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Alternatively activated macrophages have been implicated in the therapeutic activity of biodegradable
chitosan on wound healing, however, the mechanisms of phenotypic differentiation are still unclear. In
vitro, macrophages stimulated with high doses of chitosan (P500 lg/mL) were reported to produce
low-level markers associated with alternative activation (arginase-1) as well as classical activation (nitric
oxide), and to undergo apoptosis. In this study, we tested the hypothesis that 40 kDa biodegradable chito-
san (5–500 lg/mL) is sufficient to polarize mouse bone marrow-derived macrophages (BMDM) in vitro to
an alternatively activated phenotype. Control cultures were stimulated with IL-4 (alternative activation),
IFN-c/LPS (classical activation), 1 lm diameter latex beads (phagocytosis), or left untreated. After 48 h of
in vitro exposure, BMDM phagocytosed fluorescent chitosan particles or latex beads, and remained viable
and metabolically active, although some cells detached with increasing chitosan and latex bead dosage.
Arginase-1 was over 100-fold more strongly induced by IL-4 than by chitosan, which induced only spo-
radic and weak arginase-1 activity over untreated BMDM, and no nitric oxide. IFN-c/LPS stimulated nitric
oxide production and arginase-1 activity and high concentrations of inflammatory cytokines (IL-6, IL-1b,
TNF-a, MIP-1a/MIP-1b), while latex beads stimulated nitric oxide and not arginase-1 activity. Chitosan or
latex bead exposure, but not IL-4, tended to promote the release of several chemokines (MIP-1a/b, GM-
CSF, RANTES, IL-1b), while all treatments promoted MCP-1 release. These data show that chitosan phago-
cytosis is not sufficient to polarize BMDM to the alternative or the classical pathway, suggesting that bio-
degradable chitosan elicits alternatively activated macrophages in vivo through indirect mechanisms.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Macrophages play an important role in wound repair through
the local release of chemotactic, inflammatory, and angiogenic
cytokines [1]. Three macrophage populations have been previously
identified based on the stimuli they received in vitro. Macrophages
primed with interferon-c (IFN-c) and stimulated with lipopolysac-
charide (LPS) are described as classically activated macrophages
(M1 MU); type II-activated or regulatory MU can be generated
by immune complexes, prostaglandins, glucocorticoids, and IL-
10; and alternatively activated macrophages (AA MU) or wound-
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repair MU are obtained by IL-4 or IL-13 stimulation [2,3]. One of
the distinguishing characteristics between murine M1 and AA
MU is their metabolic pathway for L-arginine. While M1 MU pro-
mote inflammation through nitric oxide (NO) production by nitric
oxide synthases, AA MU promote wound healing through the argi-
nase-1-mediated production of polyamines and proline [2,4].

Chitosan is a linear biocompatible polysaccharide used in tissue
engineering that is known to attract MU in vitro and in vivo [5,6].
Chitosan is mainly composed of glucosamine with variable levels
of N-acetyl-D-glucosamine (GlcNAc); when GlcNAc content ap-
proaches 20% (�80% degree of deacetylation, DDA), the polymer
is biodegradable. In a rabbit marrow stimulation model of cartilage
repair, chitosan hybrid blood clot implants promoted transient
accumulation of arginase-1+ MU, followed by angiogenesis and
improved subchondral bone and cartilage repair [7–9]. These data
suggest that AA MU may serve a therapeutic and essential role in
chitosan-stimulated wound repair, but the mechanisms of alterna-
tive activation are incompletely understood. Porporatto et al. [10]
osan particles induce chemokine release and negligible arginase-1 activity
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showed that low molecular weight chitosan (�80% DDA, 50 kDa,
0.5–1 mg/mL) stimulated a 2–3-fold increase in arginase-1 activity
as well as NO activity, in cultured rat peritoneal resident MU.
However, in parallel cultures, high molecular weight 80% DDA
chitosan stimulated NO activity and not arginase-1 [10]. Chitin,
the parent molecule of chitosan (100% GlcNA) elicited arginase-
1+ MU to mouse lung [11], but did not stimulate appreciable
arginase-1 gene expression in cultured bone marrow-derived mac-
rophages (BMDM) [12]. Phagocytosis could play a role in MU
polarization since both chitosan particles and latex beads stimu-
lated TGF-b1 and PDGF release from in vitro cultured MU [13]. At
in vitro concentrations P0.5 mg/mL however, chitosan has cyto-
toxic effects on monolayer cells [14], and induces apoptosis of
purified adherent macrophages [15]. Altogether, these data suggest
that biodegradable chitosan particles could directly polarize MU to
an alternatively activated phenotype if applied to cells at cytocom-
patible concentrations (i.e., 6500 lg/mL).

