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Agrip
Eiginleikar kitins gera pad ad ahugaverdum valkosti pegar kemur ad notkun i heilbrigdisverkfraedi og
lifteekni almennt. Vegna takmarkads vatnsleysanleika kitins hafa afasetileradar afleidur pess, kitésan
og kitosan fasykrur (ChOS), frekar verid notadar. Lifvirkni slikra sameinda er oft 6ljés. Breyting a kitini
yfir i kitbsan og ChOS med ymsum afasetileringar adferdum mynda fjollidur eda falidur sem eru
misstoérar og hafa mismunandi afasetileringarstig. Lifvirkni-rannséknir & kitésani og ChOS standa pvi
oft frammi fyrir pvi vandamali ad illa skilgreind efni er notud sem veldur pvi ad erfidara er ad finna ut

sameindalega ferla sem liggja ad baki lystrar lifvirkni.

I pessu verkefni voru notadar fimm vel skilgreindar afleidur af kitini (ChOS lactate, kitosan <30 pm,
kitosan, ChOS og kitin sexlidur) til ad rannsaka m.a. hlutverk afasetileringar og steerdar
kitinafleidanna & vidbragd storatsfrumna, frumna oOsérhaefda Onesemiskerfisins. Svdrun storatfrumna
eftir drvun med kitin afleidum var metin Gt fra breytingum i seytingu a virka kitinasans chitotriosidase
(Chitl) og kitinasa-lika préteinsins YKL-40, asamt bdlgusvérun og eitrunarahrifum i tveimur

stératfrumu likbnum; THP-1 stératsfrumulinunni og einkjérnungaafleiddum stératsfrumum (MDMs).

100 pg/mL af kitésani, kitdsani <30 um og ChOS lactate leekkudu marktaekt seytingu & YKL-40 hja
MDMs, en haféi engin ahrif a seytingu Chitl. THP-1 frumur seyttu adeins laegra magni af YKL-40
pegar paer voru medhdndladar med ChOS lactate. ChOS lactate dré ar YKL-40 seytingu vid laegri
styrkleika en allar hinar kitésan afleidurnar sem bendla ma vid eitrunarahrif efnisins sem sast i
styrkleikum nidur i 20 pg/mL. Leekkunin & YKL-40 seytingu hélst i hendur vid aukna IL-1B seytingu
(inflammasom virkjun), sem er had upptdku & ChOS lactate sameindunum og virkjun caspase-1. Engin
hinna kitin afleidanna haféi eitrunarahrif, hins vegar virkjudu baedi kitésan og kitésan <30 um lika
inflammasdémio, en hofou veegari &hrif en ChOS latate. ChOS og kitin sexlidurnar héféu engin ahrif a

pa peetti sem skodadir voru i pessari rannsokn.

Breytileikinn i lifvirkni kitdsan afleidanna mé rekja til mismunandi efnasamsetningu peirra, p.e. stig
afasetileringar, staerd og lengd fjolsykrukedju. ChOS lactate er almennt minna en kitésan efnin og
afasetileradra. ChOS er aftur & méti minnsta afleidan sem notud var i rannsékninni, en par sem pad er

minna afacetylerad er pad likara kitini sem geeti Gtskyrt hve évirkt pad er.






Abstract

Chitin is considerably attractive for the use in clinical and biomedical research based on its properties.
However, due to chitin’s insolubility in aqueous solutions, the deacetylated derivatives, chitosan and
chitosan oligosaccharide (ChOS) have been attracting more interest in the biomedical setting. The
bioactivity of these derivatives is often unclear. Conversion of chitin to chitosan and ChOS by various
deacetylation techniques, gives a heterogeneous product of variable acetylation and size. The usage
of poorly defined chitosan and ChOS is a recurrent problem in bioactivity studies, which makes it
difficult to find the molecular mechanism behind the described bioactivity.

This study uses five relatively well defined chitin derivatives (ChOS lactate, chitosan <30 pm,
chitosan, ChOS and chitin hexamer) to examine the role of deacetylation and size of chitin derivatives
on the responses of macrophages, cells of the innate immune system. Macrophage responses were
evaluated by examining changes in secretion of the active chitinase chitotriosidase (Chitl) and the
chitinase-like protein YKL-40, as well as pro-inflammatory cytokines and cytotoxicity following chitin
derivative stimulation in two macrophage cell culture models; THP-1 macrophages and monocyte-
derived macrophages (MDMs).

100 pg/mL chitosan, chitosan <30 um or ChOS lactate significantly decreased YKL-40 secretion in
MDMs while having no effect on Chitl secretion. THP-1 only decreased YKL-40 secretion in response
to ChOS lactate. ChOS lactate displayed an inhibitory effect on YKL-40 secretion at lower
concentrations than any of the other chitosan derivatives, which was attributed to the cytotoxic effect
of the material that could be observed at concentrations as low as 20 pg/ml. The downregulation of
YKL-40 secretion via ChOS lactate may be linked to the increased IL-13 secretion (inflammasome
activation) via caspase-1 after successful phagocytosis of the ChOS lactate particles. None of the
other chitin derivatives displayed any cytotoxicity, however, both chitosan and chitosan <30 um did
cause inflammasome activation, comparable though much milder than was seen in the presence of
ChOS lactate.

The differences in bioactivity of the chitosan derivatives can most likely be attributed to the
chemical differences of the materials, i.e., deacetylation degree, molecular weight, and polysaccharide
chain length. Generally, the ChOS lactate used in this study was smaller than the chitosan
preparations and more deacetylated; whereas ChOS was the smallest of the derivatives tested, but

had a higher degree of acetylation that most likely explains its inertia.
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1 Introduction

Regenerative medicine and tissue engineering aim at restoring normal function of diseased or injured
tissue. This is accomplished by replacing nonfunctional tissue and/or to stimulate the body’s own
repair mechanisms. Regenerative medicine faces a problem when introducing foreign material into the
body; it can be sensed as a dangerous entity and attacked by the body’s defenses. Therefore,

developing safe, biocompatible and even biodegradable materials is important.

Chitin and its derivatives have been extensively studied as potential candidates for such materials
in regenerative medicine, due to their many favorable characteristics, such as biodegradability, bio-
absorbability and their positive charge (1, 2). However, chitin derivatives have been reported to have
immunomodulary effects, which could be beneficial or harmful (3). The nature of these
immunomodulary effects is often unclear, and it was the goal of this study to examine the role of size

and acetylation on the immunomodulary effect of chitin derivatives.

1.1 Chitin

Chitin, the second most abundant polysaccharide in nature after cellulose, is a polymer of 3-(1—4)-N-
acetyl-D-glucosamine (GIcNAc) (4). During synthesis, chitin polymers anneal to one another in order
to form fibers of high tensile strength (5). The chitin fibers are then cross-linked with proteins resulting
in the exoskeleton of various invertebrates, e.g., shrimps and beetles (6), or interact with glycans to
form the meshwork reinforcing the cell wall of fungi (7). High-molecular weight chitin has long been
considered an attractive option for various clinical and biomedical applications due to it being nontoxic,
non-allergenic, biocompatible, biodegradable, and bioabsorbable (8). However, chitin is insoluble in
aqueous solutions due to intermolecular hydrogen bonds but can be dissolved in extremely alkaline
conditions and low temperatures (4, 9). This makes the polymer, despite its interesting properties, an

impractical candidate for biomedical application.

1.1.1 Chitosan and ChOS

Many applications require chitin derivatives with increased solubility. The removal of 50% or more of
the acetyl groups in the chitin polymer renders the resulting material (chitosan) soluble in dilute acidic

solutions (10) (Figure 1).

The chemical composition of chitosan is inherently more complex than chitin. Chitosan can be
defined by the length of the polymer and the degree of acetylation, which strongly affect the biological
and chemical properties of the polymer. By deacetylating chitin, positively charged amine groups are
revealed making chitosan positively charged. The charged amine groups are able to form stable
complexes with anions by electrostatic interactions in acidic conditions and interact with metal ions in
neutral to alkaline conditions (11). Depending on the application, chitosan can be shaped into different

forms, such as fibers, hydrogels, beads, sponges, membranes and nanoparticles. Chemically modified
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chitosan in various formulations show great potential as drug carriers, bandages and transfection
agents (2).

Chitin and chitosan can be further degraded into smaller polymers by hydrolysis or enzymatic
reactions; the resulting polymers are called chitin oligosaccharides or chitosan oligosaccharides
(ChOS) (10). ChOS are smaller and more soluble than chitosan and have other biological properties,

such as anti-tumor activity (12, 13).

H NH
0o

Chitin Chitosan

Figure 1. Chemical structure of chitin and chitosan.
Chitosan is obtained by deacetylating chitin; red box: side group that is modified. Figure
obtained from Stamford et al. (14).

1.1.2 Biological activity of chitosan and ChOS

Both chitosan and ChOS have been shown to have biological activity (2, 10). At least part of the
bioactivity of chitosan and its derivatives stems from the physico-chemical properties of the polymer,
especially the positive charge. This is probably true in the case of the supposed cholesterol lowering
ability of chitosan where the highly cationic polymer interacts with anionic bile and fatty acids and
hinders emulsification of lipids (15). This also applies to the reported anti-bacterial activity of chitosan.
Positively charged amino groups of chitosan interact with negatively charged components of the
microbial cell wall and alter its properties and hence this could prevent normal nutrient absorption or

cause cellular leakage (16).

ChOS have been described to have either inflammatory (17) or anti-inflammatory activities (18).
The differences in the biological activity most likely results from the stark variation in structural and
chemical properties, i.e., degree of deacetylation, degree of polymerization, molecular weight,
contamination, and salt form. Several studies show that polymer size and acetylation percentage are
the key factors that influence its bioactivity (19). Generally, ChOS with a higher degree of
polymerization (DP 5-7) are more active than polysaccharides with a DP of 1-4 (20). Furthermore, the
biological properties are not only dependent on the chemical and structural properties of the polymer,

but are also strongly affected by the cell models used and the disease phenotype studied.

1.1.2.1 Chitin and chitin hexamer

Interpreting studies on chitin bioactivity can be difficult, due to contradictory results utilizing seemingly

similar polymers. Shibata et al. (21, 22) showed that intravenous administration of 1-10 pum chitin

20



particles in mice induced alveolar macrophage production of TNF-a, IL-12 and IL-18 and NK cell
production of IFN-y, a pathway that is mediated by phagocytosis of chitin via mannose receptor. The
same group also showed that oral administration of chitin downregulated Th2 immunity in allergic mice
(23). Chitin particles <20 um elicited the same pro-inflammatory, anti-allergic effect when administered

intranasal to allergy challenged mice (24).

In contrast, Reese et al. (25) showed that intranasal administration of chitin particles (of
undetermined size) activated macrophages and increased tissue infiltration of IL-4 expressing immune
cells connected to allergy and responses to helminth infections, such as eosinophils and basophils.
This effect was not seen in mice overexpressing acidic mammalian chitinase (AMCase), an active

chitinase, or in mice that received AMCase treated chitin particles (25).

