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Abstract

It is well recognized that high molecular weight hyaluronan (H-HA) exerts potent anti-
inflammatory effects while its fragmentation into low molecular weight HA (L-HA) is
discussed to promote inflammation. Chemical modification of HA with sulfate groups has
been shown to foster its anti-inflammatory activity which seems to be maintained in sulfated
low molecular weight HA derivatives (sL-HA). However, the molecular mechanisms by which
sL-HA produces its anti-inflammatory activity are not understood. In this study, we used
global quantitative proteomics combined with targeted analysis of key proteins to
characterize the effect of sL-HA on fully differentiated human inflammatory macrophages
(iM®). Culture of iIM® with sL-HA did not affect cell viability but resulted in a reduced pro-
inflammatory cytokine response of iIM® after activation indicating a profound counter-
regulation of their initial inflammatory phenotype. Rapid internalization of sL-HA involving

CD44 and scavenger receptors was observed. Furthermore, an upregulation of the

antioxidants SOD2 and SOD3 was found while no oxidative stress was induced.

Consequently, activity of transcription factors for inflammatory gene expression was
downregulated in iM® with sL-HA after activation whereas anti-inflammatory proteins were

induced.

This study proves anti-inflammatory properties of sL-HA and provides information on its

regulatory mode of action on iM®.
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Significance of the study

Chemical modification of hyaluronan (HA) with sulfate groups generates polysulfated HA
derivatives with anti-inflammatory activities. Typically, immuno-regulatory properties of HA
depend on its molecular size with high molecular weight HA (H-HA) being anti-inflammatory
while the supposed pro-inflammatory activity of low molecular weight HA (L-HA) is
controversially discussed. However, the therapeutic use of H-HA in inflammatory conditions
remains limited by its degradation to L-HA which is accompanied by the loss of its anti-
inflammatory functions. In this respect, it is of significant interest to characterize the immuno-
regulatory activity of sulfated HA derivatives after degradation to low molecular sizes (sL-

HA).

In this study, we demonstrate anti-inflammatory effects of sL-HA on fully differentiated,
inflammatory macrophages (iM®). Comparing the effects of sL-HA and L-HA of the same
molecular size using global quantitative proteomics, targeted assays and docking
calculations we gained insights into the regulatory impact of sL-HA on functions of resting
and activated iM®. Thereby, we revealed the uptake of sL-HA, induction of antioxidants and
regulation of transcriptional activators as mechanisms of the anti-inflammatory activity of sL-
HA. Our data prove potent anti-inflammatory properties of sL-HA independent of its

molecular weight which should be further assessed in in vivo models of inflammation.

1 Introduction

Glycosaminoglycans (GAGs) have been recognized as important regulators of biological
processes controlling functions of a variety of cells including immune cells [1]. In particular,

the anti-inflammatory effect of GAGs suggests their potential as an immunomodulating agent
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to limit uncontrolled inflammatory processes [2]. In this respect, GAGs like Chondroitinsulfate
(CS), heparin and hyaluronan (HA) have been shown to directly downregulate inflammatory
cytokine production by immune cells and to reduce inflammation in vivo [3-6]. The regulatory
activity of GAGs on cells is controlled by their structural conformation which is determined by
their sulfation pattern and/or molecular weight [1, 2, 7]. For example, the immunomodulating
impact of the sulfated GAG heparin appears to be predominantly influenced by its sulfation
pattern. While both unfractionated and low molecular weight heparin have been shown to
reduce inflammatory cytokine release in monocytes, differently sulfated heparin-like
derivatives revealed abolished anti-inflammatory effects if selected sulfate groups were
lacking [8, 9]. Since HA is the only naturally occurring non-sulfated GAG, its immuno-
modulating action is dependent on its molecular weight [5]. It is well known that high
molecular weight HA (H-HA) has potent anti-inflammatory and immunosuppressive functions
promoting homeostasis in physiologic conditions [10, 11]. Due to its beneficial function, H-
HA is applied as anti-inflammatory agent in the treatment of osteoarthritis [12]. In contrast,
low molecular weight HA (L-HA) is discussed to induce pro-inflammatory responses. Several
studies demonstrate profound pro-inflammatory effects of purified L-HA ranging from HA
oligomers (2-18 mers) [10, 11] to HA fragments (5 to 500 kDa) [13] while other studies report
of no pro-inflammatory activities of L-HA [14]. However, despite this controversy on the
effect of purified L-HA, there is convincing evidence of L-HA accumulating in strong
inflammatory environments due to de novo biosynthesis of L-HA and degradation of H-HA
and that this shift from H-HA to L-HA favors progression of inflammation [13, 15]. Thus, the
therapeutic success of anti-inflammatory H-HA applied in severe inflammatory conditions is
limited by its degradation to L-HA discussed to be pro-inflammatory or at least to possess no
anti-inflammatory activity. To circumvent this unwanted side effect, HA could be modified by
the introduction of sulfate groups as sulfation seems to support the anti-inflammatory activity