To-date, most of the studies analyzing the effect of chitosan on
MU activation have used peritoneal or blood-derived MU
[5,10,13,15]. In the context of bone marrow-derived cartilage re-
pair, MU derived from bone marrow could be considered closer
to the cell types involved in osteochondral repair. Here, we tested
the hypothesis that low molecular weight biodegradable chitosan
particles directly induce alternative activation of murine BMDM,
using arginase-1 as a marker of AA MU. IL-4 served as a positive
control [2], IFN-c/LPS as a control for M1 MU activation [2], and la-
tex beads served as a control for phagocytosis.
2. Materials and methods

2.1. Materials

Chitosans having 81.9% and 80.0% degree of deacetylation
(DDA), Mn 33.0 and 37.9 kDa, and polydispersity 2.4 and 2.6 were
obtained by nitrous acid depolymerization of an ultrapure chitosan
(Mn �150 kDa, 80% DDA,<500 EU/g, BioSyntech Inc. Laval, QC, Can-
ada). Rhodamine B isothiocyanate–chitosan (RITC–chitosan), 81.3%
DDA, Mn 48.5 kDa, polydispersity 5.4, with 0.5% mol/mol RITC/
chitosan was prepared as previously described [16]. Fluorescent la-
tex beads mean diameter 1 lm (carboxylate-modified polystyrene
yellow-green), lipopolysaccharide (LPS), Dulbecco’s Phosphate Buf-
fered Saline (D-PBS) calcium-magnesium free, ethylenediaminetet-
raacetic acid (EDTA) tetrasodium salt, bovine serum albumin,
Triton X-100, aprotinin, urea, Tris–HCl, MnCl2, L-arginine, H3PO4,
and alpha-isonitrosopropiophenone were purchased from Sigma–
Aldrich (Oakville, ON, Canada). Recombinant IL-4 and IFN-c were
from R&D Systems (Cedarlane, Hornby, ON, Canada). Pepstatin A
and antipain were purchased from Calbiochem-EMD (Merck KGaA,
Darmstadt, Germany).

2.2. Preparation of bone marrow derived macrophages

All animal experimental protocols were approved by an institu-
tional animal care committee. Murine bone marrow-derived mac-
rophages (BMDM) were prepared as described previously [17–19].
Briefly, two 8-week-old male BALB/c mice per cell isolation were
euthanized by CO2, and bone marrow cells were immediately
flushed from the aseptically dissected tibias and femurs using cold
sterile RPMI. Pooled cells were allowed to adhere to plastic at 37 �C
for 2 h under standard incubation conditions, and non-adherent
cells were recovered and seeded in 24-well plates at 5 � 105

cells/well. Cells were grown for 7 days in RPMI-1640 (Gibco, Invit-
rogen, Burlington, ON, Canada) with 10% (v/v) heat-inactivated fe-
tal bovine serum (HiFBS, Atlanta Biologicals, Atlanta, GA, USA),
100 U/mL penicillin, and 100 lg/mL streptomycin (Sigma–Aldrich),
Please cite this article in press as: J. Guzmán-Morales et al., Biodegradable chit
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supplemented with 15% (v/v) L929-cell conditioned medium
(L929-CM), at 37 �C and 5% CO2, with media changes every 3 days.
L929-CM was derived from 5- to 6-day supernatants of confluent
L929 cells grown in 10% HiFBS-aMEM (cleared of cell debris by
centrifugation, filtered with a 0.2 lm filter and stored frozen at
�20 �C) as a source of macrophage colony-stimulating factor (M-
CSF) and granulocyte-macrophage colony-stimulating factor
(GM-CSF) [20].