Insight into the biological effect of chitin was obtained by Da Silva et al. (26) who found that large
chitin fractions (>70 um) and very small fractions (<2 um) were inert, while intermediate sized chitin
(40-70 pm) and small chitin (<40 um, usually 2-10 um) stimulated TNF-a secretion of bronchoalveolar
and peritoneal macrophages. Small chitin also stimulated IL-10 secretion, an effect that was not seen
in intermediate sized chitin. The authors concluded that chitin contains size-dependent pathogen-
associated molecular pattern (PAMP) that stimulate TLR2, dectin-1 and the mannose receptor that
differentially activate NF-kB and Syk (26). The same group also showed that intermediate sized chitin
is a potent multifaceted adjuvant that induces adaptive Th2, Thl and Th17 responses (27).

Hence, specifying the size of the chitin polymers that are used is important for correct interpretation
of results in chitin research. Chitin hexamers are one example of commercially available chitin
derivatives and have been shown to increase the expression of osteogenic differentiation markers and
the pro-inflammatory cytokines IL-6 and IL-8 in short term expansion of bone-marrow derived, human
mesenchymal stem cells (28). Chitin hexamer application on murine macrophages and human
monocytes on the other hand has been reported to increase markers connected to alternative
activation and downregulate LPS-induced inflammation (29). These seemingly contradictory results

show the differences in responses in different experimental models or approaches.

1.1.2.2 Chitosan

Chitosan has been shown to have immunomodulating effect, such as boosting nitric oxide (NO)
production in IFN-y stimulated macrophages and activating the complement system, which leads to
increased infiltration of polymorphonuclear cells (30, 31). Chitosan and not chitin has been shown to
have a direct effect on cellular activity by activating the inflammasome via phagocytosis-dependent
pathway (32). These data show that chitosan could serve as an adjuvant and boost immunological
responses. Liu et al. (33) showed that chitosan microparticles enhanced antigen specific IgG titers,
cytokine secretion and complement activation in mice. The immunomodulatory effect of chitosan is
further supported by increased survival and immune responses of the fish Epinephelus bruneus (Kelp
Grouper) against the protozoan parasite Philasterides dicentrarchi, when on chitosan supplemented
diet (34).

Chitosan has been used in wound bandages, with good results, because of its hemostatic effect,

inhibition of excessive scar formation and accelerated healing (2, 35). Chitosan has also shown
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promise in stimulating healthy regeneration of cartilage by modulating the healing process; inhibiting
fibrocartilage scar formation, increasing bone remodeling and modulating angiogenesis (36, 37).
Taken together chitosan shows great promise in regenerative medicine.

1.1.2.3 Chitooligosaccharides (ChOS)
ChOS have been reported to have a wide range of biological activities, some only reported once. Lack
of proper characterization of ChOS used in biological research has often made comparison of studies
using ChOS difficult. One of the biological effect of ChOS that has received much attention is the anti-
tumor activity, which was first described in the 1970°s (38). Several mechanisms for the anti-tumor
activity have been proposed. ChOS is thought to mediate anti-tumor effect by inducing apoptosis via
upregulation of the pro-apoptotic protein Bax and subsequent release of cytochrome c (39). The
hypothesis that the anti-tumor effect of ChOS could be by inhibiting angiogenesis has also received
some attention (12, 40). Xiong et al. (12) showed that fully deacetylated hexamers inhibited
angiogenesis via a pathway that resulted in downregulation of vascular endothelial growth factor
(VEGF) and upregulation of tissue inhibitor of metalloproteinases (TIMP)-1. Fully acetylated ChOS
(DP 2-7) have also been shown to have pro-apoptotic anti-angiogenesis effect (13). ChOS has been
shown to enhance natural killer activity in intestinal intraepithelial lymphocytes; ChOS could, therefore,

inhibit tumors indirectly by activating innate immune responses (41).

ChOS of variable acetylation have been shown to function as inhibitors to family 18 chitinases (42),
making ChOS an attractive therapeutic option in diseases such as asthma, where chitinases are over-
expressed (10). ChOS have also been suggested as a control strategy in malaria, where chitinases
play an essential role in the life cycle of the parasite (10). Other possible uses of ChOS include anti-

fungal usage (10), as vectors in gene delivery and as drug delivery agents (2).

In this study ChOS (also known as Therapeutic ChOS, TChOS™) and ChOS lactate. TChOS has
been shown to stimulate chondrocyte growth in vitro, an affect that is abolished by adding chitin trimer
to the culture (43). In contrast, it did not improve osteogenic differentiation or calcium deposition
during osteogenic differentiation of mesenchymal stem cells (44). Little is known about ChOS lactate,
and its immunomodulating effect has not been studied. It has been shown to have a protective role in
human gingival fibroblasts against double strand breaks induced by methacrylates used in dentistry

(45). It has also been shown to have low anti-fungal effect (46).

1.2 Chitinases and chitinase-like proteins

Chitin synthesizing organisms produce enzymes that bind to and digest chitin, which ensures proper
turnover of chitin in processes such as molting in insects. These enzymes, called chitinases, prevent
the buildup of chitin in the ecosystem (47). Chitinases are evolutionary conserved and have only
recently been detected in organisms which do not synthesize chitin, such as mammals (48). On the
basis of sequence homology chitinases can be categorized into two families, glycosyl hydrolase
families 18 and 19 (49). Mammalian chitinases belong to the glycosyl hydrolase family 18 and so far

two enzymatically active chitinases able to hydrolyze natural chitin have been discovered:
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chitotriosidase (Chitl) and AMCase. In addition to true chitinases mammals express enzymatically
inactive chitinases, termed chitinase-like proteins (CLP), such as YKL-40 (also known as chitinase 3-
like 1 and HcGP-39), YKL39 (Chi3L2), Ym1 (Chi3L3), Ym2 (Chi3L4), stabilin-1-interacting chitinase-

like protein and oviductin (50).

1.2.1 Chitotriosidase

Chitin has been identified as a structural component of various pathogens, including fungi, which
would attribute human chitinases a fungistatic activity that is comparable to plant chitinases (51).
Supporting this notion, a 24 base pair duplication in the Chitl gene, which results in a Chitl deficiency
that has varying frequencies (0-9%) in different populations, has been suggested to render the host
more susceptible to infections by chitin containing parasites (52, 53). The exact biological role of Chitl
in humans remains elusive but the fact that it is produced and secreted by neutrophils and
macrophages (54) suggests a role in the innate immune system. The upregulation of Chitl in several
pathological disease involving activated macrophages, e.g., Gaucher’s disease, Niemann-Pick
disease, sarcoidosis, multiple sclerosis and atherosclerosis, highlight the importance of this enzyme in
inflammatory process (55-59). Chitl has even been indicated in the pathology of cerebrovascular

dementias, in which the inflammatory processes is activated (60).

Therefore, overproduction of Chitl might exert deleterious effects, e.g. by altering the normal
inflammatory process. This concept is supported by a study where human longevity and several
phenotypes of healthy aging was seen in heterozygous carriers of the genetic variations in the Chitl

gene, namely the 24 base pair duplication that results in Chitl deficiency (61).

1.2.2 YKL-40

YKL-40, originally named after its three NH,-terminal amino acids tyrosine (Y), lysine (K), leucine (L)
and its molecular weight of 40 kDa, is the most studied CLP in humans. YKL-40 lack of chitinolytic
activity is attributed to the substitution of an essential glutamic acid residue by leucine in the active
site. However, despite the lack of enzymatic ability, YKL-40 is still able to bind chitin and chitin-derived

oligosaccharides with high affinity (62, 63).

The exact biological role of YKL-40 has remained elusive, but recent years have uncovered new
insights into its nature. Similar to Chitl, it is secreted by macrophages and is considered a marker for
fully differentiated macrophages (64). Interestingly, Chitl and YKL-40, despite belonging to the same
family and the genes being located next to one another in the same orientation are not regulated in the
same manner, and YKL-40 is thought to play a more significant role during initial innate immune
response (64). YKL-40 transcription has been studied in monocyte to macrophage differentiation
processes and binding sites for several known transcription factors were identified in the promoter
region. Especially, the transcription factor Sp1 was found to have a predominating role in controlling
YKL-40 promoter activity (65). YKL-40 expression can be regulated by various cytokines and
hormones, including IL-6, IL-13, IFN-y, vasopressin and parathyroid hormone-related protein (66). IL-

1B and TNF-a were also shown to stimulate YKL-40 expression in articulate chondrocytes (67).
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YKL-40 is secreted by a number of cells apart from macrophages, including neutrophils (68),
chondrocytes (69, 70), fibroblast-like synovial cells (70), giant cells, vascular smooth muscle cells (71),
endothelial cells (72),astrocytes (73) and malignant cells from a variety of carcinomas (74-77). The
increase of YKL-40 secretion in pathological conditions that involve acute or chronic inflammation
indicates a role for the protein in remodeling of the extracellular matrix (ECM), fibrosis and the
reduction of the negative effects of pro-inflammatory cytokines. This increase in YKL-40 secretion is
met by an equivalent increase in its serum concentrations, sparking the intense interest of the use of
YKL-40 as a biomarker in various inflammatory and degenerative diseases (66). Diseases under
investigation for the application of YKL-40 as distinctive biomarker include rheumatoid arthritis,
osteoarthritis (69), asthma (78), liver fibrosis (79), inflammatory bowel disease (80) and several
cancers (74-77). High YKL-40 serum concentrations in these patients have been linked to shorter life

expectancy, disease severity, and poorer prognosis.

The biological pathways conveying the activation of YKL-40 and the induction of conformational
changes upon ligand binding are under investigation. Crystallographic analyses indicate that some of
YKL-40’s activity may be conveyed via heparin binding, comparable to the interaction of the ECM
protein vitronectin and the angiogenic factors basic fibroblast growth factor (bFGF) and VEGF (81,
82).

In addition, YKL-40 has been shown to promote angiogenesis by inducing the downstream
effectors focal adhesion kinase (FAK) and mitogen-activated protein kinase (MAP) ERK1/2 signaling
cascades. The above mentioned signaling cascades have been associated with the mediation of cell
adhesion, spreading, survival, and migration in vascular endothelial cells, again through heparin
binding capabilities (82). On a different note, Recklies et al. (83) showed that YKL-40 stimulates
proliferation in fibroblasts, similar to the growth factor IGF-1, via MAP kinase and PI-3K signaling
cascades leading to the phosphorylation of ERK1/2 and AKT, respectively. Interestingly the activation
of AKT, and not ERK, has been shown to be dependent on the chitin-binding motif of YKL-40 (84).
The modulation of fibroblast growth is represented in the severity of diseases that result from the
excess production of connective tissue, further related to increased serum concentrations of YKL-40
(79, 85).

Other biological effects of YKL-40 include recruitment of macrophages (75) and control of
inflammatory responses in bacterial infections (86). It has been shown that YKL-40 knockout mice
have substantially lower survival rates compared with wild-type mice following Streptococcus
pneumoniae infection. YKL-40 augments macrophage S pneumoniae killing by inhibiting caspase-1
dependent macrophage pyroptosis and augments host tolerance by controlling inflammasome
activation, ATP accumulation, expression of ATP receptor P2X7R, and the production thymic stromal
lymphopoietin and cytokines associated with Thl, Th2 and Thl7 cells (86). Taken together, YKL-40
appears to have multiple functions connected to stress responses, injury, infections and innate

immune reactions.
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1.3 Immune system

The mammalian immune system is very efficient at dealing with foreign entities or endogenous danger
signals. It is comprised of two systems that interact to deal with threats, the innate and adaptive
immune system. The innate immune system is the body’s first line of defense against pathogens. It is
comprised of macrophages that reside in tissues, where they clear apoptotic cells and general cellular
debris, the results of tissue turnover or remodeling, until they come in contact with pathogens that
result in their activation. Activated innate immune cells eliminate pathogens through unspecific
methods that do not change throughout the individual’s lifetime and help the maturation of an adaptive
immune response. The adaptive immune system, which is comprised of lymphocytes, on the other
hand eliminates pathogens through antigen-specific methods but it takes several days for the
response to develop in contrast to the immediate innate response. Once an adaptive response has
formed, subsequent exposures of that particular pathogen result in a more robust and swift response,

because of immunological memory (87).

