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A B S T R A C T   

Sustained inflammation associated with dysregulated macrophage activation prevents tissue formation and 
healing of chronic wounds. Control of inflammation and immune cell functions thus represents a promising 
approach in the development of advanced therapeutic strategies. Here we describe immunomodulatory hya
luronan/collagen (HA-AC/coll)-based hydrogels containing high-sulfated hyaluronan (sHA) as immunoregula
tory component for the modulation of inflammatory macrophage activities in disturbed wound healing. Solute 
sHA downregulates inflammatory activities of bone marrow-derived and tissue-resident macrophages in vitro. 
This further affects macrophage-mediated pro-inflammatory activation of skin cells as shown in skin ex-vivo 
cultures. In a mouse model of acute skin inflammation, intradermal injection of sHA downregulates the in
flammatory processes in the skin. This is associated with the promotion of an anti-inflammatory gene signature in 
skin macrophages indicating a shift of their activation profile. For in vivo translation, we designed HA-AC/coll 
hydrogels allowing delivery of sHA into wounds over a period of at least one week. Their immunoregulatory 
capacity was analyzed in a translational experimental approach in skin wounds of diabetic db/db mice, an 
established model for disturbed wound healing. The sHA-releasing hydrogels improved defective tissue repair 
with reduced inflammation, augmented pro-regenerative macrophage activation, increased vascularization, and 
accelerated new tissue formation and wound closure.   

1. Introduction 

Non-healing chronic wounds of the skin represent a significant 
health problem with increasing incidence due to demographic change 
and the association of chronic wounds with comorbidities such as 
obesity, diabetes and vascular diseases that also increase worldwide [1]. 
Although various therapies are available for treatment and care of 
chronic wounds, their effectiveness is usually limited and relapse occur 
in a large number of the patients [1,2]. Increasing case numbers and 
poor treatment outcomes demand for the development of new, more 

effective therapeutic approaches. 
Chronic wounds are characterized by a persistent inflammation that 

leads to excessive tissue breakdown and prevents the injured skin tissue 
from healing [3]. The unrestrained inflammatory loop therefore repre
sents a promising target in the development of new therapeutic strate
gies [4,5]. Macrophages play a key role in controlling dermal wound 
healing and are actively involved in restoring tissue homeostasis after a 
skin injury [6]. For this, they polarize into different activation states 
with pro-inflammatory functions or pro-regenerative and 
anti-inflammatory functions, which are classically assigned to M1-or 
M2-like macrophage phenotypes, respectively [7]. In chronic wounds, 
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the sequential polarization of macrophages in M1 and M2 is disturbed 
and M1-macrophage activities persist [8,9]. The resulting 
pro-inflammatory environment hamper the activation of 
M2-macrophage functions that are crucial for inflammatory resolution 
and new tissue formation [10,11]. Therefore, reversal of inflammation 
and restoration of M2 macrophage polarization is hypothesized to be a 
promising means in treating non-healing wounds [12]. Indeed, redi
recting macrophage activities in wound tissue, e.g. by blocking factors 
that drive inflammation, like IL-1b, TNF or ROS or by application of 
immunomodulatory cells such as mesenchymal stromal cells (MSCs) or 
fibroblasts that promote M2 macrophage polarization, was shown to 
improve impaired wound healing [9,13–18]. Despite these promising 
observations, implementation of controlling macrophage functions in 
chronic skin wounds by an applicable immunomodulating wound 
dressing is still lacking. 

Within the recent years, regenerative medicine research has focused 
on the development of biologic active materials for a variety of clinical 
applications that interact with and modulate the wound environment to 
promote functional tissue remodeling and to induce favorable healing 
outcomes [19,20]. In this respect, the extracellular matrix (ECM) has 
been recognized as an important regulator of cell differentiation and 
activation. Thus, most of these materials are composed of 
naturally-derived ECM or synthetic ECM components to mimic specific 
physiological cell-instructive abilities of the ECM [21,22]. 

Glycosaminoglycans (GAG) are components of the extracellular 
matrix (ECM) that control cell functions either directly via receptor 
binding and signaling or indirectly via processing the availability and 
bioactivity of growth factors and cytokines that signal to the cells [23]. 
Particularly the non-sulfated GAG hyaluronan (HA) possesses potent 
anti-inflammatory properties and downregulates pro-inflammatory ac
tivities of immune cells including macrophages via direct 
receptor-mediated interaction with the cells [24–27]. However, immu
noregulatory activity of HA is controlled by its molecular size with high 
molecular weight HA promoting inflammatory resolution while its 
degradation to small fragments favors progression of inflammation [28, 
29]. 

We have recently shown that immunoregulatory activities of HA can 
be refined, enhanced and uncoupled from its molecular size by chemical 
modification with sulfate groups. Particularly HA derivatives with a 
high degree of sulfation exert a strong anti-inflammatory effect on 
human macrophages in culture in vitro and promote the activation of 
regulatory functions independent of its molecular weight and superior to 
large HA polymers [30]. We also demonstrated that 2-dimensional 
artificial ECM composed of collagen as a protein network and incorpo
rated with high-sulfated HA (sHA) that leaks from the matrix modulate 
monocyte to macrophage differentiation in inflammatory conditions 
and promote the activation of regulatory macrophage functions [31,32]. 
This suggests sHA as a promising immunoregulatory component for the 
design of a functional wound dressing biomaterial to control 

macrophage activities at sites of non-healing wounds. This concept was 
explored in this study. 

We investigated the capability of sHA to modulate functions of 
tissue-resident and bone marrow-derived macrophages in in vitro set
tings mimicking the pro-inflammatory and pathological environment of 
chronic wounds. Using a skin ex vivo culture model, we examined con
sequences of this regulation on the macrophage-mediated activation of 
skin cells. We further investigated the immunomodulatory effect of sHA 
in a mouse model of acute skin inflammation where we analyzed its 
capacity to prevent and to rescue inflammation. Finally, we designed 
hyaluronan/collagen (HA/coll)-based hydrogels allowing a continuous 
release of sHA and assessed the capability of these hydrogels to control 
inflammation and macrophage activities in skin wounds of db/db mice, 
an established model for delayed diabetic wound healing. 

2. Material & methods 

2.1. HA derivative, artificial extracellular matrix and hydrogel 
preparation 

Biotechnologically produced HA from Streptococcus (Aqua Biochem, 
Germany) with molecular weight of 1,100,000 g mol-1 (H-HA) was 
thermally degraded in a controlled manner and used for acrylation (HA- 
AC) and sulfation (sHA) of HA as described previously [33–36]. Table 1 
summarizes the results of the chemical characterization of the synthe
sized HA derivatives, which was performed as reported in Refs. [33,36]. 
In the preparation of high-sulfated HA the average number of sulfate 
groups per repeating HA disaccharide unit (D.S.S) can vary slightly from 
batch to batch between 2.8 and 3.4. In this study, four different 
high-sulfated HA batches were used, which had D.S.S values of 3.0, 3.1, 
3.2 and 3.4, respectively, and which are summarized in Table 1 with D. 
S.S 3.0–3.4. In comparative experiments we confirmed that the different 
batches showed no differences in their effect on macrophages and 
inflammation processes (data not shown). 

An artificial extracellular matrix (aECM) suspension consisting of 
either collagen only or collagen/sHA was obtained by in vitro fibrillo
genesis at 37 ◦C after mixing 3 mg/ml collagen type I (rat tail, Corning, 

Abbreviations 

aECM artificial extracellular matrix 
aSMA alpha smooth muscle actin 
BM bone marrow 
ECM extracellular matrix 
GAG glycosaminoglycan 
HA hyaluronan 
HA-AC acrylated hyaluronan 
HYAL hyaluronidase 
IF immunofluorescence 
LPS lipopolysaccharide 
MMP matrix metalloproteinase 

MSC mesenchymal stromal cells 
NFkB nuclear factor ‘kappa-light-chain-enhancer’ of activated B- 

cells 
NLRP3 nod-like receptor protein 3 
PA palmitic acid 
PBS phosphate buffered saline 
PMN polymorphonuclear neutrophils 
RELMa resistin-like molecule alpha 
sHA high-sulfated hyaluronan 
STAT1 signal transducer and activator of transcription 1 
TGF-b1 transforming growth factor-beta1 
TLR toll-like receptor 
VEGF vascular endothelial growth factor  

Table 1 
Characteristics of HA derivatives. 1D.S.S: Average number of sulfate groups 
per repeating HA disaccharide unit; 2D.S.AC: Average number of acrylate groups 
per repeating HA disaccharide unit; 3Mw: Weight-average molecular weight 
determined by gel permeation chromatography (GPC) with laser light scattering 
(LLS) detection.  

Sample L-HA HA-AC sHA 

D.S.S1 - - 3.0–3.4 
D.S.AC

2 - 0.16 - 
Mw (kDa)3 48.3–48.8 106.8 47.5–52.8  
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Germany) dissolved in 10 mM acetic acid with fibrillogenesis buffer (10 
mM KH2PO4 and 50 mM Na2HPO4, pH 7.4) with or without 7.5 mM (6 
mg/ml) disaccharide units of sHA. 

HA-AC-based hydrogels were prepared according to Refs. [37,38]. In 
brief, HA-AC was dissolved in aECM suspension to a final HA-AC con
centration of 50 mg/ml. Afterwards, 10 mg/ml photo initiator lithium 
phenyl-2,4,6-trimethyl-benzoylphosphinate (LAP, TCI Deutschland 
GmbH, Germany) was mixed with the HA-AC/aECM suspensions in a 
1:10 ratio. Thin hydrogels with sHA (HA-AC/coll/sHA) or without 
(HA-AC/coll) were prepared from 45 μl polymer solution, which was 
pipetted between two glass slides (12 mm diameter) prior to UV light 
irradiation (365 nm, 0.17 W/cm2) and lyophilization (Suppl. Fig.1). 