2.3. Treatment of BMDM

After 7 days of differentiation, the media was refreshed, and
BMDM were either left untreated or treated for 48 h with filter-
sterile chitosan (5, 50, 100, and 500 lg/mL), latex beads (50 and
500 lg/mL), mouse recombinant IL-4 (0.5 ng/mL), or with 18 h of
previous priming with mouse recombinant IFN-c (12 ng/mL) and
post-treatment for 48 h with LPS from Salmonella (10 ng/mL). Fol-
lowing treatment, cells were detached with 2 mM EDTA (4 �C,
15 min), counted, and 105 cells were lysed (50 lL of 0.1% v/v Triton
X-100 in the presence of protease inhibitors) for arginase-1 assays;
while conditioned media were collected cleared of debris by cen-
trifugation (1300 rpm, 10 min, 4 �C) and frozen in separate aliquots
at �80 �C for the different analyzes. Thawed conditioned media
samples were further centrifuged at 13,200 rpm for 10 min at
4 �C prior to analysis of cytokine and chemokine release.

2.4. Confocal microscopy

BMDM differentiated after 7 days on plastic round sterile cover-
slips (Sarstedt, Cedarlane, Hornby, ON, Canada) were left untreated
or were treated with latex beads (50 lg/mL) or RITC–chitosan par-
ticles (50 and 500 lg/mL) for 48 h. Cells were then incubated for
5 min at 37 �C in serum-free RPMI containing 2.5 lg/mL Cell
Mask™ deep red plasma membrane stain (Invitrogen, Burlington,
ON, Canada), or for 30 min at 37 �C in serum free RPMI containing
0.4 lM calcein AM (viable green cytosol; Molecular Probes, Invitro-
gen). The labeling media were replaced by RPMI, and live confocal
imaging was performed with a LSM 510 META Axioplan 2 confocal
scanning microscope equipped with an apochromat 63�/0.9 NA
water immersion objective (Carl Zeiss, Germany). Images were
captured from representative areas of each sample after scanning
through the z-axis.

2.5. Cell metabolic activity: lactate/glucose quantification and alamar
blue assay for redox activity

After 48 h of BMDM treatment, D-glucose consumption and
L-lactate production in the BMDM-conditioned media were
measured by a dual-channel immobilized oxidase enzyme bio-
chemistry analyzer (2700 SELECT, YSI Inc. Life Sciences, Yellow
Springs, OH, USA), using a lactate calibration buffer provided by
the manufacturer.

Alamar blue (Invitrogen) was added to each well and incubated
for 4 h at 37 �C. Eighty microliter of media containing reduced ala-
mar blue dye (due to metabolic activity) was read at excitation
560 nm, emission 590 nm and cut off 570 nm as described [21].
The relative oxidation–reduction (redox) activity (%) compared to
untreated BMDM was calculated by the following equation [Fluo-
rescence]sample /[Fluorescence]control � 100.

2.6. Arginase-1 assay

Macrophage arginase activity was quantified in cell lysates by
urea determination with a-isonitrosopropiophenone, based on a
modification of Schimke’s method [22]. Briefly, after enzyme acti-
vation, L-arginine was hydrolyzed for 2 h, and the resultant urea in
osan particles induce chemokine release and negligible arginase-1 activity
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a total volume of 1.05 mL was quantified. Absorbance was read at
530 nm. Arginase activity was calculated using a standard curve of
0.016–4 mg/mL freshly dissolved urea. IL-4-stimulated BMDM cell
extracts, and human recombinant arginase-1 enzyme (Enzo Life
Sciences, Cedarlane, Hornby, ON, Canada) were used as positive
controls [23]. One unit (U) of arginase activity was defined as the
enzyme activity that catalyses the production of 1 lmol urea/
min. Activity of arginase was expressed as mU/105 cells.