1.4 Macrophages

Macrophages are derived from monocytes and play an important role in the innate immune system by
participating directly in the immune response and controlling the course of inflammatory reactions (88,
89). Monocytes originate in the bone marrow, from a common myeloid progenitor, and are released
into the peripheral blood where they circulate throughout the body (90). Monocytes are thought to
migrate into tissues in the steady state to replenish the tissue macrophage populations (90, 91).
Infection or other danger signs in tissue increases recruitment of monocytes by inducing the
expression of adhesion molecules on vascular endothelial cells which 'hook' the monocytes and help
them migrate through the endothelium and enter into the tissue (92). Once they start to migrate they
also start to differentiate into macrophages, assisted by macrophage colony stimulating factor (M-

CSF), but are still inactive until a chain of events results in their activation (90).

Inactive macrophages are very efficient phagocytic cells that clear cellular debris, apoptotic cells
and short-lived erythrocytes, which contain hemoglobin that can subsequently be recycled.
Phagocytosis of cellular debris and apoptotic cells does not lead to the activation of the macrophages.
In contrast, phagocytosis of necrotic cellular debris, which contains many endogenous danger signals,

results in activation, making macrophages one of the primary danger sensors of the host (91).

There are several ways for macrophages to be activated and different stimuli result in differently
activated cells. Activated macrophages can roughly be classified into three groups: classically
activated (type-1), alternative activated (type-2) and regulatory macrophages. Classical activation
results in macrophages with high microbicidal activities that secrete reactive oxygen species and pro-
inflammatory cytokines to aid in the clearance of invading pathogens and stimulate the acquired
immune response. Alternative activated macrophages, on the other hand, are connected with tissue
repair and regulatory macrophages with resolution of inflammation (91). Insufficient activation or errors

in activation can impair the body's defenses against infection, excessive activation or impaired
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resolution of inflammation can also be harmful and cause chronic inflammation or tissue fibrosis (93).
It is, therefore, of great importance to understand what activates macrophages, thus yielding methods

to influence their activation state, for instance in chronic inflammatory diseases or difficult infections.
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Figure 2: Activation of macrophages.
Macrophage activation pathways: classical activation, wound healing/alternative activation
and regulatory activation. Figure obtained from Mosser et al. (91).

Activated macrophages express specific proteins that are connected to the new roles the
macrophage have after activation. These proteins can be used to identify the activation state of the
macrophage (94). Cytokine secretion profile can be used to determine the activation state of the cells.
The cytokines are generally categorized as pro-inflammatory or anti-inflammatory, even though many
can take part in both. Pro-inflammatory cytokines like TNF-a, IL-1 and IL-12 are usually connected to
classically activated cells (95) while anti-inflammatory cytokines like IL-10 are connected with
regulatory cells (91).

The proteins Chitl and YKL-40, discussed in sections 1.2.1 and 1.2.2, are secreted by fully
differentiated macrophages in vitro (64, 96) and were recently described to be upregulated in
classically activated macrophages and downregulated in alternative activated macrophages (73, 97),
suggesting a role for them in activated macrophages. In vivo macrophages, on the other hand, seem

to have a stricter regulation of Chitl and YKL-40 as only a small subset of macrophages in
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atherosclerotic lesions express Chitl and YKL-40 (59), and in neuroinflammatory conditions

astrocytes and not macrophages express abundant YKL-40 (73).

1.4.1 THP-1 cells

Studies of human monocytes and/or macrophages are often restricted due to limited accessibility of
primary human monocytes. Donor variation can also affect experiments when using primary cells. Cell
lines, on the other hand, are more stable, easier to culture and not restricted by donor variation. The
monocytic leukemia cell line, THP-1, is a monocyte-like cell line, originally isolated by Tsuchiya et al. in
1980 from a boy suffering from acute monocytic leukemia (98). It is widely used as a model for human
monocyte and macrophage functions, due to its close resemblance to primary monocytes. THP-1 cells
can be differentiated into macrophages with phorbol-12-myristate-13-acetate (PMA), which induces
changes which are hallmarks of macrophages, for example: cell adhesion, spreading and enhanced
phagocytic ability (99). Caution needs to be taken when deciding on PMA concentration for
differentiation, as too high concentration (such as 100 ng/mL) results in transcription of pro-
inflammatory genes, such as IL-18, IL-1B and TNF-a, that could mask responses of a weak stimuli
(100). It is also of importance to keep in mind that the differentiation pathway of PMA-THP-1 cells vs.
primary human monocyte-derived macrophages diverges to a certain degree, e.g. IL-1 transcription
is downregulated in monocyte to macrophage differentiation but upregulated in PMA-THP-1
differentiation (101). Extrapolation of results needs to be carefully considered due to the use of a cell

line instead of primary cells.

1.4.2 The inflammasome

Cells of the innate immune system make up the first line of defense against pathogens, they express
pattern recognition receptors (PRR) that recognize and bind distinct conserved PAMPs which are
predominantly found in microbes. The outcome of PRR stimulation depends on the responding cell
type and the pathogen involved. One set of intracellular PRRs make up a family called the NOD-like
receptors (NLR). They sense host derived danger signals (damage-associated molecular patterns,
DAMPs) that are released when tissue homeostasis is disturbed by microbial or non-microbial insults,
in addition to pathogen motifs. Phylogenetic analysis revealed 3 distinct subfamilies within the NLR;
NODs, NLRC4 and NLRPs, which is supported by similarities in structure (102).

Certain members of the NLR family form cytosolic protein complexes, known as inflammasomes,
upon stimulation. Inflammasomes control maturation and secretion of inflammatory cytokines, such as
IL-1B and IL-18, by serving as caspase-1 activation platform. The most studied inflammasome is the
NLR pyrin domain-containing 3 (NLRP3, also known as NALP3) inflammasome (Figure 3). It consists
of 3 domains; C-terminal leucine-rich repeats (LRR), central nucleotide binding and oligomerization
domain (NACHT) and N-terminal pyrine domain (PYD) (102). Under normal conditions the NLRP3
remains inactive due to internal interaction between the LRR- and NACHT domains (103). The precise
mechanism by which the auto-inhibition is relieved is not known (104). It is possible that some of the
activators interact directly with NLRP3 and relieve the suppression, but the structural variety of NLRP3

activators makes it unlikely that this is true for all activators. NLRP3 can be activated by various
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signals associated with pathogens (whole pathogens, PAMPs and bacterial toxins), but also signals
for cellular danger or stress (K+ efflux, elevated extracellular ATP, glucose or monosodium urate
crystals) and environmental irritants (silica, asbestos and UVB irradiation) (105). Three nonexclusive
models of NLRP3 activation have been proposed, reviewed in (105). The channel model proposes
that the activators induce pore formation in the cell membrane that lead to K+ efflux, which is a
requirement for inflammasome activation. Another model, the lysosome rupture model, proposes
lysosome rupture following phagocytosis of large particles the cell is unable to process normally. The
lysosomal protein cathepsin B, which is normally contained in the lysosome, is released into the
cytoplasm and triggers inflammasome activation directly or indirectly through an uncharacterized
pathway (106). The last model, the ROS (reactive oxygen species) model, proposes that NLRP3 does
not distinguish between different activators, instead it is activated by ROS generated in proximity to

the inflammasome, serving as a general sensor of cellular stress (105).
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Figure 3: NLRP3 inflammasome assembly.
Various insults trigger the assembly of the inflammasome. Autorepression of NLRP3 is
removed leading to self oligomerization and subsegent oligomerization of the PYD domain to
PYD containing CARD. CARD recruits pro-caspase 1 which is cleaved into active caspase 1.
Figure adapted from Lamkanfi (107).

Removal of auto-repression between the LRR and NACHT domains, by any of the pathways
discussed above, activates the NLRP3. The unbound NACHT domains are now free to interact with
other NLRP3 NACHT domains, creating high molecular weight complexes. These complexes are then
able to recruit PYD- and CARD-containing ASC (apoptosis-associated speck-like protein containing a
CARD) via interaction between the PYD domains. The CARD domains in turn recruit pro-caspase 1,
which results in cleavage of the pro-caspase 1 into the active form (Figure 3). Activated caspase 1 is
then able to process cytoplasmic targets, such as IL-1p and IL-18 or under certain situations causes

the cell to go through pyroptosis, a pro-inflammatory type of cell death (102, 104).
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Inflammasome activation is an important innate immune response. Its secretion products, IL-18
and IL-18, are potent signaling molecules that help eliminating pathogens by stimulating fever,
attracting leukocytes to the site of infection and promoting adaptive immune responses. Excessive
activation can lead to pyroptosis, which is also an important innate response to eliminate intracellular
pathogens (108). This potent innate pathway is manipulated in vaccination, by using adjuvants such
as alum that activate the inflammasome and therefore increase the immunological response towards
the inactive pathogen in the vaccine. Biomaterials that affect the inflammasome are therefore of great

interest as a possible therapeutic options where immunomodulation is needed.
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2 Aims

Chitin and its derivatives have been shown to have immunomodulatory effect. Different chitin
derivatives do not necessarily have the same biological effect. Degree of acetylation and size seem to
play a large role in terms of biological effect. Chitosan and not chitin has for example been shown to

activate the inflammasome (32).

YKL-40 and Chitl are an inactive and an active chitinase, respectively. These proteins, in addition
to bind to (YKL-40 and Chitl) and degrade chitin (Chitl), have a role in innate immunity, as they are
secreted by macrophages. They have both been found to be highly upregulated in conditions that

involve activated and even uncontrolled innate immune responses.

The aim of this project was to examine whether chitin derivatives have an effect on the secretion of
Chitl and YKL-40 by macrophages. Chitin derivatives could induce, as has been suggested for Chitl,
or even inhibit YKL-40 and Chitl secretion. Changes in YKL-40 secretion were of special interest as
chitosan has been shown to activate the inflammasome and YKL-40 has been shown to be an

important inhibitor of the inflammasome.

2.1 Specific aims

1. Evaluate changes in secretion of YKL-40 and Chitl in macrophages after chitin
derivative stimulation

2. Evaluate the pro-inflammatory effect by measuring TNF-a and IL-1 in macrophages
after chitin derivative stimulation
Evaluate cytotoxicity of each chitin derivative on macrophages
Compare results from two different human cell models; THP-1 macrophages and

monocyte-derived macrophages
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3 Materials and methods
3.1 Chitin derivatives

3.1.1 ChOS

Chitosan oligosaccharide (ChOS) production has been described previously (44). Briefly, ChOS was
derived from shrimp shell and produced by the Icelandic company Genis. ChOS is 60% deacetylated
and 78.5% of the material has a DP between 6-12. Before use, ChOS was endotoxin cleaned with

Detoxi-Gel Endotoxin Removing Gel (Thermo). It was stored in aliquots at -20°C.

