]) refers to mode of application for both LPS and levan treatments.
Experiment was performed in triplicate. Error bars, + SD. Statistical analysis was performed
using one-way ANOVA followed by tukey'’s test (b). ***, p <0.001. compared to cells alone control
(no levan and no LPS treatment). p <0.05 was considered statistically significant. N.s., (straight
line) not statistically between or across treatments indicated.
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5.2.4.2. Impact of purified enzymatically synthesised levan on cytokine and
chemokine production by Caco-2 cell monolayers.

Preliminary work in our group showed that high doses of LPS (1 mg/ml) were
ineffective at stimulating cytokine production in our Caco-2 cell lines, in line with some
previous reports®’2573, Further, using flow cytometry, we found that 1 mg/ml of LPS
induced a trend of apoptosis/necrosis in undifferentiated Caco-2 cells compared to
media alone (Appendix 45), as previously reported®*5"2, suggesting that LPS was

not suitable for modulation of cytokine/chemokine production.

In contrast, it is reported that TNF-a elicits an immune response in Caco-2 cells at
lower concentrations (10 — 100 ng/ml)®"4. Therefore, IL-8 production was determined
in TNF-a-induced Caco-2 monolayers to assess the suitability of TNF-o.. We found
that simultaneous stimulation of both apical and basolateral compartments with 100
ng/ml and 10 ng/ml TNF-a induced IL-8 production in apical supernatants (Figure
66a). This effect was less pronounced or absent in basolateral supernatants (Figure
66b). We also showed in a preliminary experiment that 100 ng/ml of TNF-a and
Img/ml LPS induced a trend of apoptosis/necrosis in undifferentiated Caco-2 cells
as compared to cells treated with media control as well as levan alone (Appendix
46). In contrast to 1 mg/ml LPS, TNF-a at 100 ng/ml did not appear to disrupt Caco-
2 monolayer permeability compared to cells alone at 4 hr basolateral collection

(Appendix 47). As a result, TNF-a rather than LPS was used in the rest of the study.
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Figure 66. IL-8 production by TNF-a-induced Caco-2 cell monolayers.

Caco-2 cell monolayers were prepared after 21 days using transwell culture plates. Monolayers
were treated with TNF-a¢ on apical sides only or on both apical and basolateral sides; and
supernatant concentrations of IL-8 were determined by ELISA. Data shows IL-8 production in (a)
apical supernatants and (b) basolateral supernatants. A+B; simultaneous apical and basolateral
TNF-a treatment. A only; apical TNF-a treatment only. All concentrations are as indicated.
Experiments were performed in triplicate. Error bars, + SD. Statistical analysis was performed
using one-way ANOVA followed by tukey’s test (b). ***, p < 0.001; **, p < 0.01; and *, p < 0.05
compared to cells alone. N.s., not statistically significant compared to cells alone.

In order to investigate if purified ES levan could modulate or induce cytokine
production in epithelial cells, Caco-2 monolayers were subjected to treatment on both
the apical and basolateral side with TNF-a alone, TNF-a. and levan, levan alone or
medium alone (see 2.2.6.2.). Cells with levan/media treatments were either added
simultaneously (‘simultaneous experiment’) with TNF-a/medium control or were pre-
treated with levan for 24 hr (‘pre-treatment experiment’) prior to stimulation with TNF-
a or medium control. Concentrations for pre- or simultaneous treatment with levan
were 190 ug/ml and 200 ug/ml, respectively, and either 10 ng/ml or 100 ng/ml was
used for TNF-a treatments. Analysis using FITC dextran permeability assay (as
previously described using LPS) showed no increase in monolayer permeability after
TNF-o or other treatments compared to cells treated with media alone at 4 hr or 24
hr (LPS experiment was 4 hr only) (Appendix 48). Next, cytokine and chemokine
production was determined using a Meso Scale Discovery (MSD) analyte screening

platform.

5.2.4.2.1. Cytokine and chemokine production in apical supernatants

Here, we showed that in the simultaneous experiment, 100 ng/ml of TNF-o induced
IL-6 (13.78 pg/ml, SD + 2.46), IL-8 (489.24 pg/ml, SD + 98.34), MCP-1 (79.43 pg/ml,
SD + 17.86) and IL-1-B (2.37 pg/ml, SD + 0.39) production by Caco-2 cells compared
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to cells alone in apical supernatants (Figure 67a, 67b, 67c and 67d, respectively). In
line with this, treatment with both TNF-a (100 ng/ml) and levan also induced
production of these cytokines. However, no statistically significant differences in the
production of these cytokines or chemokines by Caco-2 cells in apical supernatants
was found between cells treated with 100 ng/ml TNF-a. alone or with both TNF-a
(100 ng/ml) and levan (200 pg/ml). In the same experiment, 10 ng/ml of TNF-a
induced IL-6 (7.91 pg/ml, SD + 2.9), MCP-1 (79.77 pg/ml, SD + 9.12) production by
Caco-2 cells compared to cells alone (Figure 67a and 67c). In cells treated with both
TNF-a (10 ng/ml) and levan (200 pg/ml), only a statistically significant induction of
IL-6 was observed, however there was no statistically significant difference in IL-6
production in apical supernatants between cells treated with TNF-a alone (10 ng/ml)
or with both TNF-a (10 ng/ml) and levan (200 ug/ml) (Figure 67a).

In the levan pre-treatment experiment assessing apical supernatants, cells treated
with TNF-o alone (100 ng/ml) or with both TNF-a (100 ng/ml) and levan (190 pg/ml)
induced IL-8 production by Caco-2 cells (Figure 67j). In cells treated with TNF-a (100
ng/ml) and levan (190 ug/ml) but not 100 ng/ml TNF-a alone, a statistically significant
induction of IL-6 and MCP-1 was observed by Caco-2 cells in apical supernatants
(compared to cells alone) (Figure 67i and 67k, respectively). Here, no difference was
observed for IL-6 and MCP-1 production between cells treated with TNF-a alone
(200 ng/ml) or with both TNF-a (100 ng/ml) and levan (190 pg/ml).

Further, in both simultaneous and levan pre-treatment experiments, TNF-a had no
impact on the production of transforming growth factor beta (TGF-B), TSLP,
Macrophage migration inhibitory factor (MIF), IL-10 and IFN-y by Caco-2 cells in
apical supernatants (Figure 67e to 67p). Further, no induction or modulation of any
cytokines or chemokines were observed by purified ES levan alone in the pre-

treatment or simultaneous experiments (Figure 67).

5.2.4.2.2. Cytokine and chemokine production in basolateral supernatants

Next, cytokine and chemokine production by Caco-2 cells in basolateral supernatants
was assessed (Figure 68). In the simultaneous experiment, TNF-a (100 ng/ml)
significantly induced IL-6 (0.82 pg/ml, SD + 0.13), IL-8 (97.99 pg/ml, SD + 2.09),
MCP-1 (20.126 pg/ml, SD + 2.32) and IL-1-p (0.384 pg/ml, SD + 0.003) production
by Caco-2 cells compared to cells alone in basolateral supernatants (Figure 68a,
70b, 70c and 70d, respectively). Further, cells treated with both TNF-a. (100 ng/ml)

and levan (200 ng/ml) induced these cytokines. However, no statistically significant
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differences in the production of these cytokines or chemokines were found between
cells treated with 100 ng/ml TNF-a alone or with both TNF-o (100 ng/ml) and levan
(200 pg/ml). 10 ng/ml of TNF-a induced IL-6 (0.430 pg/ml, SD + 0.06), IL-8 (28.85
pg/ml, SD + 1.61), MCP-1 (9.5 pg/ml, SD + 0.75) and IL-1- (0.1 pg/ml, SD + 0.017)
production by Caco-2 cells compared to cells alone in basolateral supernatants
(Figure 68a, 68b, 68c and 68d, respectively). The TNF-a (10 ng/ml) and levan (200
ug/ml) treatment group also showed induction of these cytokines and chemokines.
However, no statistically significant differences in these cytokines or chemokines
produced by Caco-2 cells in basolateral supernatants were found between cells
treated with TNF-a alone (10 ng/ml) or with both TNF-a (10 ng/ml) and levan (200

ug/ml).

In the pre-treatment experiment, cells treated with TNF-a alone (100 ng/ml) or with
both TNF-a (100 ng/ml) and levan (190 pg/ml) induced IL-8 and MCP-1 production
by Caco-2 cells in basolateral supernatants, however no statistically significant
differences between IL-8 and MCP-1 production was observed between these
treatments (Figure 68k and 68, respectively). In both simultaneous and levan pre-
treatment experiments assessing basolateral supernatants, TNF-a had no impact on
the production of TGF-B, TSLP, MIF and IL-10 by Caco-2 cells. Further, no induction
or modulation of any cytokines or chemokines was observed by purified ES levan
alone in the pre-treatment or simultaneous experiments in basolateral supernatants
(Figure 68). The induction of IFN-y production by Caco-2 cells in the basolateral
supernatant was only observed in cells treated with both TNF-a (10 ng/ml) and levan
(190 ug/ml), but not by other treatment groups in the pre-treatment experiment and
no differences were evident between groups (Figure 680). Moreover, no statistically
significant increase in basolateral supernatant IFN-y was observed in the

simultaneous experiment.

In summary, purified ES levan did not modulate cytokine or chemokine production
by Caco-2 cell monolayers following TNF-a challenge. Further, levan alone did not

stimulate any cytokine or chemokine production in these cells.
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Figure 67. Impact of purified ES levan on the production of cytokines/chemokines by Caco-2
monolayers on the apical compartment.