The collagen and sHA distribution within the hydrogels were visu
alized using Sirius red and Toluidine blue. The stability and release 
behavior were analyzed after hydrogel incubation in phosphate buffered 
saline (PBS, pH 7.4) for up to 8 days by quantifying the amounts of 
released collagen, HA-AC and sHA in the supernatants using the Lowry 
method, turbidity measurements via HA-AC/cetyltrimethylammonium 
bromide complexes and the 1,9-dimethylmethylene blue (DMMB) 
assay [39–42]. The remaining amounts of collagen, HA-AC and sHA 
were calculated from the difference between the original amount and 
the detected quantities in the supernatants using the respective stan
dards as described previously [36,37]. 

2.2. Hydrogel morphology 

After lyophilization of the hydrogels, the scaffolds were cut in halves 
and mounted to stubs following sputter coating with a thin carbon layer 
(Baltec, Germany). The morphology was assessed by scanning electron 
microscopy (SEM, Philips ESEM XL 30, FEI) using the secondary electron 
detector. 

2.3. Elastic modulus of hydrogels 

Hydrogels were produced as described in 2.1 but 40 μl and cylin
drical mold casts (Ø = 4 mm, h = 3.1 mm) were used instead. After 
lyophilization swelling in PBS for 1 h followed. Force-displacement 
curves were measured with a CellScale MicroTester (Waterloo, Can
ada) using 10% displacement during a loading phase of 2 min. The 
elastic moduli were determined from the linear area of the stress-strain 
curves. 

2.4. Enzymatic in vitro hydrogel degradation 

Hydrogels were incubated in 600 μl either 10 mM acetic acid pH 5.35 
or PBS pH 7.4 containing 1000 U/ml hyaluronidase (HYAL, EC 3.2.1.35, 
from bovine testes) at 37 ◦C for up to 7 d. 200 μl supernatants were 
collected at different time points and replaced by 200 μl freshly prepared 
HYAL solution. The total amount of GAG degradation products in the 
supernatants was determined using the hexosamine assay [43,44]. The 
amount of sHA in the supernatant was determined with the 1,9-dime
thylmethylene blue (DMMB) assay [41]. The amount of GAG remain
ing in the hydrogels was calculated with respect to the initial amount of 
GAG in the hydrogels. 

2.5. Generation and culture of tissue-resident and bone marrow-derived 
macrophages 

Macrophages were generated from peritoneal lavage cells or from 
bone marrow (BM) aspirates from hindlimbs of C57BL/6 mice as 
described [45,46]. Briefly, for peritoneal cells, the peritoneum of a 
mouse was lavaged with 2 ml PBS using a 21-G needle. For bone marrow 
leukocytes, bone marrow was flushed out of trimmed leg bones using 
RPMI 1640 medium (ThermoScientific, Karlsruhe, Germany) and a 25-G 
needle. Red blood cells were lysed before cell culture. Peritoneal cells 
were cultured at 4 × 105 cells/ml in RPMI 1640 medium 

(ThermoScientific) containing 10% fetal calf serum (FCS, Thermo
Scientific), 1% penicillin/streptomycin (Biochrom GmbH, Berlin, Ger
many), and 5 ng/ml M-CSF (Miltenyi, Bergisch-Gladbach, Germany) for 
24 h to generate tissue-resident peritoneal macrophages (pMa). 
Bone-marrow cells were cultured at 2 × 106 cells/ml in RPMI plus 10% 
FCS, 1% P/S and 5 ng/ml M-CSF for 7 days to generate BM-derived 
macrophages (BM-Ma). Before stimulation BM-Ma were harvested and 
seeded at 4 × 105 cells/ml per well. 

Differentiated macrophages were stimulated as follows: BM-Ma and 
pMa were co-stimulated with 100 ng/ml LPS (Sigma) and either 500 μg/ 
ml sulfated hyaluronan (sHA), high molecular weight HA (H-HA) or low 
molecular weight HA (L-HA), respectively. As control non-stimulated 
and LPS-stimulated pMA and BM-Ma were cultured in the absence of 
HA derivatives. Peritoneal cells were cultured with or without 500 μg/ 
ml sHA. After 24 h 500 μM PA (Sigma-Aldrich) complexed to bovine 
serum albumin (BSA) or BSA was added 5 h prior to stimulation with 
100 ng/ml LPS as previously described [45]. As controls pMa were 
cultured with PA or BSA without sHA and LPS. Cells were analyzed 24 h 
after LPS stimulation. To prepare supernatants for skin ex-vivo culture, 
peritoneal cells were cultured in the presence or absence of sHA for 24 h. 
Cells were washed and stimulated with LPS for further 24 h. Unstimu
lated peritoneal cells were cultured as control. 

2.6. Ex-vivo skin culture 

Skin biopsies (6 mm) generated from C57BL/6 mice were cultured in 
supernatants from peritoneal cells as described above. Skin samples 
were harvested after 24 h and prepared for isolation of epidermal cells. 

2.7. Animal studies 

All animal experiments were performed according to institutional 
and state guidelines and were approved by the Committee on Animal 
Welfare of Saxony (Germany, TVV19/12, TVV24/12, TVV33/17, 
TVV25/19). 

2.8. Imiquimod-induced skin inflammation 

Skin inflammation was induced in 8–10 weeks old BALB/c mice by 
topical application of Aldara creme containing 5% imiquimod (IMQ) 
(Meda GmbH, Wiesbaden, Germany) on the shaved back. In the pre
vention approach, 50 mg Aldara was applied on three consecutive days. 
Immediately before each IMQ treatment 500 μg HA derivatives (H-HA, 
L-HA or sHA, respectively) dissolved in 100 μl PBS or 100 μl PBS (con
trol) were injected in the skin. Lesional skin was analyzed at day 3 and 
day 4. In the therapy approach, one dose Aldara (125 mg) was applied 
and either 500 μg sHA or 100 μl PBS were injected in the skin after one 
day. Lesional skin was analyzed at day 3. Erythema and scaling were 
documented photographically. Skin was embedded in tissue freezing 
medium (Leica) for histological analyses (HE and immunofluorescence 
(IF) staining with Ki67 and CD11b) of tissue sections. Cell suspensions 
from the skin were prepared for immune cell analysis by flow cytometry 
and magnetic cell separation of CD11b + immune cells from the skin. In 
addition, RNA was isolated from skin for gene expression analysis. 

2.9. Wound healing 

Wound healing studies were performed in 10–12 weeks old diabetic 
db/db mice as previously described [4]. Full-thickness wounds 
(including panniculus carnosus) were inflicted with 6-mm dermal bi
opsy punches on both sites of the shaved back. At day three after 
wounding hydrogel discs (12 mm) were applied to the wounds and 
covered with Mepitel (Mölnlycke Health Care) and Raucodrape (Loh
mann & Rauscher) to keep the materials in place and moisturized. 
Wounds were analyzed 10 days after wounding. Wounds were photo
graphed prior to excision from the skin. Wounds were deep-frozen in 
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tissue freezing medium for HE and IF (CD31, aSMA, panCK, Ki67, 
RELMa and F4/80) staining of wound sections. Wounds were further 
prepared for tissue lysis to isolate RNA for gene expression analysis or to 
quantify cytokines by ELISA. 

2.10. Preparation of cell suspension and isolation of cells from lesional 
skin 

Epidermal cells were isolated from cultured skin upon segregation of 
the epidermis from dermis after incubation with 0.25% trypsin (Bio
chrom, Berlin, Germany) overnight. Cell suspension was prepared from 
lesional skin by enzymatic digestion of skin with 0.25 mg/ml liberase 
(Roche, Mannheim, Germany) in the presence of 0.06 mg/ml DNase 
(Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) for 1 h as 
described [45]. Myeloid cells were isolated using CD11b MicroBeads 
(Miltenyi, BergischGladbach, Germany) according to manufacturer’s 
instructions. Isolated epidermal cells and myeloid cells were immedi
ately prepared for RNA preparation. 

2.11. RNA preparation and quantitative real-time PCR 

Total RNA from homogenized lesional skin, wound tissue, cells iso
lated from lesional skin, cultured macrophages and epidermal cells was 
isolated either with ReliaPrep RNA Tissue Miniprep System (Promega, 
Walldorf, Germany) or with RNeasy Mini Kit (Qiagen) according to the 
manufacturer’s protocol. At least 0.15 μg RNA was used for first-strand 
cDNA synthesis with either Thermo Scientific RevertAid Reverse Tran
scriptase (Thermo Fisher Scientific) or LunaScript RT SuperMix Kit (New 
England Biolabs, Frankfurt a.M., Germany) according to the 

manufacturer’s protocol. Quantitative real-time qPCR was performed 
with intercalating dye technology (GoTaq qPCR Master Mix (Promega) 
or Luna Universal qPCR Master Mix (New England Biolabs)) according 
to the manufacturer’s instructions. Primer sequences are listed in 
Table 2. Quantitative gene expression was calculated using a simulta
neously recorded standard curve of cloned cDNA, normalized to the 
unregulated reference genes RS36B4 or GAPDH and computed as arbi
trary units of mRNA. 

2.12. Protein isolation from wound lysates 

Wound tissue was cut into small pieces and transferred in cell lysis 
buffer (BD) containing 1 mM phenylmethylsulfonyl fluoride, followed 
by mechanical disruption at 25 Hz for 6 min using a 5-mm steel bead and 
a bead mill (TissueLyser LT, Qiagen). Tissue debris was removed from 
the protein suspension by centrifugation for 10 min. Wound lysates were 
used for cytokine determination by ELISA. 

2.13. ELISA 

Cytokines were assessed in cell-free supernatants of peritoneal cells 
or in wound lysates. The following murine cytokines were quantified by 
ELISA according to the manufacturer’s instructions and detected using 
Synergy HT (BioTek, Bad Friedrichshall, Germany): IL-1β, TNF, IL-6, IL- 
10 and CCL2 (ELISA MAX Standard Sets, BioLegend). 

2.14. Flow cytometry 

Cell suspension from lesional skin was incubated with antibody 

Table 2 
Primer sequences and annealing temperatures (Tanneal) used for qPCR.  

