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Abstract

In order to assess the role of osteopontin (OPN) in leukocyte accumulation in inflammatory
conditions, native OPN and its thrombin cleaved form (OPN+Thr) were studied in vivo using a rodent
subcutaneous air pouch model (AP). Both forms of OPN induced macrophage infiltration into the
AP in wild-type mice. In animals lacking CD44, macrophage numbers were significantly reduced
within the cavity, but cells still accumulated along the subcutaneous lining. In animals lacking
endogenous OPN, no differences were found in exogenous OPN-induced macrophage accumulation,
although macrophage exhibited increased a4 integrin expression. These studies reveal that both OPN
and OPN+Thr attract macrophages in vivo through CD44.
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Introduction

Osteopontin (OPN), a sialoprotein with functions in tumor cell migration, adhesion, bone
remodeling and calcium metabolism, has been found to be one of the major upregulated genes
in inflammatory neuropathologies such as multiple sclerosis, experimental autoimmune
encephalomyelitis, Theiler’s virus infection, and simian immunodeficiency virus (SIV)
encephalitis [1;2;3;4]. The role of OPN in several peripheral inflammatory conditions was
shown to correlate to effects on cell attachment and motility [5;6;7], suggesting that the
upregulation of this molecule in brain pathologies may have implications on the development
of an inflammatory infiltrate by influencing such functions.

The interaction of OPN with receptors on cell surface can affect myeloid cells, modulating
macrophage migration as well as activation [8], affecting the differentiation, maturation, and
survival of dendritic cells, as well as inducing cytokine expression [9;10]. One important
receptor for intact OPN on the cell surface is CD44v6 [6], which cooperates with B1 integrins
to allow cell motility and chemotaxis in an arginine-glycine-aspartic acid (RGD)-independent
manner [11]; however, thrombin can cleave OPN, shifting receptor usage to a RGD-dependent
binding. Several integrins have also been identified as OPN receptors, including numerous
members of the B1 and av families [5;12;13;14;15;16;17], which recognize an RGD sequence
that is present within the amino-terminal fragment of thrombin-cleaved OPN (OPN+Thr).
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These different potential interactions and usage of receptors by OPN or its cleaved form can
influence different cell type migration or adherence, depending on what is expressed [5].

The modulation of different OPN receptors expression of different cell types can produce
different results in terms of inflammatory response. Macrophages, which are particularly
relevant in the inflammatory context, express both av and 31 integrins, which can be used as
phagocytic receptors [18]. The expression of OPN receptors, particularly CD44v6, can be
modulated by cytokines in vitro [19;20]. In vivo, the upregulation of CD44v6 is observed in
tumor-infiltrating macrophages [21], and on peripheral monocytes of monkeys that develop
SIV encephalitis [22], suggesting the multifactorial character of the regulation of OPN receptor
expression.

HIV infection of the brain can result in neurological disorders, linked to macrophage
accumulation in the brain [23]. We have found OPN to be expressed in the brains of HIV-
infected people and S1V-infected monkeys [4]. Our in vitro studies did not show chemotactic
properties of OPN on monocytes, but transmigration studies revealed that OPN could inhibit
the egress of transmigrated macrophages back through an endothelial layer, thus potentially
leading to the accumulation of macrophages in tissue such as the brain [24].

Although we could not find in vitro chemotaxis of OPN on monocytes, OPN has been found
to induce both Langerhans and dendritic cell chemotaxis in vivo [25;26]. To further examine
the in vivo chemotactic properties of OPN, we tested the ability of OPN to induce macrophage
migration in a rodent air-pouch (AP) model.

Material and Methods

Mice
Breeding pairs of CD44 KO on the C57BL/6J x 129J background background [27], OPN KO
on the C57BL/6 background [28], and control C57BL/6 and C57BL/6J x 129 WT mice were
purchased from Jackson Laboratory (Bar Harbor, ME). The animals were maintained in The

Scripps Research Institute’s specific-pathogen free animal facility according to NIH
guidelines, and all experiments were performed under IACUC approval.

Air Pouch

The animals were anesthetized by halothane inhalation, and were shaved on the dorsum before
a subcutaneous injection of 5 ml of sterile air. The AP was matured for a period of 3 days before
the injection of the different stimuli.

AP injection
The AP cavities were injected with 2 ml of sterile saline without test substances, or sterile
saline containing 7 mM of either mouse recombinant MCP-3 (Peprotech), mouse recombinant
OPN (R&D Systems, Minneapolis, MN), or thrombin-treated OPN. For the thrombin
treatment, 3.125 U of thrombin (Sigma-Aldrich, St.Louis, MO) was added to 1 og of mouse
recombinant OPN, and incubated for 30 minutes at 37°C. Thrombin was neutralized by the
addition of hirudine (Sigma-Aldrich) at 1.3-fold higher concentration than thrombin (4.06 U
for 1 og of OPN), for another 30 minutes at 37°C. Tubes containing only thrombin were
incubated for 30 minutes at 37°C in parallel, and neutralized with hirudine for injection of
controls.

