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Current data suggest that chitosan activates wound macrophages to release endogenous factors that
guide mesenchymal stem cell (MSC) to bone fractures. We tested the hypothesis that chitosan, a polymer
containing glucosamine and N-acetyl glucosamine, stimulates macrophages in different polarization
states to release functional MSC chemokines and mainly anabolic factors. Low-serum conditioned med-
ium was collected from M0, M1 and M2a U937 macrophages previously differentiated with phorbol myr-
istate acetate (PMA) and exposed or not for 24 h to chitosan microparticles (80% degree of deacetylation,
DDA, 130 kDa). Chitosan particles were highly phagocytosed. Chitosan enhanced anabolic factor release
from M0 and M2a macrophages (MCP-1, IP-10, MIP-1beta, IL-1ra, IL-10, PDGF), and IL-1beta release, with
25- to 400-fold excess IL-1ra over IL-1beta. In M1 macrophages, chitosan enhanced IL-1beta without
enhancing or suppressing inflammatory factor release (IL-6, IP-10, IL-8). M0 and M2a macrophages, with
or without chitosan stimulation, produced conditioned medium that promoted 2-fold more MSC chemo-
taxis than low-serum control medium, while M1-conditioned medium failed to induce MSC chemotaxis.
Acetylated chitosan induced U937 macrophages to release IL-1ra without STAT-6 activation, and also
induced a delayed STAT-1 activation/IP-10 release response that was not observed using non-biodegrad-
able chitosan (98% DDA, 130 kDa). In primary human macrophages, acetylated chitosan enhanced IL-1ra
release without inducing IL-1beta, and required PMA priming to elicit STAT-1 activation and IP-10
release. We conclude that biodegradable chitosan particles enhance M0 and M2a macrophage anabolic
responses independent of the IL4/STAT-6 axis, by inducing excess IL-1ra over IL-1beta and more chemo-
kine release, without altering their inherent capacity to attract MSCs.

� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Bone marrow stimulation is an articular cartilage repair proce-
dure that consists of introducing controlled fractures in the debrided
subchondral bone plate to initiate bleeding and a spontaneous repair
response [1,2]. This allows formation of a fibrin blood clot, which
gradually transits to a granulation tissue, a favorable microenviron-
ment to recruit multipotential mesenchymal stromal cells (MSCs) to
the injury site [1]. Because the repair tissue obtained is often a fibro-
cartilaginous tissue that breaks down under load [3], strategies are
currently needed that suppress fibrocartilage and elicit stem cells
capable of forming a more hyaline and biomechanically stable
tissue.
It was previously shown that biodegradable chitosan mixed
into whole blood clot implants can increase the attraction of
MSCs to marrow stimulation defects and elicit a more hyaline
cartilage repair compared to marrow stimulation alone [4,5].
Chitosan represents a family of linear polysaccharides containing
glucosamine and variable levels of N-acetyl glucosamine (GlcNA).
The polymer is biodegradable when the N-acetyl glucosamine
content is at least 15%, which corresponds to a maximum degree
of deacetylation (DDA) of 85% [6]. In animal subchondral bone
fracture models, fractures treated with biodegradable chitosan
implant develop granulation tissues containing more alterna-
tively activated arginase-1 + macrophages [2], and this acute
inflammatory response is followed by enhanced MSC chemotaxis
compared to untreated fractures [5]. In vitro, at cytocompatible
concentrations (6100 lg ml�1), 80–92% DDA chitosan stimulates
macrophages to release anabolic cytokines and a host of factors
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Table 1
Chitosan solutions used in this study.

Chitosan DDA (%) Mn (kDa) Mw (kDa) PDI Characteristics

80M 81.5 132 268 2.02 pH = 4.3
Osm = 10 mOsm

98M 98.5 128 187 1.46 pH = 4.4
Osm = 12 mOsm

RITC-80M 80.6 144 187 1.30 0.5% mol RITC per
mol chitosan
pH = 5.6
Osm = 12 mOsm

80–10K 81.9 8.6 13.4 1.56 pH = 4.83
Osm = 12 mOsm
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known to attract MSCs, including interleukin-10 (IL-10) [7],
platelet-derived growth factor (PDGF), transforming growth fac-
tor-beta [7,8], MCP-1 (CCL2), MIP-1a (CCL3) and MIP-1b (CCL4)
[9], with only minor release of catabolic factors such as IL-1b
[7,9,10]. In sum, these data suggest that chitosan can be used
to stimulate macrophages to release chemotactic factors that
guide MSCs to subchondral bone wounds.

Macrophages have significant functional roles during osteo-
chondral repair [2,11,12]. Within fractures, macrophages are
recruited during the early inflammatory phase and persist
throughout the repair process [11]. In addition to being recruited
to the osteochondral defect following marrow stimulation [2],
they are also present in the joint within the synovial membrane
and can have direct impacts on MSC chondrogenesis [12]. To
support the multiple events occurring during wound repair, mac-
rophages polarize towards distinct phenotypes that are induced
by environmental cues [13]. In vitro exposure to interferon
gamma (IFN-c) and lipopolysaccharide (LPS) polarizes macro-
phages towards a classically activated M1 phenotype marked
by the release of catabolic, pro-inflammatory cytokines (IL-1b,
IL-6 and tumor necrosis factor-a (TNF-a)) [14]. When stimulated
by IL-4, IL-10 or IL-13, macrophages are polarized to an alterna-
tively activated M2 phenotype. M2 macrophages release lower
levels of pro-inflammatory factors, and secrete high levels of
anti-inflammatory molecules (IL-1 receptor antagonist (IL-1ra)
and IL-10) [14]. In a muscle repair model, elicited macrophages
were found to progressively adopt an M1 to an M2 phenotype
over time [15] and, depending on their activation state, they
release a spectrum of soluble mediators that directly influence
mesenchymal progenitor recruitment [15–17], proliferation or
differentiation [12,18–21]. Therefore, a promising approach for
osteochondral repair would be to stimulate differentially acti-
vated macrophages to secrete anabolic factors that promote stem
cell attraction to the defect and preserve joint health.