Gene  Sequence (5’ → 3′) Tanneal Accession number 

IL-1b Fwd GACAACTGCACTACAGGCTCC 60 ◦C NM_008361.3 
Rev AGGCCACAGGTATTTTGTCG 

TNFa Fwd CTTAGACTTTGCGGAGTCCG 62 ◦C NM_013693.3 
Rev ACAGTCCAGGTCACTGTCCC 

CXCL1 Fwd CAGTGCCTGCAGACCATG 62 ◦C NM_008176.3 
Rev CTGAACCAAGGGAGCTTCAG 

IL6 Fwd GCCTATTGAAAATTTCCTCTGG 60 ◦C NM_031168 
Rev AAGATGAATTGGATGGTCTTGG 

CCL2 Fwd TCAGCCAGATGCAGTTAACG 61 ◦C NM_011333.3 
Rev TCTGGACCCATTCCTTCTTG 

S100A8 Fwd ACTGAGTGTCCTCAGTTTGTGC 58 ◦C NM_013650 
Rev CCCTAGGCCAGAAGCTCTG 

S100A9 Fwd ACTCTAGGAAGGAAGGACACCC 58 ◦C NM_009114 
Rev TACACTCCTCAAAGCTCAGCTG 

IL-1RA Fwd GACCCTGCAAGATGCAAGCC 64 ◦C NM_031167.5 
Rev CAGGACGGTCAGCCTCTAGT 

CCR2 Fwd GCAGGTGACAGAGACTCTTGG 61 ◦C NM_009915.2 
Rev CTCACTCGATCTGCTGTCTCC 

IL-10 Fwd AGCCGGGAAGACAATAACTG 61 ◦C NM_010548.2 
Rev CATTTCCGATAAGGCTTGG 

F4/80 Fwd TCACTGTCTGCTCAACCGTC 58 ◦C NM_010130.4 
Rev TGCCATCAACTCATGATACCCT 

HO-1 Fwd GACACCTGAGGTCAAGCACAG 65 ◦C NM_010442.2 
Rev CCACTGCCACTGTTGCCAAC 

Relma Fwd CCCTCCACTGTAACGAAGAC 61 ◦C NM_020509.3 
Rev CAACGAGTAAGCACAGGCAG 

EGF Fwd TCACTGGACAGCTACACATGC 62 ◦C NM_010113.4 
Rev CCACATCCCCAAGACGAG 

Ki67 Fwd GATGCAAAAACTCTGAAGGAGG 58 ◦C NM_001081117.2 
Rev GGAGGTGAAAACCACACTGG 

CD31 Fwd TCACCAAGAGAACGGAAGGC 58 ◦C NM_001032378.2 
Rev CTGGAACCTCCTTTCACCCC 

VEGF Fwd AGGATGTCCTCACTCGGATG 60 ◦C NM_001025250.3 
Rev CTGTCCTCTTGACTCAGGGC 

RS36B4 Fwd GGACCCGAGAAGACCTCCTT 62 ◦C NM_007475 
Rev GCACATCACTCAGAATTTCAATGG 

GAPDH Fwd TGGCAAAGTGGAGATTGTTGCC 55 ◦C NM_008084 
Rev AAGATGGTGATGGGCTTCCCG  
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mixture including anti-F4/80-PE (BioRad, Munich, Germany), anti- 
Ly6G-FITC, anti-CD11b-PECy7, anti-CD45-PerCPCy5.5 and anti-Ly6C- 
APC (all Biolegend) for 30 min at 4 ◦C. After washing, cells were 
stained with Zombie NIR™ (Biolegend) to label dead cells and imme
diately analyzed. Flow cytometry was performed with BD FACS Canto II 
(BD Biosciences, Heidelberg, Germany) and data analyzed using BD 
FACSDIVATM software (BD Biosciences). Cells were gated as described 
[14]. In brief, single cells were selected and dead cells excluded via 
positive stain for Zombie NIR™. Within the population of viable cells, 
co-expression of CD45 and CD11b was used to mark immune cells. 
Within the population of CD45+/CD11b+ cells PMN are defined by 
expression of Ly6G. Cells negative for Ly6G are further defined as 
monocytes/macrophages (Mo/Ma) due to their Ly6C and F4/80 
expression. 

2.15. Histology (H&E) and immunostaining of cryo-sections 

Cryo-sections of lesional skin and wounds were stained with hema
toxylin and eosin staining (H&E) using standard protocols. For immu
nostaining cryo-sections were fixed in acetone for 10 min, washed with 
PBS and blocked with 1% goat serum (Sigma) in PBS for 1 h before 
staining with primary antibodies overnight in antibody diluent buffer 
(Dako). Primary antibodies used and dilutions were: anti-mouse CD11b- 
PE (Miltenyi, clone M1/70.15.11.5) 1:50, rat anti-mouse F4/80 (AbD 
Serotec, clone A3-1) 1:200, rat anti-mouse CD31 (Dianova, clone SZ31) 
1:100, anti-mouse pan-cytokeratin (panCK)-FITC (Sigma, clones C- 
11+PCK-26+CY-90+KS-1A3+M20+A53-B/A2) 1:100, anti-mouse 
αSMA-Cy3 (Sigma, clone 1A4) 1:200, rabbit anti-mouse Ki67 (Bethyl 
Laboratories, polyclonal) 1:400, rabbit anti-mouse RELMa (Peprotech, 
polyclonal) 1:50. Primary antibody binding of F4/80, CD31, Ki67, 
RELMa was detected by incubation with either of the following sec
ondary antibodies: goat anti-rat Alexa Fluor 594 (Invitrogen, 1:1000), 
goat anti-rabbit Alexa Fluor 546 (Life Technologies, 1:1000), goat anti- 
rat Alexa Fluor 488 (Invitrogen, 1:1000), goat anti-rabbit Cy5 (Jackso
nImmunoResearch, 1:400). Counterstaining with DAPI 1:500 (Invi
trogen) was used to visualize cell nuclei. Morphometric analysis was 
performed on hematoxylin/eosin (H&E)-stained tissue cryo-sections 
using light microscopy. Microscopy of immunostainings was per
formed with a Keyence BZ-9000 microscope (Biorevo) equipped with 
fluorescence and image capturing system. Wound closure was evaluated 
in panCK immunostainings. Wounds completely covered with neo- 
epithelium were defined as closed. Count of Ki67-positive cells, 
CD11b-positive cells, F4/80-positive cells and area of CD31 positive 
tissue and of F4/80 and RELMa co-localization in tissue sections of 
lesional skin and wound tissue sections, respectively, were quantified 
using the Keyence BZ-9000 software (Biorevo). 

2.16. Statistics 

All in vitro experiments were performed with cells and skin samples 
from at least four or more different mice. Data are presented as means ±
SD. For statistical analyses GraphPad Prism7 (GraphPad Software, Inc., 
San Diego, CA, USA) was used. Data analysis was performed using 
paired or unpaired student t-test or using one-way ANOVA or two-way 
ANOVA with multiple comparisons versus indicated control. Any P 
values < 0.05 were considered to be statistically significant. Up to three 
different degrees of significance were indicated as follows: *P < 0.05; 
**P < 0.01; ***P < 0.001. 

3. Results & discussion 

3.1. Sulfated hyaluronan reduces inflammatory function in tissue-resident 
and bone marrow derived macrophages 

Inflammatory responses in the skin and during wound healing 
involve activities of skin resident macrophages and of macrophages that 

differentiate from blood-derived monocytes that infiltrate the wound 
site [47]. Within a chronic wound environment both resident and 
infiltrated macrophages undergo a profound inflammatory activation in 
response to excessive danger signals and toll-like receptor (TLR) acti
vation and pro-inflammatory cytokine signaling in the tissue [48]. To 
assess whether sHA has the potential to regulate both types of macro
phages in the tissue, we first investigated the impact of sHA on perito
neal cells as a source of resident macrophages [49] and on bone marrow- 
(BM-) derived macrophages. Peritoneal cells and BM-macrophages were 
generated from healthy wild-type mice and cultured in the presence of 
high-sulfated HA (sHA), high molecular weight HA (H-HA) serving as an 
anti-inflammatory positive control or low molecular weight HA (L-HA) 
of the same molecular size as sHA and thus serving as size control. All 
cells were stimulated with the TLR agonist LPS to mimic a 
pro-inflammatory activation as it occurs in the wound environment. 
Since our previous studies with human macrophages revealed an 
intervention of macrophage activation by sHA on transcriptional level 
and a blockage of the transcription factors NFkB and STAT-1 [30–32] we 
analyzed inflammatory gene expression that are controlled by these 
sHA-targeted transcription factors including IL-1b, TNF, IL-6, CXCL-1 
and CCL-2. In both, peritoneal cells and BM-macrophages expression of 
these genes was significantly downregulated in culture with sHA, while 
in control settings with H-HA and L-HA gene expression was not altered 
or in case of BM-macrophage cultures with L-HA partially up-regulated 
(Fig. 1 A/B). The observed effect of sHA on murine macrophage types 
confirms findings from other studies showing anti-inflammatory activity 
of sHA on human macrophages and MSC [30,50]. Contrary to previous 
findings [27,30], we detected no anti-inflammatory macrophage regu
lation by H-HA. This difference may arise from the different experi
mental set-up (24 h culture with HA in this study vs > 48 h culture with 
HA in other studies) and the different cells that were used (primary 
murine macrophages in this study vs primary human macrophages or 
murine macrophage cell lines in Ref. [30] or [27], respectively). How
ever, the fast effect of sHA on the pro-inflammatory macrophage acti
vation highlights the superior immunoregulatory activity of sHA 
compared to the large HA polymer. Further analyses of the cytokine 
response showed that blocking inflammatory gene expression by sHA 
consequently resulted in a reduced release of inflammatory cytokines 
and chemokines such as TNF, IL-6, CCL2 (Fig. 1C) which is also in line 
with our previous observations [30,50]. 