Caco-2 cell monolayers were prepared after 21 days using transwell culture plates. Monolayers
were either pre-treated with purified ES levan for 24 hours and challenged with TNF-g, or purified
ES levan was added simultaneously with TNF-e, on both apical and basolateral sides; and apical
supernatant concentrations of cytokines and chemokines were determined by Meso Scale
Discovery. Data show IL-6, IL-8, MCP-1, IL1-b, TGF-g, TSLP, IFN-yand IL-10 production by Caco-
2 monolayers secreted into apical compartments. Simultaneous treatment with TNF-a and
purified ES levan (a — h). 24 hr pre-treatment with purified ES levan prior to TNF-a challenge (i —
p). ++ 100 gg/ml TNF-a. +, 10 gg/ml TNF-a. Simultaneous treatment with levan was 200 ug/ml
(final concentration). Purified ES levan pre-treatment concentrations were 190 ug/ml. Error bars,
+ SD. Statistical analysis was performed using one-way ANOVA followed by tukey'’s test (b). ***,
p<0.001; **, p<0.01; and *, p < 0.05 compared to cells alone (- -). N.s. (comparative line), not
statistically significant between indicated treatments. N.s. (straight line), not statistically
significant compared to cells alone. Z, p < 0.05 (lower than cells alone) The few values below fit
curve range of the Meso Scale Discovery system analysis were considered as zero. N = 3 for IL-
10 analysis for TNF-a 10 ng/ml + purified ES levan treatment (excluded a 262-fold outlier
compared to average of n = 3). N = 4 for all other treatments.
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Figure 68. Impact of purified ES levan on the production of cytokines/chemokines by Caco-2
monolayers on the basolateral compartment.

Caco-2 cell monolayers were prepared after 21 days using transwell culture plates. Monolayers
were either pre-treated with purified ES levan for 24 hours and challenged with TNF-¢, or purified
ES levan was added simultaneously with TNF-a, on both apical and basolateral sides; and
basolateral supernatant concentrations of cytokines and chemokines were determined by Meso
Scale Discovery. Data show IL-6, IL-8, MCP-1, IL1-b, TGF-8, TSLP, IL-10, MIF and IFN-y and
production by Caco-2 monolayers secreted into basolateral compartments. Simultaneous
treatment with TNF-a and purified ES levan (a — i). 24 hr pre-treatment with purified ES levan
prior to TNF-a challenge (j —r). ++ 100 ug/ml| TNF-a. +, 10 ug/ml TNF-a. Simultaneous treatment
with purified ES levan was 200 ug/ml (final concentration). Purified ES levan pre-treatment
concentrations were 190 gg/ml. Error bars, + SD. Statistical analysis was performed using one-
way ANOVA followed by tukey’s test (b). ***, p < 0.001; **, p < 0.01 and *, p < 0.05 compared to
cells alone. N.s. (comparative line), not statistically significant between indicated treatments.
N.s. (straight line), not statistically significant compared to cells alone (- -). Any values below fit
curve range of the Meso Scale Discovery system analysis were considered as zero. N = 3 for all
treatments.
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5.3. Summary and Discussion

Here, we studied the impact of crude and purified E. herbicola levan on cytokine
production by murine-derived BMDCs. Crude E. herbicola levan induced IL-6 and
TNF-o production primarily through TLR4, in line with results using TLR4 reporter
cells described in Chapter 4. As LPS is a primary ligand for TLR4-MD-2461, this may
explain the strong dependency on TLR4 for the induction of cytokines in BMDCs by
E. herbicola crude levan. We also showed that induction of TNF-a and IL-6
production in BMDCs by E. herbicola crude levan was partly Dectin-2 dependent
which may be due to the presence of a-mannan in E. herbicola levan samples, as
this sugar has been reported in structurally characterised LPS527:566575-577 " Eyrther
investigation into the structure of LPS bound to levan is required to confirm its
interaction with TLR4 and/or Dectin-2 on BMDCs. Induction of IL-10 in BMDCS by
crude E. herbicola levan was shown, however, it should also be noted that a second
independent experiment comparing WT and TLR4 KOs showed no statistically

significant induction of 1L-10 production.

Importantly, purified E. herbicola levan as well as non-plate- or plate-immobilised ES
purified did not induce TNF-a, IL-6 or IL-10 production by BMDCs suggesting that
LPS was a key contributor to these effects. In contrast, Xu et al (2006) showed that
levan isolated from B. subtilis natto mucilage induced TNF-o.and IL-12 p40 by
macrophage cell lines in vitro?®. In this study, polymyxin B inhibited LPS-induced IL-
12 production by J774.1 macrophages but not levan-treated cells?®. Using TLR4
reporter cells and TLR4 KO mice, they showed binding of TLR4 to levan and TLR4-
dependent induction of TNF-a by adherent peritoneal cells in vitro further supporting
that levan’s immunomodulatory properties on cells occurred via recognition by TLR4,

which was shown here using crude E. herbicola levan but not using purified levans.

The ability of levan to inhibit cytokine production in BMDCs after LPS-challenge was
also explored. Such approaches have been used with other PS such as astragalus
PS (APS), heteropolysaccharides that are largely heterogenous in structure, for a
review see 4?3, APS was shown to reduce inflammation in vitro by inhibiting both the
expression and production of IL-6, IL-8 and TNF-a in LPS-induced H9c2
cardiomyoblasts®’®. More relevantly, it was reported that APS inhibited cytokine
expression and production including TNF-a by LPS-induced human THP-1
macrophages through suppression of NF-kB- and JNK-associated pathways*®
which are important activation pathways for the induction of proinflammatory

cytokines including TNF-a and IL-6 by DCs*! and IL-8 by epithelial cells®’®,
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respectively. In contrast, we showed that levan had no inhibitory effect on TNF-a or

IL-6 production by BMDCs following LPS-challenge.

To explore alternative mechanisms underpinning the reported immunomodulatory
properties of levan, levan’s (purified ES levan) interaction with the gut epithelium was
investigated using Caco-2 cells. Caco-2 monolayers are frequently used for
assessing intestinal barrier function in vitro®8, It has been reported that PS
including inulin could improve monolayer integrity following LPS or bacterial-
challenge in vitro?"440, Levan was also suggested to marginally improve Caco-2
monolayer permeability compared to medium-treatment alone as assessed by
transepithelial electrical resistance!?’. Variable doses of LPS can be required for
disruption of Caco-2 cell monolayers®®'°82 due to variability in the LPS structure or
potency, or the reported morphological or growth characteristic differences between
Caco-2 cell clones®® which may extend to other biological differences such as
location (apical or basolateral sides) and abundance of receptor expression. Here,
we showed that that levan had no improvement in monolayer permeability when

Caco-2 cells were pre-exposed to 1 mg/ml LPS.

We also investigated whether levan (purified ES levan) could stimulate or inhibit
cytokine production in Caco-2 cells following an inflammatory challenge, as Caco-2
cells are known to produce cytokines®® modulated by PS?37:2%8, For example, a study
by Wang and colleagues (2013) showed that Caco-2 cells pre-treated with APS prior
to LPS challenge or treated simultaneously with APS LPS downregulated expression
of TNF-a, IL-8 and IL-13 as well as improved monolayer integrity in response to
disruption by LPS treatment in vitro?*’. A similar study using Caco-2 cells challenged
with LPS showed that sulphated APS were more effective at downregulating
expression of these cytokines*®. Further, chitosan nanoparticles were shown to
inhibit MCP-1, MIF, TNF-a and IL-8 production by Caco-2 cells following LPS
challenge?3®. The authors concluded that this was due to improvements in monolayer
barrier integrity and partly through modulation of NF-xB?%, a transcription factor
responsible for induction of cytokines by immune cells®®*. Further, low-molecular
weight fucoidan from brown seaweed significantly reduced IL1-p and TNF-a
production and increased IL-10 and IFN-y production in Caco-2 cells®®. These
studies highlight the potential for the immunomodulatory effects of PS on epithelial
cells in vitro. To the best of our knowledge no study has investigated the ability of
levan to modulate cytokine or chemokine production in IEC in vitro. Using purified
ES levan, we monitored the production of IL-6, IL-8, MCP-1, IL-1-B, TGF-B, TSLP,
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MIF, IL-10 or IFN-y by Caco-2 monolayers in either apical or basolateral supernatants
following TNF-a challenge. However, purified ES levan did not induce production of
these analytes. TGF-f and TSLP were screened due to their suggested role in
intestinal immune regulation including being produced by IECs in response to
microbial stimulation in vitro and steering intestinal DCs and macrophages towards
a more tolerogenic phenotype!®241:326  Fyrther, oral administration of brown rice-

derived PS to mice increased TGF-B production in isolated PPs®8,

Overall, we showed that LPS bound to crude levan was a key contributor to the
induction of cytokine production by BMDC in vitro. Purified ES levan did not impact
on cytokine or chemokine production by BMDCs or Caco-2 monolayers, or Caco-2

membrane permeability following inflammatory challenge.
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Chapter 6: General discussion,

perspectives and concluding remarks
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In this work, we investigated the interaction of PS from plants, fungi, algae and
microbes with CLRs as a potential mechanism underpinning their immunomodulatory
properties. We first used a semi high-throughput screen to identify novel interactions
of PS with CLR Dectin-1, Dectin-2 and SIGNR1. The use of CRD-modified mutant
cells (QPD) allowed to control for carbohydrate-specific binding. Using this approach,
we identified several novel interactions with CLRs including a-glucan and Hafnia-
LPS with SIGNR1, and microbial levan with Dectin-2. Another screening platform that
is commonly used to investigate carbohydrate-protein interactions are glycan or
lectin microarrays®®’-5%, Our reporter cell assay allows to identify the interaction
between PS with extracellular CLR protein domains on a cell surface, leading to
intracellular signalling as opposed to a direct biochemical PS-protein interaction. Use
of complementary biochemical-based approaches are, therefore, important to verify
novel ligand interactions. Here, we confirmed the interaction between levan and

Dectin-2 protein using AFM.