3.1.2 ChOS lactate

Chitosan oligosaccharide lactate salt (Sigma-Aldrich) was dissolved in PBS, vortexed and sterile
filtered (0.45 um). It has been characterized as a 90% deacetylated ChOS with 75% of the material
having a DP between 3-5 (109), with average molecular weight of M, 5,000 (Sigma-Aldrich). It was
stored at 4°C.

3.1.3 Chitosan
Chitosan (Sigma) was dissolved in 30 mL 1 M NaOH solution and kept at 90°C for 1 hour to remove
possible endotoxins (32). Solution was centrifuged, washed once in ddH20 and five times in sterile

endotoxin free PBS (Gibco). The material is reported to be >75% deacetylated by the manufacturer.

“Small” chitosan (<30 um) was made from the original chitosan solution by sonicating the solution

at full power for 15 minutes in Bioruptor sonicator, after which it was filtered with a 30 um filter.

3.1.4 Chitin hexamer
Chitin hexamer (Chitohexaose, IsoSep AB) has the molecular formula of CsgHgg NgOs; (DP of 6),
molecular weight of MW 1237.1 g/mol and a purity of 95% (determined by HPLC), as reported by

manufacturer. It was endotoxin cleaned with Detoxi-Gel Endotoxin Removing Gel (Thermo).

3.2 Cell culture

3.2.1 THP-1cells

The human acute monocytic leukemia cell line (THP-1) (American type culture collection, ATCC) was
grown in RPMI 1640 medium (Gibco, Invitrogen) supplemented with 100 Units/mL Penicillin and 100
ug/mL Streptomycin (Gibco) and 10% fetal bovine serum (FBS, Gibco) and kept at 37°C in 95%
humidified 5% CO, atmosphere. Cells were split every 3-4 days to maintain a cell density between
2:10° and 1-10° cells/mL. Cells were routinely counted using the automated cell counter Countess
(Invitrogen) by mixing 8 pL of cells with 8 pL of 0.4% trypan blue (Invitrogen) and loading 10 pL of the
trypan blue stained cells into a Countess counting chamber slide (Invitrogen). Then, cells were spun
down at 1200 rpm for 10 minutes, the old medium removed and cells resuspended with fresh medium

at a concentration of 2-10° - 2.5-10° cells/mL.
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One passage before cells were used in experiments, they were split into medium containing 2%
FBS. During the experiments, the cells were seeded at a density of 5:10° cells/mL into medium
containing 2% FBS and 50 ng/mL of PMA (Calbiochem) (day 0). Two days later (day 2), cells were
washed gently with phosphate buffered saline (PBS) and re-incubated in PMA free medium. THP-1
macrophages have been shown to be most similar to primary monocyte-derived macrophages when
given a few days to rest after PMA stimulation (110). They were, therefore, rested for two days (day 4).
On day 4 the cells were stimulated with the test substances (chitin derivatives (see 3.1),
lipopolysaccharide (LPS) (Sigma, from E. coli 055:B5), cytochalasin D (see 3.2.3), IL-6 (Peprotec),
TNF-a and IFN-y (R&D Systems)) in medium supplemented with 2% FBS and either 24 hours later
(day 5), cell culture medium supernatants were collected for western blot (see 3.5) and ELISA (see
3.6) analysis and stored in aliquots at -20°C, or the cells were incubated for 1-4 hours and then lysed

with RIPA lysing buffer (see 3.4) for intracellular western blot analysis.

These experiments were performed on cells that had not reached passage 30, usually around
passage 20, where one passage is defined as sub-culturing of the cells for 3-4 days.

3.2.2 Monocyte-derived macrophages (MDMs)

Primary human monocytes were isolated from buffy coat blood (plasma free blood) of healthy human
volunteers, which was obtained from the Blood Bank, Landspitali — The National University Hospital of
Iceland (day 0). Monocyte isolation was initiated by isolating mononuclear cells with density gradient
centrifugation using FicoII—PaqueT'VI (Sigma). Briefly, 10 mL buffy coat blood and 30 mL PBS (Gibco)
were mixed in a 50 mL test tube. Then, 10 mL of Ficoll-Paque was slowly injected to the bottom of the
tube with a syringe. After 15 min centrifugation at 800 g, the mononuclear cell layer was collected
(Figure 4), diluted with PBS and spun down again at 800 g for 15 minutes.

After centrifugation, the supernatant was removed completely and cells incubated with 10 mL
FACS lysing-solution (BD Biosciences) for 10 minutes, after which PBS was topped up to 50 mL and
cells spun down at 1200 rpm for 10 minutes. The resulting cell pellet was re-suspended in 10-20 mL
PBS and counted in Cell Dyn Ruby (Abbot Diagnostics). Then, PBS was added to the 50 mL mark and
the cells spun down again at 1200 rpm for 10 minutes. The cell pellet was re-suspended in 80 pL of
MACS buffer (PBS supplemented with 2 mM EDTA (Merck) and 0.5% Bovine serum albumin (BSA,
Sigma)) and 20 L of MACS CD14 MicroBeads (Miltenyi Biotec) per 10’ total cells. This mixture was
then thoroughly mixed and incubated at 4°C for 15 minutes. After incubation, cells were washed by
adding 10-20x the labeling volume of buffer and centrifuged at 300 g for 10 minutes. The supernatant
was removed and cells re-suspended in 500 uL of MACS buffer per 10 cells. CD14 positive cells were
then isolated by magnetic separation with a positive selection column. LS+/VVS+ column (Miltenyi
Biotec) was placed on a magnetic field separator and washed with 3 mL of MACS buffer. The cell

suspension was then applied on to the column after which the column was washed 3 times with 3 mL
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Figure 4: Ficoll density gradient centrifugation. 10 mL of buffy coat from healthy individuals and 30
mL of PBS is mixed in a 50 mL test-tube and 10 mL of Ficoll is injected at the bottom of the
tube. The test tube is then spun down at 800g for 15 minutes, the result are four different
layers of which the mononuclear cell layer is collected.

of MACS buffer. Finally, the column was removed from the magnetic field, washed with 5 mL of buffer
and the CD14 positive cells collected. Cells were again counted in Cell Dyn Ruby, washed with PBS
and seeded at 2-2.5-10° monocytes/well in a 6 well plate or 1-10° monocytes/well in a 12 well plate in
RPMI 1640 Glutamax (Gibco) medium supplemented with 100 Units/mL Penicillin, 100 pg/mL
Streptomycin and 10% pooled normal human serum (see 3.2.2.1). After 3 days half of the medium
was replaced (day 3). On day 6, cells were washed with PBS and medium completely replaced. On
day 9, cells were stimulated with test substances (chitin derivatives (see 3.1), LPS, cytochalasin D
(see 3.2.3)) in serum free medium and 24 hours later the medium was collected from the cells for
western blot (see 3.5) and ELISA (see 3.6) analysis and stored in aliquots at -20°C and the cells

stained with crystal violet (see 3.3).

The challenge with using primary cells is donor variation regarding final yield of macrophages, i.e.
some donors gave a very good layer of macrophages, while others did not. There also seemed to be
some variation between wells containing cells from the same donor. This created problems in western
blot analysis on medium because the western blot requires same cell numbers to be present in each
well. If there are fewer cells in one well it creates a secretion bias as there are fewer cells secreting
proteins into the medium. If this is not adjusted for one might interpret the results wrongly. It was
therefore decided to stain the cells with crystal violet after medium had been harvested to get an

estimate on cell numbers and adjust the western results according to the cell numbers.

3.22.1 Human serum
Blood was drawn from a minimum of 6 healthy volunteers into Vacuette z serum clot blood collection
tubes (Greiner Bio One). Blood was incubated at room temperature for 1-2 hours, for sufficient
clotting. Tubes were centrifuged at 1200 g for 10 min, serum collected and pooled into a fresh tube/s
and centrifuged again at 1800 g for 10. Serum was sterile filtered, complement inactivated by
incubating it at 65°for 30 minutes, aliquoted into 4 mL tubes and stored at -20°C until used in cell

culture.
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3.2.3 Phagocytosis inhibition

Cytochalasin D (Gibco) was dissolved in DMSO at a concentration of 10 mg/mL and stored in aliquots
at -20°C. Phagocytosis inhibition was obtained by incubating THP-1 macrophages or monocyte-
derived macrophages with a final concentration of 1 ug/mL Cytochalasin D 30 minutes prior to chitin

derivative stimulation.

3.2.4 Cell proliferation assay

100 L of 6:10° primary monocytes were seeded into a 96 well plate, treated as described above (see
3.2.1 and 3.2.2) and incubated with test substances for 24 h. Then, 50 uL XTT reagent (2,3-bis-(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide, ATCC) was added to each well and
incubated for 4 h. Plates were analyzed in SpectraMax Plus 384 absorbance reader (Molecular
devices) at 450 nm and 360 nm after appearance of orange color change. The XTT assay measures
the cellular metabolic activity via NAD(P)H-dependent cellular oxidoreductase enzymes that reduce
the tetrazolium dye, XTT, to formazan that gives an orange color. Proliferation was determined after

correction for background (media without cells) and nonspecific noise (360 nm measurement).

3.3 Crystal violet staining

Cells were washed with PBS at the end of experiments and fixed with 4% formaldehyde (Sigma) for
10-15 minutes. Then cells were washed with PBS and dyed with crystal violet solution (PBS w/ 10%
v/v ethanol, 0.1% wi/v crystal violet) for 20 minutes. Then, cells were washed three times with dH,O
and the cell density determined by dissolving the dye with 30% acetic acid and measuring optical
density at 570 nm. Crystal violet accumulates in the nuclei, the optical density correlates therefore with

the nuclear DNA content and thus cell numbers.

3.4 Intracellular protein extraction

Cells were rinsed with ice cold PBS, RIPA buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% sodium
deoxycholate, 1% TritonX 100, supplemented with the protease inhibitors: NAVO3;, PMSF, NAF and
protease inhibitor cocktail) pipetted onto cells (75 pL for each well on a 6 well plate or 50 pL for a 12
well plate) and incubated on cells for 10 minutes on ice with occasional tilting of the plate. Then, the
surface was scraped with a cell scraper or the wide end of a pipette tip and cell lysates transferred to
an eppendorf tube. The lysate was then sonicated for 3 cycles at medium setting (about 2 minutes) in
a Bioruptor sonicator, after which the lysate was kept on ice for 10 minutes and finally centrifuged at
12,0009 for 20 minutes at 4°C. Lysates were stored at -20°C.
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3.5 Western blot

3.5.1 Sample preparation

Media supernatants from THP-1 and primary macrophages were acetone precipitated by mixing 300
pL sample with 1200 pL ice-cold acetone to increase protein concentration. Then, the acetone cell
culture media mixture was vortexed and incubated at -20°C for at least 1 hour. After the incubation,
the solution was centrifuged at 15,000 g for 10 minutes. The resulting pellet was air dried for 10-20
minutes, resuspended in 30 uL 2x SDS loading buffer (4% w/v SDS, 20% v/v Glycerol, 120 mM Tris,
5% v/v BME) and incubated at 80°C for 20 min with vigorous shaking (1400 rpm). Cell lysates were
mixed with equal volumes of 2x SDS loading buffer and incubated at 90°C for 10 minutes.