The purpose of this study was to investigate the effects of
chitosan microparticles on differentially polarized macrophages.
We hypothesized that biodegradable chitosan particles stimulate
macrophages under different polarization states to release func-
tional MSC chemotactic factors and more anabolic than catabolic
factors. This study used an in vitro human U937 macrophage
model exposed to Th1 or Th2 cytokines to reflect the different
macrophage polarization states that may occur during the bio-
material clearance phase in vivo. The U937 cell line is widely
used to study biomaterial–macrophage interactions [22,23]. A
cell line is needed to address multivariate research questions
that require far more cells than the number of post-mitotic mac-
rophages obtained from peripheral blood isolates. A cell line also
generates more reproducible biological responses, which
improves the power and affordability of a study analyzing many
biomarkers. U937 cells were differentiated into adherent macro-
phages with phorbol myristate acetate (PMA), and further polar-
ized to an M1 or M2a phenotype using IFN-c/LPS or IL-4,
respectively, in the presence or absence of chitosan microparti-
cles. Following polarization and chitosan stimulation, cells were
washed and cultured in low-serum medium to generate macro-
phage-conditioned medium (CM), which was analyzed for solu-
ble mediators and the ability to attract primary human MSCs.
Given that chitosan was found to induce the expression of fac-
tors whose promoters are under the control of signal transduc-
tion activator of transcription (STAT) factors, we analyzed the
effects of chitosan DDA and molecular weight on STAT activation
and chemokine release. Confirmatory experiments were carried
out in chitosan-stimulated primary human monocyte-derived
macrophages (MDM).
2. Materials and methods

2.1. Reagents

RPMI 1640 (Catalog # 31800–089), Eagle’s a-minimal essential
medium (a-MEM; Catalog # 12000–014), CellTracker™ Green, Cell
Mask™, Alexa Fluor 488 goat anti-mouse IgGs and Hoechst 33342
were purchased from Life Technologies (Burlington, ON, Canada).
Lot-selected fetal bovine serum (FBS) was purchased from Atlanta
Biologics (Atlanta, GA, USA). Recombinant human PDGF-BB, IL-4,
IL-10, IFN-c and enzyme-linked immunosorbent assay (ELISA) kits
for IL-1b, interferon-inducible protein 10 (IP-10, CXCL10), MCP-1
and SDF-1a (CXCL12) were purchased from R&D Systems (Minne-
apolis, MN, USA). Bio-Plex multiplex bead assays were purchased
from Bio-Rad (Hercules, CA, USA). Mouse monoclonal isotype con-
trol (phycoerythrin (PE)-conjugated, clone MOPC-21) and antibod-
ies for CD80 (PE-conjugated, clone L307.4), CD86 (unconjugated,
clone FUN-1) and CD206 (unconjugated, clone 19.2) were pur-
chased from BD Biosciences (Mississauga, ON, Canada). Rabbit
polyclonal antibodies for phosphorylated STAT-1 (Tyr701), STAT-
1, phosphorylated STAT-6 (Tyr641), STAT-6, b-actin and horserad-
ish peroxidase (HRP)-conjugated goat anti-rabbit secondary anti-
bodies were purchased from New England Biolabs (Cell Signaling
Technologies, Pickering, ON, Canada). Isotype mouse IgG1 (Clone
MOPC-1), green fluorescent latex beads (Product number L4655),
LPS (from Salmonella typhosa) and all other chemicals were pur-
chased from Sigma–Aldrich (Oakville, ON, Canada).
2.2. Chitosan solution preparation and microparticle formation

Medical-grade chitosans (<500 endotoxin units EU g�1, protein
content <0.2%, heavy metals <5 ppm) were provided by BioSyntech
(now Piramal Healthcare, Laval, QC, Canada), including 81.5% DDA,
number-average molecular weight (Mn) = 132 kDa (80M) and 98%
DDA, Mn = 128 Da (98M). An 81.9% DDA, Mn = 8.6 kDa (80–10K)
chitosan was obtained through nitrous acid depolymerisation
[24]. 80M chitosan was labeled with rhodamine isothiocyanate
(RITC) to 0.5% mol RITC per mol chitosan as previously described
and lyophilized as a free base powder [25]. Chitosans were charac-
terized for DDA, Mn and weight-average molecular weight (Mw) as
previously described (Table 1) [26,27]. Chitosans were solubilized
at 5 mg ml�1 in dilute HCl (resulting in 90% protonation) and
0.22 lm filter-sterilized. The solutions were characterized for
osmolality and pH, and stored as frozen aliquots at �80 �C until
use (Table 1). During cell culture experiments, chitosan micropar-
ticles were formed by pipetting soluble chitosan below pH 6.0 into
culture medium pH 7.2, forming particles with an average hydro-
dynamic radius of �0.5 lm (80M) to �1.4 lm (98M) [28].
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2.3. Cell culture

U937 cells (ATCC # CRL-1593.2) were purchased from ATCC
(Manassas, VA, USA) and maintained in RPMI 1640 supplemented
with 10 mM HEPES, 25 mM glucose, 17 mM sodium bicarbonate,
1 mM sodium pyruvate and 10 vol.% FBS at 37 �C, 5% CO2, accord-
ing to previous protocols [22,29]. All experiments involving human
subjects were carried out with institutionally approved protocols.
Primary human bone-marrow-derived MSCs were purchased from
the Texas A&M Institute of Regenerative Medicine (Temple, TX,
USA). MSCs were obtained from iliac crest aspirates from healthy
donors with informed consent (n = 5 (3 male, 2 female), 22–
27 years old) and supplied in frozen vials at passage P2. P2 cells
were characterized by the supplier as over 98% positive for multi-
ple mesenchymal stem cell markers and less than 2% hematopoi-
etic lineage markers using flow cytometry. MSCs were used up to
passage 4 and could commit to different mesenchymal lineages
following 3 weeks’ culture in osteogenic or adipogenic differentia-
tion medium (Fig. S1).
2.4. Macrophage differentiation, polarization, and chitosan
stimulation to generate low-serum conditioned medium

Differentiated U937 macrophages (D-U937) were obtained by
chemical differentiation with 100 nM PMA for 72 h in RPMI 1640
with 10% FBS in 12-well plates at a density of 5 � 105 cells cm�2,
as described previously [22]. D-U937s were manually resuspended
and reseeded at a density of 5 � 105 cells cm�2 in 24-well plates in
RPMI 1640 with 10% FBS and 100 nM PMA, or RPMI 1640 with 10%
FBS, 100 nM PMA and 20 ng ml�1 IFN-c (M1 cells only) for 18 h,
then exposed to polarization factors with and without 50 lg ml�1

chitosan microparticles for 24 h as shown in Table 2. More specif-
ically, non-polarized control macrophages (M0) were maintained
in RPMI 1640 with 10% FBS, 100 nM PMA with or without
50 lg ml�1 80M chitosan or 50 lg ml�1 latex beads. For M1 polar-
ization, IFN-c-primed cells were further stimulated for 24 h with
100 ng ml�1 LPS with and without 50 lg ml�1 80M chitosan. For
M2a macrophages, D-U937 cells were treated for 24 h with
20 ng ml�1 IL-4 with and without 50 lg ml�1 80M chitosan. D-
U937 were also stimulated with 10 ng ml�1 IL-10 for 24 h, with
and without 50 lg ml�1 80M chitosan. Following the treatments
outlined above, cells were rinsed in serum-free RPMI and incu-
bated in low-serum medium (RPMI 1640 with 0.5% FBS and 100
nM PMA) for 24 h to generate macrophage CM. Macrophage CM
was centrifuged after each culture at 200 g for 10 min and stored
at �80 �C until use (Table 2).
Table 2
Study design, U937 differentiation, polarization and conditioned medium generation.