2.7. Griess assay for determination of nitric oxide production

Nitric oxide released into the conditioned media (CM) was eval-
uated based on the Griess reaction to quantify nitrite (NO2) accu-
mulation using a colorimetric commercial kit (Cayman Chemical,
Ann Arbor, MI, USA). 100 lL of Griess reagent was combined with
100 lL CM, incubated 10 min, and the absorbance read at 540 nm
Fig. 1. BMDM phagocytosis of latex beads and RITC–chitosan particles. Representative co
of culture in the presence of L929-CM revealed a macrophage-like morphology (A) and p
particles were homogeneously distributed and accumulated inside the BMDM stained eit
dose of chitosan (500 lg/mL) reduced cell number and affected cell morphology.
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against a NO2 standard curve to determine the production of NO2,
the major stable end-product of NO.

2.8. Proteomic analysis of chemotactic and inflammatory factor release

Conditioned media after 48 h exposure to treatments were ana-
lyzed using the Bio-Plex Pro Mouse Cytokine 23-plex Assay (Bio-
Rad Laboratories, Hercules, CA, USA) following the manufacturer’s
protocol. Standard curves for each cytokine were generated using
reference cytokine concentrations supplied by the manufacturer.

2.9. Statistical analysis

Data are shown as mean ± SD of n = 3 independent experiments
from three distinct isolates of mouse primary bone marrow cells.
Using Statistica (Statsoft, Tulsa, OK, USA), differences in lactate/
nfocal images of cells stained with Cell Mask™ (white-cell membrane) after 7 days
hagocytic activity for 50 lg/mL latex beads (B). After 48 h treatment, RITC–chitosan
her with Cell Mask™ (C and E) or calcein AM (green-live cells, D and F). The highest

osan particles induce chemokine release and negligible arginase-1 activity
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Fig. 2. Metabolic activity of BMDM. After 48 h under different treatments, lactate and glucose concentrations in BMDM-conditioned media remained stable (A and B,
respectively). A 3-fold lactate increase was observed only under M1 conditions (IFN-c/LPS). Redox activity assessed by alamar blue assay decreased after 48 h under all
treatments relative to untreated BMDM except for 50 lg/mL latex beads (C). Mean ± SD, ⁄p < 0.05 vs. untreated.

Fig. 3. L-arginine metabolism as BMDM polarization marker. After 48 h treatment of
BMDM, arginase-1 activity was assessed by an enzymatic assay on cell lysates (A) and
NO production by the Griess reaction on cell-conditioned media (B). Different doses
of chitosan (5–500 lg/mL) did not increase any of these two macrophage polariza-
tion markers. As expected, AA (IL-4) and M1 (IFN-c/LPS) controls increased arginase-
1 activity and NO release, respectively. Mean ± SD, ⁄p < 0.05 vs. untreated BMDM.
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glucose, redox activity, arginase-1, and NO of each treatment group
vs. non-treated BMDM were calculated by a 2-tailed Student t-test
for independent samples; p < 0.05 was accepted as significant. To
evaluate the effect of treatments on pro-inflammatory factor re-
lease we used the analysis of variance of the mean (ANOVA) with
least-squares difference (LSD) post-hoc analysis, p < 0.05 was con-
sidered as significant.