Release of IL-1b involves inflammasome activation that requires the 
second activating signal for the assembly of the inflammasome complex 
in addition to a TLR signal like LPS. The latter primes the cell through 
transcriptional upregulation of effector molecules including IL-1b and 
inflammasome components like Nod-like receptor protein 3 (NLRP3) 
[51]. Activation signals include extracellular ATP, pore-forming toxins, 
RNA viruses and particulate matter [52]. Elevated release of IL-1b by 
macrophages particularly contributes to pathogenicity in diabetic 
wound healing [10] and saturated fatty acids (SFA) have been identified 
to contribute to macrophage inflammasome activation in conditions of 
obesity and type 2 diabetes [53]. We therefore investigated whether sHA 
down-regulates IL-1b release from macrophages using SFA as activation 
signal for required inflammasome activation. We cultured peritoneal 
cells with the SFA palmitic acid (PA) or BSA (control) in the presence or 
absence of sHA prior to stimulation with LPS. In line with previous re
ports [45,54,55], we observed a significant release of high levels of IL-1b 
in peritoneal cells co-stimulated with LPS and PA in comparison to cells 
stimulated with PA alone (Fig. 1D). Since free fatty acids circulate in the 
body as albumin-bound form [56], we applied PA as complex with BSA. 
We therefore used peritoneal cells cultured in the presence of BSA as 
control setting. Stimulation of BSA-control cells with LPS alone induced 
also no release of IL-1b (Fig. 1D) demonstrating that PA provides the 
second signal for inflammasome activation in the LPS-primed peritoneal 
cells. Of note, sHA interfered inflammasome activation since release of 
IL-1b was significantly reduced when sHA was present in the culture of 
PA-LPS stimulated peritoneal cells (Fig. 1D). In addition, we observed a 
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significant downregulation of IL-1b and NLRP3 gene expression in 
LPS-stimulated peritoneal cells by sHA (Fig. 1E). Transcriptional regu
lation of both IL-1b and NLRP3 following TLR signaling is dependent on 
NFkB activation [57]. In previous studies we showed that sHA prevents 
phosphorylation of NFkB and consequent transcription of NFkB 
controlled pro-inflammatory genes [30–32]. The interference of IL-1b 
and NLRP3 gene expression suggests that sHA interrupts inflamma
some activation on the level of TLR-mediated transcriptional priming of 
inflammasome components and downstream effector molecules [51]. 

In summary, our data reveal a direct immunoregulatory effect of sHA 
on murine macrophages and prove its high potential to reduce pro- 
inflammatory functions in these cells. This is consistent to our previ
ous reports demonstrating anti-inflammatory effects on human macro
phages and monocytes by solute sHA but also by collagen matrices 
containing sHA [30–32]. Mechanistically, sHA was taken up by the 
human macrophages via binding CD44 as well as the scavenger re
ceptors CD36 and LOX-1 and induced the activation of anti-oxidative 
proteins. This interfered with TLR-induced activation of transcription 
factors like NFkB, STAT1 and IRF5, resulting in reduced gene expression 
and release of pro-inflammatory cytokines including IL-1b, TNF, IL-12, 
IL-6, CCL2 in the macrophages [30]. Sulfated HA-mediated blockage 
of NFkB and subsequent impaired release of pro-inflammatory factors 
like IL-6, IL-8, CCL2 and PGE2 was also reported in human mesenchymal 
stromal cells (MSC) [50]. This demonstrates that anti-inflammatory 
mechanisms of sHA also act on further cells with immune functions. 
Consistent to the findings in human macrophages and MSC we observed 
species-independent effects with reduced gene expression and release of 
pro-inflammatory cytokines in murine BM-derived and tissue-resident 
like peritoneal macrophages. 

3.2. Modulation of pro-inflammatory macrophage functions by sulfated 
hyaluronan impairs inflammatory crosstalk of macrophages with skin cells 

At wound sites, macrophages are in constant crosstalk with sur
rounding tissue cells and promote their activation and vice versa [58]. 
Epithelialization of wounds requires the activation of keratinocytes to 
proliferate and migrate over the wound bed. Although this includes 
macrophage-derived cytokines such as TNF, IL-1b, and IL-6 [59], 
excessive release of these factors under pathological conditions leads to 
deregulated keratinocyte differentiation and promotes their 
pro-inflammatory activation [45,60]. We therefore assessed whether the 
modulation of macrophage responses by sHA has an impact on the 
activation of keratinocytes using a skin ex vivo culture model, which 
allows the investigation of keratinocytes in a more physiological 
three-dimensional environment [61]. Interaction of macrophages with 
keratinocytes was mimicked by culture of skin biopsies from wild-type 
mice in supernatants from peritoneal cells as illustrated in Fig. 1F. 
Peritoneal cells were stimulated with either LPS alone or with sHA and 
subsequent LPS or were left unstimulated before supernatants were used 
for skin culture. To evaluate keratinocyte activation we analyzed 
epidermal expression of pro-inflammatory S100A9 and S100A8 that was 
shown to be up-regulated in a pathological crosstalk between macro
phages and keratinocytes [45]. Culture of skin in supernatants of LPS 

stimulated peritoneal cells resulted in a significant induction of S100A8 
and S100A9 expression in the epidermis, while culture in supernatants 
of unstimulated peritoneal cells induced no activation of S100A8/A9 
(Fig. 1G). Stimulation with LPS alone also induced no expression of 
S100A8/A9 in the cultured skin (Suppl. Fig. 2) indicating that factors 
derived from pro-inflammatory stimulated peritoneal cells mediate 
epidermal activation in the skin. Of note, supernatants from peritoneal 
cells treated with sHA before stimulation with LPS induced significantly 
less S100A8/9 expression in the epidermis (Fig. 1G). Stimulation pro
cedure with sHA of peritoneal cells was slightly modified for skin ex vivo 
culture experiments to exclude any direct effect of sHA on the skin. 
Peritoneal cells were cultured with sHA for 24 h. Before the addition of 
LPS, cells were washed in order to generate sHA-free supernatants of 
stimulated peritoneal cells. In our previous study we had shown that 
anti-inflammatory activity of sHA on macrophages requires uptake of 
the GAG which occurs fast and within 24 h [30]. In line with this 
observation, pre-treatment for 24 h with sHA is efficient to effectively 
down-regulate inflammatory activation of peritoneal cells with reduced 
release of inflammatory factors in the supernatants used for skin culture 
(Suppl. Fig. 3). Although we do not untangle which macrophage-derived 
factors are responsible for epidermal activation in our ex vivo skin cul
ture setting, our results indicate that compromised inflammatory acti
vation of macrophages by sHA is effective to further impair the 
inflammatory crosstalk of macrophages with other skin cells. 

3.3. Treatment with sulfated hyaluronan prevents and rescues skin 
inflammation in mice 

Next, we analyzed the immunoregulatory impact of sHA on inflam
matory processes in skin in vivo. Skin inflammation was induced in wild- 
type mice by topical application of the TLR7/8 agonist imiquimod 
(IMQ). First, we compared the regulatory effect of sHA with that of H- 
HA and L-HA. Different HA derivatives were injected in the IMQ-treated 
skin area at the same time with every IMQ application as illustrated in 
Fig. 2A. IMQ is a potent immune activator that induces a psoriasis-like 
dermatitis with inflamed and scaly skin lesions, epidermal thickening 
and massive immune cell infiltration [62]. Mice that were injected with 
sHA showed markedly less of these signs in the IMQ-treated skin. 
Redness and scaling of the skin was less pronounced in sHA-injected 
mice in comparison to mice injected with H-HA, L-HA or PBS 
(Fig. 2B). To further compare the inflammatory response in the skin we 
performed immunohistochemical analyses of hematoxylin/eosin (HE) 
stained skin tissue sections and visualized epidermal proliferation and 
immune cell infiltration by immunofluorescence (IF) stainings with the 
proliferation marker Ki67 and the myeloid cell marker CD11b, respec
tively. Epidermal thickening was significantly reduced in skin of 
sHA-treated mice in comparison to all other conditions (Fig. 2C). 
Consistently, activation of the proliferation marker Ki67 in the basal 
keratinocyte layer was significantly less in skin lesions treated with sHA 
(Fig. 2D). Furthermore, we observed a significantly reduced amount of 
infiltrated CD11b+ myeloid immune cells in the skin of sHA-treated 
mice (Fig. 2E). Further investigation revealed that reduced levels of 
CD11b+ cells are attributed to a reduction in F4/80+ macrophages in 

Fig. 1. sHA down-regulates pro-inflammatory macrophage functions and modulates macrophage crosstalk with skin cells. A-C) Peritoneal cells (pMa) and 
bone marrow-derived macrophages (BM-Ma) from mice were co-stimulated with LPS and either sulfated hyaluronan (sHA), high molecular weight HA (H-HA) or low 
molecular weight HA (L-HA), respectively. Non-stimulated (ctr) and LPS-stimulated (LPS) pMA and BM-Ma in the absence of HA derivatives served as control. A) 
Gene expression of pro-inflammatory cytokines IL-1b, TNF, CXCL-1, IL-6 relative to the reference gene RS36B4 in pMa. B) Gene expression of pro-inflammatory 
cytokines IL-1b, TNF, CXCL-1, CCL-2 relative to RPL0 in BM-Ma. C) Detection of inflammatory cytokines TNF, IL-6, CCL-2 in pMa culture. D/E) pMa were 
cultured with BSA-complexed palmitic acid (PA) or BSA alone in the presence (BSA+LPS+sHA, PA+LPS+sHA) or absence of sHA (BSA+LPS, PA+LPS) prior to 
stimulation with LPS. pMa without LPS stimulation (BSA, PA) served as controls. D) Detection of released IL-1b in supernatants. E) Gene expression of IL-1b, NLRP3 
relative to the reference gene GAPDH. F/G) Skin biopsy punches from mice were cultured ex vivo in supernatants (SN) from LPS-stimulated pMa not pre-treated (SN- 
Ma(LPS)) or pre-treated with sHA (SN-Ma(LPS + sHA)). Supernatants of unstimulated pMa (SN-Ma(ctr)) served as control. F) Schematic illustration of skin ex vivo 
culture experiment. G) Gene expression of S100A8 and S100A9 in epidermal layer of cultured skin relative to reference gene RS36B4. Mean±standard deviation. n ≥
4 independent experiments with cells/skin from different mice. Paired sample analysis: A/B/D/E: One-way ANOVA with multi comparison to LPS or BSA + LPS or 
PA + LPS: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. Paired t-test: #p ≤ 0.05. C/G: Paired t-test: *p ≤ 0.05; **p ≤ 0.01. AU = arbitrary unit. 
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the tissue, whereas the amount of PMN was unchanged (Suppl. Fig. 4). 
These results show a clear inhibitory effect of sHA on the inflammatory 
response in the skin compared to the native HA derivatives and support 
our observations from in vitro studies. 