Most knowledge on cell surface CLRs and their pattern recognition is based on the
studies of opportunistic/pathogenic microbes, or viruses”1253% The best studied
examples include, a-mannan and Dectin-2120121492/3.glycan and Dectin-13°5%9 and
DC-SIGN and hepatitis C or HIV glycoproteins®1°°2, However, recently, the
immunomodulatory properties of a food PS, arabinan, was shown to be through
signalling molecule SYK in vitro, suggesting that CLRs may interact with
carbohydrates found in the gut*®. Reports have shown that Dectin-2 is expressed in
mouse intestine in vivo®?, and Dectin-1 expression was reported in human IECs ex
vivo®®, There is also evidence that CLRs influence intestinal immune homeostasis®.
For example, one study reported that Dectin-1 KO mice were resistant to
experimentally-induced colitis through microbiota-mediated induction of colonic LP T
reg cells®® A contrasting study showed that Dectin-1 KO mice harbouring
opportunistic fungi were more susceptible to experimentally-induced colitis®®.
Investigation into CLR expression patterns in the gut is warranted to further explore
their potential immunomodulatory functions with regards to PS from food and

microbes.

When assessing the immunomodulatory properties of PS in vitro, it is essential to
take into account the steps leading to their purification. Unexpectedly, we showed
that growth media could also bind to Dectin-2. This was in part to the presence of
yeast extract in the medium containing mannoproteins®:11759 |nterestingly, we also
showed that purification of GOS OsLu by S. cerevisiae conferred the ability of OsLu

to bind to Dectin-24%%, suggesting that the use of yeast in the production method for
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carbohydrates may influence bioactivity in vitro. It may also influence the
immunomodulatory properties of OsLu in rats in vivo including modulation of
cytokines and chemokines in colonic tissue after oral administration®*. However,
OsLu also modulated gut microbial composition®3, therefore further research is
required to investigate the contribution of OsLu interaction with Dectin-2®°. Exploring
other growth media or purification methods to produce high-purity PS is warranted to

study PS immunomodulatory properties in vitro.

Importantly, we showed that LPS in crude E. herbicola levan was primarily
responsible for cytokine production by BMDCs. The structure of LPS can influence
the strength of a cellular immune response including cytokine production!t%%, | PS
has been reported to stimulate IL-6 and IL-8 production in BMDCs at only 20 pg/ml,
and TNF-o production was also induced in the same cells at 200 pg/ml LPS*2, In
another study, 10 pg/ml and 20 pg/ml of LPS led to the induction of TNF-a. and IL-6
by BMDCs, respectively*'4. These studies demonstrate the high sensitivity of LPS
stimulating host immune responses in vitro. Interestingly, LPS has also been
reported to contribute to the immunomodulatory effects of other compounds. For
example, LPS was attributable to the immunomodulatory properties of food proteins
in vitro including the induction of cytokines by THP-1 macrophages and an ability to
activate TLR4 reporter cells®®®. Similarly, LPS contributed to IL-8 production in HT-
29 cells by B-glucans®’. Moreover, a recent study showed that pullulan - treated with
polymyxin B (aragose) to remove LPS from 210 ng/ml to 10 ng/ml - induced
production of pro-inflammatory cytokines including IL-6, TNF-a and IL-8 in whole
blood of humans, ex vivo*®. However, as mentioned above, LPS may be
immunostimulatory at these low levels*1414, Further, one study demonstrated that
cytokine production by LPS-treated BMDCs was only significantly reduced by
incubating with polymyxin B if LPS concentrations of < 20 ng/ml were used*'4. In
addition, since polymyxin B was shown to be cytotoxic at concentrations > 10 ug/ml,
polymyxin B may not be suitable for in vitro studies of immunomodulatory PS, and

highlights the need for more sensitive and effective methods to remove LPS.

Here we first used GPC and LRA®® for LPS removal, however these methods failed
to reduce LPS to below immunostimulatory levels*144 which prompted the
development of a new method to inactivate LPS in levan. Importantly, the purification
process did not alter levan’s structure as was shown by GC-MS linkage analysis and
NMR. Other reports of LPS removal include the use of Triton-X-114 which has been

shown to be effective for removing LPS from food protein preparations®%. Another
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study proposed a combination of alkali, ethanol and heat treatment for 5 hr followed
by the addition of acid (neutralisation) to inactivate LPS in PS samples but reported

some PS degradation during this treatment#!2,

It may also be important to address both LPS and other MAMPs in PS samples when
assessing the immunomodulatory properties of PS in vitro. This could be done
through the use of BMDCs generated from transgenic mice, for example double
TLR2 and TLR4 KO mice as shown by Meijerink and colleagues (2018)*°. A more
extensive approach was applied by Danne and colleagues (2017) that used BMMs
generated in vitro from a variety of PRR KO mice including TLR, NOD-2 and CLR
KOs in order to assess the immunomodulatory properties of a PS isolated from gut-

resident Helicobacter hepaticus*.

In addition to LPS, other factors may contribute to the immunomodulatory properties
of PS3. Recently, a review by Han (2018) commented on the lack of standardisation
across studies regarding the production and characterisation of PS extracts**®. For
example, different characterisation or production methods across studies for
producing PS result in a lack of reproducible results regarding PS composition®,
This is further complicated by the fact that many PS are carbohydrate mixtures and
separating these PS, such as by GPC, may not always yield the same PS structures,
as the conditions may vary across studies including the type of column, flow rate and
detection instrument used*!®. Further, crude extracts may also contain other bioactive
compounds e.g. flavonoids and terpenoids found in mushroom PS extracts that may
influence the bioactivity of the PS31%64095415  Generally, the field requires
technological advancements in order to produce high-purity or synthesised PS that
are well-characterised that can be used to assess or screen for their

immunomodulatory properties in vitro.

We then tested the potential role of levan in reinforcing barrier integrity or modulating
IEC cytokine production. There is evidence that PS can improve membrane barrier
integrity in vitro*3°440.5%; and improvements in IEC barrier integrity in vivo have been
observed with dietary inulin, rhamnogalacturonan or Bletilla striata PS*31438:5% |t js
important to note that in physiological conditions in vivo, dietary PS would need to
penetrate through the mucus layer to interact directly with the epithelium or be
metabolised by gut bacteria in the lumen which can produce metabolites influencing
gut barrier function as shown with butyrate?09:210599.600  The mechanisms for the
promotion of barrier integrity by PS may involve TLR, for example, fructans have

shown to aid in IEC barrier protection through interaction with TLR in vitro*®*. PS,
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particularly APS, have been reported to modulate IEC anti-inflammatory cytokine
responses in vitro?3"4%6:5%_However, it has been shown that dietary APS increased
serum proinflammatory cytokine levels in experimental mouse models*?*, possibly
through their interaction with TLR4. TLR expression varies along the S| and LI and
from the apical and basolateral sides as shown in mouse intestine3®. However, it is
unclear whether TLR expression in cell lines reflects TLR pattern expression in
vivo*®3, Further work is warranted to assess the interaction of dietary PS with TLRs

across different areas of the Gl tract in vivo.

It may be that dietary PS can progress beyond the epithelium. For example, Rice
and colleagues (2005) showed that orally-administered glucans were absorbed into
circulation in rats, and glucans could be internalised by murine IEC in vitro*®’.
Moreover, Wang and colleagues (2017) recently showed that orally-administered PS
from Angelica sinensis were absorbed through the Gl tract and entered the blood
stream and other organs®®!. They also found that these PS were internalised and
were transported through Caco-2 cell monolayers®®. Interestingly, minor intestinal
absorption of orally-administered fucoidan has been reported in rats in vivo®®. This
study also showed fucoidan-positive (internalised) cells in the mucosa of the Sl and
also reported that fucoidan uptake may also be evident in GALT macrophages®®.
Taken together, these studies suggest that PS may be able to breach the mucus and
epithelial layer and reach GALT immune cells or other tissues in the body. It may

also be possible that luminal sampling by APCs%2% js involved with this process.

In this work, we used BMDCs to assess the immunomodulatory properties of levan.
It is important to consider that BMDCs are a basic in vitro model for testing the
immunomodulatory properties of PS in vitro and their use may not reflect the full
characteristics of DC subsets found in the gut or in other tissues in vivo®”, for
example receptor expression?’°. Further, depending on the method used for in vitro-
generation of BMDCs, cells may comprise different cell types and cell surface
markers, as reported recently®’°€%, Although we observed no immunomodulatory
effects on BMDCs by purified levan, we cannot rule out that levan does not interact
with (i) other immune cells or (ii) other receptors not present on in vitro-generated

BMDCs that may be present on gut immune cells in vivo.