D-U937
state

Macrophage
differentiation

Re-seed
cells with
PMA

Polarization
with PMA and
10% FBS

Culture with PMA and
0.5% FBS (conditioned
medium)*

M0 PMA (72 h) 18 h ±80M chitosan
(24 h)

24 h

M0 + LB PMA (72 h) 18 h +Latex beads
(24 h)

24 h

M1 PMA (72 h) IFN-c for
18 h

LPS ± 80M
chitosan (24 h)

24 h

M2a PMA (72 h) 18 h IL-4 ± 80M
chitosan (24 h)

24 h

M0IL-10 PMA (72 h) 18 h IL-10 ± 80M
chitosan (24 h)

24 h

* conditioned medium used for LDH leakage, cytokine/chemokine release, and MSC
chemotaxis assays.
2.5. Analysis of D-U937 conditioned medium for cytokines and
chemokines

Macrophage CM was analyzed by Bio-Plex multiplex proteomic
assay for IL-1ra, IL-6, MIP-1b, IL-8 (CXCL8), IL-10, PDGF-BB, VEGF
and bFGF or TNF-a using a human 8-Plex custom assay with cali-
brated standard curves, according to the manufacturer’s instruc-
tions. Macrophage CM was also analyzed by sandwich ELISA
using standard curves with recombinant protein for IL-1b, SDF-
1a, MCP-1 and IP-10.

2.6. Analysis of macrophage cell surface markers by flow cytometry

M0, M1, M2a or M0 + IL-10 macrophages (5 � 105 cells previ-
ously stimulated or not with chitosan for 24 h) were incubated
with either Fc blocking reagent (eBiosciences, San Diego, CA,
USA) followed by mouse monoclonal PE-anti-CD80 (5 lg ml�1) or
PE-IgG isotype, or bovine serum albumin (BSA) block followed by
anti-CD86 (2 lg ml�1), anti-CD206 (2 lg ml�1) or IgG isotype con-
trol antibodies at 4 �C for 30 min. For CD86 and CD206 staining,
cells were incubated with Alexa Fluor 488 goat anti-mouse IgG
at 4 �C for 30 min. Cells were analyzed using a MoFlo Cytometer
(Cytomation, Denver, CO, USA). Results are presented as mean fluo-
rescence intensity (MFI).

2.7. Cellular metabolic activity and analysis of cell viability

D-U937 metabolic activity following 24 h of exposure to 80M
chitosan in RPMI 1640 with 10% FBS and 100 nM PMA was evalu-
ated through reduction of 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphe-
nyltetrazolium bromide) (MTT) to formazan. D-U937s were plated
in 96-well plates at 50,000 cells well�1 with increasing levels of
80M chitosan (0, 5, 50, 250 and 500 lg ml�1) for 24 h and exposed
to MTT (500 lg ml�1) for 3 h at 37 �C. Formazan crystals were sol-
ubilized in 50 vol.% DMF/20 wt./vol.% SDS [30], and read at 550 nm
(Tecan M200 Infinity plate reader, Tecan Systems, San Jose, CA,
USA).

Leakage of cytosolic lactate dehydrogenase (LDH) into polarized
U937 macrophage 24 h low-serum CM was quantified with a color-
imetric assay (Cayman, Ann Arbor, MI, USA). A 100 ll volume of
reagent was incubated with 100 ll of macrophage CM for 30 min
at room temperature and the absorbance read at 490 nm against
an LDH standard curve to determine LDH activity. Cytotoxicity is
reported as the percentage of LDH leakage into CM = (LDH activity
in low-serum CM)/(total LDH activity in the cell lysates and CM of
M0 cells) � 100.

2.8. Live cell confocal microscopy of fluorescent chitosan microparticle
and latex bead phagocytosis

D-U937 cells were cultured on tissue culture-treated plastic
coverslips in medium with or without 50 lg ml�1 RITC–chitosan
particles for 24 h, then labeled with 0.4 lM CellTracker™ Green
(live cell cytosol = green). Other cells were cultured with
50 lg ml�1 green fluorescent latex beads for 24 h followed by Cell
Mask™ (fluorescent plasma membrane stain). The medium was
replaced with serum-free RPMI and live confocal imaging was per-
formed as described previously [9].

2.9. Human primary bone marrow MSC chemotaxis assays

MSC cell migration assays were carried out in Transwell polycar-
bonate membrane inserts (8 lm pore, Corning, Cambridge, MA,
USA). Sub-confluent MSCs that had been starved of serum overnight
(a-MEM supplemented with 0.5% FBS) were collected using con-
trolled dissociation conditions and resuspended in serum-free
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a-MEM as described previously [31]. Next, 50,000 cells were seeded
in the upper chamber and allowed to migrate to the CM (600 ll) for
4 h at 37 �C and 5% CO2. Low-serum non-CM supplemented or not
with 50 lg ml�1 80M chitosan and serum-free RPMI served as neg-
ative controls and PDGF-BB (10 ng ml�1) served as a positive con-
trol. At the end of the assays, filters were rinsed in phosphate-
buffered saline (PBS) and fixed in 1 vol.% glutaraldehyde in PBS. Both
migrated and unmigrated cell nuclei were stained with 1 lg ml�1

Hoechst 33342 in PBS. Unmigrated cells left in the upper chamber
of the inserts were removed with a cotton tip. Images from six ran-
dom microscope fields (770 lm � 1030 lm) were taken and Hoe-
chst-stained nuclei of migrated cells were counted using Image J
(NIH, Bethesda, MD, USA). Results were averaged and expressed
as total migrated cells for each migration chamber. Migration assays
were performed using MSCs from four separate human donors, with
two or three distinct assays per donor (n = 11 for each test
condition).