of GAGs and to prevail over any size effects. Indeed, there are first reports of sulfated HA or
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sulfated semi-synthetic HA derivatives exerting anti-inflammatory effects and reducing
inflammation in vivo [16, 17]. We have recently shown that sulfated L-HA (sL-HA)
incorporated in an artificial extracellular matrix modulates the differentiation of blood
monocytes towards a regulatory macrophage phenotype [18]. However, the molecular
mechanisms by which sL-HA produces its anti-inflammatory activity remain unexplored and

are therefore addressed in this study.

Using a global proteomics approach with tandem mass tag (TMT) labeling, the impact of
purified sL-HA on fully differentiated human inflammatory macrophages (iM®) was
elucidated by relative quantification of regulated proteins and characterization of involved
signaling pathways. Additionally, targeted analysis of key proteins and cytokines of interest

was performed as well as docking calculations with sL-HA.

2 Materials and Methods

2.1 Glycosaminoglycans

Native H-HA, from Streptococcus (Aqua Biochem Dessau, Germany) was degraded and
sulfated to L-HA and sL-HA, respectively, as described [19]. All HA derivatives were tested
endotoxin-free. Characteristics and structure of the different HA derivatives used are
provided in Table 1 and Figure S9. Further details are outlined in the supporting
information. The HA derivatives were resolved in medium before being added into the

macrophages culture.
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2.2 Monocyte isolation, differentiation to inflammatory macrophages (iM®) and

glycosaminoglycan (GAG) incubation

Human peripheral blood was taken from healthy volunteers after approval of the local ethics
committee in compliance with the Declaration of Helsinki (# ethic vote: 064-2009). CD14"
mononuclear cells were isolated using CD14" Cell Isolation Kit (Miltenyi, Germany) and
differentiated for six days towards iM® using 50 U/ml GM-CSF (Leukine, USA) as previously
described [18]. Mature iIM® were treated for a further six days with a solution of HA
derivatives (Table 1) which was directly added into the culture well, hence diluting the initial
concentration of GM-CSF. Control iM® were sham-treated with a GAG-free medium for the
same duration. After this timeline, iIM® were either directly analyzed or stimulated with
100 ng/ml lipopolysaccharide (LPS) (Sigma-Aldrich, Germany) to trigger their inflammatory
activation before analyses. Proteins were isolated for proteomic analysis or Western Blot,
cell culture supernatant was harvested for ELISA, RNA was isolated from the cells for gene
expression analysis and cell viability assays were performed. Western Blot, ELISA, gene
expression analysis and cell viability assays were performed according to standard

procedures. For details see supporting information.

2.3 Global quantitative proteomics study

Proteins were isolated from macrophages with a urea-based lysis buffer for 10 min at 4 °C,
then 15 g of protein per condition was reduced, alkylated, purified by acetone precipitation
and digested by trypsin. The resulting peptides from the various experimental conditions
were differently chemically labeled using the Tandem Mass Tag (TMT, Thermo Scientific,

USA) approach before being combined.
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Peptide samples were then analyzed on a nano-UHPLC system coupled to an Orbitrap
Fusion mass spectrometer (Fig. S1). After trapping, TMT-labeled peptides were separated
on a RP column using a 260 min non-linear gradient. Survey scans were recorded within the
Orbitrap Fusion using top speed (5 sec) in data dependent mode. For MS2, scans were
selected with a quadrupole mass filter width of 0.5 amu and fragmented with a normalized

collision energy set to 35 % using high-energy collision.