Next, we questioned whether reduced skin inflammation in sHA- 
treated mice is associated with a modulation of activated immune 
cells in the lesional skin. We treated mice simultaneously with IMQ and 
skin injections of either sHA or PBS (serving as control). At day 3, we 
isolated CD11b + myeloid cells from the inflamed skin (Suppl. Fig. 5). As 
shown in Fig. 2F, majority (more than 95%) of the CD11b+ myeloid 
cells comprise Ly6C+/F4/80- cells and F4/80+ cells labeling infiltrated 
monocytes and macrophages, respectively. Lesional skin of IMQ-treated 
mice presents a strong inflammatory response with up-regulation of IL- 
1b and TNF (Suppl. Fig. 6) indicating a predominant pro-inflammatory 
immune cell activation in the skin at day 3. Indeed, gene expression 
analysis of CD11b+ cells isolated from lesional skin of PBS-treated mice 
showed high expression of the inflammatory markers IL-1b and CCR2, 
while the anti-inflammatory cytokines IL-10 and IL-1RA were only low 
expressed (Fig. 2G). Of note, expression of these factors was significantly 
changed in CD11b+ cells isolated from sHA-injected mice. The cells 
showed a downregulation of IL-1b and CCR2 in favor of an upregulation 
of IL-10 and IL-1RA (Fig. 2G). The chemokine receptor CCR2 marks 
Ly6C expressing monocytes that infiltrate from blood to injury sites in 
the early inflammatory phase and that differentiate to macrophages 

with a pro-inflammatory role expressing pro-inflammatory cytokines 
including IL-1b [63,64]. Reduced expression of both CCR2 and IL-1b in 
isolated CD11b + myeloid cells indicate a decreased proportion of 
pro-inflammatory activated cells in this population. Instead we found an 
upregulation of IL-10 and IL-1RA, two major cytokines for inflammatory 
resolution and typically produced by macrophages with an alternative 
M2-like activation [65]. This indicates a shift in macrophage activation 
towards resolution functions in the sHA-treated skin. 

However, in our experimental design, we followed a prevention 
approach and applied sHA at the same time as inflammation was 
induced. To investigate whether sHA modulates the inflammatory 
response and macrophage activities of an established skin inflammation 
we changed our experimental setting from a prevention to a therapy 
approach. As depicted in Fig. 3A, we first applied IMQ on the back skin, 
after one day we injected sHA or PBS, and after 3 days we analyzed the 
inflammatory response in the lesional skin. At time of the first sHA in
jection, IMQ-treated skin presented a heavy pro-inflammatory response 
with infiltrated polymorphonuclear neutrophils (PMN) and monocytes/ 
macrophages and the expression of inflammatory factors while anti- 
inflammatory mediators are downregulated (Suppl. Fig. 6). This shows 
that sHA treatment was started after the onset of inflammation. When 
we analyzed the mice at day 3, skin of mice injected with sHA appeared 
less inflamed as seen in the HE staining of histological skin sections 
(Fig. 3B) and showed reduced epidermal thickening (Fig. 3C) compared 

Fig. 2. Intradermal application of sHA attenuates IMQ-induced skin inflammation superior to native HA derivatives. Imiquimod (IMQ) was topically applied 
on the back skin of mice to induce an acute skin inflammation. At the same time either sulfated hyaluronan (sHA), high molecular weight HA (H-HA), low molecular 
weight HA (L-HA), or PBS was injected into skin. Skin inflammation was analyzed at day 4. A) Treatment regimen. B) Macroscopic appearance of lesional skin. C) 
Quantification of epidermis thickness and H&E staining of histological section of lesional skin. D) Quantification of Ki67 positive cells in the epidermis and 
immunofluorescence (IF) staining of Ki67 in lesional skin. E) Quantification of CD11b+ myeloid cells in lesional skin tissue and IF staining of CD11b+ in lesional skin 
sections. F/G) Analyses of CD11b+ myeloid cells isolated from lesional skin at day 3: F) Representative histogram of CD11b+ myeloid cells comprising F4/80+
macrophages and Ly6C+/F4/80- monocytes analyzed by flow cytometry. G) Gene expression relative to reference gene RS36B4 of pro-inflammatory (IL-1b/CCR2) 
and anti-inflammatory (IL-1RA/IL-10) markers in CD11b+ myeloid cells isolated from lesional skin. C–E: Dotted line marks border between epidermis and dermis. 
Each symbol represents one mouse. Line indicates mean. C–E: One-way ANOVA with multiple comparison to PBS: ***p ≤ 0.001. G: Unpaired t-test: *p ≤ 0.05; **p ≤
0.01. AU = arbitrary unit. 
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to PBS injected mice. This demonstrates the ability of sHA to down- 
regulate established inflammation processes in the skin. Next, we iso
lated CD11b + myeloid cells comprising monocytes and macrophages 
from the inflamed skin (Suppl. Fig. 5). Gene expression analysis revealed 
a significant upregulation of the anti-inflammatory cytokines IL-10 and 
IL-1RA in isolated cells from sHA-treated mice while the inflammatory 
marker IL-1b is reduced (Fig. 3D). This analysis thus shows a similar 
result as the gene expression analysis of the isolated CD11b + cells from 
the prevention approach in Fig. 2. In contrast to the prevention approach 
where we applied sHA at the same time when inflammation was induced 
in the skin, infiltration of immune cells was not affected when sHA was 
injected after the onset of inflammation. As shown in Fig. 3E, we 
observed no differences in the level of infiltrated CD45+/CD11b+
myeloid cells in skin of PBS-treated and sHA-treated mice. 

In summary, these data prove the anti-inflammatory activity of sHA 
in vivo by preventing and rescuing inflammation in the skin. Our in vitro 
experiments, demonstrating sHA-induced down-regulation of pro- 
inflammatory activities in macrophages, which further impair the in
flammatory activation of skin cells, suggest similar mechanisms in the 
skin inflammation model. This is particularly supported by the results of 
the therapy approach, where sHA was injected after the onset of 
inflammation and no differences in the amount of infiltrated immune 
cells in the lesional skin of sHA-treated mice versus PBS-treated control 
mice was observed. This excludes the regulation of the inflammatory 
process via a modified infiltration of immune cells and indicates that 
reduced skin inflammation in sHA-treated skin predominantly results 
from a modulation of cells in the tissue by sHA. 

In vitro experiments with murine macrophages in this study and with 
human macrophages in previous reports [30–32] have 
species-independently proved how sHA interferes with TLR-mediated 
activation of macrophages resulting in reduced expression of 
pro-inflammatory IL-1b, TNF, IL-12, CCL2 in favor of resolution markers 
like IL-10 and IL-1RA. Myeloid cells isolated from the sHA-treated skin 
in both approaches, prevention and therapy, mirror this activation 
profile in much aspects supporting our notion of sHA shifting macro
phage activities from pro- to anti-inflammatory functions in vivo. Similar 
changes of macrophage phenotypes in vivo have been shown to reduce 
inflammation in other disease models. For example, application of 
immunoregulatory MSC and fibroblast in mouse models of peritonitis or 

sepsis decreased TLR signaling in macrophages and promoted an alter
native activation phenotype with elevated IL-10 activity [14,66,67]. 

In the prevention study we applied sHA at the same time as 
inflammation was induced suggesting an immediate effect of sHA in the 
tissue. In this treatment setting, we observed reduced levels of F4/80+
macrophages in the skin tissue of sHA-treated mice indicating an addi
tional impact of sHA on immune cell infiltration. Macrophages differ
entiate from monocytes that infiltrate from the blood into inflamed sites 
under the control of chemokines like CCL-2 and CXCL-1 that are pro
duced from resident cells in the injured area [68]. Reduced levels of 
macrophages may thus arise from reduced infiltration of monocytes into 
the lesional skin due to compromised chemokine activity in the tissue. 
We observed sHA-induced downregulation of CCL-2 and CXCL-1 in our 
in vitro experiments with tissue-resident like peritoneal cells (Fig. 1 
A/C). This suggests a similar effect of sHA on skin resident macrophages 
resulting in reduced chemokines in the tissue. However, sulfated GAG 
also bind chemokines. Specifically, heparin derivatives were shown to 
bind pro-inflammatory chemokines such as CCL-2 and CXCL-1 and to 
neutralize their bioactivity on infiltrating PMN and monocytes [4]. 
Indeed, sHA was demonstrated to bind growth factors like transforming 
growth factor beta1 (TGFb1) and vascular endothelial growth factor 
(VEGF) and to regulate the bioactivity of these factors on fibroblasts and 
endothelial cells [37,69,70]. Whether sHA also interacts with chemo
kines and controls their activity on immune cells was not investigated so 
far. We acknowledge that sHA may affect monocyte infiltration via such 
mechanism and may have contributed to the observed reduction of 
macrophages in lesional skin in the prevention approach. 

Zhang et al. showed anti-inflammatory activities of sulfated semi- 
synthetic GAGs with HA-like structures in a murine model of rosacea 
and a model of croton oil induced dermatitis [71]. Mechanistically, 
semi-synthetic GAGs disrupt LL37 signaling, prevent RAGE-ligand in
teractions and thus reduce PMN infiltration and inflammation in the skin 
[71]. Interestingly, we observed no major effect on the level of infil
trated PMN in sHA-treated IMQ-skin neither in the prevention (Suppl. 
Fig. 4B) nor in the therapy approach (Suppl. Fig. 7) suggesting a possible 
interaction of sHA with LL37 and/or RAGE, although not investigated, 
to play no role in the sHA-mediated control of skin inflammation. 