3.5.2 Electrophoresis and transfer

Samples were loaded on a 12.5% SDS-polyacrylamide gel (Table 1) and electrophorized at 110 V for
90 minutes in running buffer (200 mM Glycine, 0.1% w/v SDS, 25 mM Tris). The gels were then
transferred to a methanol pre-activated PVDF membrane (Immobilon-FL, Millipore) or a nitrocellulose
membrane (Macherey-Nagel) at 400 mA for 60 minutes in transfer buffer (25 mM Tris, 200 mM
Glycine, 20% v/v MeOH).

Table 1: Recipe for two 12.5% SDS-polyacrylamide gels.

Acrylamide and ammonium persulfate (APS) was purchased from AppliChem. Lower tris
buffer (LTB): 3 M Tris, 0.8 % w/v SDS. Upper tris buffer (UTB): 500 mM Tris, 0.4% w/v SDS.

Materials Lower/separating Upper/stacking
gel gel

Water 4.15mL 3.61mL

40% Acrylamide 3.15mL 0.62 mL

LTB 2.6 mL -

UTB - 0.68 mL

3.5.3 Immunoblotting

Membranes were blocked in TBS (Tris buffered saline, 20 mM Tris, 137 mM NacCl) with 5% wi/v
skimmed milk powder (Mjélkursamsalan) for 30-60 minutes, incubated either for 3 hours at room
temperature or overnight at 4°C with the primary antibody solution (TBS w/ 5% w/v milk, 0.1% v/v
Tween (Sigma) and either: anti-YKL-40 (1:50, Quidel), anti-Chitl (1:500, Sigma), anti-Caspase-1
(1:1000, Abcam), or anti-a-actin (1:10,000, Millipore)). Then, the membrane was washed four times for
5 minutes with TBST (TBS w/ 0.1% v/v Tween) and incubated with IRdye 800 rabbit or IRDye 700
mouse secondary antibodies (1:20,000, Li-cor) for 1 hour at room temperature. After incubation, the
membrane was washed four times for 5 minutes in TBST, and then scanned and analyzed in the
Odyssey imaging system (Li-cor). Absolute fluorescent values were normalized with crystal violet

optical density values, to adjust for cell numbers. Secretion index (Sl) was obtained as follows: A
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mean, calculated from all untreated normalized replicates, was used as a baseline for the SlI,
independently for every donor. Values from all treatments (within each donor) were then divided by the

mean which gave a relative secretion value.

3.6 ELISA
Enzyme-linked immunosorbent assay (ELISA) for TNF-a, IL-1B (DuoSet ELISA, R&D Systems) and

YKL-40 (MicroVue ELISA, Quidel) was performed on cell culture media supernatants of stimulated
cells. YKL-40 ELISA was performed according to manufacturer’s instructions. For TNF-o and IL-1f,
MaxiSorp (Nunc) flat bottom 96 well plates were coated with 100 pL of 4 ng/mL TNF-a or IL-1f in PBS
overnight. The next day, plates were washed 3 times with PBST (PBS w/ 0.05% v/v Tween) using
BioTek ELx405 plate washer, and blocked for 1 hour with reagent diluent (PBS with 1% w/v BSA).
Plates were washed 3 times with PBST and incubated for 2 hours with a standard curve for each
cytokine and the media supernatant; diluted according to needs. After washing the plates 3 times with
PBST, the detection antibody (100 uL of 0.2 pg/mL stock) was incubated for 2 hours and then the
plates were washed again. Streptavidin conjugated horseradish peroxidase (mixed 1:200 with reagent
diluent) was added for 20 minutes. Finally, plates were washed again, TMB one (3,3", 5, 5'-
tetramethylbenzidine, Kem En Tec diagnostics or Thermo) added, and the reaction stopped after 15-
20 minutes with 2 M H,SO,. Plates were read at 450 nm in SpectraMax Plus 384. Sample
concentration was calculated using a standard curve for each cytokine. Detection limits of each ELISA
were as follows: YKL-40 15.6 ng/mL, TNF-a 15.5 pg/mL, IL-13 3.91 pg/mL.

3.7 Immunocytochemistry

Cells were incubated with each of the chitin derivatives for 2 hours, then fixed with 4% formaldehyde
(Sigma) for 10 minutes and washed three times with PBS. Unspecific binding was blocked and cell
membrane perforated by incubating fixated cells with PBS containing 5% NGS (normal goat serum,
Sigma) and 0.1% TritonX-100 (Merck) for 20 minutes. Cells were then incubated overnight at 4°C with
anti-LAMP-2 (1:200, DSHB) in PBS with 5% NGS. The next day, cells were washed three times with
PBS and incubated for 30 minutes with Alexa fluor 546 anti-mouse IgG1 (1:1000, Invitrogen) and TO-
PRO 3 (1:1000, Invitrogen) in PBS with 5% NGS. Lastly, cells were washed three times with PBS and

mounted with fluormount (Sigma) onto a glass slide.

Cells that were treated with Lysotracker DND-99 (Invitrogen) were treated for 30 minutes with 5 nM
Lysotracker, 1.5 hour after chitin derivative activation, after which they were mounted onto glass slides
with fluormount and live cell imaged. Cells were imaged with LSM 5 Pascal from Zeiss. Images were

resized and arrows were added with the image manipulation software Gimp version 2.6.11.
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3.8 Real time PCR
3.8.1 RNA isolation

At the end of the experiments, cells were lysed with RLT lysis buffer (Quiagen). RNA isolation was
performed with Quiagen BioRobot workstation and the EZ-1 RNA Cell Mini Kit (Quiagen), following

manufacturer’s instructions.

3.8.2 cDNA transcription

RNA was transcribed with High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems).
Mastermix preparation is described in Table 2. Ten uL sample RNA and 10 uL master mix were
transferred together into PCR tubes and then centrifuged for a few seconds at 2500 rpm to remove air
bubbles. Then PCR tubes were transferred to a thermal cycler with the following cycling conditions:
25°C for 10 minutes (enzyme activation), 37°C for 120 minutes (cycling), 85°C for 5 seconds (enzyme

deactivation), 4°C until transferred to a -20°C freezer.

Table 2: Mastermix for cDNA transcription.

Material Volume Manufacturer
10x RT buffer 2.0 Applied Biosystems
25x dNTP 0.8 Applied Biosystems
10x Random Primers 2.0 Applied Biosystems
Multiscribe RT 1.0 Applied Biosystems
RNAse Inhibitor 1.0 Applied Biosystems
Nuclease-free H,0 3.2 Fermentas

3.8.3 Real-time PCR
Real-time PCR was performed in the 7500 Real Time PCR System (Applied Biosystems) utilizing the
StepOne software. Assays were performed as following:

cDNA: 1 uL cDNA + 9 ulL sterile H,O

Assay: 1 uL Tagman Assay (Chi3L1 (Hs00609691_m1) and GAPDH) + ready-made master mix
(Applied Biosystems)

Nine pL of cDNA dilution was mixed with 11 pL of assay preparation in a 48-well PCR plate,
adhesive foil was applied and plate spun down for a few seconds to get rid of bubbles. Samples were
run with a quantification protocol. Data was analyzed with GenEx 5.3.2.13 software (MultiD) using
GAPDH as a housekeeping gene. Fold changes were calculated with the deltadelta CT method and

normalized to the control samples.
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3.9 Statistical analysis

Primary analysis and normalization of data was performed in Microsoft Excel 2008 (Microsoft
Corporation). Data are presented as mean * standard error or individual value presented in a dot-plot
along with grand mean of each group. Figures were generated and statistical analysis was performed
in Prism 5.01 software (GraphPad Software Inc.). One-way ANOVA with Tukey’s multiple comparison
test was used to determine statistical difference between groups, two-way ANOVA between paired
groups with Bonferroni post-test or paired student’s t-test for paired samples. Difference was

considered significant when p <0.05.
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4 Results

4.1 Verification of detection methods

Chitl and YKL-40 are secreted by differentiated macrophages into the extracellular matrix.
Measurement of secreted YKL-40 and Chitl depend on detection in media or plasma. In the media
supernatants, both proteins are present in too low concentrations to be detected directly via western
blotting. Therefore, acetone precipitation was used to increase the protein concentration. Bands for
YKL-40 and Chit-1 showed the appropriate MW, that is 40 and 50 kDa, respectively. However, for
experiments performed in the presence of 10% serum the protein pellet could hardly be dissolved in
the loading buffer and affected the running of the gel (Figure 5). Therefore, chitosan derivatives were
administered in low serum (2%, THP-1 macrophages) or serum free experiments (monocyte-derived

macrophages).

Figure 5: Using medium supplemented with 10% serum in experiments is inconvenient when
medium samples are to be acetone precipitated and western blotted.
Western blot for YKL-40 (~40 kDa) on acetone precipitated medium from cell culture
supplemented with 10% serum. Samples loaded into two adjacent wells do not form two
distinct bands, one for each well, but merge because of excess protein amount due to high
serum content.

To evaluate the detection sensitivity of western blotting, samples were analyzed for YKL-40 with
western blotting and also with a commercial YKL-40 ELISA, which is a more sensitive detection
method, but a more expensive choice. The methods proved to be give similar results; difference was

not significant as measured with paired student’s t-test (Figure 6).
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Figure 6: Evaluation of western blotting sensitivity
YKL-40 was measured in paired samples with western blot analysis and ELISA and
sensitivity was evaluated. Dotplot (left). Linear regression (right) shows a R?=0.6. Secretion
index (SI): measurements normalized with cell numbers (crystal violet staining) and
untreated cells (medium) represent the baseline secretion of 1.0.

4.2 Chitin derivative effect on THP-1 macrophages

During the differentiation process of THP-1 cells to macrophages, their morphology changes
drastically from round cells in suspension, towards flat adherent cells with various processes, which
form tight colonies where the cell density is high.

4.2.1 Positive control for YKL-40 and Chitl protein secretion in THP-1
macrophages

Recent studies indicate that YKL-40 and Chitl are markers for classical activation (73, 97). Several
substances have been reported to increase YKL-40 in different cell types and/or Chitl gene and
protein expression, including: IL-6 (111), TNF-a (67), LPS (44, 112), and LPS + IFN-y (73). All of the
mentioned substances were tested on THP-1 macrophages for 24 hours and YKL-40 and Chitl
secretion was evaluated with western blotting on medium from treated cells. None of the substances
led to an increase in YKL-40 or Chitl secretion, and surprisingly stimulating the cells with LPS and

IFN-y decreased YKL-40 secretion slightly (Figure 7).
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Figure 7: IL-6, TNF-a, LPS and LPS+IFNy do not stimulate YKL-40 or Chitl secretion of THP-1
macrophages
Western blot analysis for YKL-40 and Chitl in medium from THP-1 macrophages (N=1,
single experiment with 6 repeats) after 24 hour stimulation with 20 ng/mL IL-6, 50 ng/mL
TNF-a, 100 ng/mL LPS, 100 ng/mL LPS + 20 ng/mL IFN-y or left untreated (medium).
Secretion index (Sl): untreated cells (medium) represent the baseline secretion of 1.0. Bars
represent SEM. * Statistically significant difference compared with untreated cells, measured
with one way ANOVA and Tukey’s multiple comparison test (p < 0.05).