MS raw data were processed using the Proteome Discoverer v.1.4.0.288 (Thermo Scientific,
USA) with the algorithms SEQUEST and MS Amanda for peptide identification. Spectra
were matched to the UniprotKB/Swissprot human protein database (06 Nov 2014). The
peptide FDR was kept to < 1 % (using Percolator). High confidence unique and razor
peptides were selected. Only proteins with quantitative data for at least three out of four
biological replicates were kept. The log, [ratio(HA vs. no GAG)] was calculated and

normalized for each condition. For details see supporting information.

2.4 Pathway analysis

The proteomic data was further analyzed by IPA (Ingenuity Pathway Analysis, Ingenuity®
Systems, www.ingenuity.com). Only proteins with a p-value < 0.1 and pathways related to
human monocytes-derived macrophages and T lymphocytes were considered for IPA

analysis.
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2.5 Measurement of intracellular oxidative stress

Macrophages were treated with GAGs or PMA (100 nM) for the indicated time points or
remained untreated before the addition of 7.5 yM of CellROX® Deep Red Reagent (Thermo
Scientific, USA). After 30 min incubation cells were washed with PBS, detached using
trypsin/EDTA and red fluorescence as mean for intracellular ROS induction immediately

analyzed by flow cytometry.

2.6 Immunofluorescence microscopy

Macrophages were seeded in chambered coverslips (u-slide, ibidi, Germany) and incubated
with anti-Lox1 (BioLegend, UK) or anti-CD36 (BioLegend, UK) antibodies at 37 °C for 30
min. Cells were washed with PBS before simultaneous addition of the appropriate Alexa-488
secondary antibody (Thermo Scientific, USA) and fluorescent ATTO565-labeled sL-HA
(Innovent e.V., Germany) for further 30 min at 37 °C. Co-localization of the different targets
was visualized using a Keyence BZ-9000 microscope (Biorevo) or a confocal microscope
(Axio Observer Z1, Zeiss, Germany) equipped with fluorescence and image capturing

system. For details see supporting information.

2.7 Surface marker expression and blocking of CD44

Surface expression of different markers and uptake of ATTO565-labeled sL-HA in the
presence and absence of anti-CD44-blocking antibody (eBioscience, Germany) were

analyzed by flow cytometry. For details see supporting information.
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2.8 Molecular modeling and docking

Hexameric (dp6) sulfated hyaluronan HA462’ and HA463’ were modeled using AMBER 14
[20] (the numbers indicate the sulfate group position within each disaccharide unit present in
the polymeric sL-HA experimentally used). Their interaction with the protein targets CD44,
Lox1, and CD36 (previously energy minimized) was studied by molecular docking with

Autodock 3 [21]. For details see supporting information.

2.9 Statistics

All experiments were performed with at least three different donors. Data are presented as
mean + SD. Statistical analysis was performed by a two tailed t-test with unequal variance
between two groups or by one-way ANOVA with multiple comparisons versus indicated
control using Tukey’s post-test. All p-values below 0.05 were considered to be statistically

significant.

3 Results and discussion

3.1 Sulfated L-HA reduces pro-inflammatory cytokine release of inflammatory

macrophages

The anti-inflammatory activity of sL-HA was assessed using resting inflammatory
macrophages (iM®). Blood monocytes were differentiated with GM-CSF for six days into
macrophages presenting a pro-inflammatory activation profile in response to an activating
stimulus, like. LPS (Fig. S2), similar to macrophages found at inflammation sites [22, 23].