2.10. Western blot analyses of phosphorylation state of STAT-1 and
STAT-6

D-U937 macrophages were stimulated with 50 lg ml�1 80M
chitosan, 98M chitosan or 80–10K chitosan for specific intervals
between 15 min and 24 h. At the end of each stimulation period,
cells were washed in cold PBS and lysed in the presence of protease
inhibitors for 20 min on ice. Next, 50 lg of protein was separated
by sodium dodecyl sulfate–polyacrylamide gel electrophoresis
and transferred to PVDF membranes (Millipore, Billerica, MA,
USA). Membranes were blocked for 1 h in 5% BSA in Tris-buffered
saline with Tween-20 and probed overnight at 4 �C with primary
antibodies. HRP-conjugated secondary antibodies were used for
band detection using a chemiluminescent system (ECL-plus, GE
Healthcare, Baie d’Urfe, QC, Canada). Band densitometry was car-
ried out using Image J.

2.11. Human monocyte-derived macrophage cultures

Monocytes were isolated from peripheral whole blood of five
healthy volunteers with informed consent and approved protocols,
as described previously [32]. Whole blood was layered over Ficoll
Histopaque 1077 and centrifuged for 30 min at 800 g. Mononuclear
cells from the buffy coat were collected and transferred to a sepa-
rate tube. After washes in RPMI containing ethylenediaminetetra-
acetic acid and FBS, cells were seeded in 12-well plates at a
concentration of 6 � 106 cells ml�1. Cells were cultured for 14 days
in RPMI 1640 supplemented with 10% FBS, 0.68 mM L-glutamine,
100 units ml�1 penicillin and 100 lg ml�1 streptomycin [32]. Cul-
ture medium was replaced 2, 24 and 48 h after initial seeding, then
replaced every 2 days. On day 14, plastic-adherent MDMs were
collected and seeded at 5 � 105 cells per well in 24-well plates.
Two hours after seeding, the medium was replaced with fresh cul-
ture medium supplemented or not with 100 nM PMA and cells
were incubated overnight. The next day, MDMs were stimulated
with IFN-c (20 ng ml�1), IL-4 (20 ng ml�1) or 80M chitosan (5 or
50 lg ml�1) in the presence or absence of 100 nM PMA for 24 h.
MDM medium was collected and analyzed for IL-1ra, IL-1b and
IP-10 by ELISA. Cell lysates were collected and analyzed for
STAT-1 phosphorylation.

2.12. Statistical analysis

Data are shown as the mean ± standard deviation. Statistical
analyses were performed using Statistica (Statsoft, Tulsa, OK,
USA). The General Linear Model (GLM) with Fisher’s Least Signifi-
cant Difference (LSD) post hoc analysis was used to determine dif-
ferences in cytokine/chemokine release, MSC migration, LDH
leakage, metabolic activity and STAT-1 band density, upon treat-
ment with polarization factors, 80M chitosan, 98M chitosan, latex
beads or PDGF, using treatment condition as a between-factor cat-
egorical predictor. Factorial analysis of the variance of the mean
with Fisher’s LSD post hoc analysis was also used to determine
the effect of polarization state and chitosan on the ability of mac-
rophage CM to attract MSCs, using polarization condition (non-CM,
M0, M1, M2a, M0IL-10) and chitosan (yes/no) as categorical predic-
tors. Significance was set at p < 0.05.
3. Results

3.1. D-U937 macrophages phagocytose chitosan particles and
maintain viability in low-serum medium

D-U937 macrophages readily internalized 80M chitosan parti-
cles and latex beads during 24 h of culture in high-serum medium
(Fig. 1A–C). Treatment of D-U937 for 24 h with chitosan particles
over a range of concentrations in high-serum medium had no spe-
cific effect on cell metabolism compared to control D-U937 cells
(Fig. 1D). After rinsing away chitosan and polarization factors,
chitosan-treated and M1 macrophages showed a �12% increase
in LDH leakage to low-serum conditioned medium relative to M0
macrophages (Fig. 1E). These data revealed a slight cytotoxicity
of the chitosan and M1 polarization conditions, and demonstrated
that over 80% of the cells remained viable in all conditions after
24 h of culture in low-serum medium collected for proteomics
and MSC migration assays.
3.2. Polarized macrophages treated with chitosan release specific
soluble mediators

According to the profile of soluble factors present in CM, D-
U937 cells were successfully polarized to M1 and M2a phenotypes,
while the M2c-inducing factor IL-10 (at 10 ng ml�1) showed no
changes in CM compared to M0, and is referred to henceforward
as M0IL-10. M0 and M0IL-10 macrophages secreted high levels of
MCP-1, VEGF and IL-8 (6–20 ng ml�1), moderate levels of IL-1ra,
MIP-1b and TNF-alpha (61 ng ml�1) and low levels of other factors
tested (IP-10, IL-6, IL-10, PDGF-BB, <0.05 ng ml�1; Fig. 2). SDF-1a
and bFGF were not detected in D-U937 macrophage CM (Fig. 2L
and data not shown). The principle effect of 80M chitosan on M0
macrophages was a small increase in IL-1b and IL-6 (Fig. 2A and
C), an even higher release of IL-1ra (Fig. 2G) and a dramatic
increase in the release of chemokines (IP-10, MIP-1b, MCP-1;
Fig. 2).

M1 macrophage CM contained higher levels of pro-inflamma-
tory factors (IL-1b, IL-6, IL-8, IP-10, MIP-1b; Fig 2A–E) and lower
levels of VEGF and MCP-1 compared to CM from M0, M2a and
M0IL-10 (Fig. 2J and K). M1 macrophages released more TNF-a than
M2a cells, but less than M0 cells (Fig. 2F). In M1 macrophages, 80M
chitosan stimulated IL-1b release without enhancing or suppress-
ing other pro-inflammatory factors (Fig. 2A).

