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Abstract
Osteopontin (OPN), a secreted protein involved in inflammatory processes and cancer,

induces cell adhesion, migration, and activation of inflammatory pathways in various cell

types. Cells bind OPN via integrins at a canonical RGD region in the full length form as well as

to a contiguous cryptic site that some have shown is unmasked upon thrombin or matrix

metalloproteinase cleavage. Thus, the adhesive capacity of osteopontin is enhanced by pro-

teolytic cleavage that may occur in inflammatory conditions such as obesity, atherosclerosis,

rheumatoid arthritis, tumor growth and metastasis. Our aim was to inhibit cellular adhesion to

recombinant truncated proteins that correspond to the N-terminal cleavage products of throm-

bin- or matrix metalloproteinase-cleaved OPN in vitro. We specifically targeted the cryptic

integrin binding site with monoclonal antibodies and antisera induced by peptide immuniza-

tion of mice. HEK 293 cells adhered markedly stronger to truncated OPN proteins than to full

length OPN.Without affecting cell binding to the full length form, the raised monoclonal anti-

bodies specifically impeded cellular adhesion to the OPN fragments. Moreover, we show that

the peptides used for immunization were able to induce antisera, which impeded adhesion

either to all OPN forms, including the full-length form, or selectively to the corresponding trun-

cated recombinant proteins. In conclusion, we developed immunological tools to selectively

target functional properties of protease-cleaved OPN forms, which could find applications in

treatment and prevention of various inflammatory diseases and cancers.

Introduction
Osteopontin (OPN), also known as secreted phosphoprotein 1, is encoded by the gene SPP1
and is a member of the small integrin-binding ligand N-linked glycoprotein (SIBLING) family
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[1]. OPN is secreted into the body fluids such as milk, urine, and blood, but it is also part of the
extracellular matrix of many tissues [2, 3]. Overexpression of OPN is linked to cancer, rheuma-
toid arthritis, atherosclerosis, and obesity-induced adipose tissue (AT) inflammation [4–7], in
which it represents one of the most strongly overexpressed cytokines [8]. Our group showed
that neutralizing osteopontin with polyclonal antibodies reduces AT inflammation and insulin
resistance in a diet-induced obesity mouse model [9].

OPN promotes cell migration, adhesion, and activation of T lymphocytes and macrophages
via interaction with integrins and multiple variants of CD44 [10]. Within the central region of
OPN, integrins can bind two described binding motifs. The integrins αvβ1, αvβ3, αvβ5, αvβ6,
and α5β1 bind a canonical RGD binding motif, which is ubiquitous on extracellular matrix pro-
teins. Cleavage of OPN after Gly166 or Arg168 of the adjacent SVVYGLR motif by the proteo-
lytic enzymes matrix metalloproteinase (MMP) or thrombin to obtain mOPN or tOPN
increases the adhesion via the RGD binding αvβ3 and α5β1 through increased accessibility. Fur-
thermore, cleavage by thrombin is necessary in order to be bound by the integrin α9 [11–15].
Thus, in conditions with increased thrombin or MMP activity, such as obesity-induced AT
inflammation [16–18], atherosclerosis [19, 20], rheumatoid arthritis [21], asthma [22, 23], and
cancer [24], OPN-neoepitopes with increased adhesive properties are generated. Targeting
neoepitopes, which are generated and increased in pathological conditions, may provide inter-
esting avenues for immunological approaches that aim at neutralization of an endogenous pro-
tein with multiple functions, such as OPN, while minimizing adverse effects.

In this study we investigated whether OPN fragments can be specifically blocked without
affecting the function of the full-length form. Since there is a lack of specific and functional active
antibodies against the MMP-cleaved form of OPN, we created new monoclonal antibodies and
assessed their ability to block adhesion of HEK 293 cells to recombinant OPN fragments, without
affecting binding to full length OPN (flOPN). In addition, we investigate an active immunization
approach to specifically target the humanMMP- or thrombin cleaved OPN form with murine
post immune sera in order to functionally block adhesion of a human cell line.

Methods

Ethics statement
This study was conducted according to the principles expressed in the Declaration of Helsinki
and Good Clinical Practice Guidelines at the Department of Medicine III, Medical University
of Vienna, and has been previously approved by the Ethics committee of the Medical Univer-
sity of Vienna (EK no. 275/2006 and 290/2006). All Patients provided written informed con-
sent to be included in the studies.

For animal experiments this study was approved by the Committee on the Ethics of Animal
Experiment of the Medical University of Vienna and the Austrian Federal Ministry for Science
and Research (Permit Number: BMWF-66.009/0096-II/10b/2008). Diet and housing were
guideline conform according to the European Convention for Protection of Vertebrate Ani-
mals Used for Experimental and Other Scientific Purposes. Animal experiments adhered to the
3 Rs of animal welfare (Replacement, Reduction and Refinement).

Isolation of human adipose tissue stromal vascular cells
Human subcutaneous AT was obtained by liposuction or elective abdominoplasty. Stromal
vascular cells were isolated as previously described [25]. In summary, AT was homogenized
and digested with collagenase type I (Worthington, Lakewood, NJ) at 37°C. Samples were fil-
tered and the stromal vascular cell fraction was obtained by centrifugation. Red blood cells
were removed by lysis, remaining cells washed in DPBS and subjected to flow cytometry.
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Flow cytometry
For flow cytometric analysis of OPN binding surface molecules, cells were detached using tryp-
sin-EDTA solution (GIBCO, Life Technologies, Carlsbad, CA, USA) and labeled for 45 min-
utes on ice with directly labeled antibodies. Thereafter, cells were washed twice with ice cold 1x
DPBS and analysis was performed on a BD FACSCantoII (BD Biosciences, Franklin Lakes, NJ,
USA). Stromal vascular cells (SVCs) were gated for CD144+ endothelial cells, CD34+CD144-

preadipocytes, and CD45+ immune cells.

Antibodies and reagents
We used the isotype control IgG1 (M5284, Sigma-Aldrich, St. Louis, MO, USA) as well as con-
trol serum (M5905, Sigma-Aldrich, St. Louis, MO, USA). The monoclonal mouse antibodies
against tOPN and mOPN were generated in our lab. For mAb 9–3 we used GDSVVYG and for
mAb 21–5 TYDGRGDSVVYG-CO-NH2 as immunization peptides. These antibodies were
thoroughly analyzed using peptide-specific ELISAs as well as the Biacore technology (GE
Healthcare, Little Chalfont, UK), which revealed GDSVVYG-COOH (carboxyl residue-spe-
cific) and SVVYG irrespective of a free carboxyl residue as the probable epitopes bound by
mAb 9–3 and mAb 21–5, respectively, with high affinity and selectivity (data not shown). Anti-
bodies for flow cytometry are shown in S1 Table.

Expression vectors
The cDNA of human OPN without the signal peptide (aa 17–314) was obtained by PCR-
amplification of MGC human SPP1 sequence-verified cDNA (Clone ID 3828885, Accession
BC017387, Thermo Fisher Scientific, Waltham, MA, USA) using one forward primer (5’-AGC
GGCTCTTCAATGATACCAGTTAAACAGGCTGATTC-3’) and depending on the construct
3 different reverse primer: flOPN (5’-TCACGTAGAAGACTCCAGTTACCCTCTTCTCGGC
GA-3’, mOPN (5’-CCACTATCACACCAAATACCTATCCCCTCTTCTCGGCGA-3’) and
tOPN (5’-CACACCAAATACCTGACTCCATCCCCTCTTCTCGGCGA-3’). The PCR prod-
uct was inserted into a pENTRY-IBA-51 vector and the correct insertion was verified by
sequencing. The gene of interest was transferred to StarGate Acceptor vector pCSG-IBA142 or
pCSG-IBA144 following the StarGate manual (IBA, Göttingen, Germany). With the acceptor
vectors a BM40 signal peptide as well as 6x histidine or Strep-tags were introduced, which
resulted in secreted proteins with N- and C-terminal tagged flOPN, or N-terminal tagged
mOPN and tOPN fragments (Fig 1).