These resting iM® were cultured for another six days with sL-HA, L-HA (of the same
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molecular weight and serving as size control) and with H-HA known to attenuate iM®
responses [24] (thus serving as an anti-inflammatory positive control). Culture with the GAGs
alone had neither an effect on the expression of macrophage activation markers, with results
equivalent to untreated iIM® (Fig. S2A), nor induced the release of cytokines (Fig. S2B),
thus demonstrating no activation of resting iM® by either sL-HA, L-HA or H-HA. However,
when iM® were stimulated with LPS (LPS stimulation for 5 h (TNFa) and 24 h (others)) in
the presence of the GAGs a significantly reduced release of the pro-inflammatory cytokines
TNFa, IL-12(p40), IL-6 and MCP-1 was detected for iM® cultured with sL-HA compared to
LPS-stimulated control iM® (Fig. 1). The observed anti-inflammatory activity of sL-HA is in
line with previous studies showing reduced inflammatory cytokine production by
mesenchymal stromal cells and monocytes after treatment with sL-HA [17, 18]. A similar
decrease in the cytokine release of TNFa and MCP-1 was found for H-HA, confirming data
from other studies [24], whereas L-HA showed no significant effect on iM® activation (Fig.
1). Although several reports describe the inflammatory activation of macrophages and
dendritic cells by L-HA [13, 24, 25] we found no pro-inflammatory activity of L-HA paralleling
recent findings of others [14, 26]. It has been suggested that the source of HA and endotoxin
levels might explain the divergent data on the pro-inflammatory effects of purified HA
fragments [14]. Our study using bacterial-derived endotoxin-free HA derivatives may support
this notion. We acknowledge that further studies are required to clarify this controversy on L-
HA activity especially since degradation of H-HA and accumulation of L-HA following injury
or insult in vivo has been proven to impact progression of inflammation [13, 15]. However,
this is beyond the scope of this study which addresses the molecular basis responsible for

the anti-inflammatory activity of sulfated L-HA.
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3.2 Sulfated L-HA induces a strong global effect on protein regulation in inflammatory

macrophages

To reveal the molecular mechanisms by which sL-HA counter-regulates iM® functions, a
global quantitative proteomics study was performed as per workflow (Fig. S$1), in which
effects on resting iM® (no LPS stimulation) and on short-term (30 min LPS) and long-term
(4h LPS) activated iM® were assessed. Firstly, we confirmed the pro-inflammatory
properties of LPS on macrophages alone (with no GAG). We demonstrated in the absence
of GAG an increase in pro-inflammatory cytokines (TNFa, IL-12, IL-6, MCP-1) in
macrophages activated with LPS over resting macrophages (untreated) (Fig. S2B) and
similarly, a pathway analysis of the regulated proteins predicted strong activation of the pro-
inflammatory RhoA signaling pathway [27] in activated versus resting macrophages (Fig.

S3).

Interestingly, a clear difference in the number of significantly regulated proteins in resting
and activated iM® was observed between sL-HA and its size control L-HA (Fig. 2A). While a
very low number of significantly regulated proteins (< 5) was detected when cells were
cultured with L-HA, incubation with sL-HA resulted in about 60 proteins being significantly
regulated. These findings indicate a strong global effect of HA sulfation on IM® activity,

which was further substantiated in the pathway analysis.

An overrepresentation analysis of the regulated proteins revealed five main pathways with a
p-value < 0.01 and an absolute z-score > 2 (Fig. 2B). In resting and activated iM® the ‘EIF2
signaling pathway’ was strongly inhibited when cultured with sL-HA but only slightly reduced
with L-HA. Pathway related to oxidative stress like ‘NRF2-mediated oxidative stress
response’ was found activated with sL-HA after 4 h LPS, while no information were obtained
for L-HA. Pathways linked to inflammatory response including fMLP signaling’ and ‘Acute

phase response signaling’ were also more activated in sL-HA than in L-HA conditions. No
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constant differences between L-HA and sL-HA cultured iM® were found in regulated
pathway related to cell movement and maintenance (‘Regulation of Actin based motility by

Rho’).