In contrast to invasive microbial pathogens that penetrate the mucus layer and can
reach the epithelium, commensal bacteria are generally confined to the lumen or
mucus layer!®4462 A growing body of literature describes a role for commensal

microbes in intestinal immune homeostasis*?%%, particularly it has been shown that
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gut commensal-derived molecules are involved in immune regulation in the gut, for
example, through production of SCFAs20261604 However, the role of commensal-
derived PS in intestinal immune regulation is less understood?*. Many commensal
bacteria produce EPS, which is gaining more attention due to reports of their
immunomodulatory properties'®-83, For example, Sims and colleagues (2012) found
that colonisation of of L. reuteri 100-23 mutant strains (incapable of producing EPS
levan) induce significantly lower Foxp3 T reg cell numbers in the spleen compared
to WT strains, suggesting that levan production was responsible for this
immunomodulatory activity®:. It may also be that EPS modulate cytokine production.
For example, a mutant strain of B. longum (incapable of EPS production) was shown
to have significantly larger effects on the production of proinflammatory cytokines by
human PMBCs than the B. longum 35624 WT strain (capable of producing EPS) in
vitro/ex vivo. Further, addition of B. longum EPS to mutant strains incubated with
PBMCs significantly reduced IFN-y and IL-12 production compared to the same
bacteria not supplemented with EPS®®. In line with this, it has also been shown that
EPS isolated from L. johnsonii induced production of IL-12 as well as IL-10 in
BMDCs®%, Moreover, induction of cytokines in RAW 264.7 cells including TNF-o and
IL-6 by EPS from probiotic-associated strains L. paracasei and L. plantarum has also
been reported®’. The mechanisms for these effects may involve PRRs including
TLRs as shown in the examples below. Danne and colleagues (2017) reported that
a crude PS isolated from the culture supernatants of Helicobacter hepaticus (a non-
pathogenic bacterium in WT mice under steady state conditions) induced IL-10
production in BMMs in vitro in a Myd88 (an important adapter molecule for TLR
signalling®®) and TLR2-dependent manner*’®. Further, zwitterionic CPS PSA from
gut commensal B. fragilis induced TNF-a and IL-12p40 production by BMDCs
through TLR2, and induced IL-8 production by HEK293 cells expressing TLR2 in
vitro®®®. Further, Round and colleagues (2011) showed that PSA from B. fragilis
induced IL-10 production both in BMDCs (in vitro) and isolated CD4+ T cells (ex vivo)
in a TLR2-dependent manner*”®. Another study, in vivo, found that PSA administered
orally to mice ameliorated experimentally induced colitis, however this effect was not
observed in TLR2 KO mice®®’. Further, IL-10 expression was increased in the MLNs
of WT mice fed PSA compared to PBS controls (and with experimentally-induced
colitis) but this effect was absent in TLR2 KO mice; and IL-17 expression in the MLNs
of TLR2 KO mice fed PSA also increased compared to PBS control but this effect
was not observed in WT mice?’. These studies suggest commensal PS may exert

their immunomodulatory effects via TLR2 interaction in the gut.
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We are only just beginning to address the role of dietary and commensal PS in the
complex environment of the Gl tract. Evidence clearly suggests that PS from food
and commensal microbes possess immunomodulatory potential in vitro which may
involve direct interaction with immune cell receptors; however, these interactions in
vivo clearly require further research which will be important for unravelling the role of

PS in Gl health and disease in the exciting area of gut immunity.
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Appendices
Appendix 1

UNIT  AMIUNT gMITS

INGREDIENTS AMOUNT REQUIRED
Di Potassium Phosphate (K2HPO4) 1.5 1.5 a
Mono Potassium Phosphate (KH2PO4) 1.5 1.5 a
Vitamin free casamino acids 10 10 a
Sodium acetate 15 15 a
Sodium citrate 0.22 0.22 a
Tryptophan 50 50 mg
Asparagine 0.2 0.2 a
Cysteine HCI 0z 0.2 a
Thiamine HCI {stock 10mg/100ml UPW) 2 2 mil
para{4)-aminobenzoic acid (stock 10mgf100ml UPWY) 0.4 0.4 mi
Calcium pantothenic acid {stock 10mgM100ml UPW) 4 4 mil
Miacin (stock 20magr100mil) 5 5 mi
Pyridoxine HCI {stock 10mgfM100ml) 0.5 0.5 mil
Biotin * 5 5 pl
Folic acid ** 50 50 ul
Riboflavin == 0.5 0.5 mi
Adenine sulphate 10 10 mg
Uracil 20 20 mg
Guanine HCI 10 10 mg
Cytidine (acid) 50 50 mg
Thymidine **** 1 1 ul
Tween 280 1 1 mil
Magnesium Sulfate heptahydrate (Mg304. 7H20) 0163 0,163 a
Manganese Sulfate tetrahydrate (MnS04.4H20) 23.4 234 mg
Iron (11} Sulfate heptahydrate (FeS04. TH20) 13 13 mg
Ultra Pure Water to 950 a50 mil
TECHMICAL DETAILS DETAILS

FILTER STERILIZE-autoclaving will cause Date:- Mame:-

some ingredients to degrade. Cover sterilised | made for-

poitle in foil to prevent U degradation of Changes/additions-

solution.

1120 volume of 40% (wh) filter-sterilised Autoclave temp+ime:-

sucrose stock can be added if required Successful-

*100x Biotin stock : 5mg in 0.5ml 10mM HC1 + 1ul 95% ethanol.
** 100x Folic acid stock : 5mgin 2.5ml 1mM NaOH.

*** 10x Riboflavin stock : 4mag in 5ml 20mM acetic acid.

*=*** 1000x Thymidine stock : 3.2mag in 2.0ml 1M HCL.

Appendix 1. Composition of Lactobacillus semi-defined medium Il (LDM2).

For levan production, 5% sucrose was also added, and the media stored and treated under
sterile conditions.

250



Appendix 2

INGREDIENTS

BD Tryptone (BD211705)
BD Yeast Extract (212720}
Sodium Chloride (MaCl)
Distilled Water

Agar (if required)

TECHNICAL DETAILS
For averlay add Agar at 0.7%

Adjust pHfor LB to 7.0
Adjust pH for LB modto 7.5

Autoclave at 121cfor 15min

UNIT  AMOIUNT UNITS

AMOUNT REQUIRED

10 10 a
A 5 [v]
10 10 a
1 1 litre
15 15 a
i
i
i
i]
]
i
i
i
]
i
i
i
]
i
i
i]
0
i
i
i]
0
DETAILS
Date:- Mame:-
Made for-
Changes/additions:-

Autoclave temp+ime:-
Successful-

Appendix 2. Composition of lysogeny broth (LB).

LB was stored and treated under sterile conditions.
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Appendix 3

Hpal-SIGNR1-QPD-Notl DNA 5’ prime to 3’ prime end sequence

agttaactccaaaaccccaaataccgagaggcagaaggaacaagagaagatcctccaggaactgacccag
ctgacagatgagcttacgtccaggatccccatctcccaagggaagaatgagtccatgcaggcgaagatcactg
agcaactgatgcagctgaaaactgaactcttgtccaggattcccatcttccaggggcagaatgagtccatacaa
gagaagatctctgagcaactgatgcagctgaaggctgaacttctttccaagatctccagcettcccggtaaaggat
gattctaagcaggagaagatctaccaacagctggtacagatgaagactgaactcttccgectgtgtcgactctge
ccctgggactggacattcetcctaggaaattgttacttcttctccaagtcccagecggaactggaatgacgecgtca
cagcttgcaaagaagtgaaggctcaactagtcatcatcaatagtgatgaagagcagaccttcctgcagcagac
ttctaaggctaaaggaccaacctggatgggcectgtcagacctgaagaaggaggccacgtggcetctgggtagat
ggttctactctgtcatccagattccagaaatattggaatagagggicagectgacaacatcggtgaggaagactgt
gtcgaatttgctggggatggctggaatgactctaaatgtgaactcaaaaagttctggatctgcaagaagtctgea

accccatgcactgaaggctaggcggecgea

Appendix 3. SIGNR1-QPD sequence.

Notl and Hpal Restriction enzyme sequences are highlighted in light grey. The mutant QPD
sequence in exchange for EPN [mutated at E285 and D287N]?'2 is shown in the black box. The
stop codon is highlighted in dark grey. Sequences were constructed using ApE-A plasmid Editor
v2.0.47.
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Appendix 4

Fluorescence/Tag

Collection Filter Setting

Excitation Lazer

Alexa 647 670/14 Red (640 nm)
PI 695/40 Blue (488 nm)
FITC 530/30 Blue (488 nm)

Appendix 4.BD LSR Fortessa filter and lazer settings.
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Appendix 5. Pre-gating of SIGNR1-transfected BWZ.36 cells treated with anti-mouse SIGNR1-
Alexa 674 or isotype control from Figure 25.

Dot plots from left to right show initial cell population, exclusion of doublet cells and dead cells
using PI staining. Compensation in this experiment was not applied. Indicated from top to
bottom: cells labelled with IgM isotype-Alexa 647 or anti-mouse SIGNR1-Alexa 647. FSC-A,
forward scatter area. FSC-W, forward scatter width. SSC-A, side scatter area. PIl, propidium
iodide.
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Appendix 6

Single and PI-
negative BWZ.
36 cells

FSA

A A

GFP

Appendix 6. Cell sorting of GFP-positive transfected BWZ.36 cells

BWZ.36 GFP-positive transfected with pMXs-IG-SIGNR1 were sorted using the Sony SH800 cell
sorter. Figure shows a screenshot of gated cells (grey box shading) (dot plots). GFP-positive
cells isolated and collected are shown in the red box (dot plots). FSC-A, forward scatter area.
FSC-W, forward scatter width. SSC-A, side scatter area. PI, propidium iodide.

255



Appendix 7

2506 250 i
10° 4 AT
3 e
200K = 200K =
104
150K = a q
3 Z H
Unlabelled § # H
© 3
100K = 1079
0
sox Single Cells |
6.8 E|
-103 E|
]
T Y T T T T T T T T T T T T T
0 80K 100K 150K 200K 250K [] s0K 100K 150K 200K 250K 0 50K 100K 160K 200K 250K
FSC-A FSC-A FSC-A
2 - 250K =
S0k i
200x 200
10t
laM | t 180K 150K hi E|
ko) e- < ] z 5
9 ype- < z :
a g B
Alexa 647 I 100 1075
o3
50K = 50K =
_mi 4
o T T T T T ’ T T T T T
0 50K 100K 150K 200K 250K o 0 50K 100K 150K 200K 250K
FSC-A FSC-A
a0k 250
280¢ w4
200K = 200K =
m" |
“ E
] 150 b
) P = i
Anti-SIGNR1- 3 & g
@ & L]
ook 100k i
Alexa 647 E
L |
S0k sk
0% 4
[ 0

100K 180K 200K 250K

FSC.A

T
S0k

T T
00K 150K

FSC-A

T
200K

T
250K

T T T T T
50K 00K iSOk 200K 260K

FSC-A

Appendix 7. Pre-gating of SIGNR1-transfected BWZ.36 cells treated with anti-mouse SIGNR1-
Alexa 674 or isotype control, or unlabelled cells from Figure 26.