Western Blots

OPN concentrations were determined by Bio-Rad protein assay kit prior to thrombin digestion.
The protein samples were separated by 4% to 20% SDS-PAGE and electrotransferred onto
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polyvinylidene difluoride membranes (Amersham Biosciences) by semi-dry transfer (Bio-
Rad). The membranes were probed with anti-osteopontin polyclonal antibody (OT-7, R&D
Systems) for 1 h at room temperature. The antibody was detected using anti-goat conjugated
with horseradish peroxidase. The reactive proteins were visualized by means of the Pico
Supersignal West Horseradish Peroxidase Detection kit (Pierce, Rockford, IL).

Cells in the AP cavity were harvested 24 hours after the injection of stimuli by the injection of
6 ml of ice-cold saline. Cells from individual animals were counted in the hemocytometer and
pooled by group (3 mice per pool) for staining. Three or more experiments for each condition
were performed for determination of surface marker expression on infiltrating cells.

Cells were resuspended in FACS buffer (PBS containing 2% FBS and 0.2% sodium azide, and
stained with antibodies recognizing CD3, CD4, CD8, B220, CD11b, Gr-1, CD44, CD11c,
CD80, CD86, CD62L and CD49d (BD Pharmingen, San Diego, CA). Fc receptors were
blocked using CD16/CD32 blocking antibodies for 5 minutes prior to the staining. Cells were
fixed using 2% paraformaldehyde, and acquired in a FACScalibur apparatus (BD Biosciences,
San Jose, CA). Samples were analyzed in FlowJo Software (TreeStar, Ashland, OR).

Immunohistochemistry

After the harvesting of cells from the cavity, the skin surrounding the AP was collected and
fixed in Carnoy’s fixative. After processing the tissue and embedding in paraffin, sections were
obtained for immunohistochemical (IHC) procedures. IHC staining followed a basic indirect
protocol using a citrate antigen retrieval method, for antibodies against F4/80, as previously
described [4].

Statistical Analysis

Results

Groups were compared by two-way ANOVA followed by Bonferroni’s post-hoc tests, using
Prism software (version 4.0b, GraphPad Software, San Diego, CA).

OPN attracts macrophages in vivo

In order to establish the optimal time-point for analysis of macrophages infiltrating into the
mature AP as a result of OPN, a 48-hour time course was performed using 7 mM of OPN (5
pg of OPN in 2 mls saline) in wild-type (WT) mice. The injection of OPN induced a
significantly higher number of cells into the cavity in comparison to controls injected with
saline at all time points analyzed (Figure 1). The largest number of infiltrating cells was
obtained at 24 and 48 hrs, the majority of them being mononuclear CD11b+ cells. The 24 hr
time point was selected for the analysis of macrophages in the AP.

OPN chemoattractant properties are CD44 dependent

Since thrombin digestion was previously shown to influence microphage migration properties
towards OPN [29], we examined the effects of native OPN and OPN+Thr on cell migration
into the AP, and compared to that found for MCP-3, a largely monocyte-specific chemokine.
The full ability of thrombin to digest the OPN molecule was confirmed prior to the injection
of the cleaved form into the air-pouch (Figure 2). In addition to WT mice, CD44 knockout
(KO) animals were used to assess the role of CD44 and its isoforms (including CD44v6), and
OPN KO mice were used to assess the role of endogenous OPN in these experiments. Baseline
infiltration was tested on control strains, C57BL/6Jx129/J and C57BL/6J, corresponding to the
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background of the CD44 and OPN knockout strains, respectively. As these two control strains
provided similar results, we utilized C57BL/6Jx129/J mice as WT controls for all experiments.
APs from these experimental and control strains were inoculated with the different stimuli, and
cells were harvested 24 hrs later (Figure 3). When injected at equivalent molarities (7 mM),
OPN, OPN+Thr and MCP-3 had similar effects on the number of cells accumulating in the AP
cavities in WT and OPN KO mice. However, in mice lacking CD44, only MCP-3 induced a
significant cellular influx into the AP. This suggests that CD44 expression is important for cell
migration induced by OPN as well as OPN+Thr. Controls injected with thrombin plus hirudine
did not show a significant cell enrichment in the airpouches in comparison to animals injected
with vehicle (not shown).