Cell culture
Human embryonic kidney cells HEK 293 (ATCC, Manassas, VA, USA) and the 293 c18
(ATCC, Manassas, VA, USA) descendent were cultured in DMEM (Sigma-Aldrich, St. Louis,
MO, USA), supplemented with 10% FBS (PAA Laboratories, GE Healthcare, Little Chalfont,
UK), L-glutamine (GIBCO, Life Technologies, Carlsbad, CA, USA), penicillin streptomycin
(GIBCO, Life Technologies, Carlsbad, CA, USA), and, for 293 c18 cells only, 250 μg/ml geneti-
cin sulfate (GERBU, Heidelberg, Germany).

Expression and purification of recombinant OPN
293 c18 cells were transfected with Lipofectamine LTX (Invitrogen, Life Technologies, Carls-
bad, CA, USA) according to manufacturer’s instructions. Medium was changed and collected
every 2 to 3 days. Cell debris were removed by centrifugation at 500 x g for 10 min at 4°C, and
pH was adjusted to pH 8.0. Supernatant from doubletagged flOPN or histidine tagged
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fragments was first applied to gravity flow columns packed with Ni-NTA His-bind Resin
(Novagen, Merck KGaA, Darmstadt, Germany), columns were then washed with washing
buffer (50 mM sodium phosphate, 300 mM NaCl, and 20 mM imidazole, pH 8.0), and bound
proteins were eluted with elution buffer (50 mM sodium phosphate, 300 mMNaCl, and 250
mM imidazole, pH 8.0). Fractions containing flOPN, as well as unfractionated supernatants
containing Strep-tagged OPN fragments were applied to gravity flow columns packed with
Strep-Tactin sepharose (IBA, Göttingen, Germany). After washing with equilibration buffer
(100 mM TrisCl, 150 mMNaCl, and 1mM EDTA, pH 8.0), bound proteins were eluted with
elution buffer (100 mM TrisCl, 150 mMNaCl, 1 mM EDTA, and 2.5 mM D-desthiobiotin).
Recombinant proteins were dialyzed against 1x DPBS using Slide-a-lyzer Dialysis Cassettes
(Thermo Fisher Scientific, Waltham, MA, USA).

Protein concentration was determined with BCA protein assay (Pierce Biotechnology,
Thermo Fisher Scientific, Waltham, MA, USA). Purified proteins were analyzed by 12%
SDS-PAGE, followed by colloidal blue silver staining (0.12% coomassie brilliant blue G-250,
10% ammonium sulfate, 10% phosphoric acid, and 20% ethanol) [26]. Identity of OPN was
confirmed by immunoblotting. To this end, proteins were transferred to a PVDF membrane by
semi-dry transfer after SDS-PAGE. The membrane was probed with a primary polyclonal anti-
OPN antibody (AF1433, R&D Systems, Minneapolis, MN, USA), secondary horseradish per-
oxidase-coupled donkey anti-goat IgG (abcam, Cambridge, MA, USA) and detected with BM
chemiluminescence western blot substrate (Roche Applied Science, Penzberg, Germany) on a
Fusion FX7 imager (Vilber Lourmat, Eberhardzell, Germany) (S1 Fig).

Cell adhesion assay
HEK 293 cells were grown to 70–80% confluence, harvested with Versene (GIBCO, Life Tech-
nologies, Carlsbad, CA, USA) and resuspended in 10% FBS containing DMEMmedium with-
out phenol red. Cells were labeled for 30 minutes at 37°C with 1.5 μM cell tracker green
CMFDA (Molecular Probes, Eugene, OR, USA). Labeled cells were washed once in PBS. Cell
adhesion assay using V-well microtiter plates was adapted from the procedure described by
Weetall et al.[27]. In detail, recombinant OPN or fragments thereof were immobilized on poly-
styrene 96 V-well microtiter plates (greiner bio-one, Kremsmünster, Austria) in 50 μl coating
buffer (20 mM Tris and 15 mMNaCl, pH 9.4) for 1 h at 37°C or overnight at 4°C. Free binding
sites were blocked by adding 100 μl 1% BSA in 1x DPBS for 1 h at 37°C. Plates were washed
twice with 100 μl DPBS. For blocking antibodies or antisera diluted in 50 μl 1x DPBS were

Fig 1. Recombinant OPN schemata. Schemata of used recombinant OPNs, which highlights the canonical
integrin binding domain RGD as well as the contiguous cryptic integrin binding domain SVVYGLR. Depicted
are the recombinant full length OPN form (flOPN) and OPN fragments, which mimic the MMP (mOPN) or
thrombin (tOPN) cleaved N-terminal OPN. Furthermore, protein lengths in amino acids are shown. aa, amino
acids.

doi:10.1371/journal.pone.0148333.g001
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added and incubated for 1 h at 37°C. Plates were washed twice, and 20.000 fluorescent labeled
cells in 50 μl DMEM with 10% FBS were added and incubated for 30 min at 37°C. For integrin
inhibition the assays were performed by incubating the cells with 1 μMRGES peptide (Abbio-
tec, San Diego, CA, USA), cilengitide, or TF-14035 (both Medchemexpress, Princeton, NJ,
USA) during the 30 minutes labeling and the 30 minutes incubation on the plates. Plates were
centrifuged at 80 x g for 5 min and fluorescent cells in the nadir of the well were measured
using an EnSpire Multimode Reader (Perkin Elmer, Waltham, MA, USA) at bottom reading
mode, excitation 490 nm and emission 520 nm wavelengths.

Adhesion was determined as previously shown by Schack et al. by comparing the signal
from the OPN-coated wells with the signal of blocked uncoated wells according to the formula:
“Adhesion [%] = 1—MFIOPN/ MFI0”, where MFI0 is the mean fluorescence intensity (arbitrary
units) without any prior coated protein and MFIOPN at a given OPN concentration [28].

Furthermore, for testing for coating differences of the used OPN forms we performed a
modified BCA protein Assay similar to Hui et al., where we coated the microplates with
10 μg/ml protein in triplicates and as control 6 wells without protein [29]. Plates were washed
and 100 μl BCA working solution was incubated for 2 hours at 60°C. Absorbance was detected
at 562 nm using an EnSpire Multimode Reader (Perkin Elmer, Waltham, MA, USA). The limit
of detection was calculated at 1 μg/ml protein by using a BSA standard (S2 Fig).

Antibody reactivity and mouse titer determination
Antibody binding and mouse titers were determined by standard ELISA techniques. Recombi-
nant OPN forms were immobilized in duplicates on an ELISA plate (Corning, Corning, NY,
USA). Binding antibodies were detected with HRP-labeled anti-mouse antibodies (Jackson
ImmunoResearch, West Grove, PA, USA). ABTS was added and absorbance was measured at
405 nm and EC50 was calculated.

Post immune sera
Mimetic peptides of the central integrin binding region (PTVDTYDGRGDS against flOPN,
GDSVVYG against the C-terminus of the mOPN fragment, VVYGLR against the C-terminus
of the tOPN fragment, and the scrambled control SGRVYGDLVGRD) were coupled with N-
gamma-maleimidobutyryl-oxysuccinimide ester to keyhole limpet haemocyanin (KLH). Con-
jugates were mixed with Alhydrogel1 (Brenntag, Mülheim, Germany) adjuvant. 30 μg pep-
tides with 0.2% Alhydrogel1 were applied in 200 μl to animals with each vaccination.