Dot plots from left to right show initial cell population, exclusion of doublet cells and dead cells
using Pl staining. Indicated from top to bottom: unlabelled cells (cells with PI), cells labelled with
IgM isotype-Alexa 647 or ant-mouse Alexa 647-SIGNR1. FSC-A, forward scatter area. FSC-W,
forward scatter width.SSC-A, side scatter area. Comp-PI-A, compensated propidium iodide area.
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Appendix 8. Analysis of SIGNR1 expression on SIGNR1 reporter cells by flow cytometry.

This is an additional independent experiment to support data in Figure 26. (a) Dot plots illustrate
individual cell events. The number of cell events are shown as a percentage in each of the
quadrants relative to total events, Q1, Q2, Q3 and Q4 for (a) (b) and (c). Cells were labelled with
anti-mouse SIGNR1-Alexa 647, IgM isoype-Alexa 647 control or were unlabelled (cells with PI);
compensation was not performed. (a) gating strategy excluded dead cells using Pl staining. Dot
plots of Alexa 647 against GFP fluorescence are shown. Q1, Q2, Q3 and Q4 split populations
into discrete subpopulations for illustrative purposes to help clarify fluorescent and non-
fluorescent cell populations. Numbers in each quadrant represent the percentage of total sample
cell populations in that quadrant. (b) Histogram directly compares anti-mouse SIGNR1-Alexa
647-labelled (black outline); IgM isotype-Alexa 647-labelled (grey shading with dark grey
outline); and unlabelled cells (cells with PI) (light grey, no black outline). FSC-A, forward scatter
area. SSC-A, side scatter area. PI, propidium iodide. Axis labels: Alexa 647 label represents
detection of Alexa Fluor 647 fluorescence and GFP is represents detection of GFP fluorescence.
Data were generated using FlowJo® v10.0.8.
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Appendix 9
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Appendix 9. Pre-gating of SIGNR1-QPD-transfected BWZ.36 cells treated with anti-mouse
SIGNR1-Alexa 674 or isotype control, or unlabelled cells from Figure 29.

Dot plots from left to right show initial cell population, exclusion of doublet cells and dead cells
using Pl staining. Indicated from top to bottom: unlabelled cells (cells with PI), or cells labelled
with IgM isotype-Alexa 647 or ant-mouse SIGNR1-Alexa 647. FSC-A, forward scatter area. FSC-
W, forward scatter width. SSC-A, side scatter area. Comp-PI-A, compensated propidium iodide

area.
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Appendix 10. Analysis of SIGNR1 expression on SIGNR1-QPD reporter cells by flow cytometry.

This is a repeated independent experiment to support data in Figure 29. Dot plots illustrate
individual cell events. Cells were labelled with anti-mouse SIGNR1-Alexa 647, IgM isotype-Alexa
647 control or were unlabelled (cells with PI). (a) gating strategy excluding doublet cells, and
dead cells using PI staining. (b) Histogram directly compares anti-mouse SIGNR1-Alexa 647-
labelled (black outline); IgM isotype-Alexa 647-labelled (grey shading with dark grey outline);
and unlabelled cells (cells with PI) (light grey, no black outline). Axis labels: Alexa 647 label
represents detection of Alexa 647 fluorescence and GFP represents detection of GFP
fluorescence. Data were generated using FlowJo® v10.0.8. FSC-A, forward scatter area. FSC-W,
forward scatter width. SSC-A, side scatter area. Comp-PI-A, compensated propidium iodide area.
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Appendix 11
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Appendix 11. Screening of Hafnia-LPS, a-mannan and acemannan to mock reporter cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces g-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm (a) Reporter assay was performed in singlicate with mock cells. This
data corresponds to those mentioned in Figure 31b. PS concentrations were 1, 0.3 and 0.1 gg/ml
as in Figure 31b.
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Appendix 12
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Appendix 12. Interaction of ae-glucan from Streptomyces venezuelae and Hafnia-LPS with
SINGR1 and mock reporter cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces g-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm. A repeated independent experiment supporting Figure 32.
Concentrations of a-glucan were 100 and 10 wxg/ml, and Hafnia-LPS was 10 ug/ml (positive
control). All experiments were performed in triplicate. Error bars, + SD. Statistical analysis was
performed using one-way ANOVA followed by tukey’s test (b). ***, p < 0.001 and **, p < 0.001, as
indicated. N.s with straight line, not statistically significant.
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Appendix 13. Analysis of Dectin-2 expression on Dectin-2 and Dectin-2-QPD reporter cells by
flow cytometry.

(a) and (d), dot plots illustrate individual cell events. The number of cell events are shown as a
percentage in each of the quadrants relative to total events, Q1, Q2, Q3 and Q4. Cells were
labelled with anti-mouse Dectin-2-Alexa 647, IgG isotype-Alexa 647 control or were unlabelled
(cells with PIl) as indicated. Analysis was performed after initial pre-gating of cells which exclude
doublet cells and dead cells. Q1, Q2, Q3 and Q4 split cell populations into discrete
subpopulations for illustrative purposes to help clarify fluorescent and non-fluorescent cell
populations. Numbers in each quadrant represent the percentage of total sample cell
populations in that quadrant. (b) and (e) show histograms for Dectin-2 and Dectin-2-QPD reporter
cells, respectively. Anti-mouse Dectin-2-Alexa 647-labelled (black outline); IgG isotype-Alexa
647-labelled (grey shading with black outline); and unlabelled cells (cells with PI) (light grey, no
black outline) are as indicated. Axis labels: Alexa 647 label represents Alexa 647 fluorescence
and GFP is represents detection of GFP fluorescence. (c) and (f) show the gating strategy for
Dectin-2 and Dectin-2-QPD reporter cells, respectively: excluding doublet cells, and dead cells
using PI staining. Data were generated using FlowJo® v10.0.8. FSC-A, forward scatter area.
FSC-W, forward scatter width. SSC-A, side scatter area. Comp-PI-A, compensated propidium
iodide area.
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Appendix 14. Screening of PS to Dectin-2 reporter cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces g-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm. A repeated independent experiment supporting Figure 34. Reporter
assays were performed using Dectin-2 and mock reporter cells. Experiments were performed at
PS concentrations 10, 2 or0.4 pg/ml.
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Appendix 15. Interaction of OsLu preparations and other prebiotic oligosaccharides with Dectin-
2 using reporter cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces g-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm. A repeated independent experiment supporting Figure 36 and taken
from 48, a) Dectin-2, Dectin-2-QPD and mock reporter cell assay of different preparations of
OsLu (see Figure 35). All OsLu concentrations were used at 50ug and e-mannan at 1 ug/ml. (b)
Dectin-2 reporter assay with OsLu and commercial prebiotic galactooligosaccharides.
Concentrations in (b) were 30, 100, 300 or 1000 ug/ml. Data are means of triplicate values +SD
(error bars). Statistical analyses were performed by one-way ANOVA followed by Tukey’s test.
*** p <0.001. Permission is not required for authors to use this Figure as stated by the Copyright
Clearance Centre.
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Appendix 16

Content (%) of protein and carbohydrates (mono-, di- and oligosaccharides) found in the different prebiotic samples studied.

Protein Fructose Galactose Glucose Lactulose Lactose Other Trisaccharides T haride: P haride:
%. %. % % % % disaccharides % % % %
OsLu 0.05 19.5 12.4 1.19 24.7 n.d. 13.6 22.6 5.42 0.65
(0.02) (0.01) (0.00) (0.00) (0.02) (0.01) (0.02) (0.55) (0.20)
OsLu-ActC < 0.05 1.51 0.80 0.14 10.3 n.d. 7.00 521 25.2 2.99
(0.12) (0.09) (0.08) (1.20) (0.29) (0.15) (0.02) (0.05)
OsLu-Sc 0.44 0.63 14.1 n.d. 26.2 n.d. 21.1 25.6 9.67 2.80
(0.10) (0.20) (1.04) (1.20) (1.14) (0.74) (0.75) (0.60)
OsLu-Sc-R 0.46 0.25 10.4 0.06 24.2 n.d. 18.9 28.2 138 4.33
(0.04) (0.01) (0.29) (0.01) (0.78) (0.55) (0.94) (0.44) (0.15)
OsLu-Sc-P 0.05 0.30 11.3 0.78 26.6 n.d. 20.0 25.9 1.7 3.50
(0.03) (0.01) (0.42) (0.19) (0.98) (0.38) (0.82) (0.95) (0.01)
OsLu-Sc-Pp 0.53 0.35 9.63 0.08 23.6 n.d. 25.2 33.6 7.20 0.77
(0.09) (0.19) (0.85) (0.03) (0.01) (0.03) (0.02) (0.05) (0.42)
OsLu-Sc-S < 0.05 0.94 25.8 0.07 39.0 n.d. 227 11.4 n.d. nd.
(0.27) (0.01) (0.03) (0.03) (0.13) (0.94)
Duphalac® < 0.05 7.87 0.29 88.7 3.22
(0.79) (0.05) (0.69) (0.25)
Vivinal*GOS <0.1 - 1.41 20.7 - 18.0 20.5 21.0 131 5.45
(0.11) (2.14) (0.29) (0.69) (0.79) (0.89) (0.66)

-}

.d. no detected (quantification limit 10 mg/L).
* % with respect to DM.