3.3 Sulfated L-HA is internalized by inflammatory macrophages involving CD44 and

scavenger receptors

Binding to CD44 has been implicated in the anti-inflammatory activity of H-HA [28]. In-depth
analysis of regulated proteins revealed a clear upregulation of CD44 for all sL-HA conditions
(supporting data1) which was confirmed by flow cytometry analysis of CD44 expression in
resting iM® (Fig. 3A). Therefore, the possible interaction of sL-HA with CD44 was
addressed. Using a blind docking approach, a binding region for sL-HA was predicted, which
overlaps with residues distributed along the HA binding domain of CD44 [29] (Fig. 3B, Fig.
S4A). Thus, a functional blocking CD44 antibody would compete for the same recognition
site precluding interaction of sL-HA with iIM® as demonstrated in Fig. 3C. In line with the
reported uptake of HA after CD44 binding [28] rapid internalization and intracellular
accumulation of sL-HA in iM® was detected which started with vesicular clustering of sL-HA
on the iIM® surface (Fig. $5). However, CD44 blocking did not completely prevent sL-HA
interaction with iM® (Fig. 3C) suggesting the involvement of other receptors in the uptake of
sL-HA. Scavenger receptors are widely expressed by macrophages and have been reported
to mediate the uptake of polyanionic macromolecules [30], which prompted us to investigate
their role in sL-HA internalization. Monitoring sL-HA uptake by fluorescence microscopy, the
scavenger receptors lectin-like OxLDL receptor 1 (Lox1) and CD36 were found to co-localize
with sL-HA clusters at the cell surface (Fig. 3D) suggesting the implication of both receptors
in the sL-HA uptake by iM®. This was further supported by blind docking studies. Our results

suggest that there is, from the two sites involved in OxLDL recognition [31], a sL-HA
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sulfation pattern dependent preference for the Lox1 recognition site with residues in the
basic spin (R208, R229, R231 and R248) over a second region near the C-terminal (K266
and K267) (Fig. 3E, Fig. S4C). For CD36, most of the binding poses obtained for sL-HA did
not overlap with the CD36 functional domain (residues 155-183) [32] (Fig. 3F, Fig. S4B).
Therefore, sL-HA would be able to interact with iM® in the presence of functional blocking
antibodies against Lox1 and CD36, as they recognize different receptor regions.
Interestingly, the recognition of OxLDL by scavenger receptors like Lox1 activates an
oxidative stress response by increasing ROS production, NADPH oxidase expression and
superoxide anion (O,") formation [33, 34]. Thus, binding of sL-HA to the OxLDL recognition
site of Lox1 may induce the activation of such oxidative-acting molecules in iM® which will

be addressed in the following section.

3.4 Sulfated L-HA induces proteins involved in regulating oxidative stress responses

in inflammatory macrophages

The induction of an oxidative stress response is also supported by the global proteomics
study through the regulated pathway: ‘NRF2-mediated oxidative stress response’. An
oxidative stress response involves the formation of oxidants and subsequent upregulation of
antioxidants counter-regulating the oxidants’ activity [35]. Our proteomics analysis revealed
the selective upregulation of both oxidative-acting proteins and anti-oxidative-acting proteins

in iIM® treated with sL-HA in contrast to iM® treated with L-HA (Fig. 4A).

The multicomponent enzyme complex NADPH oxidase, responsible for the production of
0,*, is composed of two transmembrane and four cytosolic proteins including p47phox and
p67phox [36]. These two proteins were clearly upregulated in all sL-HA conditions (except

for p67phox at 4 h) (Fig. 4A). The intracellular increase of O,* production is counter-
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regulated by superoxide dismutases (SOD) converting it into less harmful H,O, [37].
Accordingly, a strong upregulation of mitochondrial SOD2 was found in all sL-HA conditions
(Fig. 4A), while cytosolic SOD1 was not significantly regulated (supporting data1). As
SODs are key regulators of cellular oxidative stress, their regulation was confirmed
exemplarily. Significant induction of SOD2 and SOD3 (Fig. 4B/C, Fig. S6) but not of SOD1
(not shown) was detected in resting iM® after one and six days culture with sL-HA compared
to iIM® treated with no GAG and L-HA which maintained when sL-HA-treated iM® were
activated with LPS (Fig. S6, S7). SOD3 requires copper for its catalytic activity, which is
made available by enzymes like antioxidant-1 (ATOX1) [38]. In the proteomics analysis,
ATOX1 was upregulated in all sL-HA conditions (Fig. 4A). Together with the observed
increase of SOD3 expression, this indicates a functional activation of SOD3 in iM® by sL-
HA. Glutaredoxin-3 (GLRX3) is another antioxidant enzyme that was slightly upregulated in
sL-HA treated iM® along with the glutamate-cysteine ligase catalytic subunit (GCLC) (Fig.
4A). GCLC is part of the glutamate-cysteine ligase (GCL), an enzyme required for de novo
synthesis of glutathione (GSH) [39]. Glutaredoxins, along with GSH, maintain redox
homeostasis in cells and protect against oxidative stress-induced cell death [40]. Finally, the
antioxidant stress sensitive cytokine osteopontin was found significantly upregulated in
resting iIM® with sL-HA (Fig. 4A). This protein has been described to counter-regulate
inducible nitric oxide synthase (iNOS) in macrophages [41]. Altogether, our data strongly
indicate the induction of an oxidative stress response in iIM® by sL-HA which indicates an
upstream formation of reactive nitrogen species (RNS) and ROS [35]. Therefore, we
monitored the expression of the NO producing enzyme iNOS [42] and the production of
intracellular ROS in resting iM® during the time course of culture with sL-HA and observed
no induction of INOS (data not shown) and no increased ROS levels in iIM® as short-term (1
h, 6 h, 24 h) and long-term (6 days) response to sL-HA treatment (Fig. 4D). This is