M2a macrophages released the highest levels of anti-inflam-
matory factors, showing a 2- to 4-fold increase in IL-1ra and
IL-10 over M0 macrophages, and a slight increase in low-level
PDGF-BB (Fig. 2G–I). The dominant effect of chitosan on M2a
cells was a 1.5- to 4-fold increase in the release of anti-inflam-
matory factors IL-1ra, IL-10 and PDGF-BB (Fig 2G–I) and MIP-
1b (Fig. 2E), and a low-level increase in IP-10 and TNF-a
(Fig. 2B and F) without inducing IL-1b (Fig. 2A). IL-8 and VEGF
were not altered by chitosan stimulation. Phagocytosis of latex
beads failed to stimulate the release of those factors up-regu-
lated by chitosan (Fig. 2). Altogether, these data showed that
80M chitosan specifically stimulated a net anabolic factor



Fig. 1. Macrophage interaction with latex beads or RITC-labeled chitosan particles
observed by 2-D confocal microscopy images through the cell body, and by cell
metabolism/necrosis assays. (A) D-U937 macrophage cytosol was stained with
CellTracker™ (green). (B) D-U937 macrophage phagocytosis of RITC-labeled chito-
san (red) after 24 h exposure at 50 lg ml�1 and cell cytosol staining with
CellTracker™ (green). Open arrowheads show extracellular chitosan particles,
arrows show internalized chitosan particles. (C) D-U937 macrophage phagocytosis
of fluorescent latex beads (pseudo-red colored, yellow arrows) after 24 h exposure
at 50 lg ml�1 and plasma membrane stained with red CellMask™ (pseudo-green
colored). (D) Cellular metabolic activity in M0 macrophages stimulated with
increasing doses (5–500 lg ml�1) of chitosan for 24 h with 10% serum measured
through reduction of MTT. (E) LDH leakage from polarized macrophages cultured in
low-serum medium after treatment or not with chitosan (50 lg ml�1). (A–C) Scale
bar = 10 lm. Data shown as mean ± SD. Brackets show statistically significant
differences between chitosan-treated cells and matching controls. ⁄p < 0.05,
⁄⁄p < 0.01.
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response from M0 and M2a U937 macrophages, and enhanced
inflammatory cytokine IL-1b release from M1 cells.
3.3. Expression of cell surface markers in polarized macrophage by
flow cytometry

CD86, a suggested marker for M1 polarization [12,33], was up-
regulated on the surface of live U937 cells under M1 and M2a
polarization conditions relative to M0 macrophages (Fig. 3A and
B). Chitosan had no effect on CD86 surface expression levels in
U937 cells. CD80, another traditional marker of M1 polarization
in primary macrophages [34], was not detected on the surface of
D-U937 macrophages under any condition (Fig. 3C), although sur-
face CD80 epitope was readily detected in positive control Raji cells
(Fig. 3D). CD206, the mannose receptor and accepted marker of
alternative activation [34,35], was enhanced by IL-4 stimulation
of human primary MDMs (Fig. 3F), but not detected at the surface
of D-U937 macrophages or IL-4-treated U937 cells (Fig. 3E). These
data suggested that several markers frequently used to discrimi-
nate M1, M2a and M0 primary macrophage populations in vitro
are either not expressed on the U937 cell surface or not regulated
the same way.
3.4. Effect of chitosan and macrophage polarization state on human
MSC migration to macrophage-CM

An equal starting number of 50,000 MSCs was used to test the
chemotactic activity of macrophage CM (top panels, Fig. 4A). After
4 h of chemotaxis, an average 4700 MSCs migrated to the baseline
negative controls, non-CM containing 0.5% serum and 100 nM PMA
(with or without chitosan). 80M chitosan had no influence on MSC
migration to non-CM (Fig. 4B). As expected, fewer MSCs migrated
to serum-free medium – on average, 2800 MSCs (p < 0.05 vs.
non-CM; Fig. 4B). The positive control PDGF-BB was the most
potent MSC chemoattractant, with 2.5-fold higher cell migration
vs. non-CM (p < 0.001; Fig. 4).

Macrophage polarization state had a highly significant influence
on MSC migration. M0, M2a and M0IL-10 macrophage CM, with and
without 80M chitosan stimulation, reproducibly attracted �1.7-
fold more MSCs than non-CM with and without chitosan
(p < 0.001; Fig. 4B). By contrast, MSC migration to M1 macrophage
CM, with or without chitosan, was significantly depressed relative
to all other macrophage-CM, with or without chitosan (p < 0.001;
Fig. 4B). M1 CM without chitosan elicited fewer MSCs than the
non-CM (p < 0.05; Fig. 4B). Depressed MSC migration to M1 CM
was not explained by cytotoxic effects of M1 medium on MSCs,
as MSC metabolic activity was similarly maintained during 24 h
of exposure to macrophage CM in all polarization states (Fig. S2).
3.5. Chitosan induces delayed STAT-1 activation and IP-10 release
through DDA-dependent pathways

At relatively low dosages (5 and 50 lg ml�1), 80M chitosan
stimulated D-U937 macrophages to release high levels of both
IP-10 and IL-1ra (Figs. 2 and S3). Interestingly, both IP-10 and IL-
1ra are factors under the transcriptional control of the JAK/STAT
pathway; IP-10 expression can be induced by the IFN-c/STAT-1
axis, and IL-1ra expression can be driven by the IL-4/STAT-6 axis
[36,37]. Therefore, we tested the hypothesis that chitosan induces
the phosphorylation of STAT-1 and STAT-6 in D-U937 macro-
phages. A time-frame from 15 min to 24 h post-chitosan stimula-
tion was assayed to cover the potential response to phagocytosis
and induction of autocrine factors. IFN-c induced strong acute
phosphorylation of STAT-1 while IL-4 induced strong acute STAT-
6 phosphorylation, and these factors remained phosphorylated
up to 24 h (Fig. 5). Delayed STAT-1 phosphorylation by 80M chito-
san was observed at 24 h post-stimulation (Fig. 5A). No phosphor-
ylated forms of STAT-6 were detected in chitosan-treated
macrophages at any time point (Fig. 5B).

To test the role of chitosan acetylation level in the STAT-1 and
IP-10 response, D-U937 were stimulated with 50 lg ml�1 chito-
sans at 80% DDA (80M, 130 kDa) vs. 98% DDA (98M, 130 kDa)
and the response was analyzed over time. 80M chitosan induced
STAT-1 phosphorylation starting at 10 h for up to 24 h (Fig. 6A),
while 98M chitosan induced only weak levels of STAT-1 phosphor-
ylation after 24 h. At 24 h post-stimulation, 80M, but not 98M
chitosan-treated macrophages showed an 80-fold increase in IP-
10 release into medium compared to unstimulated cultures
(Fig. 6B). The failure of 98M chitosan to induce STAT-1/IP-10 was
not due to cytotoxicity, because the same minor LDH leakage
was seen from M0 cells treated by 98M and 80M chitosan
(Fig. 6C). Ultralow molecular weight chitosan (80% DDA, 10 kDa:
80–10K) and higher molecular weight chitosan (80M) induced
the same delayed STAT-1 phosphorylation 10 h post-stimulation,
and similar kinetics of IP-10 release at 24 h (Fig. 7A and B), com-
pared to IFN-c-induced STAT-1 phosphorylation at 15 min and
IP-10 secretion at 10 h (Fig. 7C).