10–12 week old wild type C57BL/6 mice (Janvier Labs, Le Genest St. Isle, France) with 6 mice
per group were vaccinated four times in a biweekly interval. Blood was taken at the beginning
and before each vaccination. Thereafter, post immune sera were taken under isofluorane anesthe-
sia through cardiac puncture. Afterwards, the mice were euthanized by cervical dislocation.

Statistical analysis
Data are presented as mean ± standard error of the mean. Groups were compared using two-way
ANOVA followed by Holm- Šídák’s post-hoc test, using GraphPad PRISMVersion 6.04 software
(GraphPad Software Inc., San Diego, CA, USA). A p-value below 0.05 was considered significant.

Results

Cell adhesion to OPN
First, we compared HEK 293 cells and cells from the AT stromal vascular fraction concerning
their expression of RGD-dependent αV, α5, α8, β3, β5, and β7 integrin chains and those binding
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the cryptic domain, namely α4, and α9β1 integrins. Integrin β1 containing integrins–depending
on the combined α chain–are able to bind both binding motifs and β1 expression is high in
HEK 293 (Fig 2A), AT endothelial cells (Fig 2B), AT preadipocytes (Fig 2C), and AT immune
cells (Fig 2D). Notably, also the RGD-dependent α5 integrin is highly expressed in all investi-
gated cell types, which binds OPN stronger upon cleavage [14]. In contrast, only AT immune
cells showed a high expression of the integrin α4. These data suggest that all investigated cell
types are able to bind the RGD sequence and increase their binding strength upon proteolytic
cleavage due to the high α5 expression. Of note, HEK 293 cells that express RGD- and
SVVYGLR-binding integrins appear suitable for investigation of cellular adhesion to both,
flOPN, to which only RGD-dependent integrins can bind, and the OPN fragments mOPN and
tOPN that feature the unmasked SVVYG or SVVYGLR integrin binding sites, respectively.

Thus, we precoated microplates with flOPN or OPN fragments at concentrations from 0 to
30 nM, and studied HEK 293 cell adhesion to the proteins. As expected, cells adhered to signifi-
cantly lower concentrations of both OPN fragments in comparison to the full length form (Fig
3A). Already 10 nM of OPN fragments induced maximal cell adhesion, whereas 30 nM of
flOPN was necessary to induce cell adhesion to the same extend. Therefore, we decided to eval-
uate inhibition of HEK 293 at OPN concentrations of 10 nM and 30 nM.

To investigate which integrins are involved in the adhesion of HEK cells to the OPN forms,
we used the antagonistic integrin inhibitors cilengitide, which inhibits the binding to the RGD
motif of αVβ3, αVβ5, and α5β1 [30], and TR-14035, which inhibits the binding of integrins α4β7
and α4β1 (Fig 3B). In comparison to the control peptide RGES, both integrin inhibitors reduced

Fig 2. Surface profiling of OPN binding integrins.Quantitative flow cytometry analysis of OPN-binding
integrins on the surface of HEK 293 cells (A) as well as on AT derived SVCs. Depicted are SVCs that were
gated for CD144+ endothelial cells (B), CD34+CD144- adipocyte precursor cells (C), and CD45+ immune cells
(D). White bars represent RGD-dependent integrins, black bars SVVYG- or SVVYGLR-dependent integrins,
and hatched bars integrins, which bind the whole central region. MFI (arbitrary units) is calculated by the MFI
from the anti-integrin antibodies minus the MFI from the labeling control (control IgG-PE for α4, α5, α8, αV,
α9β1, and control IgG-FITC for β1, β3, β5, β7, CD44, CD44v6) divided by the respective labeling control.
Depicted are the means ± SEMs of at least 3 independent experiments. MFI, mean fluorescence intensity.

doi:10.1371/journal.pone.0148333.g002
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the adhesion to flOPN and mOPN significantly, whereas only cilengitide reduced the adhesion
to tOPN. However, in all instances cilengitide reduced the adhesion to a by far higher extent
than TR-14035.

Blockade of OPN-mediated cell adhesion with monoclonal antibodies
We designed the monoclonal antibodies mAb 21–5 and mAb 9–3, specific for the neoepitope
of thrombin- and MMP-cleaved OPN, respectively. In contrast to mAb 9–3, which is specific
for the mOPN fragment in ELISA, mAb 21–5 binds both cleaved forms (Fig 4A). Importantly,
none of the antibodies recognize flOPN.

We further tested whether the binding of the antibodies to the neoepitopes impeded cell
adhesion to the N-terminal fragments of cleaved OPN. The antibody mAb 21–5 targeting the
SVVYGLR motif significantly reduced adhesion to tOPN at both concentrations 10 and 30 nM
as well as to mOPN at a concentration of 10 nM (Fig 4B). In contrast, preincubation with mAb

Fig 3. HEK 293 cell adhesion assays and blockade thereof with integrin inhibitors. (A) Cellular adhesion in percent of HEK 293 cells from 0 to 30 nM
coated recombinant OPN forms in 3 nM steps. Depicted are the means ± SEM of 3 independent experiments. * and + indicate significance of cellular
adhesion to mOPN or tOPN in comparison to full length OPN, respectively. (B) Blockade of cellular adhesion of HEK 293 cells at 10 or 30 nM coated
recombinant OPN forms with 1μM antagonistic integrin inhibitors. RGES (black bars) was used as a control peptide. Cilengitide (white bars) inhibits the
integrins αVβ3, αVβ5, and α5β1. TR-14035 (hatched bars) inhibits the integrins α4β7 and α4β1. Depicted are the means ± SEM of 3 independent experiments.
* indicate significance of cell adhesion to the RGES control peptide.

doi:10.1371/journal.pone.0148333.g003
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9–3, which recognizes the C-terminus of mOPN, significantly reduced adhesion solely to
mOPN.

Of note, after incubation of OPN with isotype control antibodies, the extent of cell adhesion
was comparable to the adhesion observed without preincubation with any antibodies. Thus, in
accordance with the binding properties (Fig 4A), mAb 21–5 impeded adhesion to both cleaved
OPN forms (although more potent for tOPN), whereas mAb 9–3 was specific for mOPN
regarding its inhibitory potential.

Blockade of OPN-mediated cell adhesion with antisera
In the next step, we aimed to test whether the functionality of antibodies induced by peptide
vaccination in vivo was comparable to the functionality of our purified monoclonal antibodies.
Therefore, mice were vaccinated with keyhole limpet haemocyanin (KLH)-coupled peptides
mimicking the central integrin binding motif of thrombin- and MMP-cleaved OPN, the RGD

Fig 4. Selective targeting OPN fragments with antibodies. (A) ELISA data of mAb 21–5 (white bars) and mAb 9–3 (hatched bars) against flOPN, mOPN,
and tOPN. OPN bound antibodies were detected with HRP-labeled anti-mouse antibodies. OD405 nm represents the ABTS substrate consumption after
incubating 30 minutes in arbitrary units. Depicted are the means ± SD of duplicates of a repeated experiment. (B) Cellular adhesion in percent of HEK 293
cells at 10 and 30 nM coated recombinant OPN form. Plates were preincubated either with 5 μg/ml isotype control (black bars), mAb 21–5 (white bars) or
mAb 9–3 (hatched bars) antibodies. Depicted are the means ± SEMs of 3 independent experiments with triplicates. * indicates significant reduction of cellular
adhesion in comparison to the isotype control.

doi:10.1371/journal.pone.0148333.g004
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within OPN, as well as an irrelevant control peptide. First, the specificity of the sera for the
recombinant proteins was determined. Sera induced with RGD-containing peptide reacted
against all three human OPN forms, whereas vaccination with the peptides corresponding to
the neoepitopes resulted in antisera that were selectively reactive against the respective protein
fragments (Fig 5A).