The cells recovered from the AP were predominantly CD11b+ (data not shown), indicated
myeloid lineage. The cells in the exudates were then analyzed to determine the contribution of
macrophages, granulocytes, and dendritic cells. Cells were stained with antibodies against
CD11b and Gr1 to define macrophages (CD11b+ Grl low/intermediate), granulocytes (CD11b
+ Grl high) and dendritic cells (CD11b+ CD11c+). In all cases, macrophages were the
predominant cell type infiltrating the air pouch (Figure 4). Significantly fewer macrophages
were present in the AP in CD44 KO in response to OPN and OPN+Thr, whereas no differences
were found in response to MCP-3 (Figure 4, top). This indicates that the transudation of
macrophages by OPN and OPN+Thr is primarily dependent upon CD44. Limited differences
were also found for neutrophils and dendritic cells in OPN KO mice (Figure 4, middle and
bottom).

Adhesion and co-stimulatory molecule expression do not explain chemoattractant

properties

In order to characterize the macrophages in the AP in more detail, the expression of surface
markers relevant for transmigration and adhesion (CD62L and CD49d) and for T cell
costimulatory molecules (CD80 and CD86), were analyzed on AP macrophages (CD11b+ Grl
low/intermediate) (Figure 5). Interestingly, in OPN KO mice, macrophages attracted to either
OPN and OPN+Thr had significantly increased levels of CD49d relative to WT mice (Figure
5, top and middle). Although higher levels of CD49d were also found on macrophages attracted
to MCP-3 in OPN knockouts (Figure 5, bottom), it did not reach statistical significance.
Additionally, in response to OPN+Thr, the AP macrophages in OPN KO mice also had higher
levels of CD80 than those in WT mice, and higher levels of CD62L than those in CD44 KO
mice (Figure 5, middle).

The increased CD49d in OPN KO mice was intriguing given that CD49d is the alpha chain of
the a4b1 homing receptor (also known as VLA-4), an osteopontin receptor [17]. In order to
assess whether this is a general property of OPN-deficient macrophages, we examined
macrophages from lymph nodes and spleens of WT and OPN KO mice. Indeed, CD49d was
increased on macrophages from both lymphoid organs in OPN KO (Figure 6).

Macrophage migration towards OPN, but not adhesion, is affected by the absence CD44

We also examined the lining of the AP from the above experiments. Histological assessment
revealed that all stimuli (OPN, OPN+Thr, and MCP-3) induced cell adherence on the lining
of the AP cavity (Figure 7). Although there were fewer cells within the AP, CD44 KO animals
exhibited a much more robust cell accumulation on the AP lining (Figures 7E, 7H, 7K).

Discussion

In the present study we addressed the capacity of OPN and its thrombin-cleaved form to induce
accumulation of macrophages. Both forms of OPN, when injected into the AP, were able to
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attract infiltrating immune cells. However, the migration of cells into the lumen was in large
part dependent on the presence of CD44. This was specific to OPN, as MCP-3 did not show a
dependence on CD44. For all stimuli, the absence of CD44 resulted in a large number of cells
remaining attached to the AP lining.

In our experiments we did not systemically stimulate the immune system, thus the cells brought
into the AP, either into the lumen, or adhered on the AP lining, were not pre-activated.
Therefore, our results represent a parallel to the immediate effects of local upregulation of OPN
that can occur in inflamed sites. The upregulation of OPN gene can be observed as early as
seven hours following tissue injury [30]. The result of this upregulation on unstimulated cells,
as modeled here, can be crucial to understand the initial steps of the development of an
inflammatory process. Furthermore, tissue damage may be accompanied by the local increase
on thrombin levels, which is a modifier of the OPN molecule that may affect the properties of
the molecule on cells.

Differences in the capability of OPN versus OPN+Thr in attracting macrophages to the site
were previously observed in animals with arthritis, but not in control animals [29], suggesting
that a pre-activation status may be crucial, perhaps altering the expression of surface molecules
necessary for response and migration. In our experiments we found that in the AP both OPN
and OPN+Thr can induce cell migration, and that in both cases it is CD44 dependent. It is
possible that the CD44 binding site for OPN, or OPN’s ability to trigger signals through this
binding that facilitate migration, were not affected by the thrombin digestion. The decreased
number of macrophages in the exudate from CD44 KO animals was not due to global migration
defects, since CD44 expression was not a requirement to mediate migration induced by MCP-3.
On the other hand, adhesion properties were globally changed in CD44 KO animals, as with
all stimuli, a larger number of cells were attached to the subcutaneous lining.

CD44 is an important molecule for adhesion and migration through interaction with hyaluronic
acid at the extracellular matrix, and in some inflammatory models CD44 expression correlates
with severity of lesions [31;32]. In addition, at least one isoform of CD44 has been shown to
be a receptor for OPN [11]. This suggests a role for CD44 on OPN-mediated cell accumulation
at early stages of inflammatory response.

In vitro studies using cultured RAW 264.7 macrophage-like cells have revealed that
macrophages in which OPN gene was silenced were deficient for several functions, including
migration [33]. In our in vivo model, the absence of endogenous expression of OPN by
macrophages did not interfere with the migration towards OPN or MCP-3, since both WT and
OPN KO animals responded to stimuli with cell migration. However, we observed an increased
expression of CD49d in OPN KO animals. This could be due to a compensatory increase to
facilitate migration, or to a higher availability of the molecule on cell surface in the absence
of the endogenous ligand OPN.