surprising as the upregulation of antioxidants like SODs or GSH are typically triggered by the
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generation of RNS/ROS [43]. In turn, RNS/ROS are immediately neutralized by the fast
activity of antioxidants, a crucial defense mechanism of cells to prevent RNS/ROS-mediated
damage which — if the antioxidant effect is not efficient — can lead to cell death [35]. In this
respect, we observed equal viability between iM® cultured with sL-HA, L-HA or without GAG
(Fig. 4E). Thus, the lack of RNS/ROS detection despite the induction of antioxidants in iM®
after sL-HA treatment may result from their counter-regulation by an effective antioxidant
response. On the other hand, antioxidants might also be upregulated in the absence of
RNS/ROS formation by an unknown mechanism to be elucidated in continuing studies. Of
note, heparin and CS were also described to induce SOD3 expression in dermal fibroblasts

but whether this involved the formation of RNS/ROS was not investigated [44].

3.5 Anti-inflammatory effect of sulfated L-HA is mediated by counter-regulation of
transcriptional factors and activation of negative regulators of inflammatory gene

transcription

Antioxidants have been shown to impact inflammatory functions of cells through the
regulation of transcription factor activities [45]. Thus, the anti-inflammatory activity of SOD3
was linked to the inhibition of NFkB activation [46]. Reduced activation of NFkB and of
activated protein-1 (AP-1) was also found in cells after overexpression of SOD2 and GLRX3
[47, 48], while the induction of osteopontin supported the degradation of STAT-1/pSTAT-1
[41]. Since these transcription factors regulate the expression of inflammatory genes [49, 50]
and since we observed the upregulation of SOD2, SOD3, GLRX3 and osteopontin in iM® in
response to sL-HA (Fig. 4A-C), transcription factor activation in the LPS-stimulated iM® was
analyzed. Reduced levels of IRF5, phosphorylated NFkB and phosphorylated STAT-1 found
in the sL-HA-treated activated iM® (Fig. 4F, Fig. S8) clearly demonstrate the decreased pro-

inflammatory activation of the iM® which is also reflected in the reduced production of
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inflammatory cytokines as observed in Fig. 1. The mechanism by which antioxidants impact
transcription factor activities is not completely understood. It has been shown that sequence-
specific DNA binding and transactivation activities of transcription factors are differentially
regulated in reducing or oxidizing environments [45]. It is suggested that such redox
regulation processes occur in cells in localized parts where particular oxidants or
antioxidants interact with and modulate the activity of transcription factors such as NFkB
[45]. Whether impaired transcription factor activity in the sL-HA-treated iM® arises from the
direct interaction with antioxidants remains to be explored. An interesting notion in this
respect is that similar to our sL-HA, both heparin and CS also block the activation of
transcription factors (e.g. NFkB) reducing the expression of inflammatory cytokines [51, 52]
and induce SOD3 [44]. This might hint at a common molecular mechanism by which sulfated
GAGs mediate their anti-inflammatory activity but further studies are required to substantiate

this hypothesis.