** % with respect to total carbohydrates.

*** Average (standard deviation).

**** Data provided by the manufacturer.

Appendix 16. Protein and carbohydrate contents in OsLu samples, and commercial prebiotic
oligosaccharides.

DM, dry matter. Taken from “8°, Permission is not required for authors to use this Figure as stated
by the Copyright Clearance Centre.
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Appendix 17
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Appendix 17. Screening of PS to Dectin-2 and Dectin-2-QPD reporter cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces g-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm. Reporter assay using Dectin-2, Dectin-2-QPD and mock reporter cells.
A repeated independent experiment supporting Figure 37. All PS concentrations were 20 gg/ml.
JA, Jerusalem artichoke. Data are means of triplicate values +SD (error bars). Statistical
analyses were performed by one-way ANOVA followed by Tukey'’s test. ***, p < 0.001.
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Appendix 18
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Appendix 18. Analysis of dextran standards using size exclusion chromatography.

Gel permeation chromatography profile of dextran standards. Peak elution times for 5 kDa,
12kDa, 25 kda, 50 kDa, 80 kDa, 150 kDa, 270 kDa, 410 kDa, and 1400 kDa dextran standards are
shown. Predominant peaks identified the dextran standards. The peak for 1400 kDa was
assumed as the first clearly identifiable peak. The main elution peak for E. herbicola crude levan
was observed upstream of the 1400 kDa dextran standard. A non-linear calibration curve (4-
parameter logistic regression; R2 = 0.996 and adjusted R2 = 0.994) using approximate peak
elution times is shown in (b) and constructed in GraphPad Prism. Data in (a) was extracted from
the Chromera software (Perkin EImer) and analysis was performed in Excel.
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Appendix 19

Y =0.2902*X + 0.4066

R?=0.9761
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S 04
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<
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0.0 0.5
BSA (mg/ml)
mg/ml BSA STND BSA STND |Levan Levan
1.4 0.804 0.794 0.394 0.354]
1.2 0.767 0.72 0.04 0.039
1 0.721 0.716 0.038 0.037

0.8] 0.604 0.661 0.037 0.037
0.6} 0.578 0.586 0.038 0.038
0.4 0.549 0.599 0.04 0.039
0.2] 0.46 0.432 0.038 0.039
0.1 0.417 0.437| 0.039 0.038

Average Absorbance

Levan r
Blank " 0392

0.374 < blank

5
0.042
0.039
0.058
0.037
0.037
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0.039
0.038

1.5

6
0.038
0.047
0.037
0.037
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0.045
0.037
0.038

7
0.037
0.037
0.037
0.038
0.037
0.037
0.038
0.037

8
0.037
0.037
0.037
0.038
0.037
0.037
0.038
0.037

9
0.038
0.037
0.038
0.039
0.038
0.039
0.039

0.04

10 11 12
0.038 0038  0.049
0037 0041  0.038
0.037 0038  0.037
0038 0037  0.037
0.041 0044 0044
0037 0038  0.042
0.044 0045 _ 0.046
0.043[ 0397 0.386 Blanks |

Appendix 19. Quantification of protein content in E. herbicola crude levan by Bradford assay.

Protein content was determined using a Bradford assay. (a) Linear standard curve shows
absorbance values (595 nm) of BSA standards. (b) Raw absorbance values including blank and
E. herbicola crude levan (in duplicate) are represented in the Table. Average absorbance for E.
herbicola crude levan was below the blank value (bottom left of the grid).
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Appendix 20

a)
BSA (ng)
L1 :L2 9.25 0.5 . 1 2 4 8 “_16‘_ 32 BF BL BL BLHVM_

72kDa
BSA (66.5kDa)
52 kDa

b) c)

Std BLF1 M BSA (ng)
s 3216 8 4 2 105025 BLF1
- 4 et
72 kDa
BSA BSA —
66. 5 kDa 52 kDa

66. 5 kDa

Appendix 20. Detection of proteins in E. herbicola crude levan and E. herbicola levan Fractions
1, 2,3 and 4 (post-GPC) by SDS page and Spyro ™ Ruby gel staining.

(a) L1, E. herbicola crude levan. L2, E. herbicola crude levan (duplicate). BF, buffer alone. BL,
blank lane. M, marker (a). BSA concentrations are as indicated. (b) F1, E. herbicola crude levan
fraction 1 post-size exclusion. BL, blank lane. M, protein marker. Std, BSA standard. 20 ng of
BSA was used (indicated by arrow). In the marker lane, arrows show proteins at 52 and 72 kDa.
BSA is 66.5 kDa®?, (c) Repeat of F1, E. herbicola crude levan fraction 1 post-size exclusion. BSA
concentrations are as indicated. Images were acquired and prepared using Bio-Rad Quantity
One software and Image Lab™. Images from (a) (b) and (c) were then prepared and labelled using
Microsoft PowerPaint.
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Appendix 21

a)
Fructose E. Herbicola E. Herbicola E. Herbicola E. Herbicola
levan crude levan crude levan 2 levan 2
+ Fructose + Fructose
b)

&f‘ﬁ:;‘;‘, Fructose ES levan ES levan NaOH- NaOH-

(in 0.9M Standard (with treated ES treated
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added) +Fructo

Appendix 21. Thin layer chromatography (followed by orcinol staining) of levans treated with
sodium hydroxide.

(a) TLC of E. herbicola levan 2 (post-GPC and post-LRA) treated with sodium hydroxide (NaOH)
prior to dialysis. ‘E. herbicola levan 2’ represents E. herbicola after NaOH treatment. A fructose
standard was tested with or without levan, as indicated. (b) TLC of ES levan treated with NaOH
prior to dialysis. A fructose standard was tested and without levan, as indicated. Fructose was
also tested in 0.9 M NaOH.
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Appendix 22

R. Srikanth et al. / Carbohydrate Polymers 120 (2015) 102-114

Table 2
Chemical shifts of microbial Levan.
Carbon atom Chemical shifts of Levan ["*C NMR (ppm)]
P. fluorescens (Jathore Z mobilis (Jathore L reuteri 100-23 B.subtilis (natto) B.polymyxa (Shih
etal,2012) etal., 2012) (Sims et al., 2011) (Shih et al., 2005) et al., 2005)
C-1 60.435 60.761 61.4 60.1 60.7
C-2 104.696 104.641 105.6 104.4 104.2
Cc-3 76.770 77.683 718 76.5 77.0
-4 75.783 75.754 76.7 754 75.7
C-5 80.880 80.783 81.7 80.5 80.5
Cc-6 63.978 63.957 64.8 63.6 63.6

Appendix 22.3C NMR chemical shifts of levan.

Taken from 7! with permission from Elsevier and Copyright Clearance Center.

273



Appendix 23
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Appendix 23. Glucosyl linkage analysis of a-mannan from Saccharomyces cerevisiae used in
this study

Labelling is based on a 1-linkage for aldose sugars and a 2-linkage for ketose sugars e.g. 2-Man
is a mannose residue linked at carbon 2 representing an a-(1,2) linkage, and 2-,6-Man is a
mannose residue linked at carbon 2 and representing both a-(1,2) and a-(1,6) links indicating a
branching point. t-, terminal. Glc, glucopyranosyl. Xyl, xylose. Man, mannose. GC-MS linkage
analysis was performed by lan Black.
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Appendix 24
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Appendix 24. Glucosyl linkage analysis of E. herbicola levan 2 used in this study.

Labelling is based on a 1-linkage for aldose sugars and a 2-linkage for ketose sugars e.g. 6-Frct
is a fructose residue linked at carbon 6 representing a £(2,6) linkage. 1,6-Frct indicates £-(2,1)
branching. Frct, Fructofuranosyl. t-, terminal. Glc, glucopyranosyl. Xyl, xylose. GC-MS linkage
analysis was performed by lan Black.
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Appendix 25. GC profile and MS data of partially methylated alditol acetate derivatives showing
glycosyl linkage analysis of E. herbicola Levan 3 and E. herbicola crude levan.

Supplementary information supporting Table 7. GC profile of E. herbicola levan 3 (purified) (a)
and E. herbicola crude levan (b). Mass spectrum for each identified GC peak are shown for E.
herbicola levan 3 (c — k) and E. herbicola crude levan (I — u) as indicated. The numbers (1 - 19)
on the GPC chromatogram per peak correspond to the MS data as follows: 1-c, 2-d, 3-e, 4-f, 5-g,
6-h, 7-i, 8-, 9-k, 10-l, 11-m, 12-n, 13-0, 14-p, 15-q, 16-r, 17-s, 18-t, and 19-u. Additionally, GPC
chromatogram labelling is based on 1-linkage for aldose sugars and the 2-linkage for ketose
sugars e.g. 6-frct is a fructose residue linked at carbons 2 and 6. 1,6-Frct indicates f-(2,1)
branching. ‘t’, terminal. Glc, glucopyranosyl. GC-MS linkage analysis was performed by lan
Black.
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Appendix 26
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Appendix 26. Reporter cell assay of E. herbicola levan fractions using mock reporter cells; an
additional control corresponding to Figure 42.