The ability of OPN to induce macrophage chemotaxis is controversial. Our study, as well as
those of others [34;35] indicate that OPN is an effective, and in some cases key, inducer of
macrophage infiltration in vivo. However our previous studies [24] and those of others [29;
35;36;37] report divergent effects of OPN in vitro. This can be attributed to experimental
paradigms, including the cell type examined (monocytes, peritoneal macrophages, dendritic
cells), and properties of the OPN itself, as distinct roles are played by native OPN versus
thrombin-cleaved OPN [29], as well as intracellular versus extracellular OPN [37].
Furthermore, we note that some studies utilize bacterial-produced as opposed to mammalian
cell-derived OPN. In addition to pronounced differences in post-translational modifications in
this heavily modified protein, the issue of endotoxin contribution to the measured OPN effects
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has been raised, and some of the in vitro effects of OPN have been linked to such contamination
[38].

Our studies reveal that OPN is a macrophage attractant in an in vivo model for cell migration,
where transudation, but not adhesion, was specifically mediated by CD44. The property of the
OPN molecule in inducing cell migration into the air-pouch cavity was not essentially altered
by thrombin cleavage of OPN. This suggests that the cleavage site does not alter the molecular
domains responsible for attraction in vivo, and that the exposure of a cryptic epitope by
thrombin-cleavage [29] does not play a major role in this model. Overall, in the absence of
CD44, macrophage transmigration into the air-pouch cavity towards OPN stimuli was
impaired, although adhesion functions were not altered. Taken together, our results offer
insights on the in vivo mechanisms by which OPN upregulation in inflamed tissues can
contribute to the cell accumulation and perpetuation of the inflammatory process.
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Figure 1.

Kinetics of cell accumulation after OPN or Saline injection into AP of WT mice. Results
represent the average + SEM of absolute numbers of cells in the AP lavage of 5 animals per
time-point. The 24 hour time point had the highest average number of cells, and was used for
subsequent studies.
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Figure 2.

OPN cleavage by thrombin. The efficiency of thrombin treatment was determined by western
blot of OPN before and after digestion, with digestion leading to the lower molecular weight
fragment recognized by the antibody.
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Page 11

Cell migration induced by OPN, OPN+Thr and MCP-3into AP cavities. Mature APs were
induced in WT, CD44 KO and OPN KO mice. Results represent the mean £ SEM of 4-7

experiments. *p<0.05, **p<0.01 and ***p<0.001 by two-way ANOVA followed by

Bonferroni’s post-hoc tests.
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Figure 4.

Macrophage, granulocyte, and dendritic cell infiltration into AP. Mature APs were induced in
mice of the indicated genotype, and cell migration induced by the given agents. Cells harvested
from the AP were counted and characterized by flow cytometry. Values represent average +
SEM of the same animals shown in Figure 3. *p<0.05 and **p<0.01 by two-way ANOVA
followed by Bonferroni’s post-hoc tests.
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Figure 5.

Surface markers on macrophages obtained from APs. Mature APs were induced in mice of the
indicated genotype, and cell migration induced by the given agents. Cells were harvested from
the AP cavities 24 hours after the injection of various stimuli, and CD11b+ Grllow
macrophages were characterized for the expression of functional surface markers by flow
cytometry. The Y-axis corresponds to the percentage of positive cells for surface markers
indicated in the X-axis. Positive cells were determined by the expression of markers above the
baseline levels determined upon the staining with isotype controls. Values represent average
+ SEM of the same animals shown in Figure 3. * p<0.05 by two-way ANOVA followed by
Bonferroni’s post-hoc tests.
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Figure 6.

CD49d expression on macrophages in lymphoid organs. A) Graph showing mean + SEM of 4
experiments. ***p<0.001, two-way ANOVA followed by Bonferroni’s post-hoc test. B and
C) Representative histogram overlays of macrophages staining from B) Lymph nodes and C)
Spleen. Light grey — isotype control. Grey — C57BL/6J wild-type. Black — OPN KO.
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Figure 7.

Cell adherence on pouch lining. Histological analysis of the air pouch surrounding lining after
injection of stimulant agents was performed on paraffin-fixed sections immunostained for
detection of F4/80+ cells, corresponding to macrophages. A, B and C correspond to tissue from
saline injected AP; D, E, F are from OPN injected AP; G, H, | are samples from OPN+Thr
injected AP; J, K, L are from MCP-3 injected AP. A, D, G, J are sections from AP lining from
B6 mice; B, E, H, K from CD44 KO mice; and C, F, I, L from OPN KO mice.
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