Next, we investigated the antisera for adhesion-impeding properties. The addition of control
serum did not impede adhesion of cells to all forms of OPN (Fig 5B). In contrast, sera that tar-
geted the RGD integrin binding motif significantly impeded cellular adhesion to flOPN at 30
nM and mOPN and tOPN at 10 nM and 30 nM. Strikingly, sera against the neoepitopes of
mOPN and tOPN selectively impeded adhesion to their respective OPN fragment. In sum-
mary, the anti-RGD serum inhibited cellular adhesion to all tested OPN-forms, whereas anti-
mOPN and anti-tOPN serum specifically blocked the target intended by our peptide design.

Fig 5. Selective targeting OPN fragments with post-immune sera. (A) ELISA data of antisera tested for reactivity against coated human flOPN, mOPN,
tOPN, and recombinant murine flOPN. OPN bound mouse antibodies were detected with HRP-labeled anti-mouse antibodies. Titer represents half maximal
effective concentration (EC50) was measured after incubating 30 minutes with ABTS substrate. Depicted are the means ± SD of duplicates of a repeated
experiment. (B) Cellular adhesion in percent of HEK 293 cells at 10 and 30 nM coated recombinant OPN forms. Plates were preincubated with 1:50 diluted
antisera either against a scrambled control peptide, the RGDmotif, mOPN or tOPN. * indicates significant reduction of cellular adhesion in comparison to
control serum against the scrambled peptide. Depicted are the means ± SEMs of 3 independent experiments.

doi:10.1371/journal.pone.0148333.g005
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Discussion
Immunotherapies against endogenous molecules are becoming a widely investigated strategy
in the development of treatment for non-communicable diseases such as hypertension, athero-
sclerosis, rheumatoid arthritis, Alzheimer’s disease and type 1 diabetes mellitus [31–33]. Sev-
eral immunotherapies targeting cytokines are approved for passive immunization. For
instance, antibodies against TNFα are used for the treatment of rheumatoid arthritis, Crohn’s
disease, and psoriasis [32]. Notably, other antibodies that inhibit the binding of PD-1 on T cells
to its ligand PD-1L, which is expressed on some tumors, are used to treat cancer [34]. There-
fore, we aim at immunologically targeting OPN, which is a player in a multitude of pathological
conditions [21, 35, 36]. However, passive immunization is a cumbersome and expensive treat-
ment, where high doses of antibodies have to be repeatedly applied over a prolonged period of
time. In addition, due to the high doses of injected monoclonal antibodies, anti-antibodies may
be induced, which may diminish the efficacy of the treatment. Active immunizations, in con-
trast, require only small amounts of recombinant protein or peptide vaccines to be injected and
repeated only after prolonged intervals of time. Antibody titers are usually inferior to passive
immunization but active immunization bears reduced risk to develop anti-antibodies though
may result in other autoimmune effects [32].

Concerning the major integrin binding site of OPN, targeting of the RGDmotif might lead
to adverse effects since this sequence is canonically expressed in the extracellular matrix on
ubiquitously expressed proteins such as vitronectin, fibronectin, collagens, thrombospondin,
vonWillebrand factor, and fibrinogen. Although other studies tried to target the αV integrins
in cancer and other diseases, they indirectly targeted RGD by blocking the integrins with anti-
bodies or blocking their binding with soluble mimetic peptides [37]. If normal cells lose con-
nection to the matrix, they will stop migration [38] or undergo apoptosis [39]. Adverse effects
may be circumvented by addressing neoepitopes with increased abundance under pathological
conditions. For instance, we previously showed that during AT inflammation cleaved OPN
forms are more abundant in human AT [18] as also shown for atherosclerotic plaques and
synovial fluids in rheumatoid arthritis [20, 40]. Others showed that antibodies against the
neoepitopic mouse homologue OPN region SLAYGLR could reduce inflammation in rheuma-
toid arthritis [41] and reduce renal crystal formation [42]. The group of Uede even designed an
antibody similar to our used mAb 21–5 which recognized the SVVYGLR of human OPN,
which showed promising results in the treatment of rheumatoid arthritis in a primate study
[43]. However, a phase 1 clinical study performed in humans with a high diseases activity
(average DA28S of 6) was tolerated well, but did not show any disease improvements [44]. In
contrast to our used antibodies, it is not known if this antibody also binds the N-terminal
MMP-cleaved OPN fragment. We show for the first time that the antibodies mAb 9–3 and
mAb 21–5 can block the adhesion of human cells to the human form of the N-terminal MMP-
cleaved OPN, and mAb 21–5 also to thrombin-cleaved OPN, in an in vitromodel.

HEK 293 cells adhere to flOPN by means of integrins αV [45], α8 [46], and by the non-integ-
rin surface molecule CD44 [47, 48] in particular its isoforms CD44v6 [49] and CD44v10 [50].
Since the CD44 binding sequence on OPN is insufficiently determined for targeting, we con-
centrated on integrins in this study. However, HEK 293 cells strongly increased adhesion upon
thrombin or MMP cleavage of OPN, similar to different cell lines as described [11, 12, 14, 51].
The increased adhesion of HEK 293 cells might be due to the strong expression of integrin α5,
which shows enhanced affinity to tOPN [14] as well as the moderate expression of α4 [52, 53].
Interestingly, Yokosaki et al. showed that adhesion dependent on the integrin α5β1 is only
increased if OPN is cleaved by thrombin and not by MMP-3[14]. However, in our conditions
and similar to other publications [11, 51] adhesion was higher to 10 nMmOPN than to flOPN,
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although integrin profile points at integrin α5β1 as the major OPN-binding integrin. The block-
ade of mOPN adhesion with cilengitide also suggests that in our experiments the increased
binding to MMP-cleaved OPN is indeed integrin α5 dependent and probably due to binding to
integrin α5β1, since β3 and β5 expression was hardly detectable on the cells used here. Other
also showed that adhesion or cell attachment is enhanced after MMP cleavage of OPN [11, 51,
54]. This increased adhesion to the cleaved form seems to be dependent on the RGD binding
integrins and integrin α9. Contrary to this enhanced adhesion upon proteolytic cleavage of
osteopontin seems to be integrin α4 mediated. Integrin α4 adhesion of MnCl2-activated Jurkat
cells is not influenced by cleavage or post-translational modification although it binds to
SVVYG [29, 55]. However, antibody mAb 21–5 could not detect flOPN although it also binds
SVVYG. A reason for this might be that although OPN is an intrinsically disordered protein
the central region shows less conformational flexibility than the rest of the protein [56], which
probably prevents binding of mAb 21–5 to the full form and is the reason for increased binding
of RGD-dependent integrins upon cleavage. Probably for the same reason we observed that the
anti-RGD serum showed a higher reactivity against cleaved forms than against flOPN in the
ELISA.

In human AT we found that endothelial cells and preadipocytes express mainly the tOPN
binding α5 and α9β1 [13, 14], which may, according to our data, bind mOPN as well, whereas
immune cells indicated binding properties for all forms of OPN because of a high integrin α4
expression [53]. This difference may be utilized to specifically inhibit, for instance, the activa-
tion of immune cells by immunological targeting of proteolytically cleaved OPN forms, for
which mAb 9–3 and mAb 21–5 showed promising properties. The HEK 293 cells used in adhe-
sion assays expressed RGD-binding integrins to a higher extent than the investigated AT-
derived cells, which expressed only α5 at a reasonable level. Therefore, the pro-inflammatory
cell-activating abilities of OPN protease cleavage, especially by MMP, might be even underesti-
mated when testing HEK 293 cells. We showed that HEK 293 adhesion is increased to the N-
terminal MMP or thrombin cleaved OPN and that this is mainly due to RGD-dependent integ-
rins. Blockade of the SVVYG binding α4 integrin also reduced adhesion to flOPN and mOPN,
but not to tOPN which could be due to the relatively low expression of α4 integrins on the used
cell line.