Furthermore, the global proteomics study revealed a strong upregulation of the anti-
inflammatory proteins interleukin-1 receptor antagonist protein (IL1RN) and transmembrane
glycoprotein NMB in activated iM® treated with sL-HA compared to L-HA (Fig. 4A). IL1RN is
known to inhibit IL-1B activity, one of the leading pro-inflammatory cytokines in inflammatory
processes [53]. NMB is described to negatively regulate inflammatory responses by
downregulating pro-inflammatory cytokines including TNFa, IL-1B, IL-6 and IL-12(p40) [54].
Upregulation of these anti-inflammatory proteins therefore suggests an additional

autocrine/paracrine counter-regulation of the inflammatory activity of the sL-HA treated iM®.
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4 Concluding remarks

Using a quantitative global proteomics approach, we were able to demonstrate and
characterize the capacity of sL-HA to influence inflammatory signaling in fully differentiated

iM® and to diminish their pro-inflammatory activation profile. Events that may contribute to

the anti-inflammatory activity of sL-HA on iM® are illustrated in Fig. 5. They involve the

recognition of sL-HA by CD44 and by the scavenger receptors CD36 and Lox1, probably

mediating the uptake of sL-HA into the macrophages. Antioxidants like SOD2 and SOD3 are

up-requlated in the presence of sL-HA by an unresolved mechanism. These antioxidants

could be linked to the reduced activation of the transcription factors NFkB, STAT1 and IRF5
responsible for inflammatory gene franscription in activated iIM®. Consequently, the
production of pro-inflammatory cytokines like TNFa, IL-12(p40), MCP-1 and IL-6 decreased

in favor of an upregulation of anti-inflammatory proteins (IL1RN, NMB). Altogether, our data

provide a basis for further investigations aiming at deciphering the molecular mechanisms

involved in the anti-inflammatory mode of action of sL-HA. Although our results point toward

a direct effect of sL-HA on iM®, an indirect modulatory impact of sL-HA via interactions with

requlating mediators of iIM® cannot be ruled out. For example, the sL-HA binding of GM-

CSF and the subsequent modification of its bioactivity, as it has been shown for heparin

sulfate proteoglycans, might also be a mechanism by which sL-HA exerts its anti-

inflammatory activity on iM® and should be addressed in further studies.

The application of H-HA as an anti-inflammatory agent is limited as it is prone to be
degraded into pro-inflammatory or non-effective L-HA in inflammatory environments. Our
results prove a profound anti-inflammatory activity of L-HA after modification with sulfate

groups, suggesting that sulfation of HA may overcome the adverse effect of HA degradation.
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Figure legends

Figure 1. Effects of HA derivatives on the cytokine response of iM®. Cytokine release
from activated (act.) iIM® (LPS stimulation for 5 h (TNFa) and 24 h (others)) cultured for six
days with H-HA, L-HA, sL-HA or without GAGs (ctr) calculated as fold release relative to ctr,
detected by ELISA. Bars represent calculated mean values + SD of experiments with at least
six donors. ANOVA with multiple comparisons versus control using Tukey’s post-test: ***p <

0.001, **p < 0.01.
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Figure 2. Global proteomic analysis. iM® cultured for six days with or without GAGs (L-HA
or sL-HA). GAG effects in resting (no LPS) and activated iM® (30 min or 4 h LPS) are
analyzed. A) Number of proteins significantly regulated by more than 20% in GAG-treated
iM® compared to iIM® without GAGs. B) Regulated biological pathways predicted by IPA of
regulated proteins (p-value < 0.1). A biological pathway is deemed significant if the p-value <
0.01 (*). The z-score describes the regulation of the pathway: positive values (orange)
indicate activated pathways, negative values (green) indicate inhibited pathways. A white
entry indicates that no z-score could be calculated. A+B) Data are based on at least three