Carbohydrate binding to CLR BWZ.36 reporter cells induces p-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nmF1, F2, F3, F4 and F5 are E. herbicola levan fractions post-GPC. All
concentrations were 100 ug/ml. Experiments were performed in triplicate. Error bars, + SD.
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Appendix 27.Reporter cell assay of E. herbicola levan 1 with Dectin-2 and its CRD using Dectin-
2, Dectin-2-QPD and mock reporter cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces g-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm. Experiment is an independent repeat of Figure 43. E. herbicola levan
was used at 25 pgg/ml and 5 pg/ml, positive control e-mannan at 1 pg/ml. Experiments were
performed in triplicate. Error bars, + SD. Statistical analysis was performed using one-way
ANOVA followed by tukey’s test (b). ***, p < 0.001. N.s with straight line, not statistically
significant.
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Appendix 28. Comparative binding of E. herbicola crude levan, E. herbicola levan 2 and E.
herbicola levan 3 to Dectin-2 and its CRD using Dectin-2, Dectin-2-QPD and mock reporter cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces g-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm. Two repeated independent experiments of Figure 44 are shown in (a)
and (b). All levan concentrations were used at 200 xg/ml and 20 pg/ml, and positive control a-
mannan at 1 gg/ml. All experiments shown in (a) and (b) were performed in triplicate. Error bars,
+ SD. Statistical analysis was performed using one-way ANOVA followed by tukey’s test (b). ***,
p < 0.001. *, p < 0.05 compared to cells alone. Statistically significant differences between
treatments are marked as indicated (comparative line; ***, p <0.001. **, p <0.01. *, p < 0.05). b, p
< 0.05 compared to WT and mock cells alone.
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Appendix 29. Reporter cell assay of LB and LDM2 culture media using Dectin-2 and mock
reporter cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces p-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm. Experiment is an independent repeat of Figure 46. Experiments was
performed in triplicate. DF 100, LB or LDM2 diluted by a factor of 100 in sterile H20. Error bars, +
SD. Statistical analysis was performed using one-way ANOVA followed by tukey’s test (b). ***, p
< 0.001, as indicated. N.s. with straight line, not statistically significant compared to cells alone
and across the indicated treatments.
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Appendix 30. Reporter cell assay of B. subtilis levan and medium-only controls using Dectin-2,
Dectin-2-QPD and mock reporter cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces p-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm. Experiment is an independent repeat of Figure 47. B. subtilis levan and
media-only controls were used at 100xg/ml and 10 wxg/ml, and positive control e-mannan at 1
#a/ml. The experiments were performed in triplicate. Error bars, + SD. Statistical analysis was
performed using one-way ANOVA followed by tukey’s test (b). ***, p < 0.001. N.s, with straight
line, not statistically significant.
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Appendix 31. Gel permeation chromatography profile of ES levan pre- and post-LPS alkali
treatment.

Repeated independent GPC runs for ES levan and purified ES levan from Figure 48. Samples for

purified ES levan (ES Levan post LPS removal is after LPS inactivation by alkali treatment. Water
(blank) was used as a control. The graph was constructed in GraphPad Prism.
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Appendix 32. Reporter cell assay of ES levan using Dectin-2, Dectin-2-QPD and mock reporter
cells.

Carbohydrate binding to CLR BWZ.36 reporter cells induces g-galactosidase production within
the cell which can be measured in a colorimetric assay: CLR BWZ.36 reporter cells were
incubated with immobilised carbohydrate ligands using a 96 well plate; a substrate,
Chlorophenol red-g-D-galactopyranoside (CPRG), was added to cells and absorbance values
were read at 570/630 nm. Two repeated independent experiments of Figure 50 are shown in (a)
and (b). ES levan was used at 100 pg/ml, and positive control a-mannan at 1 ug/ml. All
experiments were performed in triplicate. Error bars, + SD. Statistical analysis was performed
using one-way ANOVA followed by tukey’s test (b). ***, p < 0.001, as indicated. b (on cells alone
Dectin-2 QPD), we additionally noted an increase in QPD compared to WT cells alone (p < 0.01)
and to mock cells (p <0.001). N.s with straight line, not statistically significant
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Appendix 33. Reporter cell assay of crude and purified E. herbicola levans using TLR4 reporter

cells.

Ligand binding to TLR4 reporter cells results in the production of secreted embryonic alkaline
phosphatase (SEAP) which can be measured in a colorimetric assay: TLR4 reporter cells were
incubated with carbohydrate ligands or control (LPS) in HEK blue medium?3%* using a 96 well
plate; and absorbance values were read at 655 nm. Repeat separate experiments of Figure 56
using levan concentrations of (a) 50 xg/ml and 100 ug/ml or (b) 10 ug/ml and 100 wg/ml. All
experiments were performed in triplicate. Concentration of positive control LPS was 0.1ug/ml.
Error bars, + SD. Statistical analysis was performed using one-way ANOVA followed by tukey’s
test (b). ***, p < 0.001 compared to cells alone. N.s with straight line, not statistically significant

compared to cells alone.
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Appendix 34. Reporter cell assay of ES levan, or B. subtilis levan made in LDM2 minimal media,
using TLR4 reporter cells.

Ligand binding to TLR4 reporter cells results in the production of secreted embryonic alkaline
phosphatase (SEAP) which can be measured in a colorimetric assay: TLR4 reporter cells were
incubated with carbohydrate ligands or control (LPS) in HEK blue medium3®* using a 96 well
plate; and absorbance values were read at 655 nm. (a) Repeated independent experiment of
Figure 57a showing TLR4 binding to ES levan compared to cells alone. ES levan concentrations
are 100 ug/ml, 50 wmg/ml and 25 wg/ml and positive control LPS at 1 ug/ml. Two repeated
independent experiments of Figure 57b are presented in (b) and (c) showing TLR4 binding to ES
levan compared to Purified ES levan (ES levan treated with alkali). (d) Repeated independent
experiment of Figure 57c showing TLR4 reporter assay and B. subtilis levan (made using
minimal media LDM2) compared to controls. All experiments were performed in triplicate. Error
bars, + SD. Statistical analysis was performed using one-way ANOVA followed by tukey’s test.
*** p <0.001 compared to cells alone. N.s with straight line, not statistically significant compared
to cells alone.
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Appendix 35. Interaction of TLR4 with E. herbicola levan and a-mannan treated with or without
anion exchange resin using HEK293 TLR4 reporter cells.

Ligand binding to TLR4 reporter cells results in the production of secreted embryonic alkaline
phosphatase (SEAP) which can be measured in a colorimetric assay: TLR4 reporter cells were
incubated with carbohydrate ligands or control (LPS) in HEK blue medium3%* using a 96 well
plate; and absorbance values were read at 655 nm. Experiment is an independent repeat of
Figure 58. All levans and a-mannan were used at 100 ug/ml and 50 pg/ml, and LPS control at 0.1
Ha/ml. The experiment was performed in triplicate. E. herbicola levan purified, E. herbicola levan
directly treated with alkali. Error bars, + SD. Statistical analysis was performed using one-way
ANOVA followed by tukey’s test. ***, p < 0.001 as indicated or compared to cells alone. N.s with
straight line, not statistically significant across treatments or all compared to cells alone.
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Appendix 36. Additional flow cytometry data assessing Dectin-2 expression by WT, Dectin-2 KO
and TLR4 KO BMDCs corresponding to Figure 59.

Bone marrow cells isolated from wild type, Dectin-2 KO or TLR4 KO mice were differentiated into
BMDCs and analysed for Dectin-2 expression by flow cytometry using fluorescently-labelled
(Alexa Fluor 647) anti-mouse Dectin-2 antibodies. (a) WT BMDCs, (b) D2 KO BMDCs and (c) TLR4
KO BMDCs: data shows dot plots from left to right: initial cell population, exclusion of doublet
cells and dead cells using PI staining. From top to bottom: IgG isotype-Alexa 647- and anti-
mouse Dectin-2-Alexa 647-labelled cells, or unlabelled cells (cells with PI). (d) and (e), dot plots
of anti-mouse Dectin-2-Alexa-labelled WT and TLR4 KO cells corresponding to Figure 59a and
59c, respectively, highlighting the percentage of cell populations positive for Alexa 647
fluorescence. FSC-A, forward scatter area. FSC-W, forward scatter width. SSC-A, side scatter
area. Comp-PI-A, compensated propidium iodide area. Data was generated using FlowJo®
v10.0.8
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Appendix 37. Further experiments in addition to Figure 59 showing the expression of Dectin-2
on WT, Dectin-2 KO and TLR4 KO BMDCs using flow cytometry.

Bone marrow cells isolated from wild type, Dectin-2 KO or TLR4 KO mice were differentiated into
BMDCs and analysed for Dectin-2 expression by flow cytometry using fluorescently-labelled
(Alexa Fluor 647) anti-mouse Dectin-2 antibodies. (a) and (b); and (c) and (d) were separate
experiments. (a) to (d), histograms show fluorescence of cell populations after cell labelling and
initial pre-gating of cells which exclude doublet cells and dead cells (see Appendix 37 for gating
strategy). Histograms are (a) WT BMDCs (b) TLR4 KO BMDCs, and (c) WT and (d) Dectin-2 KO
BMDCs labelled with anti-mouse Dectin-2-Alexa 647 (grey shading with dark grey outline), IgG
isotype-Alexa 647 (black outline) or unlabelled (cells with Pl) (dotted black outline).
Corresponding to the histograms shown in (a) and (b), (d) and (e) show dot plots of anti-mouse
Dectin-2-Alexa 647-labelled WT and TLR4 KO cells, respectively, highlighting the percentage of
cell populations positive for Alexa 647 fluorescence. Axis labels: Alexa 647 represents detection
of Alexa 647 fluorescence. FSC-A, forward scatter area. FSC-W, forward scatter width. SSC-A,
side scatter area. Comp-PI-A, compensated propidium iodide area. BMDCs, bone-marrow
derived dendritic cells. TLR4, Toll-like receptor 4. KO, knockout. WT, wildtype. Data was
generated using FlowJo® v10.0.8
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Appendix 38. Pre-gating of anti-mouse Dectin-2-Alexa 674, isotype control and unlabelled
BMDCs from Appendix 37.