In this study we specifically inhibited cellular adhesion to integrin-binding neoepitopes on
recombinant proteins that were mimicking the N-terminal fragments of MMP or thrombin-
cleaved OPN with monoclonal antibodies or peptide vaccination-induced antisera. Thereby we
were laying ground for passive and active immunization approaches to treat chronic inflamma-
tory diseases or cancer, which have been shown to be driven by OPN. Both generated monoclo-
nal antibodies where able to bind the cryptic integrin region without recognizing the full length
form. mAb 9–3 was specific solely for mOPN, whereas mAb 21–5 antibodies bound both trun-
cated forms. For further evaluation of an active immunization approach, we investigated the
functionality of post-immune sera. Sera elicited by immunization with an RGD-containing
peptide inhibited adhesion to all OPN forms of tested protein. Although it showed better reac-
tivity against the peptides derived from cleaved forms, functionally it somewhat better blocked
adhesion to the full length than the cleaved forms (particularly at 30 nM OPN, Fig 5B. Hence,
reactivity against a peptide does not necessarily lead to functional blockade of the respective
region in the protein [57]. Interestingly, with antisera and mAb 9–3 adhesion to mOPN was
inhibited without interfering with adhesion to tOPN, even though mOPN is just 2 C-terminal
amino acids shorter. Furthermore, adhesion solely to tOPN was also inhibited by antisera,
whereas mAb 21–5 impeded adhesion to both truncated proteins.

In conclusion, we show for the first time that antibodies can specifically block the adhesion
of human cells to the human form of MMP-cleaved OPN and, furthermore, we show a
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successful active immunization strategy to specifically target human OPN thereby reducing its
adhesive function in vitro. Further investigations are warranted to test whether active or passive
immunization will also reduce inflammatory processes in vivo.

Supporting Information
S1 Fig. Quality controls of recombinant OPN. (A) Coomassie stain of recombinant OPN. (B)
Immunoblot of recombinant OPN probed with polyclonal anti-OPN antibody (AF1433, R&D
Systems).
(TIF)

S2 Fig. Coating of OPN forms to microplates.Modified BCA protein assay of 10 μg/ml
coated proteins. As a control 6 wells were incubated with coating buffer, the samples were
coated overnight at 4°C in triplicates. � indicate a significant difference in comparison to all the
other samples.
(TIF)

S1 Table. List of Fluorescent antiboides used for FCm analysis.
(DOCX)

Acknowledgments
We want to thank Josef Singer and the group of Erika Jensen-Jarolim for technical support,
and Bianca K. Itariu for critically reviewing the manuscript.

Author Contributions
Conceived and designed the experiments: AJ MLB G Staffler MZ TMS. Performed the experi-
ments: AJ MLB G Stein LL ANMT G Staffler. Analyzed the data: AJ. Contributed reagents/
materials/analysis tools: G Staffler ET TMS. Wrote the paper: AJ. Critically reviewed the manu-
script: G Staffler MZ TMS.

References
1. Fisher LW, Fedarko NS. Six genes expressed in bones and teeth encode the current members of the

SIBLING family of proteins. Connect Tissue Res. 2003; 44 Suppl 1(1):33–40. doi: 10.1080/
03008200390152061 PMID: 12952171.

2. Senger DR, Perruzzi CA, Papadopoulos A, Tenen DG. Purification of a humanmilk protein closely simi-
lar to tumor-secreted phosphoproteins and osteopontin. Biochim Biophys Acta. 1989; 996(1–2):43–8.
doi: 10.1016/0167-4838(89)90092-7 PMID: 2736258.

3. Shiraga H, Min W, VanDusenWJ, Clayman MD, Miner D, Terrell CH, et al. Inhibition of calcium oxalate
crystal growth in vitro by uropontin: another member of the aspartic acid-rich protein superfamily. Pro-
ceedings of the National Academy of Sciences. 1992; 89(1):426–30. doi: 10.1073/pnas.89.1.426

4. Brown LF, Papadopoulos-Sergiou A, Berse B, Manseau EJ, Tognazzi K, Perruzzi CA, et al. Osteopon-
tin expression and distribution in human carcinomas. Am J Pathol. 1994; 145(3):610–23. PMID:
8080043; PubMed Central PMCID: PMCPMC1890312.

5. Petrow PK, Hummel KM, Schedel J, Franz JK, Klein CL, Müller-Ladner U, et al. Expression of osteo-
pontin messenger RNA and protein in rheumatoid arthritis: effects of osteopontin on the release of col-
lagenase 1 from articular chondrocytes and synovial fibroblasts. Arthritis Rheum. 2000; 43(7):1597–
605. doi: 10.1002/1529-0131(200007)43:7<1597::AID-ANR25>3.0.CO;2–0 PMID: 10902765.

6. Giachelli CM, Liaw L, Murry CE, Schwartz SM, Almeida M. Osteopontin expression in cardiovascular
diseases. Ann N Y Acad Sci. 1995; 760:109–26. PMID: 7785890.

7. Nomiyama T, Perez-Tilve D, Ogawa D, Gizard F, Zhao Y, Heywood EB, et al. Osteopontin mediates
obesity-induced adipose tissue macrophage infiltration and insulin resistance in mice. The Journal of
clinical investigation. 2007; 117(10):2877–88. doi: 10.1172/JCI31986 PMID: 17823662; PubMed Cen-
tral PMCID: PMCPMC1964510.

Inhibition of Cellular Adhesion to Osteopontin Neoepitopes

PLOS ONE | DOI:10.1371/journal.pone.0148333 February 3, 2016 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148333.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148333.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148333.s003
http://dx.doi.org/10.1080/03008200390152061
http://dx.doi.org/10.1080/03008200390152061
http://www.ncbi.nlm.nih.gov/pubmed/12952171
http://dx.doi.org/10.1016/0167-4838(89)90092-7
http://www.ncbi.nlm.nih.gov/pubmed/2736258
http://dx.doi.org/10.1073/pnas.89.1.426
http://www.ncbi.nlm.nih.gov/pubmed/8080043
http://dx.doi.org/10.1002/1529-0131(200007)43:7<1597::AID-ANR25>3.0.CO;20
http://www.ncbi.nlm.nih.gov/pubmed/10902765
http://www.ncbi.nlm.nih.gov/pubmed/7785890
http://dx.doi.org/10.1172/JCI31986
http://www.ncbi.nlm.nih.gov/pubmed/17823662


8. Pietiläinen KH, Naukkarinen J, Rissanen A, Saharinen J, Ellonen P, Keränen H, et al. Global transcript
profiles of fat in monozygotic twins discordant for BMI: pathways behind acquired obesity. PLoS Med.
2008; 5(3):e51. doi: 10.1371/journal.pmed.0050051 PMID: 18336063; PubMed Central PMCID:
PMCPMC2265758.

9. Kiefer FW, Zeyda M, Gollinger K, Pfau B, Neuhofer A, Weichhart T, et al. Neutralization of osteopontin
inhibits obesity-induced inflammation and insulin resistance. Diabetes. 2010; 59(4):935–46. doi: 10.
2337/db09-0404 PMID: 20107108; PubMed Central PMCID: PMCPMC2844841.