3. Results

3.1. BMDM phagocytosed biodegradable low molecular weight
chitosan particles and remained viable and metabolically active after
48 h

Non-adherent bone marrow-derived MU precursors became
adherent in the presence of L929-CM in vitro, and by day 7 acquired
the morphology of mature MU (Fig. 1A), along with a uniform phag-
ocytic activity for latex beads (green, Fig. 1B) and RITC–chitosan
particles after 48 h of exposure (red, Fig. 1C–F). Cell Mask™-stained
cell membrane (white) revealed a change in cellular morphology
(increased filipodia extensions) induced by chitosan treatment
(Fig. 1C and E) compared to latex bead phagocytosis (Fig. 1B). Cells
that phagocytosed chitosan remained viable at all ranges tested, as
assessed by a calcein AM viable fluorescent stain (green, Fig. 1D and
F). During 48 h of stimulation, BMDM under all conditions pro-
duced lactate and variably depleted glucose from the media
(Fig. 2A and B). The most lactate was generated following IFN-c/
LPS stimulation (p < 0.05, Fig. 2A). After 48 h of stimulation, cell re-
dox potential, which reflects cell metabolic activity, was sporadi-
cally stimulated by latex bead phagocytosis at 50 lg/mL (Fig. 2C).
All other conditions showed a lower average redox activity com-
pared to unstimulated controls (Fig. 2C). Diminishing redox activity
was seen with increasing levels of chitosan and latex beads
(p < 0.05, Fig. 2C), which was consistent with minor cell detach-
ment observed for these conditions after 48 h (Fig. 1E and F).
Please cite this article in press as: J. Guzmán-Morales et al., Biodegradable chitosan particles induce chemokine release and negligible arginase-1 activity
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3.2. Chitosan induced a non-dose-dependent increase in arginase-1
and did not stimulate NO while promoting chemokine release

Biodegradable chitosan stimulation produced a marginal and
sporadic activation of arginase-1 (from 0 to maximal �29-fold in-
crease compared to untreated BMDM) which was negligible in
comparison to the arginase-1 activation upon stimulation with
IL-4 (2746-fold increase, Fig. 3A). M1 mediators stimulated argi-
nase-1 activity (700-fold) and a strong and significant nitric oxide
production (as measured by nitrite release) (Fig. 3A and B, IFN-c/
LPS). Nitrite production was unchanged by chitosan particle or
IL-4 treatment, while the phagocytosis of latex beads tended to in-
crease nitrite production by BMDM.
Fig. 4. Chemotactic and inflammatory factor release by BMDM. The concentration of infl
was quantified by multiplex proteomic array after 48 h of different treatments. Data are
stimulatory effects of the corresponding treatment compared to untreated BMDM are
treatment.

Please cite this article in press as: J. Guzmán-Morales et al., Biodegradable chit
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Proteomics analyses revealed that MCP-1/CCL-2, eotaxin and
GM-CSF were present in the non-conditioned cell culture media
containing 10% FBS and 15% L929-CM (Fig. 4A–C), in agreement
with a previous finding that L929 cells release MCP-1 in addition
to M-CSF and GM-CSF [24]. BMDM without further stimulation re-
leased trace and insignificant levels of inflammatory cytokines and
chemokines (i.e., MIP-1b/CCL-4, Fig. 4D). Both chitosan and latex
beads stimulated a dose-dependent increase in MCP-1, GM-CSF,
MIP-1a/CCL-3, MIP-1b, RANTES and IL-1b concentrations in all
three independent cultures over unstimulated BMDM (Fig. 4), but
due to donor-specific amplitude in the response, only several data-
points were significant. IL-4 tended to promote solely MCP-1 re-
lease to the media (Fig. 4A). IFN-c/LPS consistently promoted
ammatory chemokines and interleukins in BMDM conditioned media (BMDM-CM)
represented as mean (black square) ± SEM (white box) ± SD (whisker). Significant

shown by ⁄p < 0.05. § IL-4 concentration measured matched the amount added as

osan particles induce chemokine release and negligible arginase-1 activity
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significant increases in all TLR4 cytokines (eotaxin, GM-CSF, MIP-
1a/b, TNF-a, KC, RANTES, IL-6, IL-1b, Fig. 4B–D and F–J). IL-4 levels
measured in the multiplex assay were equivalent to the levels
added (§, Fig. 4E), therefore validating our assay. Chitosan did
not increase IL-4 (Fig. 4E) or IL-13 release (data not shown), sug-
gesting that it induced a different pathway for the modest increase
in arginase-1 activity.