Fig. 2. Release of pro- and anti-inflammatory cytokines and chemokines by differentially polarized D-U937 macrophages without (white bars) or with 80M chitosan particles
stimulation (grey bars). The phagocytosis control was M0 macrophages stimulated with latex beads (black bar). M1-polarized macrophages secreted higher levels of (A) IL-1b,
(B) IP-10, (C) IL-6, (D) IL-8, (E) MIP-1b and (F) TNF-a than M2a macrophages. M2a macrophages released higher average levels of (G) IL-1ra and (I) PDGF-BB compared to M0
and M1 cells. Chitosan induced cells to release (A) IL-1b, anti-inflammatory factors (G) IL-1ra and (H) IL-10, and chemokines (B) IP-10, (E) MIP-1b and (K) MCP-1. (L) SDF-1a
was secreted by human MSCs but not D-U937 cells. Data shown as mean ± SD, for n = 3 to n = 6 independent cultures, as indicated. Brackets show statistically significant
differences between chitosan-treated cells and matching controls. ⁄p < 0.05, ⁄⁄p < 0.01, ⁄⁄⁄p < 0.001.
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Fig. 3. Cell surface analysis of CD86, CD80 and CD206 in polarized D-U937 macrophages. Representative histograms from M0, M1 and M2a D-U937 macrophages (no
chitosan) stained with (A) anti-CD86, (C) anti-CD80 or (E) anti-CD206. (B) Mean fluorescence intensity from CD86 + cells in polarized D-U937 macrophages. Representative
histograms from (D) Raji cells stained with anti-CD80 and (F) primary MDMs unstimulated or stimulated with 20 ng ml�1 IL-4 for 2 days and stained with anti-CD206. Shaded
histograms show cells stained with respective primary antibodies whereas clear histograms show cells stained with isotype control. Data shown as mean ± SD. ⁄p < 0.05 vs.
M0.

D. Fong et al. / Acta Biomaterialia 12 (2015) 183–194 189
3.6. Chitosan-mediated IP-10, IL-1b, and IL-1ra responses in primary
human macrophages are influenced by PMA priming

Release of IL-1ra and IP-10 are beneficial anabolic D-U937
responses to 80M chitosan. Therefore, the ability of 80M chitosan
to elicit these responses in primary MDM cells was investigated.
MDMs from five distinct donors secreted variable basal levels of
IL-1ra (min–max: 0.49–7.2 ng ml�1) and IP-10 (min–max: 0.03–
0.17 ng ml�1), and trace levels of IL-1b (60.003 ng ml�1). MDM
showed enhanced IL-1ra release after IL-4 stimulation (3-fold
increase) and 80M chitosan stimulation (1.4-fold increase, p < 0.05
vs. unstimulated control; Fig. 8A), without changes in IL-1b release
(Fig. 8B). IFN-c activated STAT-1 and enhanced IP-10 release by 2-
fold; however, MDM cultures stimulated with 80M chitosan showed
no increased STAT-1 activation or IP-10 release (Fig. 8C–E).

Because D-U937 cultures contained PMA, which has been shown
to activate macrophages through protein kinase C (PKC) [38], we
also analyzed the response of MDM to PMA priming and 80M chito-
san particles. PMA priming alone enhanced IL-1ra release by 2-fold
relative to untreated MDM cultures (p < 0.05; Fig. 8A), with insignif-
icant increases in STAT-1 phosphorylation, IL-1b and IP-10 release
(Fig. 8B–E). 80M chitosan enhanced IL-1ra release 1.5-fold in
PMA-primed MDMs (p < 0.05 vs. MDM + PMA; Fig. 8A) and 2.6-fold
relative to MDM without PMA (p < 0.05, vs. MDM; Fig. 8A). In PMA-
primed MDMs, chitosan stimulated an average 1.7-fold increase in
IL-1b release compared to MDMs treated with PMA-only, with high
variation due to much higher IL-1b secretion by one donor following
chitosan stimulation (15-fold increase), resulting in non-significant
differences between chitosan-stimulated and control PMA-primed
cells (Fig. 8B). In the presence of PMA, chitosan stimulation
enhanced STAT-1 phosphorylation in four out of five donors
(Fig. 8C and D), with a minor average increase in IP-10 release com-
pared to cells treated with PMA-only (p = 0.074; Fig. 8E). Therefore,
chitosan-mediated STAT-1 activation and IP-10 release in primary
macrophages depend on PMA priming and show donor-to-donor
variation in the amplitude of the response.
4. Discussion

To our knowledge, this study is the first to characterize the
response of differentially polarized macrophages to chitosan
microparticles at the molecular level in vitro. 80M chitosan selec-
tively stimulated the release of factors according to the macro-
phage polarization state. The data confirmed the hypothesis that
biodegradable chitosan particles stimulate the release of more che-
mokines and anti-inflammatory factors from M0 and M2a macro-
phages, but do not elicit these anabolic responses in M1
macrophages. Our data do not support the hypothesis that chitosan
induces more functional MSC chemotactic factor release from M0
and M2a macrophages; instead, our study shows that these cells
already have an inherent capacity to attract bone-marrow-derived
MSCs. These results are consistent with previous studies showing
that CM from M0 and M2 macrophages can attract mesenchymal
progenitors from muscle and blood vessels [15,17], whereas M1
macrophages polarized with IFN-c and LPS suppress migration
[15]. More importantly, our data provide new evidence explaining
how biodegradable chitosan microparticles can be used to improve
wound repair by recruiting more macrophages, which generate a
more anabolic microenvironment for attracted MSCs.