Bone marrow cells isolated from wild type, Dectin-2 KO or TLR4 KO mice were differentiated into
BMDCs and analysed for Dectin-2 expression by flow cytometry using fluorescently-labelled
(Alexa Fluor 647) anti-mouse Dectin-2 antibodies. Dot plots from left to right show initial cell
population, exclusion of doublet cells and dead cells (using PI staining). Gating for experiment
(&) WT and (b) TLR4 KO BMDCs are shown corresponding to S 37aand S 37b (and S 37eand S
37f), respectively. Gating for experiment of (c) WT BMDCs and (d) D2 KO BMDCs are shown
corresponding to S 37c and S 37d. respectively. From top to bottom: Alexa 647 IgM isotype or
Alexa 647-Dectin-2-labelled cells, and unlabelled cells (cells with PI). Axis labels: Alexa 647
represents detection of Alexa 647 fluorescence. FSC-A, forward scatter area. FSC-W, forward
scatter width. SSC-A, side scatter area. Comp-PI-A, compensated propidium iodide area. Data
was generated using FlowJo® v10.0.8
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Appendix 39. Induction of cytokine production in WT and Dectin-2 KO BMDCs by crude and

purified E. herbicola levan.

BMDCs were incubated with E. herbicola levans or a positive control using a 96 well plate; and
cytokine production in the supernatant was measured by ELISA. Repeated independent
experiment from Figure 60. Data show (a) IL-6, (b) TNF-a, and (c) IL-10 production in BMDCs by
crude and purified E. herbicola levan. E. herbicola levan was used at 250 ug/ml, peptidoglycan
[non-Dectin-2 ligand) was used at 100 ug/ml as a positive control. All experiments were
performed in triplicate. Error bars, + SD. Statistical analysis was performed using one-way
ANOVA followed by tukey'’s test (b). ***, p <0.001. **, p < 0.01. ¥, p < 0.05 compared to cells alone
N.s., with straight line, all not statistically significant compared to cells alone. Differences
between treatments are marked as indicated (comparative line).
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Appendix 40. Induction of cytokine production in WT and Dectin-2 KO BMDCs by crude and
purified E. herbicola levan

BMDCs were incubated with E. herbicola levans or a positive control using a 96 well plate; and
cytokine production in the supernatant was measured by ELISA. Repeated independent
experiment from Figure 60. Data show (a) IL-6, (b) TNF-¢, and (c) IL-10 production in BMDCs by
crude and purified E. herbicola levan. E. herbicola levan was used at 250 ug/ml, peptidoglycan
[non-Dectin-2 ligand) was used at 100 ug/ml as a positive control. All experiments were
performed in triplicate. Error bars, + SD. Statistical analysis was performed using one-way
ANOVA followed by tukey’s test (b). ***, p < 0.001. **, p < 0.01. ¥, p < 0.05 compared to cells alone.
N.s., not statistically significant compared to cells alone. N.s., with straight line, all not
statistically significant compared to cells alone. Differences between treatments are marked as
indicated.
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Appendix 41.Induction of cytokine production in WT and TLR4 KO BMDCs by crude and purified
E. herbicola levan

BMDCs were incubated with E. herbicola levans or a positive control using a 96 well plate; and
cytokine production in the supernatant was measured by ELISA. Repeated independent
experiment from Figure 61. Data show (a) IL-6, (b) TNF-a, and (c) IL-10 production in BMDCs by
crude and purified E. herbicola levan. E. herbicola levan was used at 250 pg/ml, peptidoglycan
[non-Dectin-2 ligand) was used at 100 ug/ml as a positive control. All experiments were
performed in triplicate. Error bars, + SD. Statistical analysis was performed using one-way
ANOVA followed by tukey’s test (b). ***, p <0.001. **, p < 0.01. *, p < 0.05 compared to cells alone.
N.s., not statistically significant compared to cells alone. N.s., with straight line, all not
statistically significant compared to cells alone. Differences between treatments are marked as
indicated (comparative line).
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Appendix 42. Induction of cytokine production in WT BMDCs by non-immobilised crude and
purified ES levan, and E. herbicola crude levan.

BMDCs were incubated with ES levan, purified ES levan or E. herbicola crude levan (positive
control) using a 96 well plate; and cytokine production in the supernatant was measured by
ELISA. Repeated experiment from Figure 62. Data show (a) IL-6, (b) TNF-, and (c) IL-10
production in bone marrow-derived dendritic cells (BMDCs) by non-plate-immobilised E.
herbicola crude, ES levan (crude) and purified ES levan (post alkali-treatment). In (a), all ES levan
concentrations were 250 pg/ml, 125 pug/ml and 62.5 xg/ml and E. herbicola levan 125 uyg/ml and
62.5 ug/ml. For (b) and (c), all levan concentrations were 250 pg/ml, 125 pg/ml and 62.5 pg/ml. All
experiments were performed in triplicate. Error bars, + SD. Statistical analysis was performed
using one-way ANOVA followed by tukey’s test (b). ***, p < 0.001 compared to cells alone. N.s.
with straight line, all not statistically significant compared to cells alone.
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Appendix 43.Induction of cytokine production in WT BMDCs by plate-immobilised ES levan and
E. herbicola crude levan.

BMDCs were incubated with ES levan, purified ES levan or E. herbicola crude levan (positive
control) using a 96 well plate; and cytokine production in the supernatant was measured by
ELISA. Repeated experiment from Figure 63. Data show (a) IL-6, (b) TNF-a, and (c) IL-10
production in BMDCs by non-plate-immobilised E. herbicola crude, ES levan (crude) and Purified
ES levan (post alkali-treatment). All levan concentrations were 250 gg/ml, 125 pg/ml and 62.5
p#a/ml. All experiments were performed in triplicate. Error bars, + SD. Statistical analysis was
performed using one-way ANOVA followed by tukey’s test (b). ***, p < 0.001 compared to cells
alone. N.s. with straight line, not statistically significant compared to cells alone.
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Appendix 44. Impact of purified ES levan on cytokine production by LPS-challenged BMDCs

BMDCs were incubated with ES levan alone, ES Levan + LPS, LPS alone or negative control
(cells alone) using a 96 well plate; and cytokine production in the supernatant was measured
by ELISA. Data show a) IL-6, b) TNF-¢, and c) IL-10 production in BMDCs treated with LPS alone,
Purified ES levan and LPS (E. coli K12), Purified ES levan alone or media alone. All levan
concentrations were 125 pg/ml, 25 pg/ml and 5 pug/ml. LPS concentrations were 0.5 uyg/ml. The
experiment was performed in duplicate. Error bars, + SD.
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Appendix 45. Impact of LPS and purified ES levan on cell death and apoptosis of
undifferentiated Caco-2 cells.

Contour plots show PI [X-axis] and annexin-FITC [Y-axis] - also indicated by the cartoon at the
top. Percentages of total single cells (after gating) are indicated in the 4 quadrants. Initial gating
including gating for single cells using LPS-treated cells is shown at the bottom of the figure.
Treatments are as indicated. Dead cell control, 1% Triton X. Apoptosis control, 1uM
staurosporine. Purified ES levan was used at 200 gg/ml and LPS at 1 mg/ml. Ctrl (control cells
only [media only]). All levan; purified ES levan. Media control and LPS were performed
independently in duplicate; others in singlicate.
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Appendix 46. Impact of TNF-a, LPS and purified ES levan on cell death and apoptosis of
undifferentiated Caco-2 cells.

Contour show PI [X-axis] and annexin-FITC [Y-axis], also indicated by the cartoon at the top.
Percentages of total single cells (after gating) are indicated in the 4 quadrants. An example of
initial gating including gating for single cells using media-treated only cells is shown at the
bottom of the figure. Treatments are as indicated. Dead cell control; 1% Triton X (apically-
treated). Apoptosis control; 1u4M staurosporine (apically-treated). Purified ES levan at 200 pg/ml.
LPS at 1 mg/ml. TNF-a concentrations are as indicated in the figure. Ctrl (control). All levan;
purified ES levan. Media control, dead cell control, apoptosis control, levan and all TNF-«
treatments were performed independently in duplicate; others in singlicate. FSC-A, forward
scatter area. FSC-W, forward scatter width.SSC-A, side scatter area. PI, propidium iodide.
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Appendix 47.Impact of TNF-@ on Caco-2 monolayer permeability from experiment described in
Figure 66.

Data show FITC dextran concentrations in the basolateral compartment after application of
Img/ml FITC-dextran on the apical side. Concentrations of TNF-a are as indicated. ‘A’
represents treatment of the apical compartment only. ‘A+B’ represents simultaneous treatment
on both apical and basolateral sides. (a) and (b) are 4 and 24 hr measurements of FITC-dextran,
respectively. Horizontal bars indicate mean values. Error bars, + SD. N.s. with straight line, not
statistically significant across treatments. A p value of 0.05 was considered statistically
significant. Experiments were performed in triplicate. TNF, tumour necrosis factor-a.
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Appendix 48. Impact of purified ES levan on Caco-2 monolayer permeability following TNF-a-
challenge from experiment described in Figure 67 and Figure 68.

Data show FITC dextran concentrations in the basolateral compartment after application of 1
mg/ml FITC-dextran on the apical side. (a) and (c) are simultaneous treatments; (b) and (d) are
pre-treated with levan or media for 24 hr prior to stimulation with TNF-a or media control.
Concentrations of purified enzymatically synthesised (ES) levan were 200 ug/ml for
simultaneous treatment, 190ug/ml of 24 hr pre-treatment with levan. TNF-a are concentrations
are as indicated. All treatments were applied both on apical and basolateral compartments. (a)
and (b) are 4 hr; and (c) and (d) are 24 basolateral collection. N = 4 for experiment. Horizontal
bars indicate mean values. Error bars, + SD. b, p value < 0.05 statistical significant was evident
but values were lower that cells alone. N.s. with straight line, not statistically significant across
treatments. A p value of 0.05 was considered statistically significant.
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