biological replicates.
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Figure 3. Recognition and uptake of sL-HA by iM®. A) CD44 surface expression on
resting iM® before and after culture with sL-HA determined by flow cytometry. B) Molecular
modeling of sL-HA interacting with CD44. Docking results showing CD44 in grey and the
HA463’ (dp6) binding poses in green sticks. CD44 HA binding domain is highlighted in
yellow and basic residues are numbered. C) sL-HA binding / uptake by resting iM® in the
presence and absence of CD44 functional blocking antibody assessed by flow cytometry. D)
Co-localization of sL-HA (labeled with ATTO565) with Lox1 and CD36 visualized by
immunofluorescence microscopy. Resting iM® were incubated with antibodies targeting
Lox1 and CD36 for 30 min before addition of sL-HA-ATTO565. Scale: 10 um. E) Molecular
modeling of sL-HA interaction with Lox1. Docking results showing Lox1 in grey and HA463’
(dp6) in green sticks. Basic residues involved in OxLDL recognition are highlighted in
orange. F) Molecular modeling of sL-HA interaction with CD36. Docking results showing
CD36 in grey and HA463’ (dp6) in green sticks. CD36 functional domain is shown in yellow

with the residues critical for OxLDL recognition in orange.
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Figure 4. Oxidative stress response and anti-inflammatory regulation in iM® by sL-
HA. Resting iM® were cultured with L-HA, sL-HA or without GAG as indicated and either
immediately analyzed (no LPS) or after activation with LPS for 30 min or 4 h. A) The log,
[ratio(HA vs. no GAG)] of the proteins belonging to oxidative and inflammation pathways are
shown. Green: upregulated by > 20 %, yellow: regulated by 10-20 %, grey: not regulated
(<10 %). Values in bold represent significantly regulated proteins, underlined values
represent almost significant proteins (0.05 < p < 0.1). All values are based on at least three
biological replicates. ND: not detected. B) RNA expression of SOD1, SOD2 and SOD3 in
resting iIM® after culture for 24 h or six days presented as fold induction to control. Bars
represent calculated mean values + SD of experiments with at least six donors. ANOVA with
multiple comparisons versus control using Tukey’s post-test: ***p < 0.001, **p < 0.01, *p <
0.05. C) Protein abundance of SOD2 in resting iM® after 24 h or 6 d incubation analyzed by
Western blotting of whole lysates. Representative blots are shown. D) Intracellular ROS
levels determined using CellROX® and analyzed by flow cytometry in resting iM® after
culture with GAGs for 1 h, 6 h, 1 d or 6 d, respectively. iIM® stimulated with PMA served as
positive ctr for ROS induction. Bars represent mean values + SD of experiments with six

donors. E) Viability of resting iM® (differentiated from monocytes over 6 days) after culture

for further six days with HA derivatives by XTT cell viability assay. Medium was used as

Blank value. Bars represent calculated mean values £ SD of experiments with at least three
donors. F) Activation of transcription factors pSTAT1, pNFkB and IRF5 in activated iM®
analyzed by Western blotting of whole lysates (10 min LPS, pNFkB) or nuclear fraction (4 h

LPS, pSTAT1 and IRF5: use of same blot). Representative blots are shown.
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Figure 5. Supposed mechanisms contributing to the anti-inflammatory activity of sL-
HA on iM®. 1) Rapid uptake of sL-HA involving the recognition via CD44 and the scavenger

receptors CD36 and Lox1. 2) Upregulation of antioxidants SOD2, SOD3 and GLRX3 is

mediated by an unknown mechanism. 3) Redox-dependent regulations inhibit TLR-induced

activation of transcription factors pNFkB, pSTAT1, IRF5 resulting in 4) reduced expression
and release of pro-inflammatory cytokines (TNFa, IL-12(p40), MCP-1, IL-6). 5) Upregulated

anti-inflammatory proteins (IL1RN, NMB) counter-regulate autocrine/paracrine-mediated

inflammatory activation of iM®.
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Supporting files

Supporting information. Supplementary figure and materials/methods

Supporting data1. All Quantitative Proteomics

Supporting data2. Quantitative Proteomics_resting iM®

Supporting data3. Quantitative Proteomics_activated iM®(30min_LPS)

Supporting data4. Quantitative Proteomics_ activated iM®(4h_LPS)

Table 1: Characteristics of HA derivatives. DS: degree of sulfation per disaccharide; M,

molecular weight, PD: polydispersity.

Final concentration
Molarity
GAG DS M,, [kDa] PD applied to iM®
[uM]
[mg/ml]
H-HA 0 1175 4.8 1.43 1670
L-HA 0 48 2.3 1.43 68.6
sL-HA 3.4 53 1.7 1.43 75.8
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