This study used a U937 model, which permitted evaluation of
macrophage responses to chitosan under a variety of conditions.
Successful D-U937 polarization was mainly assessed by the profile
of soluble factors released. The higher levels of IL-1b, IL-6, IL-8 and



Fig. 4. Human MSC migration to low-serum D-U937 macrophage-CM in different polarization states with and without 80M chitosan stimulation. (A) Representative images
of Transwell migration assays at 4 h post-migration. The top panels show both unmigrated and migrated Hoechst-stained cell nuclei. The bottom panels show migrated cell
nuclei. (B) Average cell migration to different test media, as indicated after 4 h in vitro (n = 11 from four different MSC donors migrated to CM generated on two or three
different occasions). Data shown as mean ± SD. Horizontal lines (empty triangle) indicate statistical differences between M0, M2a and M0IL-10 CM (±80M chitosan) vs. non-CM
0.5% serum (black triangle) or vs. M1 CM (±80M chitosan) (black triangle). Symbols (#, a, b and c) indicate significant differences between individual test conditions.

Fig. 5. Effect of chitosan particles on phosphorylation of (A) STAT-1 and (B) STAT-6
in D-U937. Cells were stimulated with 80M chitosan particles for different time
intervals (15 and 60 min, 6 and 24 h). Cell extracts were analyzed for phosphor-
ylation of STAT-1 and STAT-6 by Western blot using antibodies that recognize non-
phosphorylated and phosphorylated forms of the proteins (pSTAT-1 and pSTAT-6).
IFN-c and IL-4 were used as positive controls for STAT-1 and STAT-6 phosphor-
ylation, respectively. Data are representative of four independent experiments.
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IP-10 – molecules associated with an M1 phenotype [14,35] – in
the M1 CM compared to the M0 and M2a CM confirm that U937
macrophages became activated to an M1 phenotype following
IFN-c/LPS stimulation. The M2a CM contained the highest levels
of anti-inflammatory factors IL-1ra and IL-10, which is indicative
of M2a polarization by IL-4 stimulation [14]. However, we had
no evidence that IL-10 stimulation at the dose used in this study
led to M2c polarization. Our data indicate that D-U937 macro-
phages were differentially activated to release cytokines represen-
tative of M1 and M2a but not M2c phenotypes.

One limitation of the U937 model is that the cytokine release
profiles of the macrophage populations could not be correlated
with the analysis of cell surface markers. CD86 has been suggested
as a marker for M1 polarization, but this is under debate
[12,14,33]. CD86 was up-regulated in both M1 and M2a D-U937s,
and this corroborates previous findings suggesting it is not specific
of M1 polarization [34]. CD80 and CD206, respectively markers for
M1 and M2 polarization [34], were not detected on the surface of
D-U937s. CCR7 and CD163, other recognized markers for macro-
phage polarization [34,35], are not expressed in U937 cells either
[39,40]. Therefore, we could not analyze the potential effect of
chitosan on macrophage polarization surface marker profiles in
U937 cells, as others have done previously with primary human
and mouse macrophage models [7,41].

The data from this study show that biodegradable chitosan par-
ticles can influence the microenvironment created by M0 and M2a
macrophages by potentiating the release of mainly chemokines
and anabolic factors. 80M chitosan did increase IL-1b release by
M0 macrophages, but it also stimulated a 25- to 400-fold greater
release of IL-1ra over IL-1b in M0 and M2a macrophages and fur-
ther potentiated IL-10 release by M2a cells. This net anabolic effect
was not observed in M1 macrophages, where chitosan did not sup-
press the release of pro-inflammatory factors induced by IFN-c/
LPS. Solely in M1 cells, chitosan stimulation induced a more cata-
bolic response reflected by an increased release in IL-1b without



Fig. 6. Chitosan GlcNA content is critical for STAT-1 activation and IP-10 release without influencing cytocompatibility. (A) Cell lysates from 81.5% DDA (80M) or 98% DDA
(98M) chitosan–stimulated cells were analyzed for STAT-1 phosphorylation. (B) Time course of IP-10 release by D-U937 macrophages stimulated with 80M or 98M chitosan
evaluated by ELISA. IFN-c served as a positive control for STAT-1 activation. (C) Release of LDH in M0 D-U937 supernatants treated or not with 80M or 98M chitosan
(50 lg ml�1). ⁄⁄⁄p < 0.001, 80M or 98M chitosan vs. no chitosan. Data shown as mean ± SD.

Fig. 7. Small molecular weight 80% DDA chitosan fragments induce the same
delayed activation of STAT-1 and IP-10 release in D-U937 macrophages as 130 kDa
80% DDA chitosan. (A) Cell lysates from D-U937 stimulated with IFN-c or chitosans
with high (80M) or low (80–10K) molecular weight for 6, 10 and 24 h were
analyzed for STAT-1 phosphorylation. Time course of IP-10 release by macrophages
stimulated with (B) 80M, 80–10K and (C) IFN-c stimulated macrophages evaluated
by ELISA. Data shown as mean ± SD.
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any increases in IL-1ra. Interestingly, Bueter et al. reported that
chitosan particles stimulate murine macrophages to release IL-
1b, but only to high levels when primed by M1 activation signals
(LPS) [10,42]; chitosan-induced IL-1b release in the presence of
LPS was dose dependent and linked to smaller chitosan particles
[10]. Macrophage responses to chitosan are clearly different in
the presence of endotoxins and sensitive to how readily the mate-
rial can be phagocytosed. Altogether, these data suggest that the
macrophage polarization state directly dictates whether chitosan
drives a more pro- or anti-inflammatory response.

Although others have reported that biomaterial surfaces can
promote macrophages to release IL-1ra [43], this study demon-
strates that chitosan particles can induce this response. The failure
of 80M chitosan to activate STAT-6 indicates that chitosan induces
IL-1ra through mechanisms independent of the IL-4/STAT-6 axis.
Consistent with previous work [44], this indicates that IL-4 pro-
motes, but is not necessary to elicit, pro-wound healing responses
in macrophages. Further, in primary human MDMs, 80M chitosan
reproducibly enhanced IL-1ra release without increasing IL-1b
secretion, suggesting that chitosan likely stimulates IL-1ra inde-
pendently of IL-1b paracrine signaling.

This work reports the novel finding that biodegradable chitosan
induces a delayed STAT-1 activation and IP-10 release in human
U937 macrophages. The delayed kinetics suggests that the
response is mediated either by chitosan digestion or a chitosan-
induced paracrine mediator. Because low molecular weight chito-
san and 80M chitosan stimulated the same delayed STAT-1 activa-
tion kinetics in D-U937 cells, our data suggest that chitosan most
probably activates STAT-1 in a paracrine/autocrine manner. Both
biodegradable 80% DDA chitosans (10 and 130 kDa) induced
greater STAT-1 activation and IP-10 release than non-biodegrad-
able, 98% DDA chitosan, indicating that this signaling pathway in
macrophages is sensitive to chitosan polymeric GlcNA content.