In summary, our data show a profound anti-inflammatory and 
immunoregulatory effect of sHA preventing and rescuing inflammation 

Fig. 3. Rescue of IMQ-induced skin inflammation by sHA is associated with a shift in macrophage activation towards anti-inflammatory functions. Acute 
skin inflammation was induced by topical application of one dose imiquimod on the back of mice. After one day sulfated hyaluronan (sHA) or PBS (control) were 
injected into the inflamed skin. Lesional skin was analyzed at day 3. A) Treatment regimen. B) H&E staining of histological sections of lesional skin. Dotted line marks 
border between epidermis and dermis. C) Quantification of epidermis thickness. D) Gene expression relative to reference gene RS36B4 of IL-1b, IL-1RA and IL-10 in 
CD11b + myeloid cells isolated from lesional skin. E) Infiltration of CD45+/CD11b + myeloid cells into lesional skin tissue determined by means of flow cytometry 
and representative histograms. Each symbol represents one mouse. Line indicates mean. Unpaired t-test: *p ≤ 0.05; **p ≤ 0.01. AU = arbitrary unit. 
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in the skin via regulation of macrophage activation. This underlines the 
promising suitability of sHA as an immunomodulatory component for 
the control of inflammatory responses in the skin. 

3.4. HA-AC/coll-based hydrogels continuously release sHA for up to 8 
days 

To transfer the immunomodulatory effect of sHA into wounds we 
adapted a previously published hydrogel system based on acrylated HA 
(HA-AC) and aECM [37]. The hydrogels are biocompatible and 

Fig. 4. Composition and elastic moduli of HA-AC/coll-based hydrogels. A-F) SEM images showing surface area (A–C) and morphology of cross-section (D–F). 
HA-AC without collagen (A/D), HA/coll (B/E) and HA/coll/sHA hydrogels (C/F). Scale bars: A-C 2 μm and D-F 50 μm. G) Staining for collagen and sHA with Sirius 
Red and Toluidine Blue, respectively. H) Elastic moduli as determined from the area with linear slope. Statistics: One-way ANOVA with *p < 0.05 considered 
significant. I) HA-AC (turbidity assay, light grey bar) or sHA (DMMB assay, black bar) remaining in hydrogels during incubation in PBS at 37 ◦C in comparison to the 
initially applied amounts. Statistics: One sample t-test against the initial sHA concentration with *p < 0.05 considered significant. J/K) Degradation of hydrogels at 
pH 5.35 or 7.4 with hyaluronidase (HYAL) at 37 ◦C. Remaining sHA (J) and total GAG amount (K) in hydrogels. One-way ANOVA with n = 4 for samples of the same 
time point with *p < 0.05 considered significant. 
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easy-to-manufacture. The production of HA-AC-based hydrogels is based 
on the use of photo-cross-linkable HA-AC, where fibrillar collagen 
matrices and GAG can be incorporated, thus enabling the hydrogel 
system to be adapted and modulated towards different applications. 
Here, we customized HA-AC-based hydrogels for the application in 
wounds and the release of sHA into the wound bed. We embedded sHA 
containing collagen-based-aECM non-covalently in the HA-AC hydro
gels (HA-AC/coll/sHA) and analyzed their mechanical properties and 
sHA release in comparison to blank HA-AC hydrogels (HA-AC) and 
HA-AC hydrogels embedded only with collagen-based aECM 
(HA-AC/coll). 

SEM analysis of the hydrogels showed incorporation of aECM in the 
HA-AC scaffold with collagen containing HA-AC hydrogels displaying 
collagen fibrils at their surface (Fig. 4 B/C) in comparison to hydrogels 
made of HA-AC only displaying a smooth surface (Fig. 4A). Cross- 
sections of the hydrogels present a porous structure with pores of 
diverse pore dimensions (Fig. 4D–F). Furthermore, uniform staining by 
Sirius Red of both HA-AC/coll and HA-AC/coll/sHA hydrogels indicate 
that collagen is distributed uniformly in the hydrogels (Fig. 4G). Darker, 
violet color of HA-AC/coll/sHA hydrogels stained via Toluidine Blue 
compared to HA-AC/coll confirmed the presence and uniform distribu
tion of sHA within the gels (Fig. 4G). The stress-strain curve of the 40 μl 
cylinders displayed an almost linear slope in the range of 0.10 strain 
(Suppl. Fig. 8A). The elastic moduli of the analyzed hydrogels are 
slightly increased after incorporation of coll- and coll/sHA-based aECM, 
but with a range of 9.8–14.2 kPa (Fig. 4H) still similar to the Young’s 
modulus of human skin (4.5–8 kPa) [72]. Softness and flexibility of the 
aECM containing hydrogels allows for their adaption to different wound 
shapes, making them suitable for use as wound dressings. In addition, 
porosity enables formation of a liquid phase between the moist hydro
gels and the wound fluid facilitating the diffusion of released sHA from 
the hydrogel into the wounds. 

Stability of the hydrogels and release of ECM components was 
analyzed in PBS at 37 ◦C over a period of 8 days. In line with our pre
vious study [37], cross-linked HA-AC scaffolds remained stable during 
culture as seen by the release of less than 1% HA-AC from the 
HA-AC/coll hydrogels after 8 days determined by turbidity assay 
(Fig. 4I). Our analyses further showed that aECM-containing hydrogels 
released about two thirds of their non-covalently embedded collagen 
within the first hour of incubation in PBS, while at later time points 
almost no further collagen release was detectable (Suppl. Fig. 8B). This 
high initial boost release of collagen is attributed to the increased 
amount of collagen (1.5 mg/ml in this study compared to 0.5 mg/ml in 
Ref. [37]) that was used for the fabrication of the aECM-based HA-AC 
hydrogels. However, by increasing the initial sHA-concentration of the 
aECM-based HA-AC hydrogels, a substantial increase of the sHA amount 
was achieved, which was released from the hydrogels. After incubation 
over 8 days about 100 μg sHA were detected in the supernatant as 
determined with the DMMB assay in Fig. 4I. This is an 5-time increased 
release of sHA from the HA-AC/coll/sHA hydrogels in comparison to the 
aECM-containing hydrogels in our previous study [37]. 

Since in the chronic wound milieu the hydrogels will be exposed to 
elevated levels of degrading enzymes like matrix metalloproteinases 
(MMPs) and HYAL [73,74] and the hydrogels are mainly composed of 
HA-AC, we performed HYAL degradation studies to reveal its influence 
on the stability of the hydrogels and the release of sHA. The HYAL 
degradation assay was performed analogously to a previous study at pH 
7.4 [36] and, to obtain a more realistic degradation behavior analogous 
to the acidic milieu in the inflammatory wound healing phase, also at pH 
5.35 [75]. 

The sHA content remaining in the hydrogels under degradation 
conditions over 168 h (7 d) did not differ significantly between the two 
pH conditions, although sHA release tended to be delayed at pH 5.35 
(Fig. 4J). However, compared to HA-AC/coll/sHA hydrogels, incubated 
for 24 h in the absence of HYAL, the amount of sHA in the hydrogels was 
significantly smaller than after 24 h treatment with HYAL at pH 7.4 

(Suppl. Fig. 8C) indicating that breakdown of the HA-AC hydrogel 
network accelerates the release of sHA. 

With respect to the enzymatic hydrogel degradation as a whole, we 
observed a pH-dependent difference in the degradation of sHA-free 
hydrogels in the first 6 h of incubation (Fig. 4K). Within this time, 
degradation of these hydrogels at pH 5.35 is significantly faster than at 
pH 7.4 with a similar behavior of HA-AC hydrogels and HA-AC/coll 
hydrogels. HA/coll/sHA hydrogels, however, display a slower degra
dation rate at pH 5.35 in the first 6 h. In fact, degradation of the sHA 
containing hydrogel was similar at pH 5.35 and pH 7.4. This confirms 
previous findings that sHA can slow down digestion rate of HYAL [36]. 
For pH 7.4 no significant difference between the different hydrogels was 
detected at all time points. In contrast to the findings by Rother et al. the 
presence of fibrillar collagen did not appear to have an influence on 
enzymatic degradation [36]. This may be explained by the fact that 
higher concentration of HA-AC were used for the preparation of the 
hydrogels in the present study (5% w/w instead of 1% w/w in Ref. [36]) 
reducing the relative amount of collagen in the hydrogels and with this 
the impact of collagen on hydrogel degradation. 

However, we stress out that the hydrogel degradation experiments 
were performed using a supraphysiological concentration of HYAL to 
simulate hydrogel stability and release of components under conditions 
of maximal degradation. Hence, hydrogels used under physiological 
HYAL concentrations in vivo may not degrade within the same time 
frame. In summary, sHA can be released from HA-AC/coll/sHA hydro
gels in the absence of HYAL, but will have a continuous, sustained sHA 
release even during hydrogel degradation in the wound bed. 

3.5. sHA-releasing HA-AC/coll-based hydrogels resolve inflammation 
and promote wound healing in diabetic db/db mice 

We assessed the immunomodulatory capacity of sHA releasing HA- 
AC/coll hydrogels in skin wound healing of diabetic db/db mice that 
represents a relevant model for chronic wounds in human. Skin wounds 
of db/db mice replicate features of chronic wounds seen in patients with 
diabetes or chronic venous insufficiency (CVI) including delayed wound 
closure with impaired tissue formation and angiogenesis, unrestrained 
inflammation, and dysregulated macrophage activation [8–10]. Proving 
the sustained inflammatory response and defective M1/M2 shift as it is 
found in non-healing diabetic foot ulcers in patients [76], we observed 
in wounds of db/db mice increased expression of inflammatory genes 
including IL-1b, S100A9 and TNF while the expression of typical M2 
macrophage markers like resistin-like molecule alpha (RELMa) and 
IL-10 [65] was decreased (Suppl. Fig. 9). 