10. Gravallese EM. Osteopontin: a bridge between bone and the immune system. Journal of Clinical Inves-
tigation. 2003; 112(2):147–9. doi: 10.1172/jci200319190 PMID: 12865402

11. Agnihotri R, Crawford HC, Haro H, Matrisian LM, Havrda MC, Liaw L. Osteopontin, a novel substrate
for matrix metalloproteinase-3 (stromelysin-1) and matrix metalloproteinase-7 (matrilysin). J Biol Chem.
2001; 276(30):28261–7. doi: 10.1074/jbc.M103608200 PMID: 11375993.

12. Barry ST, Ludbrook SB, Murrison E, Horgan CM. A regulated interaction between alpha5beta1 integrin
and osteopontin. Biochem Biophys Res Commun. 2000; 267(3):764–9. doi: 10.1006/bbrc.1999.2032
PMID: 10673366.

13. Yokosaki Y, Matsuura N, Sasaki T, Murakami I, Schneider H, Higashiyama S, et al. The Integrin 9 1
Binds to a Novel Recognition Sequence (SVVYGLR) in the Thrombin-cleaved Amino-terminal Frag-
ment of Osteopontin. Journal of Biological Chemistry. 1999; 274(51):36328–34. doi: 10.1074/jbc.274.
51.36328 PMID: 10593924

14. Yokosaki Y, Tanaka K, Higashikawa F, Yamashita K, Eboshida A. Distinct structural requirements for
binding of the integrins alphavbeta6, alphavbeta3, alphavbeta5, alpha5beta1 and alpha9beta1 to
osteopontin. Matrix Biol. 2005; 24(6):418–27. doi: 10.1016/j.matbio.2005.05.005 PMID: 16005200.

15. Christensen B, Schack L, Kläning E, Sørensen ES. Osteopontin is cleaved at multiple sites close to its
integrin-binding motifs in milk and is a novel substrate for plasmin and cathepsin D. J Biol Chem. 2010;
285(11):7929–37. doi: 10.1074/jbc.M109.075010 PMID: 20071328; PubMed Central PMCID:
PMCPMC2832943.

16. Maquoi E, Munaut C, Colige A, Collen D, Lijnen HR. Modulation of adipose tissue expression of murine
matrix metalloproteinases and their tissue inhibitors with obesity. Diabetes. 2002; 51(4):1093–101. doi:
10.2337/diabetes.51.4.1093 PMID: WOS:000174737500028.

17. Chavey C, Mari B, Monthouel MN, Bonnafous S, Anglard P, Van Obberghen E, et al. Matrix metallopro-
teinases are differentially expressed in adipose tissue during obesity and modulate adipocyte differenti-
ation. J Biol Chem. 2003; 278(14):11888–96. doi: 10.1074/jbc.M209196200 PMID: 12529376.

18. Leitner L, Schuch K, Jürets A, Itariu BK, Keck M, Grablowitz V, et al. Immunological blockade of adipo-
cyte inflammation caused by increased matrix metalloproteinase-cleaved osteopontin in obesity. Obe-
sity (Silver Spring). 2015; 23(4):779–85. doi: 10.1002/oby.21024 PMID: 25776538.

19. Vacek TP, Rehman S, Neamtu D, Yu S, Givimani S, Tyagi SC. Matrix metalloproteinases in atheroscle-
rosis: role of nitric oxide, hydrogen sulfide, homocysteine, and polymorphisms. Vasc Health Risk
Manag. 2015; 11:173–83. doi: 10.2147/VHRM.S68415 PMID: 25767394; PubMed Central PMCID:
PMCPMC4354431.

20. Breyne J, Juthier F, Corseaux D, Marechaux S, Zawadzki C, Jeanpierre E, et al. Atherosclerotic-like
process in aortic stenosis: activation of the tissue factor-thrombin pathway and potential role through
osteopontin alteration. Atherosclerosis. 2010; 213(2):369–76. doi: 10.1016/j.atherosclerosis.2010.07.
047 PMID: 20732681.

21. Zhang F, LuoW, Li Y, Gao S, Lei G. Role of osteopontin in rheumatoid arthritis. Rheumatol Int. 2015;
35(4):589–95. doi: 10.1007/s00296-014-3122-z PMID: 25163663.

22. Hoshino M, Nakamura Y, Sim J, Shimojo J, Isogai S. Bronchial subepithelial fibrosis and expression of
matrix metalloproteinase-9 in asthmatic airway inflammation. J Allergy Clin Immunol. 1998; 102
(5):783–8. doi: 10.1016/S0091-6749(98)70018-1 PMID: 9819295.

23. Gabazza EC, Taguchi O, Tamaki S, Takeya H, Kobayashi H, Yasui H, et al. Thrombin in the airways of
asthmatic patients. Lung. 1999; 177(4):253–62. PMID: 10384063.

24. Kessenbrock K, Wang CY,Werb Z. Matrix metalloproteinases in stem cell regulation and cancer. Matrix
Biol. 2015; 44–46:184–90. doi: 10.1016/j.matbio.2015.01.022 PMID: 25661772; PubMed Central
PMCID: PMCPMC4498798.

25. Zeyda M, Gollinger K, Todoric J, Kiefer FW, Keck M, Aszmann O, et al. Osteopontin is an activator of
human adipose tissue macrophages and directly affects adipocyte function. Endocrinology. 2011; 152
(6):2219–27. doi: 10.1210/en.2010-1328 PMID: 21467192.

26. Candiano G, Bruschi M, Musante L, Santucci L, Ghiggeri GM, Carnemolla B, et al. Blue silver: a very
sensitive colloidal Coomassie G-250 staining for proteome analysis. Electrophoresis. 2004; 25
(9):1327–33. doi: 10.1002/elps.200305844 PMID: 15174055.

Inhibition of Cellular Adhesion to Osteopontin Neoepitopes

PLOS ONE | DOI:10.1371/journal.pone.0148333 February 3, 2016 13 / 15

http://dx.doi.org/10.1371/journal.pmed.0050051
http://www.ncbi.nlm.nih.gov/pubmed/18336063
http://dx.doi.org/10.2337/db09-0404
http://dx.doi.org/10.2337/db09-0404
http://www.ncbi.nlm.nih.gov/pubmed/20107108
http://dx.doi.org/10.1172/jci200319190
http://www.ncbi.nlm.nih.gov/pubmed/12865402
http://dx.doi.org/10.1074/jbc.M103608200
http://www.ncbi.nlm.nih.gov/pubmed/11375993
http://dx.doi.org/10.1006/bbrc.1999.2032
http://www.ncbi.nlm.nih.gov/pubmed/10673366
http://dx.doi.org/10.1074/jbc.274.51.36328
http://dx.doi.org/10.1074/jbc.274.51.36328
http://www.ncbi.nlm.nih.gov/pubmed/10593924
http://dx.doi.org/10.1016/j.matbio.2005.05.005
http://www.ncbi.nlm.nih.gov/pubmed/16005200
http://dx.doi.org/10.1074/jbc.M109.075010
http://www.ncbi.nlm.nih.gov/pubmed/20071328
http://dx.doi.org/10.2337/diabetes.51.4.1093
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000174737500028
http://dx.doi.org/10.1074/jbc.M209196200
http://www.ncbi.nlm.nih.gov/pubmed/12529376
http://dx.doi.org/10.1002/oby.21024
http://www.ncbi.nlm.nih.gov/pubmed/25776538
http://dx.doi.org/10.2147/VHRM.S68415
http://www.ncbi.nlm.nih.gov/pubmed/25767394
http://dx.doi.org/10.1016/j.atherosclerosis.2010.07.047
http://dx.doi.org/10.1016/j.atherosclerosis.2010.07.047
http://www.ncbi.nlm.nih.gov/pubmed/20732681
http://dx.doi.org/10.1007/s00296-014-3122-z
http://www.ncbi.nlm.nih.gov/pubmed/25163663
http://dx.doi.org/10.1016/S0091-6749(98)70018-1
http://www.ncbi.nlm.nih.gov/pubmed/9819295
http://www.ncbi.nlm.nih.gov/pubmed/10384063
http://dx.doi.org/10.1016/j.matbio.2015.01.022
http://www.ncbi.nlm.nih.gov/pubmed/25661772
http://dx.doi.org/10.1210/en.2010-1328
http://www.ncbi.nlm.nih.gov/pubmed/21467192
http://dx.doi.org/10.1002/elps.200305844
http://www.ncbi.nlm.nih.gov/pubmed/15174055


27. Weetall M, Hugo R, Friedman C, Maida S, West S, Wattanasin S, et al. A homogeneous fluorometric
assay for measuring cell adhesion to immobilized ligand using V-well microtiter plates. Anal Biochem.
2001; 293(2):277–87. doi: 10.1006/abio.2001.5140 PMID: 11399044.