STAT-1 activation and IP-10 release induced by 80M chitosan
were confirmed in primary MDMs, but were donor-specific and
required the presence of PMA, a chemical activator of PKC signal-
ing. PKC is activated by multiple agonists, including physiological
macrophage differentiation agents (i.e. macrophage colony



Fig. 8. Effect of chitosan and PMA priming on primary MDM release of IL-1ra, IL-1b, IP-10 and STAT-1 phosphorylation. Relative fold-increase compared to MDM (no PMA or
chitosan), of (A) IL-1ra, (B) IL-1b by primary MDM stimulated for 24 h with 80M chitosan with and without PMA priming, as evaluated by ELISA, with IFN-c and IL-4 as
positive controls. (C) Cell extracts from macrophages stimulated for 24 h with 80M chitosan were analyzed for STAT-1 phosphorylation. (D) Densitometric analysis of the
ratio between phosphorylated and non-phosphorylated STAT-1. (E) IP-10 release after 24 h of MDM stimulation by chitosan. Data shown as mean ± SD.
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stimulating factor (CSF) and granulocyte macrophage CSF) [45],
and mediates multiple macrophage functions, including phagocy-
tosis, differentiation and formation of foreign body giant multinu-
cleated cells [38,46]. Our data suggest that, in macrophages,
chitosan-mediated STAT-1 activation and IP-10 release depend
on physiological PKC agonists that are yet to be identified. It is
unclear why chitosan and IFN-c elicited a much attenuated IP-10
response in PMA-treated primary MDMs compared to D-U937
macrophages (Fig. 7B and C vs. Fig. 8E). Either U937 macrophages
are more responsive than primary MDMs to factors that induce
STAT-1, and hence produce more IP-10 in response to these stim-
uli, or MDMs constitutively express higher levels of factors that
attenuate IP-10 expression, e.g. IL-10 [47].

In chitosan-treated osteochondral defects, macrophages are
highly attracted to the granulation tissue and are thought to play
beneficial roles during clearance of the biomaterial [2]. Although
the ability of M1 macrophages to elicit stem cells is currently
under debate [15,17], our data show that, with or without chitosan
stimulation, macrophages secrete functional chemotactic factors
for bone-marrow-derived MSCs under M0 and M2a but not M1
polarization states. Chitosan stimulated M0 macrophages to
release higher levels of MCP-1 and IP-10, factors previously
reported to induce bone-marrow-derived MSC chemotaxis
in vitro [16,48], but did not increase net MSC chemotaxis. The
M0 and M2a CM contained abundant levels of MCP-1 (above
20 ng ml�1), which exceeds the reported dose upon which purified
MCP-1 induces MSC chemotaxis (5 ng ml�1) [16]. At these rela-
tively high levels, it is possible that MCP-1 already elicits its max-
imal chemotactic effect on MSCs, rendering further release of this
cytokine to have no supplemental effects on migration.

M1 macrophage CM inhibited MSC migration relative to non-
CM, indicating that either these cells do not release chemotactic
factors or they release factors that inhibit cell chemotaxis. Para-
doxically, M1 CM contained the highest levels of IL-8 and IP-10,
which in purified form stimulate MSC migration in vitro
[16,48,49]. MCP-1 was the only soluble factor investigated in this
study that correlated approximately with the differential cell
migration in the different conditions. However, M1 CM contained
relatively high MCP-1 levels (>8 ng ml�1). Thus, the reduced
MCP-1 alone is unlikely to account for the depressed MSC migra-
tion towards M1 macrophage CM. Altogether, the current results
lead us to hypothesize that IFN-c and LPS induce M1 macrophages
to release factors that inhibit MSC recruitment. Inflammatory mac-
rophages undeniably have important roles in fracture healing and
MSC osteogenic differentiation [11,19,20]. However, our data indi-
cate that persisting M1 cells within osteochondral defects would
impair MSC attraction and, despite their cellular plasticity [13],
chitosan stimulation alone is not sufficient to skew the behavior
of M1 macrophages into releasing functional MSC chemotactic fac-
tors. These data indicate that successful chitosan-mediated strate-
gies to increase MSC attraction to healing osteochondral defects
would depend on an increased attraction of M0 and M2a macro-
phages, but not M1 macrophages, to the granulation tissue during
the biomaterial clearance and wound-resolution stage.

Interestingly, this study identifies macrophage responses to
chitosan, IL-1ra and IL-10 release by M0 and M2a macrophages,
which can potentially improve cartilage repair. IL-1ra is a physio-
logical inhibitor of IL-1b [50], and IL-1b is identified as a major con-
tributor to the development of osteoarthritis [50]. Therefore,
excess IL-1ra over IL-1b release by chitosan-stimulated macro-
phages could contribute to anabolic environments that help pre-
serve the native cartilage structure during osteochondral repair.
It is important to note that the present work focused specifically
on the effects of chitosan microparticles on polarized macrophage
behavior and their ability to attract bone-marrow-derived MSCs.
Neutrophils and mast cells are also involved in the host-response
to chitosan [2,51–53], and could produce changes to the local
wound environment that would not be predicted in this monocul-
ture model [54–56]. Further work therefore needs to be conducted
in order to understand how chitosan can stimulate macrophages
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and other innate immune cells to not only guide MSCs to wounds,
but also provide recruited cells with the right molecular signals for
successful osteochondral repair.

5. Conclusions

Chitosan stimulates anabolic responses in M0 and M2a but not
M1 U937 macrophages, including increased IL-10 release and the
release of excess IL-1ra over IL-1b through pathways independent
of the IL-4/STAT-6 signalling axis. In primary MDMs, chitosan pro-
motes IL-1ra secretion with only low IL-1b release, with or without
PKC activation. Although 80% DDA chitosans induce delayed STAT-
1 activation and the release of chemokine IP-10 in U937 macro-
phages, in MDMs, STAT-1 activation and IP-10 release by 80%
DDA chitosan are dependent on PKC activation. Polarized D-U937
macrophages have a differential capacity to attract human bone-
marrow-derived MSCs in vitro: M0 and M2a macrophages, with
or without chitosan stimulation, release soluble factors that attract
MSCs, whereas inflammatory M1 macrophage soluble factors are
unable to attract MSCs. Chitosan-induced STAT-1 activation and
IP-10 release are DDA-dependent responses, indicating that macro-
phage activation and behaviour modulation can be controlled
through chitosan GlcNA content.
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