We treated full thickness excisional wounds with HA-AC/coll 
hydrogels or with HA-AC/coll/sHA hydrogels releasing sHA. To mimic 
a treatment situation in the patient, we applied the hydrogels 3 days 
after wounding when a substantial inflammation had developed in the 
wounds (Suppl. Fig. 10). In addition, we analyzed the effect of the 
hydrogels on the wounds at day 10 after wounding when the impaired 
wound healing phenotype in the diabetic db/db mice is fully developed 
in terms of increased inflammation, decreased M2 activation and 
delayed wound closure and the most resembles features of diabetic 
wound healing in patients. Treatment scheme of this therapeutic 
approach is depicted in Suppl. Fig. 11. 

First, we analyzed the inflammatory response in the wound tissue. 
We observed reduced gene expression of inflammation markers IL-1b, 
S100A9, and NLRP3 in favor of an increased expression of RELMa, IL- 
10, and heme oxygenase 1 (HO-1) in wounds treated with sHA- 
releasing hydrogels compared to wounds treated with control HA-AC/ 
coll hydrogels (Fig. 5A). This indicates a reduced inflammatory 
response in wounds of mice receiving HA-AC/coll/sHA hydrogels. 
Immunofluorescence (IF) staining of wound tissue with the macrophage 
marker F4/80 showed a similar amount of F4/80 positive macrophages 
in the wound tissue in both treatment groups (Fig. 5B). This was 
confirmed by F4/80 gene expression analysis of the wound tissue 
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(Fig. 5C). These data indicate that sHA releasing hydrogels – when 
applied on an existing inflammation - has no impact on the infiltration of 
immune cells paralleling our results from the skin inflammation study 
(Fig. 3). This suggests that the altered inflammatory process in wounds 
treated with HA-AC/coll/sHA hydrogels may result from a changed 
activation of macrophages in the wound tissue as it was observed in the 
skin inflammation model in Figs. 2G and 3D. This is supported by a study 
from Mirza et al., which shows sustained NLRP3 inflammasome activity 
and uncontrolled expression of IL-1b in wounds of diabetic db/db mice 
that derives from pro-inflammatory activated macrophages in the tissue 

[10]. Consistent with this study we detected increased expression of 
NLRP3 and IL-1b in the wound tissue of our db/db mice. In wounds 
treated with HA-AC/coll/sHA hydrogels these factors are reduced sug
gesting that sHA released from the hydrogels interferes with the 
pro-inflammatory activation of macrophages in the wounds as shown in 
differentiated macrophages in Fig. 1D/E, and as observed in the acute 
skin inflammation model (Fig. 2G/3D). Mirza et al. further demon
strated, that blocking inflammasome activity and IL-1b in diabetic 
wounds induces healing-associated macrophage phenotypes expressing 
IL-10 [10,17]. Wounds treated with the HA-AC/coll/sHA hydrogels also 

Fig. 5. Inflammation is reduced in favor of pro-regenerative macrophage functions in wounds of diabetic mice after treatment with sHA-releasing 
hydrogels. Wounds were inflicted by 6-mm punch biopsy on the backs of diabetic db/db mice. At day 3 post wounding control hydrogels (HA-AC/coll) or 
hydrogels containing sulfated hyaluronan (HA-AC/coll/sHA) were applied on the wounds. Wounds were analyzed 10 days post wounding. A) Gene expression 
relative to reference gene GAPDH of pro-inflammatory markers (IL-1b/S100A9/NLRP3) and pro-regenerative and anti-inflammatory macrophage markers (IL-10/ 
HO-1/RELMa) in wound tissue. B) Quantification of F4/80+ macrophages in wound tissue and immunofluorescence (IF) staining of F4/80 visualizing macrophages 
in wound sections. Scale bar: 300 μm C) F4/80 gene expression relative to reference gene GAPDH in wound tissue. D) Quantification of IL-10 protein in the wound 
tissue. E) IF staining of F4/80 and RELMa visualizing M2-like macrophages (double-positive, marked with arrow head) in wound sections and quantification of F4/ 
80-RELMa co-localization. Granulation tissue was defined as region of interest (ROI). In each tissue section per mouse at least two areas of the same size within the 
ROI were analyzed. Mean±standard deviation. Scale bar: 50 μm. B/D: Counterstaining DAPI (blue) for nuclei. Unpaired t-test: *p ≤ 0.05; **p ≤ 0.01. AU = arbi
trary unit. 
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present upregulated expression of IL-10 and RELMa, a further charac
teristic pro-regenerative macrophage marker. This indicates that 
downregulation of pro-inflammatory functions like inflammasome and 
IL-1 by the sHA releasing hydrogels may induce a shift in macrophage 
activation states towards M2-like profiles in the wounds. This is further 
supported by the increased induction of anti-inflammatory HO-1 in 
these wounds. Expression of HO-1 in macrophages has been shown to 
promote their switch to an anti-inflammatory phenotype and to drive 
resolution of inflammatory responses [77,78]. 

To substantiate the observed induction of M2-like gene signatures in 
wounds after HA-AC/coll/sHA hydrogels treatment on protein level we 
quantified the production of IL-10 in the wound tissue. Consistent to the 
increased gene expression, we detected significantly more IL-10 protein 
in wounds treated with sHA releasing hydrogels (Fig. 5D). Next, we 
performed IF analyses in cryosections of wounds in which macrophages 
were double-stained with F4/80 and RELMa to visualize M2-like mac
rophages in the tissue. In wounds treated with sHA-releasing hydrogels 
(HA-AC/coll/sHA) we found more cells double positive for F4/80 and 

Fig. 6. Hydrogels releasing sHA accelerate re-epithelialization, tissue formation and angiogenesis in wounds in diabetic db/db mice. Wound study was 
performed as described in Fig. 5 and illustrated in Suppl. Fig. 11. A) Macroscopic appearance of wounds. B) Quantification of wound closure. C) H&E staining of 
wound sections. D) IF staining of aSMA and panCK in wound sections visualizing granulation tissue and neoepithelium, respectively. E) IF staining of Ki67 in wound 
sections visualizing proliferating cells and quantification of Ki67+ cells. Epidermal layer and granulation tissue were defined as region of interest (ROI). F) IF staining 
of CD31 in wound sections visualizing newly formed vessels and quantification of connected CD31+ area. Granulation tissue was defined as ROI. G) Gene expression 
relative to reference gene GAPDH of angiogenic markers (VEGF/CD31) and pro-regenerative tissue markers (EGF/Ki67) in wound tissue. g = granulation tissue; e =
epidermis; i = immune cell infiltrate. Arrow head marks epithelial tip. Dotted line marks border between epidermis and dermis. Scale bars: 300 μm. Each symbol 
represents one wound. Unpaired t-test: *p ≤ 0.05. AU = arbitrary unit. IntDen = integrated density. 
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RELMa than in wounds treated with the control hydrogels HA-AC/coll 
(Fig. 5E) demonstrating the increased activation of M2-like macro
phages in these wounds. 

In summary, reduced expression of IL-1b and NLRP3 together with 
the increased production of IL-10 and activation of RELMa in macro
phages point to a modulation of macrophages towards pro-healing M2- 
like activation states in the wounds treated with sHA-releasing 
hydrogels. 

Hence, wounds treated with HA-AC/coll/sHA hydrogels showed a 
faster closure (Fig. 6A) with half of the wounds (5 out of 10), while in the 
treatment cohort with control hydrogels (HA-AC/coll) only 3 out of 10 
wounds had already closed (Fig. 6B). Immunohistochemical analyses of 
wound tissue sections were performed to visualize the tissue formation 
response. HE stainings present a closed neoepithelium and a fully 
developed granulation tissue with no remaining areas of immune cell 
infiltrates in most of the wounds treated with HA-AC/coll/sHA hydro
gels (Fig. 6C). In addition, granulation tissue in these wounds is more 
mature containing a larger extent of alpha-smooth muscle actin (aSMA) 
positive cells and is covered by a fully developed cytokeratin (panCK) 
positive epidermal layer (Fig. 6D). Increased tissue formation is 
confirmed in IF analysis with the proliferation marker Ki67, which 
shows increased amounts of Ki67 positive cells in the wounds treated 
with HA-AC/coll/sHA hydrogels in comparison to those treated with the 
HA-AC/coll control hydrogels (Fig. 6E). IF-analysis of wound sections 
with the endothelial cell marker CD31 reveal an accelerated angiogenic 
response with advanced development of vascular structures in HA-AC/ 
coll/sHA-treated wounds (Fig. 6F). We further performed gene expres
sion analysis of tissue parameters and growth factors to substantiate the 
improved tissue response in wounds treated with sHA-releasing hydro
gels (HA-AC/coll/sHA). First, we detect significantly elevated gene 
expression of Ki67 and CD31 in wounds treated with sHA-releasing 
hydrogels which is consistent with the increased activation of these 
factors in the wound tissue. Furthermore, gene expression of the 
epidermal growth factor (EGF) and of the pro-angiogenic factor VEGF is 
significantly increased in these wounds (Fig. 6G). 

Particularly EGF and VEGF, but also the signaling molecule RELMa 
that is produced by M2-like macrophages in wounds and we found also 
up-regulated in HA-AC/coll/sHA-treated wounds (Fig. 5A/E) play an 
essential role in skin repair. Deficiency of these factors has been asso
ciated with chronic wounds and disturbed healing outcomes [11,79]. 
Increased expression of these pro-regenerative factors in the wound 
tissue after treatment with sHA-releasing hydrogels is reflected in the 
improved healing response of these wounds including accelerated 
wound closure, faster re-epithelialization, improved maturation of 
granulation tissue and increased vessel formation. M2-macrophage 
specific RELMa is involved in collagen assembly and important for the 
formation of functional granulation tissue [11], which is accelerated in 
the wounds with sHA-releasing hydrogels. EGF acts on epithelial cells 
and is crucial for the activation of keratinocyte migration and prolifer
ation, thus contributing to re-epithelialization [80], which is increased 
in wounds treated with sHA-releasing HA-AC/coll/sHA hydrogels. In 
addition, EGF stimulates fibroblast proliferation and new tissue forma
tion [81,82], which is also upregulated in these wounds and confirmed 
by the increase of Ki67 positive cells. VEGF is one of the most important 
pro-angiogenic factor in wound healing and induces the formation of 
new vascular structures in the wound tissue [83]. It acts as a mitogen 
and chemoattractant on CD31+ endothelial cells and induces vascular 
sprouting and outgrowth [84]. Wounds treated with HA-AC/coll/sHA 
hydrogels present an increased angiogenic response with more 
matured CD31 positive vessels and increased gene expression of CD31 in 
the wound tissue that is further substantiated by the increased expres
sion of VEGF. 