28. Schack L, Stapulionis R, Christensen B, Kofod-Olsen E, Skov Sørensen UB, Vorup-Jensen T, et al.
Osteopontin enhances phagocytosis through a novel osteopontin receptor, the alphaXbeta2 integrin. J
Immunol. 2009; 182(11):6943–50. doi: 10.4049/jimmunol.0900065 PMID: 19454691.

29. Hui T, Sørensen ES, Rittling SR. Osteopontin binding to the alpha 4 integrin requires highest affinity
integrin conformation, but is independent of post-translational modifications of osteopontin. Matrix Biol.
2015; 41:19–25. doi: 10.1016/j.matbio.2014.11.005 PMID: 25446551.

30. Mas-Moruno C, Rechenmacher F, Kessler H. Cilengitide: the first anti-angiogenic small molecule drug
candidate design, synthesis and clinical evaluation. Anticancer Agents Med Chem. 2010; 10(10):753–
68. doi: 10.2174/187152010794728639 PMID: 21269250; PubMed Central PMCID:
PMCPMC3267166.

31. Galabova G, Brunner S, Winsauer G, Juno C, Wanko B, Mairhofer A, et al. Peptide-Based Anti-PCSK9
Vaccines—An Approach for Long-Term LDLc Management. PLoS One. 2014; 9(12):e114469. doi: 10.
1371/journal.pone.0114469 PMID: 25474576; PubMed Central PMCID: PMCPMC4256444.

32. BachmannMF, Whitehead P. Active immunotherapy for chronic diseases. Vaccine. 2013; 31
(14):1777–84. doi: 10.1016/j.vaccine.2013.02.001 PMID: 23415932.

33. WangMY, Yan H, Shi Z, Evans MR, Yu X, Lee Y, et al. Glucagon receptor antibody completely sup-
presses type 1 diabetes phenotype without insulin by disrupting a novel diabetogenic pathway. Proc
Natl Acad Sci U S A. 2015; 112(8):2503–8. doi: 10.1073/pnas.1424934112 PMID: 25675519; PubMed
Central PMCID: PMCPMC4345619.

34. Herbst RS, Soria JC, Kowanetz M, Fine GD, Hamid O, Gordon MS, et al. Predictive correlates of
response to the anti-PD-L1 antibody MPDL3280A in cancer patients. Nature. 2014; 515(7528):563–7.
doi: 10.1038/nature14011 PMID: 25428504.

35. Kahles F, Findeisen HM, Bruemmer D. Osteopontin: A novel regulator at the cross roads of inflamma-
tion, obesity and diabetes. Mol Metab. 2014; 3(4):384–93. doi: 10.1016/j.molmet.2014.03.004 PMID:
24944898; PubMed Central PMCID: PMCPMC4060362.

36. Konno S, Kurokawa M, Uede T, Nishimura M, Huang SK. Role of osteopontin, a multifunctional protein,
in allergy and asthma. Clin Exp Allergy. 2011; 41(10):1360–6. doi: 10.1111/j.1365-2222.2011.03775.x
PMID: 21623969.

37. Weis SM, Cheresh DA. alphaV integrins in angiogenesis and cancer. Cold Spring Harb Perspect Med.
2011; 1(1):a006478. doi: 10.1101/cshperspect.a006478 PMID: 22229119; PubMed Central PMCID:
PMCPMC3234453.

38. Overstreet MG, Gaylo A, Angermann BR, Hughson A, Hyun YM, Lambert K, et al. Inflammation-
induced interstitial migration of effector CD4(+) T cells is dependent on integrin alphaV. Nat Immunol.
2013; 14(9):949–58. doi: 10.1038/ni.2682 PMID: 23933892; PubMed Central PMCID:
PMCPMC4159184.

39. Hadden HL, Henke CA. Induction of lung fibroblast apoptosis by soluble fibronectin peptides. Am J
Respir Crit Care Med. 2000; 162(4 Pt 1):1553–60. doi: 10.1164/ajrccm.162.4.2001015 PMID:
11029376.

40. Hasegawa M, Nakoshi Y, Iino T, Sudo A, Segawa T, Maeda M, et al. Thrombin-cleaved osteopontin in
synovial fluid of subjects with rheumatoid arthritis. J Rheumatol. 2009; 36(2):240–5. doi: 10.3899/
jrheum.080753 PMID: 19208558.

41. Yamamoto N, Sakai F, Kon S, Morimoto J, Kimura C, Yamazaki H, et al. Essential role of the cryptic epi-
tope SLAYGLR within osteopontin in a murine model of rheumatoid arthritis. The Journal of clinical
investigation. 2003; 112(2):181–8. doi: 10.1172/JCI17778 PMID: 12865407; PubMed Central PMCID:
PMCPMC164290.

42. Hamamoto S, Yasui T, Okada A, Hirose M, Matsui Y, Kon S, et al. Crucial role of the cryptic epitope
SLAYGLRwithin osteopontin in renal crystal formation of mice. J Bone Miner Res. 2011; 26(12):2967–
77. doi: 10.1002/jbmr.495 PMID: 21898593.

43. Yamamoto N, Nakashima T, Torikai M, Naruse T, Morimoto J, Kon S, et al. Successful treatment of col-
lagen-induced arthritis in non-human primates by chimeric anti-osteopontin antibody. Int Immunophar-
macol. 2007; 7(11):1460–70. doi: 10.1016/j.intimp.2007.06.009 PMID: 17761350.

44. Boumans MJ, Houbiers JG, Verschueren P, Ishikura H, Westhovens R, Brouwer E, et al. Safety, tolera-
bility, pharmacokinetics, pharmacodynamics and efficacy of the monoclonal antibody ASK8007 block-
ing osteopontin in patients with rheumatoid arthritis: a randomised, placebo controlled, proof-of-
concept study. Ann Rheum Dis. 2012; 71(2):180–5. doi: 10.1136/annrheumdis-2011-200298 PMID:
21917822.