4.2.2 YKL-40 and Chitl protein secretion in THP-1 macrophages after chitin
derivative stimulation

Chitosan and ChOS have the potential to inhibit chitinases and chitinase-like proteins by blocking the
active site (113). It was unclear whether chitin derivatives lead to changes in YKL-40 and Chitl
secretion. To study this, THP-1 macrophages were stimulated with 100 pg/mL of ChOS lactate,
chitosan <30 um, chitosan, ChOS or chitin hexamer for 24 hours and YKL-40 and Chitl protein
secretion was evaluated with western blotting. ChOS lactate was the only chitin derivative to have an
effect on YKL-40 protein levels, by decreasing YKL-40 amount by about 40%. Chitl secretion showed
a similar trend as YKL-40 protein secretion, yet the decrease was not found to be significant (Figure
8).
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Figure 8. ChOS lactate decreases YKL-40 secretion in THP-1 macrophages
Western blot analysis (top) for YKL-40 (left) and Chitl (right) in medium from THP-1
macrophages (N=1, single experiment with 6 replicates) after 24 hour stimulation with 100
pHg/mL ChOS lactate, chitosan <30 um, chitosan, ChOS, chitin hexamer or untreated
(medium). Secretion index (SI): untreated cells (medium) represent the baseline secretion of
1.0. Bars represent SEM. * Statistically significant difference compared with untreated cells,
measured with one way ANOVA and Tukey’s multiple comparison test (p < 0.05).

4.2.3 IL-1B and TNF-a response in THP-1 macrophages after chitin derivative
stimulation

TNF-a and IL-1(3 are pro-inflammatory markers indicative of classical activation (95). The secretion of
these cytokines was measured after chitin derivative stimulation of THP-1 macrophages to see if the
chitin derivatives had an immunomodulatory effect. TNF-a levels fluctuated to some extent between
treatments but were not statistically different from untreated cells (Figure 9, left). IL-1B levels were
significantly increased after ChOS lactate (750.7 £ 74.75 pg/mL, p< 0.0001), chitosan <30 um (187.0 =
24.19 pg/mL, p< 0.05) and chitosan (173.8 + 33.86 pg/mL, p< 0.05) treatment, indicating that these
materials are inflammasome activators; especially ChOS lactate (Figure 9, right).

4.2.4 Cytotoxicity of the chitin derivatives on THP-1 macrophages

To ascertain that the changes observed in YKL-40 and the cytokines were not due to changes in cell
viability or metabolic activity, an XTT assay was performed. The results (Figure 10) showed a clear
effect of ChOS lactate at 100 ug/mL (Figure 10, left), the concentration used in previous experiments.
This cytotoxic effect of ChOS lactate was seen in even lower concentrations (Figure 10, right). This

suggests that the decrease in YKL-40 secretion was in fact connected to reduced survival or toxicity.
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Figure 9: ChOS lactate and chitosan are stimulators of the inflammasome in THP-1
macrophages.
TNF-a (left) and IL-1B (right) concentration in medium from THP-1 macrophages (N=1,
single experiment with 6 replicates) after 24 hour stimulation with 100 pg/mL ChOS lactate,
chitosan <30 um, chitosan, ChOS, chitin hexamer or untreated (medium). Bars represent
SEM. * Statistically significant difference compared with untreated cells (medium), measured
with one way ANOVA and Tukey’s multiple comparison test (p < 0.05).
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Figure 10: ChOS lactate is cytotoxic to THP-1 macrophages from 40 pg/mL
XTT test on THP-1 macrophages after 24 hour stimulation with indicated chitin derivatives.
Left: 100 pg/mL ChOS lactate, chitosan <30 um, chitosan, ChOS, chitin hexamer or
untreated (medium) (N=2, two experiments with minimum 3 replicates). Right: ChOS lactate
concentration curve ranging from 10 pg/mL — 120 pg/mL (N=1, single experiment with 3
replicates). Bars represent SEM. * Statistically significant difference compared with untreated
cells (medium), measured with one way ANOVA and Tukey’s multiple comparison test (p <
0.05).
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4.2.5 Role of phagocytosis in inflammasome activation of THP-1 macrophages
To evaluate whether the chitin derivatives were phagocytosed to a different degree, which could
explain different biological effect, THP-1 macrophages were incubated with each of the chitin
derivatives at a concentration of 100 ug/mL for 2 hours. Cells were then fixed and immunostained for
Lysosome-associated membrane protein 2 (LAMP2) (114) and staining intensity and signal location
evaluated. All of the treatments, including media only, showed uniform cytosolic staining. Few cells in
each treatment showed a staining pattern indicative of cytosolic vesicles; these vesicles are most likely
lysosomes. None of the treatments showed an increase (evaluated by visual examination) in these
cytosolic vesicles (Figure 11a), which either indicates no increase in phagocytosis or that LAMP2 is
not suitable for phagocytosis evaluation. To verify that there is no increase in LAMP2 protein between
treatments a western blot for LAMP2 on whole cell lysates was performed. Western blotting showed

no changes in protein amount between treatments (Figure 11b).
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Figure 11: Changes in phagocytosis in THP-1 macrophages is not detected with LAMP2
immunocytochemistry and western blotting
THP-1 macrophages were stimulated with 100 pg/mL ChOS lactate, chitosan <30 um,
chitosan, ChOS or untreated (medium) for 2 hours after which they were a) immunostained
with LAMP2 (red) and TO-PRO 3 (blue) or b) western blotted for LAMP2 and actin. White
arrowheads: possible lysosomes.
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A second attempt was made to stain the lysosomes, this time with lysotracker, a fluorophore linked
to a weak base that freely permeates cell membranes and typically concentrates in spherical
organelles, especially acidic organelles such as lysosomes. Lysotracker is usually used with live cell
imaging because fixing the cells can distort the staining, which means that images have to be
gathered quickly and without the possibility of co-staining with antibodies. Lysotracker staining showed
very similar pattern between different treatments. All cells showed faint uniform cytosolic staining,
which is most probably background signal. Many cells in all treatments groups had one or more
concentrated signals that indicate the presence of lysosomes (Figure 12), but there was no difference

between the groups in intensity or amount of lysosomes (as determined with visual examination).

Medium ChOS lactate Chitosan <30 um

PS

Chitosan

Figure 12: Changes in phagocytosis in THP-1 macrophages is not detected with Lysotracker
THP-1 macrophages were stimulated with 100 pg/mL ChOS lactate, chitosan <30 um,
chitosan, ChOS or untreated (medium) for 1.5 hours after which they were treated with 50
nM Lysotracker for 30 minutes. White arrowheads: possible lysosomes.

Inflammasome activation by chitosan has been shown to be phagocytosis dependent (32), it was
therefore decided to see if the same applied to the chitin derivatives studied here (Figure 9). Actin
polymerization was inhibited by cytochalasin D, prior to chitin derivative stimulation, which resulted in a
dramatic decrease in IL-1[3 secretion in ChOS lactate stimulated cells (13.0 + 0.7 vs. 58.2 + 4.8 pg/mL,
p< 0.001) (Figure 13). Hence ChOS lactate needs to be phagocytosed in order to mediate its activity.
Chitosan <30 um and chitosan seem to be less dependent on phagocytosis to mediate their effect on

inflammasome activation.
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Figure 13: ChOS lactate inflammasome activation is more dependent on phagogocytosis than
chitosan
IL-1B concentration in medium from THP-1 macrophages (N=1, single experiment in
duplicate) after 24 hour stimulation with 20 pg/mL ChOS lactate, 100 pg/mL chitosan <30
pum, chitosan or untreated (medium). Cells were primed with 100 ng LPS for 3 hours and
phagocytosis was inhibited by adding 1 pg/mL Cytochalasin D for 30 minutes prior to chitin
derivative stimulation. Bars represent SEM. * Statistically significant difference compared to
untreated cells, measured with two way ANOVA and Bonferroni post-test (p < 0.05).

4.2.6 ChOS lactate induces inflammasome activation of THP-1 macrophages
via Caspase-1

IL-1B secretion is closely linked to inflammasome assembly. Inflammasomes serve as an activation
platform for caspase-1, cleaving it into the active 20 kDa form (p20), which in turn is able to cleave
pro-IL-1B into the final and active form that is secreted along with the activated caspase-1. Intracellular
caspase-1 levels were studied in THP-1 macrophages that had been primed with LPS for 3 hours and
stimulated with 100 pg/mL ChOS lactate for 1, 2, 3 or 4 hours to see if the IL-13 response was due to
activation of caspase-1. The 45 kDa inactive caspase-1 (p45) did not change with ChOS lactate
treatment, but the active form (p20) steadily accumulated with increased ChOS lactate incubation time

(Figure 14), indicating the involvement of caspase-1 in the observed responses.
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Figure 14: ChOS lactate stimulates cleavage of Caspase-1 into its active form
Western blot analysis for Caspase-1 (CASP1) of whole cell lysates from THP-1
macrophages primed with 100 ng/mL LPS for 3 hours and stimulated with 100 pg/mL ChOS
lactate for 1, 2, 3 or 4 hours.

4.3 Chitin derivative effect on human monocyte-derived macrophages

It was of interest to investigate the responses of primary macrophages to chitin derivative stimulation
to get a better insight into the possible in vivo responses because cell lines like THP-1 do not always
reflect the in vivo cellular reaction. Therefore, monocytes from peripheral blood were isolated and
cultured under neutral conditions to obtain macrophages, as described in 3.2.2. After 9 days of culture
in 10% human serum, two different types of macrophages could be distinguished: round sessile type

cells with elongated cells in between.

Figure 15: Human monocyte-derived macrophages after 9 days of culture.
Monocytes cultured under neutral conditions for 9 days. White arrowhead: round sessile
macrophage; white arrow: elongated macrophage. 10x magnification.
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4.3.1 YKL-40 and Chitl protein secretion in monocyte-derived macrophages
after chitin derivative stimulation

Nine days old MDMs from five different donors were stimulated with 100 pg/mL of each of the chitin
derivatives for 24 hours after which YKL-40 and Chitl protein secretion was assessed with western
blotting. ChOS lactate and chitosan of both sizes decreased YKL-40 secretion, with the most decrease
seen in ChOS lactate (ChOS lactate: 0.44 + 0.04 SI, p< 0.0001; chitosan <30 um: 0.72 = 0.03 SlI, p<
0.001; chitosan: 0.69 + 0.08 SI, p< 0.0001) (Figure 16, left). None of the chitin derivatives tested had
an effect on Chitl secretion (Figure 16, right). Priming cells with 100 ng/mL LPS for 3 hours prior to
chitin derivative stimulation abolished the YKL-40 decrease seen in chitosan <30 pm (1.13 + 0.16 SI)
stimulated cells (Figure 17, left). ChOS lactate concentration was decreased to 20 pg/mL in this
experiment, below the cytotoxic limit seen in THP1 macrophages (Figure 10). YKL-40 levels in ChOS
lactate and chitosan stimulated cells show a trend of decreasing (ChOS lactate: 0.54 + 0.05 SI;
chitosan: 0.78 £ 0.09 SI), but the data did not meet statistical significance (Figure 17, left). Later
experiments with a ChOS lactate concentration curve showed that concentrations below 20 pg/mL
affected YKL-40 secretion less (Figure 18). Chitl secretion in LPS primed MDMs was not affected by
treatments (Figure 17, right).
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Figure 16: ChOS lactate and chitosan decreases YKL-40 secretion in MDMs
Western blot analysis for YKL-40 (left) and Chitl (right) in medium from monocyte-derived
macrophages (N=5, five separate donors with 3 replicates) after 24 hour stimulation with 100
pg/mL ChOS lactate, chitosan <30 pm, chitosan, ChOS or left untreated (medium). Secretion
index (SI): western blot values normalized with cell numbers (crystal violet staining) and
untreated cells (medium) represent the baseline secretion of 1.0. * Statistically significant
difference compared with untreated cells, measured with one way ANOVA and Tukey's
multiple comparison test (p < 0.05).
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Figure 17: YKL-40 secretion is less affected in LPS primed MDMs
Western blot analysis for YKL-40 (left) and Chitl (right) in medium from monocyte-derived
macrophages (N=3, three separate donors with 3 replicates) after 3 hour priming with 100
ng/mL LPS and 24 hour stimulation with 20 ug/mL ChOS lactate and 100 pug/mL chitosan
<30 um, chitosan, ChOS or left untreated (medium). Secretion index (Sl): western blot
values normalized with cell numbers (crystal violet staining) and untreated cells (medium)
represent the baseline secretion of 1.0. * Statistically significant difference compared with
untreated cells, measured with one way ANOVA and Tukey’'s multiple comparison test (p <