Due to its stimulating activity on skin cells both EGF and VEGF have 
been recognized as a promising agent for wound healing therapies [85]. 
Our sHA releasing hydrogels stimulate the activation of endogenous EGF 
and VEGF, which underlines their therapeutic potential. The 

endogenous induction of EGF and VEGF indicates the formation of a 
pro-regenerative wound environment. The latter typically requires the 
activation of M2-like macrophage functions and resolution of inflam
mation [6] as we also observed in HA-AC/coll/sHA treated wounds. This 
fact together with the observed increase of M2-like markers suggests 
that sHA-releasing hydrogels induce their pro-regenerative activity on 
wounds via the shift of macrophage phenotypes involving the down
regulation of pro-inflammatory functions and the activation of 
pro-healing activities. 

In addition to its direct immunoregulatory effect on cells, sHA also 
interacts with growth factors and may regulate cell functions indirectly 
by controlling their bioactivity. It was previously shown that sHA binds 
VEGF and reduces its angiogenic activity by blocking VEGF-mediated 
VEGF receptor-2 (VEGFR-2) signaling [70,86]. On the other hand, 
GAG also demonstrated to promote endothelial cell sprouting indepen
dent from VEGF [86]. Wounds treated with sHA releasing hydrogels 
show increased vessel formation and vascularization indicating no 
negative effect of sHA on the angiogenic response in the wound tissue. 
Interestingly, we have recently identified a novel mechanism by which 
sHA may control angiogenic processes in tissues involving its binding to 
VEGF, and to tissue inhibitor of metalloproteinase-3 (TIMP-3), an 
effective inhibitor of angiogenesis, that exerts its activity by competing 
with VEGF for binding to VEGFR-2 [69]. Binding of sHA blocks the 
interaction of both VEGF and TIMP3 with VEGFR-2. In a competitive 
setting binding of sHA to TIMP-3 partially rescues sHA-inhibited VEG
F-A/VEGFR-2 signaling and endothelial cell activation. 

Previously we reported on HA-AC/coll hydrogels containing sHA 
microgels as potential regulator of transforming growth factor-beta1 
(TGF-b1) availability [37]. In wound healing, TGF-b1 is critically 
involved in fibroblast recruitment and activation and the formation of 
granulation tissue [87]. Inactivation of TGF-b1 function would thus 
compromise crucial steps of the wound healing response. In this study, 
we used HA-AC/coll/sHA hydrogels with a high release profile for sHA 
that present only low retention capacity of TGF-b1 suggesting low 
sequestration of TGFb-1 from the wound site. In line with this, we 
observed no negative effect on granulation tissue formation and TGF-b 
expression (data not shown). In contrast, regeneration was improved 
by sHA-releasing hydrogels, which suggests that the sHA-mediated 
regulation of immune cell activation overrides the negative influence 
of a possible binding of TGF-b1. 

The use of bioactive materials in regenerative medicine is based on 
the idea of modifying signals in a respective wound microenvironment 
such that it facilitates healing and regeneration. Indeed, a variety of 
ECM-based materials for wound healing applications have been 
explored in recent years. Most of these materials focus on supporting 
tissue formation in wound healing by providing a scaffold for skin cell 
migration in wound tissue, by sustained delivery of growth factors that 
promote proliferation and activation of skin cells, or by being applied as 
a cell-colonized equivalent [88,89]. HA-based wound dressings have 
long been recognized for their pro-healing effects on skin wounds 
through hydrating the wounds and providing an environment favorable 
for migration and growth of skin cells including keratinocytes, fibro
blasts and endothelial cells [90]. Hence, several commercially available 
HA-based wound dressings are used for management of acute and 
chronic wounds in the clinic. However, effectiveness of current chronic 
wound dressings is often unsatisfactory with slow progression in healing 
or no successful wound healing at all [2]. This requires new therapeutic 
approaches such as the control of unrestrained inflammatory processes 
in chronic wounds by immunomodulating wound dressings. Lohmann 
et al. developed an approach using GAG-based hydrogels to inactivate 
excessive pro-inflammatory chemokines in wound tissue, thereby 
reducing immune cell infiltration and, as a consequence, resolving 
inflammation and improving wound healing as they demonstrated in the 
same diabetic wound healing model in db/db mice as used in the present 
study [4]. Here, we present a novel immunomodulating approach for the 
control of inflammation in chronic wounds that is based on the 
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regulation of macrophages by HA/coll-based hydrogels releasing sHA as 
the active immunoregulatory compound for macrophage control. Mac
rophages have been recognized as main drivers of impaired healing in 
chronic wounds [9,10,91]. The concept of regulating macrophage ac
tivities in chronic wounds by an immunomodulating wound dressing is a 
very innovative approach and, to our knowledge, has not been explored 
before in this setting. 

Our data show consistent anti-inflammatory activity of solute sHA on 
macrophages in vitro and in vivo and of hydrogel-released sHA on mac
rophages in wounds, which is independent from its molecular size. This 
is a particular advantage over the use of H-HA for macrophage modu
lation in chronic wounds. Chronic wounds of patients present increased 
activity of HYAL and higher levels of LMW-HA in comparison to acute 
healing wounds [73]. The accumulation of small HA fragments in 
chronic wounds reflects the inflammatory stress in the tissue [92] that 
may even be increased by the HA fragments when acting as a danger 
signal [93]. This demonstrates the risk of therapeutically applied H-HA 
to be degraded in chronic wounds that would most likely resolve its 
anti-inflammatory activity. It may also represent a limitation of 
HA-based wound dressings in clinical applications, although their 
anti-inflammatory effects and particularly the modulation of macro
phage functions has not been investigated. In this respect, the use of sHA 
in immunomodulating hydrogels is a smart way to circumvent such 
undesired effects. In addition, sHA is hardly digested by HYAL and thus 
remains in its active form in the inflamed tissue [94]. 

Most of the currently used acellular ECM-based biomaterials for 
wound therapy are biodegradable scaffolds that provide their signals for 
wound modulation through disintegration at the wound site [95]. One 
advancement of our HA-AC/coll-based hydrogels is the integration of 
sHA as immunoregulatory component that is released from the hydrogel 
without material degradation. Release kinetic analyses show a promi
nent strong release of sHA within 24 h starting prompt after hydrogel 
contact with a liquid phase. However, we point out that our hydrogels 
are not protected from degradation and contain accessible target sites 
for MMPs and HYAL. Hydrogel degradation with HYAL increased sHA 
release and may accelerate the availabilty of sHA in the wound sites. 
After 7 days on the wounds of the db/db mice, hydrogels were still 
visible and not completely degraded, indicating rather slow degradation 
processes for the wound sites at least in mice. We therefore assume that 
sHA delivery from the hydrogels at the wound site consists of an initial 
release via diffusion, which may then be supplemented by an additional 
release from hydrogel degradation events. 

In this respect, we acknowledge that in the course of a possible 
hydrogel degradation collagen and most prominently HA are also 
released in the wound environment and may modify the wound healing 
response. This may be reflected by the fact that wounds treated with HA- 
AC/coll-based hydrogels show faster closure in comparison to untreated 
wounds that were only covered by an inert non-bioactive, sterile wound 
dressing (Suppl.Fig. 12). This pro-healing effect of the HA-based HA-AC/ 
coll hydrogels is consistent with reports on HA-based hydrogels that 
support wound healing by providing a moist environment and promot
ing cell migration [90]. Whether HA-AC/coll hydrogels promote wound 
healing by similar mechanisms remains to be investigated and is beyond 
the scope of this study. Increased closure of wounds after application of 
HA-AC/coll hydrogels in comparison to none-treated wounds demon
strates their suitability as HA-based control hydrogel. However, we 
acknowledge that the comparison with commercially available 
HA-based hydrogels would further substantiate the translational rele
vance of our findings. Nevertheless, HA-AC/coll/sHA hydrogels support 
wound healing in diabetic db/db mice superior to control HA-AC/coll 
hydrogels clearly showing that the delivery of sHA further improves 
the wound healing response. Our results show that the delivery of sHA 
has a particular modulating effect on inflammation and macrophage 
activities further facilitating and promoting the wound healing process. 
This points to the importance of sHA as immunoregulatory, 
pro-regenerative compound in our hydrogels. 

4. Conclusion 

Aim of this study was to investigate the suitability of sHA as 
immunoregulatory component in a hydrogel wound dressing for the 
modulation of dysregulated macrophage activities in chronic, non- 
healing wounds. Our findings demonstrate the downregulation of 
crucial pro-inflammatory macrophage activities in favor of the up- 
regulation of anti-inflammatory and pro-regenerative functions by 
sHA. This was found to be superior to native HA derivatives, and to have 
consequences for the activation of skin cells in vitro and in skin inflam
mation in vivo. Results from wound healing in db/db mice demonstrate 
the capability of sHA-releasing hydrogels to improve the outcome of 
disturbed skin wound healing by modulating macrophage activities 
contributing to continuous inflammation. In sum, our study confirms 
sHA as a potent immunoregulatory factor altering inflammation pro
cesses and suggests the application of sHA-based hydrogels as wound 
dressing material in the treatment of chronic, highly inflamed wounds. 
However, further analyses are required on the way to clinical trans
lation, including refinement of the hydrogel manufacturing-process and 
choice of scaffold-components [95] as well as wound healing studies in 
animals with a skin physiology more closely resembling that of human 
skin [96]. 
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