Inhibition of Cellular Adhesion to Osteopontin Neoepitopes

PLOS ONE | DOI:10.1371/journal.pone.0148333 February 3, 2016 14 / 15

http://dx.doi.org/10.1006/abio.2001.5140
http://www.ncbi.nlm.nih.gov/pubmed/11399044
http://dx.doi.org/10.4049/jimmunol.0900065
http://www.ncbi.nlm.nih.gov/pubmed/19454691
http://dx.doi.org/10.1016/j.matbio.2014.11.005
http://www.ncbi.nlm.nih.gov/pubmed/25446551
http://dx.doi.org/10.2174/187152010794728639
http://www.ncbi.nlm.nih.gov/pubmed/21269250
http://dx.doi.org/10.1371/journal.pone.0114469
http://dx.doi.org/10.1371/journal.pone.0114469
http://www.ncbi.nlm.nih.gov/pubmed/25474576
http://dx.doi.org/10.1016/j.vaccine.2013.02.001
http://www.ncbi.nlm.nih.gov/pubmed/23415932
http://dx.doi.org/10.1073/pnas.1424934112
http://www.ncbi.nlm.nih.gov/pubmed/25675519
http://dx.doi.org/10.1038/nature14011
http://www.ncbi.nlm.nih.gov/pubmed/25428504
http://dx.doi.org/10.1016/j.molmet.2014.03.004
http://www.ncbi.nlm.nih.gov/pubmed/24944898
http://dx.doi.org/10.1111/j.1365-2222.2011.03775.x
http://www.ncbi.nlm.nih.gov/pubmed/21623969
http://dx.doi.org/10.1101/cshperspect.a006478
http://www.ncbi.nlm.nih.gov/pubmed/22229119
http://dx.doi.org/10.1038/ni.2682
http://www.ncbi.nlm.nih.gov/pubmed/23933892
http://dx.doi.org/10.1164/ajrccm.162.4.2001015
http://www.ncbi.nlm.nih.gov/pubmed/11029376
http://dx.doi.org/10.3899/jrheum.080753
http://dx.doi.org/10.3899/jrheum.080753
http://www.ncbi.nlm.nih.gov/pubmed/19208558
http://dx.doi.org/10.1172/JCI17778
http://www.ncbi.nlm.nih.gov/pubmed/12865407
http://dx.doi.org/10.1002/jbmr.495
http://www.ncbi.nlm.nih.gov/pubmed/21898593
http://dx.doi.org/10.1016/j.intimp.2007.06.009
http://www.ncbi.nlm.nih.gov/pubmed/17761350
http://dx.doi.org/10.1136/annrheumdis-2011-200298
http://www.ncbi.nlm.nih.gov/pubmed/21917822


45. Hu DD, Lin EC, Kovach NL, Hoyer JR, Smith JW. A biochemical characterization of the binding of
osteopontin to integrins alpha v beta 1 and alpha v beta 5. J Biol Chem. 1995; 270(44):26232–8. doi:
10.1074/jbc.270.44.26232 PMID: 7592829.

46. Denda S, Reichardt LF, Müller U. Identification of Osteopontin as a Novel Ligand for the Integrin alpha
8beta 1 and Potential Roles for This Integrin-Ligand Interaction in Kidney Morphogenesis. Molecular
biology of the cell. 1998; 9(6):1425–35. doi: 10.1091/mbc.9.6.1425 PMID: 9614184

47. Smith LL, Greenfield BW, Aruffo A, Giachelli CM. CD44 is not an adhesive receptor for osteopontin.
Journal of cellular biochemistry. 1999; 73(1):20–30. PMID: 10088720

48. Weber GF, Ashkar S, Glimcher MJ, Cantor H. Receptor-ligand interaction between CD44 and osteo-
pontin (Eta-1). Science. 1996; 271(5248):509–12. doi: 10.1126/science.271.5248.509 PMID: WOS:
A1996TR32200043.

49. Shao Z, Morser J, Leung LL. Thrombin cleavage of osteopontin disrupts a pro-chemotactic sequence
for dendritic cells, which is compensated by the release of its pro-chemotactic C-terminal fragment. J
Biol Chem. 2014; 289(39):27146–58. doi: 10.1074/jbc.M114.572172 PMID: 25112870; PubMed Cen-
tral PMCID: PMCPMC4175350.

50. Megaptche A, Erb U, Büchler M, Zöller M. CD44v10, osteopontin and lymphoma growth retardation by
a CD44v10-specific antibody. Immunol Cell Biol. 2014; 92(8):709–20. doi: 10.1038/icb.2014.47 PMID:
24935458.

51. Gao YA, Agnihotri R, Vary CP, Liaw L. Expression and characterization of recombinant osteopontin
peptides representing matrix metalloproteinase proteolytic fragments. Matrix Biol. 2004; 23(7):457–66.
doi: 10.1016/j.matbio.2004.09.003 PMID: 15579312.

52. Barry ST, Ludbrook SB, Murrison E, Horgan CM. Analysis of the alpha4beta1 integrin-osteopontin
interaction. Exp Cell Res. 2000; 258(2):342–51. doi: 10.1006/excr.2000.4941 PMID: 10896785.

53. Ito K, Kon S, Nakayama Y, Kurotaki D, Saito Y, Kanayama M, et al. The differential amino acid require-
ment within osteopontin in alpha4 and alpha9 integrin-mediated cell binding and migration. Matrix Biol.
2009; 28(1):11–9. doi: 10.1016/j.matbio.2008.10.002 PMID: 19000758.

54. Christensen B, Sørensen ES. Osteopontin is highly susceptible to cleavage in bovine milk and the pro-
teolytic fragments bind the alphaVbeta(3)-integrin receptor. J Dairy Sci. 2014; 97(1):136–46. doi: 10.
3168/jds.2013-7223 PMID: 24268404

55. Bayless KJ, Meininger GA, Scholtz JM, Davis GE. Osteopontin is a ligand for the alpha4beta1 integrin.
Journal of cell science. 1998; 111 (Pt 9):1165–74. PMID: 9547293

56. Platzer G, Schedlbauer A, Chemelli A, Ozdowy P, Coudevylle N, Auer R, et al. The metastasis-associ-
ated extracellular matrix protein osteopontin forms transient structure in ligand interaction sites. Bio-
chemistry. 2011; 50(27):6113–24. doi: 10.1021/bi200291e PMID: 21609000.

57. Kon S, Yokosaki Y, Maeda M, Segawa T, Horikoshi Y, Tsukagoshi H, et al. Mapping of functional epi-
topes of osteopontin by monoclonal antibodies raised against defined internal sequences. J Cell Bio-
chem. 2002; 84(2):420–32. doi: 10.1002/jcb.10039 PMID: 11787071.

Inhibition of Cellular Adhesion to Osteopontin Neoepitopes

PLOS ONE | DOI:10.1371/journal.pone.0148333 February 3, 2016 15 / 15

http://dx.doi.org/10.1074/jbc.270.44.26232
http://www.ncbi.nlm.nih.gov/pubmed/7592829
http://dx.doi.org/10.1091/mbc.9.6.1425
http://www.ncbi.nlm.nih.gov/pubmed/9614184
http://www.ncbi.nlm.nih.gov/pubmed/10088720
http://dx.doi.org/10.1126/science.271.5248.509
http://www.ncbi.nlm.nih.gov/pubmed/WOS:A1996TR32200043
http://www.ncbi.nlm.nih.gov/pubmed/WOS:A1996TR32200043
http://dx.doi.org/10.1074/jbc.M114.572172
http://www.ncbi.nlm.nih.gov/pubmed/25112870
http://dx.doi.org/10.1038/icb.2014.47
http://www.ncbi.nlm.nih.gov/pubmed/24935458
http://dx.doi.org/10.1016/j.matbio.2004.09.003
http://www.ncbi.nlm.nih.gov/pubmed/15579312
http://dx.doi.org/10.1006/excr.2000.4941
http://www.ncbi.nlm.nih.gov/pubmed/10896785
http://dx.doi.org/10.1016/j.matbio.2008.10.002
http://www.ncbi.nlm.nih.gov/pubmed/19000758
http://dx.doi.org/10.3168/jds.2013-7223
http://dx.doi.org/10.3168/jds.2013-7223
http://www.ncbi.nlm.nih.gov/pubmed/24268404
http://www.ncbi.nlm.nih.gov/pubmed/9547293
http://dx.doi.org/10.1021/bi200291e
http://www.ncbi.nlm.nih.gov/pubmed/21609000
http://dx.doi.org/10.1002/jcb.10039
http://www.ncbi.nlm.nih.gov/pubmed/11787071