0.05).
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Figure 18: YKL-40 secretion is affected at 40 pg/mL ChOS lactate
Western blot analysis for YKL-40 in medium from monocyte-derived macrophages (N=3,
three separate donors with minimum of 3 replicates) after 24 hour stimulation with ChOS
lactate concentration curve ranging from 5 pg/mL — 80 pg/mL. Secretion index (SI): western
blot values normalized with cell numbers (crystal violet staining) and untreated cells
(medium) represent the baseline secretion of 1.0. Bars represent SEM. * Statistically
significant difference compared with untreated cells, measured with one way ANOVA and
Tukey’s multiple comparison test (p < 0.05).
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As these changes are seen at the protein level, it was of interest to analyse whether this response
is regulated at the transcriptional level, i.e. due to decreased expression of the Chi3L1 gene. MDMs
were therefore stimulated with a concentration curve of ChOS lactate ranging from 0.5-40 pg/mL and
the expression of Chi3L1 was measured with real time PCR. Gene expression of two donors was
analyzed but the two donors gave very opposite results, which are not shown, as they cannot be
interpreted the way they are.

4.3.2 IL-1B and TNF-a response in monocyte-derived macrophages after chitin
derivative stimulation

Inflammatory response of MDMs after 24 hour chitin derivative stimulation was evaluated by
measuring the pro-inflammatory cytokines TNF-a and IL-1B with ELISA. ChOS lactate and chitosan
increased TNF-a secretion (ChOS lactate: 78.4 + 10.0 pg/mL, p< 0.0001, chitosan: 50.3 £ 14.0 pg/mL,
p< 0.0001), but there was substantial donor variation. The increase seen after chitosan stimulation is
mostly due to the responses of donor 2 and 3 (Figure 19, left). ChOS lactate was the only derivative to
have an effect on IL-1B secretion, by increasing it moderately (7.8 £ 0.8 vs. 0.3 = 0.08 pg/mL, p<
0.0001) (Figure 19, right). By priming the cells with 100 ng/mL LPS for 3 hours prior to chitin derivative
stimulation it is clear that ChOS lactate is a potent inflammasome activator, seen as a large increase
in IL-1B secretion (158.5 + 27.5 vs. 1.8 £ 0.5 pg/mL, p< 0.0001) (Figure 20, right), even though the
concentration of ChOS lactate was decreased to 20 pg/mL. Chitosan elicited a moderate increase in
IL-1B secretion, the increase was not statistically significant (chitosan <30 um: 26.7 + 6.3 pg/mL,
chitosan: 45.1 + 8.3 pg/mL). ChOS lactate was also the only derivative to show synergy to the LPS
stimulated TNF-a secretion (4045 + 597.1 vs. 1472 +183.0 pg/mL, p< 0.0001) (Figure 20, left).
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Figure 19: ChOS lactate induces proinflammatory responses in MDMs
TNF-a (left) and IL-1B (right) concentratoin from medium of monocyte-derived macrophages
(N=5, five separate donors with minimum of 3 replicates) after 24 hour stimulation with 100
pg/mL ChOS lactate, chitosan <30 um, chitosan, ChOS or left untreated (medium). *
Statistically significant difference compared with untreated cells, measured with one way
ANOVA and Tukey’s multiple comparison test (p < 0.05).
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Figure 20: ChOS lactate is a potent inflammasome activator in MDMs
TNF-a (left) and IL-1B (right) concentration from medium of monocyte-derived macrophages
(N=3, three separate donors with 3 replicates) after 3 hour priming with LPS and 24 hour
stimulation with 20 pug/mL ChOS lactate and 100 pg/mL chitosan <30 um, chitosan, ChOS or
left untreated (medium). * Statistically significant difference compared to untreated cells,
measured with one way ANOVA and Tukey’s multiple comparison test (p < 0.05).

4.3.3 Cytotoxicity of the chitin derivatives on monocyte-derived macrophages

Cytotoxicity of the chitin derivatives on MDMs was assessed via XTT assay. ChOS lactate was the
only derivative to have a negative effect on cellular metabolism at a concentration of 100 pg/mL
(Figure 21, left). ChOS lactate was also found to have detrimental effect on MDMs from 20 pug/mL, this

effect could be decreased by treating the cells with the phagocytosis inhibitor Cytochalasin D prior to
ChOS lactate stimulation (Figure 21, right).
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Figure 21: ChOS lactate cytotoxicity to MDMs is phagocytosis dependent
XTT test on monocyte-derived macrophages after 24 hour stimulation with indicated chitin
derivatives. Left: 100 pg/mL ChOS lactate, chitosan <30 um, chitosan, ChOS or untreated
(medium) (N=3, three separate donors with minimum of 3 replicates).Right: ChOS lactate
concentration curve ranging from 20 pg/mL — 100 pg/mL without phagocytosis inhibiton (circles,
N=4, four separate donors with minimum of 3 replicates) or with phagocytosis inhibition (1pg/mL
Cytochalasin D) (boxes, N=2, two separate donors with 4 replicates). Bars represent SEM. #
Statistically significant difference compared to untreated cells (medium), * statistically significant
difference compared to cells receiving same amount of ChOS lactate without inhibition,
measured with one way ANOVA and Tukey’'s multiple comparison test (p < 0.05).
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5 Discussion

This study aimed at determining the effect that chitin derivatives, differing in size and acetylation, have
on the secretion of YKL-40 and Chitl, an inactive and active chitinase respectively, in macrophages.
The pro-inflammatory effect of the chitin derivatives was also studied by measuring changes in TNF-a
and IL-1B secretion. This was accomplished by using two different macrophage experimental models;
THP-1 macrophages and primary MDMs. Macrophages were stimulated with 100 pg/mL of each chitin
derivative and their responses were evaluated by measuring changes in the aforementioned markers
and cytokines. A western blotting detection method for YKL-40 and Chitl was set up, verified and
optimized. At 100 pg/mL each of the chitin derivatives elicited different inflammatory responses. ChOS
lactate, a 90% deacetylated derivative with DP of 3-5, was highly cytotoxic both to THP-1
macrophages and MDMs. The cytotoxicity of ChOS lactate was closely linked to a decrease in YKL-40
secretion, inflammasome activation via caspase-1 and increased TNF-a secretion. Chitosan and
chitosan <30 um, 75% deacetylated derivatives, were not cytotoxic to macrophages, yet they
decreased YKL-40 secretion in MDMs and activated the inflammasome. The inflammasome activation
elicited by chitosan was less than ChOS lactate induced activation. Chitin hexamer, a fully acetylated
derivative with DP of 6, and ChOS, a 60% deacetylated derivative with DP of 6-12, did not induce any

response in the measured factors.

5.1 Cell culture and detection methods

Detection methods for the proteins that were of interest, namely YKL-40 and Chitl, were tested and
verified. There are commercial ELISAs available for the detection of these proteins in media, but these
ELISAs are costly. Western blotting is a cost efficient alternative but first it had to be tested to see
whether the proteins were detectable with this method. Detection by western blotting on media
samples proved to be only possible if the proteins in the media were precipitated prior to blotting for
sufficient signal. High serum content in the media caused problems when blotting precipitated
samples. Serum content of the medium, when the cells were stimulated with the chitin derivatives, was
thus lowered to resolve this. THP-1 macrophages received 2% FBS content throughout the culture but
the MDMs were cultured in 10% NHS and in serum-free medium the last 24 hours when they were
stimulated with the chitin derivatives. Even the 2% serum content in the THP-1 macrophage culture

smeared the YKL-40 and Chitl signal to some extent.

Serum deprivation is generally not considered an optimal culture environment, causing cellular
stress and even apoptosis. We concluded that 24 hours of serum deprivation would not be a deciding
factor in this experimental setup. Munn et al. (115) looked into the effect of serum deprivation on
MDMs and concluded that newly isolated monocytes were susceptible to apoptosis resulting from

serum deprivation, but macrophages tolerated serum deprivation better.
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There are several factors that could influence western blotting sensitivity, those include pipetting
errors when measuring samples to be acetone precipitated (i.e. it is important to measure exactly the
same amount in samples to be compared because there is no loading control), possible loss of protein
pellet when discarding the acetone supernatant and pipetting errors when adding sample buffer to
dissolve the protein pellet. This matter was addressed by comparing YKL-40 western blotting values
with YKL-40 ELISA values. The ELISA proved to be a more sensitive detection method, yet western

blotting was still sensitive enough to be applicable despite fluctuations in values.

5.2 THP-1 macrophages

Cell lines are generally easier to work with than primary cells. Many of them, like THP-1, have been
around for decades and have been studied extensively. They can be a good choice when deciding on

a well-defined experimental model.

YKL-40 and Chitl have been implicated as activation markers for macrophages, this was tested by
stimulating THP-1 macrophages with the materials that have been shown to increase YKL-40
secretion, as a positive control. Bonneh-Barkay et al. (73) observed a quadruple increase in YKL-40
expression when stimulating 3 days old MDMs for 24 hours with the classical activators LPS and IFN-
v. In contrast, THP-1 macrophages had decreased YKL-40 secretion after 24-hour stimulation with the
same concentration of LPS and IFN-y. Studies on articular chondrocytes indicate that LPS and TNF-a
are potent stimulators of YKL-40 expression and secretion (67, 112). Yet, neither LPS nor TNF-a
increased YKL-40 secretion in THP-1 macrophages in this study. This discrepancy in results may have
several explanations, including; differential regulation of YKL-40 in THP-1 macrophages compared to
MDMs and chondrocytes, insufficient concentration or low quality/degradation of cytokines and LPS,
insufficient time for changes in secretion to be measurable or that THP-1 macrophages are already
classically activated and have reached maximum YKL-40 secretion. Mael3 et al. (116) discussed the
issue of activation of THP-1 macrophages after differentiation with high concentrations of PMA. They
concluded that PMA concentrations above 10 ng/mL resulted in transcription of genes related to
classical activation (116). In light of that knowledge the 50 ng/mL of PMA used in this study might
have skewed the THP-1 macrophages towards classical activation prior to stimulation with indicated
substances. On the other hand YKL-40 and Chitl might not be reliable activational markers in in vitro
macrophages, and rather be differentiational marker. DiRosa et al (64) studied the gene expression of
7 days old in vitro MDMs and did not see difference in expression of these markers between M1 and
M2 polarized MDMs. The previous results indicating YKL-40 and Chitl as activational markers could
therefore possibly reflect faster differentiation of monocytes to macrophages in vitro. Although it is
important to keep in mind that in vivo pathways are undoubtedly more complex and have a stricter
regulation, this is reflected in increased serum concentration of YKL-40 and Chitl in various

inflammatory conditions discussed in the introduction.