4. Discussion

Chitosan particles induced only a sporadic and non-dose-
dependent increase in BMDM arginase-1 activity, that was quite
negligible when compared to IL-4-induced activity. Our data agree
with a previous report that biodegradable chitosan (50 kDa) stim-
ulates a 3-fold increase in arginase-1 activity, in rat peritoneal
macrophages, although this previous study did not employ IL-4
as a comparative control [10]. The relatively weak induction of
arginase-1 by chitosan was not due to cytotoxicity (Figs. 1 and
2C), or to partial cell detachment (Fig. 1E and F) because the argi-
nase-1 assay was performed on a specific number of recovered
adherent and viable cells. In this study, chitosan stimulated mor-
phological changes in BMDM consistent with cell extensions ob-
served in arginase-1+ macrophages attracted to chitosan in vivo
[8]. These results show that chitosan particles had an activating ef-
fect on BMDM, but were insufficient to promote an alternative acti-
vated phenotype.

Our results demonstrate that chitosan lacks a pro-inflammatory
effect in BMDM cells. Chitosan-stimulated BMDM failed to produce
NO, contrary to what was previously reported in cultured rat per-
itoneal MU where NO was increased by both low and high molec-
ular weight chitosan stimulation [5,10]. These discrepancies could
be potentially explained by the different cell type employed, or the
different dosages or degree of chitosan purity of the preparations
used in each study. Our results are in agreement with reports in
which water soluble chitosan oligosaccharides suppressed LPS-in-
duced NO production by RAW264.7 MU [25]. Chitosan, and IL-4,
also failed to stimulate pro-inflammatory cytokines, which were
highly stimulated by IFN-c/LPS, as expected [26]. The trend to-
wards a dose-dependent increase in the release of IL-1b, GM-CSF
and several chemokines (MIP-1a/b, RANTES, MCP-1), in chitosan
and latex bead-treated cultures could be associated with a general
phagocytic activity or cell stress and not to a specific cell response
to chitosan binding. These same chemokines were expressed fol-
lowing in vitro-stimulation of MU with low molecular weight hya-
luronan, another polysaccharide [27]. The chemokines released by
BMDM in the presence of chitosan were previously shown to at-
tract osteoclasts and eosinophils (RANTES) [28,29] and bone mar-
row stromal cells (MCP-1, MIP-1a) [30–32]. Therefore, in situ
deposition of chitosan particles in an osteochondral lesion
[8,9,33], could attract MU that release mainly chemokines that
help recruit additional repair cells involved in remodeling and
regeneration. Our data together with the fact that human eosino-
phils and neutrophils are strongly attracted to chitin [11] and
chitosan [34], respectively, suggest that the subsequent presence
of AA MU strongly expressing arginase-1 in vivo [8] could result
from an initial influx of eosinophils or neutrophils secreting IL-4
[35,36] or IL-13 [37].

To our knowledge, this is the first study to analyze the direct ef-
fect of low molecular weight biodegradable chitosan particles on
BMDM. Chitosans with different physicochemical characteristics
have distinct biological effects [34,38] and this study only tested
one type of chitosan that was previously shown to stimulate low lev-
els of arginase-1 in AA peritoneal MU in vitro [10]. Further research is
warranted to analyze the effect of chitosans with different molecular
weights and DDAs on BMDM response. The results of this study add
to our understanding of chitosan-mediated cartilage repair, and sug-
Please cite this article in press as: J. Guzmán-Morales et al., Biodegradable chit
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gest additional avenues to explore; including the effects of chitosan
in co-cultures of innate immune cells, and further characterization
of innate inflammatory cell types attracted to chitosan in vivo.
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