THP-1 macrophages did not show any change in YKL-40 or Chitl secretion in response to
stimulation with 100 pg/mL chitosan, chitosan 30< pm, ChOS or chitin hexamer. ChOS lactate on the
other hand decreased YKL-40 and Chitl secretion by about 40%, but only the change in YKL-40

secretion reached significance most likely due to small sample size. Cytokine secretion profile of
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ChOS lactate treated cells indicates classical activation, which supports the notion that YKL-40 may

not be a reliable marker for classical activation in in vitro macrophages.

A possible explanation for the YKL-40 decrease is that it reflects decreased survival, as ChOS
lactate was cytotoxic at concentrations far below the ones used in these experiments. YKL-40 has
been shown to inhibit inflammatory cell apoptosis by enhancing the expression and activation of
protein kinase B/AKT and Fas apoptosis-inhibiting molecule (Faim) 3 (117), thus a decrease in YKL-

40 would alleviate this inhibition.

YKL-40 has also been shown to be a vital inflammasome regulator (86). These results show that
ChOS lactate lowers YKL-40 secretion and is a potent inflammasome activator via caspase-1. These
responses could be linked because of YKL-40s binding affinity to ChOS (10). Yet, a recent study on
YKL-40 binding affinity to differently acetylated ChOS showed that fully deacetylated chitohexose had
no affinity for YKL-40 (43), making it unlikely that ChOS lactate, which is 90% deacetylated, is
mediating its effect through YKL-40 binding. Chitosans with deacetylation of 70% or lower have been
shown to be more susceptible to degradation by chitonolytic enzymes than chitosans with
deacetylation higher than 70%, which was explained by the essential sequential arrangement of the N-
acetyl units for recognition by the chitinolitic enzymes (118). In light of that knowledge ChOS lactate is
probably affecting the cells through a pathway that affects YKL-40 transcription or secretion

independent of direct binding. One explanation could be lysosomal rupture after phagocytosis (106).

Chitosan and chitosan <30 yum also activated the inflammasome, but to a lesser degree, without
lowering YKL-40 secretion in THP-1 macrophages. The inflammasome activation results are in line
with the results of Bueter et al. (32), which showed that chitosan (same chitosan as used in this study,
76% deacetylated) and not chitin activates the NLRP3 inflammasome. ChOS, which is 60%
deacetylated, and chitin hexamer did not influence the inflammasome. This means the inflammasome
activation is very sensitive towards the degree of deacetylation; 60% deacetylated chitosan is inert;
76% deacetylated chitosan exerts mild inflammasome activation without cytotoxic effects; and 90%
deacetylated chitosan is a potent inflammasome activator and is cytotoxic. The cytotoxicity of ChOS

lactate is most likely because of uncontrolled inflammasome activation.

Chitin derivatives have not previously been reported to influence YKL-40 secretion of
macrophages. The possibility that chitosan and ChOS might influence inflammasome activation
through YKL-40 is intriguing. One possible explanation to why ChOS lactate elicits a stronger effect
than chitosan might lie in differences in phagocytosis. ChOS lactate has a DP of 3-5, while chitosan is
of undefined DP but is larger. A smaller polymer is expected to be more readily phagocytosed (119), it
was therefore examined whether different derivatives were phagocytosed to different degrees. No
change in phagocytosis was detected using LAMP2 antibody staining nor markers of acidic
organelles, however inhibiting phagocytosis had an effect on cellular responses, suggesting that
phagocytosis is important for the cellular response, as has been previously reported (32). Other
methods for measuring phagocytosis such as coating of latex or polystyrene beads with the chitin
derivatives and observing their uptake with light microscopy or fluorescently tagging the derivatives
and measuring their uptake with confocal microscopy or flow cytometry might have been better as

they would have provided a more quantitative measurement of phagocytosis.
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5.3 Monocyte-derived macrophages

Tissue macrophages, which are derived from circulating monocytes, are a highly heterogeneous
group. The heterogeneity reflects the specialized functions of macrophages in different anatomical
locations (90). In vitro macrophage studies face a choice; either they can isolate tissue macrophages
or culture monocytes into macrophages. Both methods have their benefits and disadvantages.
Isolation of tissue macrophages is possible in mouse models, but is too invasive in human subjects to
be practical. Isolated tissue macrophages would be ideal in studies where certain macrophage
subsets are to be studied. Peripheral monocytes on the other hand are relatively easy to obtain in
large quantities, but then again are more difficult to differentiate into specific subsets that reflect in vivo
macrophages. This study aimed at discerning the general responses of macrophages, as a group, to
chitin derivatives. For this, peripheral monocytes were cultured in a neutral environment, with no
added cytokines or stimulatory materials except for the ones contained in the pooled human serum.
This method gives MO macrophages — a non-activated mixed macrophage population. In contrast to
M1 macrophages (classically activated) obtained by IFN-y and/or LPS stimulation or M2 macrophages
(alternative activated) obtained by IL-13 and/or IL-4 stimulation (120). This classification of MO, M1
and M2 macrophages is simplified to what is found in vivo, but is often used in in vitro macrophage
studies.

The mixed population obtained at day 9 is reflected in different morphology observed.
Unfortunately these macrophages were not characterized with flow cytometry, so little can be said
about their classification. A recent study by Eligini et al. (121) showed that MDMs cultured in
autologous serum for 7 days showed the same morphology as seen here; flat round cells and
elongated cells. The round MDMs showed functional traits similar to the non-inflammatory and
reparative M2 phenotype, whereas the spindle MDMs exhibited a pro-inflammatory profile similar to
the M1 phenotype (121).

The MDMs responded to ChOS lactate in a similar manner as THP-1 macrophages, by decreasing
YKL-40 secretion, activating the inflammasome and showed signs of cytotoxicity from 20 pg/mL, which
was phagocytosis dependent. Unlike THP-1 macrophages, MDMs also responded to chitosan and
chitosan <30 um by decreasing YKL-40 secretion. This reflects the difference between the two cell
culture models; even though there is considerate donor variation in MDMs, it can be more sensitive to
small differences. Then again THP-1 macrophages showed, in addition to YKL-40, a decrease in Chitl
secretion that is not seen in MDMs. The transcriptional regulation of CHIT1 and Chi3I1 has been
shown to be very complex and involving many control elements (64, 65) reflecting tissue specific
responses, which could explain the discrepancy in THP-1 macrophages vs. MDMs — these are
probably not the same macrophage subsets. Yet the implications of this study are interesting, even

though the cell models might not be reflecting the same macrophage subsets.

Chitosan has previously been shown to activate the inflammasome (32) but the reason it does so is
not known. This study showed that inflammasome activation could possibly be because of decreased
levels of YKL-40, an important inflammasome regulator. Phagocytosis of chitosan is a prerequisite for

its inflammasome effect, indicating that chitosans are mediating their effect inside the cell. This could
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be because of lysosomal rupture following phagocytosis similar to silica (106), signaling through an
extracellular receptor that is dependent on uptake similar to TLR9 (122), binding to an unknown factor
that could inhibit YKL-40 transcription or through some uncharacterized pathway. Unfortunately Chi3I1
gene expression analysis following ChOS lactate stimulation was inconclusive and would be needed
to be repeated to be able to answer if the responses were happening on a gene or protein level. It
would also be very interesting to see if adding exogenous YKL-40 to the cultures, at the same time as

chitosan and ChOS lactate, would decrease the observed inflammatory and cytotoxic responses.

It is well known that highly cationic polymers used as vectors for gene- and drug delivery can be
very cytotoxic, posing a problem for their usage in vivo (123). ChOS lactate, being 90% deacetylated,
has many free primary amine groups (NH,), making the polymer positively charged. Chitosan on the
other hand has a lower positive charge because it is more acetylated. Studies on cationic polymers
have shown that linear and branched polymers with high flexibility are more toxic than globular ones,
owing to increased interaction with the negatively charged cell membrane (123). Cationic polymers are
thought to escape degradation by lysosomes by acting as proton sponges; when the pH decreases
the cationic polymers become more protonated leading to CI influx, triggering osmotic stress with
increased water influx that finally end in endo-/lysosomal rupture (124). This pathway could also apply
to ChOS lactate because of it cationic properties and explain why it is such a potent inflammasome
activator. It could also explain why chitin, which has a neutral charge, does not activate the

inflammasome.

Chitosan and ChOS have been thought to be an attractive biomaterial in regenerative medicine.
Chitosan and various chitosan derivatives have been used as wound dressings with good results; they
have improved healing and decreased the formation of scar tissue (2). Chitosan has also been shown
to modify cartilage healing by modifying angiogenesis and inhibiting the formation of fibrotic
connective tissue (36, 37). Interestingly YKL-40 has been implicated in both angiogenesis and
formation of connective tissue (82, 83), a lowering in YKL-40 secretion could thus provide a molecular

mechanism for this effect.
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6 Conclusion

Chitin and chitosan do not have the same effect on macrophages. Degree of acetylation is a major
factor in determining the bioactivity. Materials that resemble chitin, chitin hexamer and ChOS (which is
60% deacetylated) are possibly taken up by the macrophages (32) but subsequent events show no
effect on the inflammatory status of the macrophages. 75% deacetylated chitosan on the other hand
decrease YKL-40 secretion of macrophages and have a mild inflammasome activating effect. ChOS
lactate, which is a very small (DP 3-5), 90% deacetylated ChOS, shows the most effect on
macrophages. It decreased YKL-40 secretion the most and is a very potent inflammasome activator, it
is also highly cytotoxic. The relationship between decreased YKL-40 secretion, inflammasome
activations and cytotoxicity suggest a causal relationship. YKL-40 has been shown to be an
inflammasome regulator (86), which explains why the inflammasomes are most activated where YKL-
40 is down regulated the most. ChOS lactate is a highly cationic polymer, which could explain its
cytotoxicity. Cationic polymers are thought to disrupt lysosomes by osmotic stress induced by its
charge (124). Lysosomal disruption has been shown to activate inflammasomes and excessive

inflammasome activation leads to pyroptosis, an inflammatory cell death.

This type of response is generally not acceptable in vivo, except in cancer therapy where
cytotoxicity and immunomodulatory effects can be beneficial. ChOS lactate could therefore be an
interesting candidate for cancer therapy, either alone or as a drug carrier that could act in synergy with
other cancer drugs. The mild effect of chitosan would be more beneficial in situations where
cytotoxicity is not acceptable but immunomodulatory effects and controlled tissue remodeling are

needed, such as in wound dressings and implants in regenerative medicine.

Chitosan and ChOS have been reported to have various bio-activity, the molecular mechanism
behind the reported mechanisms have often been poorly defined. This study reports a decrease in
YKL-40 secretion that is dependent on highly deacetylated polymers, an effect that could provide a

molecular mechanism behind some of the biological activities reported.
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