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The Journal of Immunology

Prostaglandin E, Induces Oncostatin M Expression in Human
Chronic Wound Macrophages through Axl Receptor Tyrosine
Kinase Pathway

Kasturi Ganesh,* Amitava Das,* Ryan Dickerson,* Savita Khanna,*
Narasimham L. Parinandi,’ Gayle M. Gordillo," Chandan K. Sen,* and Sashwati Roy*

Monocytes and macrophages (md) are plastic cells whose functions are governed by microenvironmental cues. Wound fluid bathing
the wound tissue reflects the wound microenvironment. Current literature on wound inflammation is primarily based on the study of
blood monocyte-derived macrophages, cells that have never been exposed to the wound microenvironment. We sought to compare
pair-matched monocyte-derived macrophages with md isolated from chronic wounds of patients. Oncostatin M (OSM) was differ-
entially overexpressed in pair-matched wound m¢p. Both PGE, and its metabolite 13,14-dihydro-15-keto-PGE, (PGE-M) were
abundant in wound fluid and induced OSM in wound-site m¢. Consistently, induction of OSM mRNA was observed in md¢ isolated
from PGE;-enriched polyvinyl alcohol sponges implanted in murine wounds. Treatment of human THP-1 cell-derived m¢ with
PGE, or PGE-M caused dose-dependent induction of OSM. Characterization of the signal transduction pathways demonstrated the
involvement of EP4 receptor and cAMP signaling. In human m¢, PGE, phosphorylated Axl, a receptor tyrosine kinase (RTK). Axl
phosphorylation was also induced by a cAMP analogue demonstrating interplay between the cAMP and RTK pathways. PGE,-
dependent Axl phosphorylation led to AP-1 transactivation, which is directly implicated in inducible expression of OSM. Treatment
of human md or mice excisional wounds with recombinant OSM resulted in an anti-inflammatory response as manifested by
attenuated expression of endotoxin-induced TNF-a and IL-1f3. OSM treatment also improved wound closure during the early
inflammatory phase of healing. In summary, this work recognizes PGE, in the wound fluid as a potent inducer of mé& OSM,

a cytokine with an anti-inflammatory role in cutaneous wound healing. The Journal of Immunology, 2012, 189: 2563-2573.

patients, thus posing a major threat to the public health and

economy (1). Yet, studies directly investigating chronic
wounds as presented in the clinic to develop mechanism-based
understanding are scanty. Macrophages (m¢) play a key role in
wound repair such that both inadequate inflammatory responses to
wounding and unresolved inflammation compromise wound clo-
sure (2, 3). Monocytes are highly plastic cells that differentiate
into m¢ based on cues at the specific wound microenvironment

I n the United States, chronic wounds affect 6.5 million
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(4). The functional fate of monocytes recruited to the wound site is
governed by the specific properties of the wound microenviron-
ment (4, 5). We recognize that peripheral blood monocytes dif-
ferentiated ex vivo using standard laboratory procedures do form
md¢ but do not resemble wound md because of the lack of ex-
posure to an elaborate set of microenvironmental cues ex vivo.
Wound md can thus only be studied functionally if they can be
isolated intact from the actual wound milieu. Characterization of
the phenotype of wound md obtained using the polyvinyl alcohol
(PVA) sponge approach led to the recognition that wound md
possess unique characteristic features (6, 7). At present, evidence
supporting the understanding of m¢ directly isolated from the
human wound milieu is scanty. Thus, we sought to develop an
approach to collect functionally intact m¢ from clinically pre-
sented chronic wounds. Outcomes from such cells were compared
in a pair-matched manner with the peripheral blood monocyte-
derived macrophages (MDM) of the same individual. Such
studies identified oncostatin M (OSM) as a key cytokine that is
differentially expressed and abundantly produced by human
chronic wound m¢. OSM is a multifunctional cytokine known to
be produced by activated md. It is structurally and functionally
related to the IL-6 type cytokine family (8—10). In this work, we
sought to characterize the mechanism underlying OSM induction
in wound m¢ and to understand the significance of OSM in wound
inflammation.

Materials and Methods
Human subjects and sample collection
Subjects (n = 15) participating in the study were chronic wound patients

seen at The Ohio State University Comprehensive Wound Center clinics
and have been undergoing negative pressure wound therapy (NPWT) as
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part of standard clinical care. Demographic characteristics of patients and
wound-related information are presented in Table I. The NPWT dressing
(sponges) and peripheral blood were collected from each patient. All hu-
man studies were approved by The Ohio State University Institutional
Review Board. Declaration of Helsinki protocols was followed, and
patients gave their written informed consent.

Human chronic wound macrophage and fluid collection

Wound fluid and cells were derived from the NPWT dressing by lavaging
the wound dressing with saline solution (11). The lavaged fluid was
centrifuged to obtain wound cells. Wound m¢ were isolated from NPWT
sponge-derived wound cells using Ficoll density centrifugation followed
by MACS (Miltenyi Biotec, Auburn, CA) using CD14 Ab. Isolated cells
were seeded in culture dishes for 3 h. Nonadherent cells were washed and
removed. The phenotype of adherent cells was confirmed by immunoflu-
orescence staining using CD68 Ab.

Peripheral blood MDM

Blood monocytes from human subjects were isolated using a Ficoll-Hypaque
density gradient (GE Healthcare [formerly Amersham Biosciences], Piscat-
away, NJ). Positive selection for monocytes was performed using CD14 Ab
conjugated to magnetic beads (Miltenyi Biotec). Purity of these preparations
of monocytes was >90% as determined by FACS analyses using CD14 Abs.
Differentiation of these cells to m¢ was performed as described (11).

Isolation of murine wound m¢ and bone marrow-derived
macrophages

For wound md, circular (6 mm) sterile PVA sponges were implanted s.c.
on the backs of 8- to 10-wk-old C57B1/6 mice. Sponge-infiltrated m¢ were
isolated as described (12). To obtain bone marrow-derived macrophages
(BMDM), the cells from femurs of mice (9 wk old) were flushed using
RPMI 1640 followed by positive selection using CD11b Ab conjugated to
magnetic beads. The isolated cells were cultured in RPMI 1640 containing
10% heat-inactivated FBS, 1% antibiotic/antimycotic, polymyxin B (10
prg/ml), and mouse MCSF (20 ng/ml) at 37°C in a humidified atmosphere
containing 5% CO, for 5 d (13, 14).

“Hunt-Schilling” wire mesh cylinder for wound fluid
collection

The implantation of wire mesh cylinders (stainless steel; 2.5-cm length
and 0.8-cm diameter) and wound fluid harvest was performed as described
previously (15). After anesthesia, midline incision (I cm or smaller) was
made on shaved skin with a scalpel. Small s.c. pockets were created by
blunt dissection. Two wire mesh stainless steel cylinders were inserted into
each pocket. Sutures and staples were used to close the incisions. After
3 d of implantation, wound fluid was harvested for analysis.

Secondary-intention excisional dermal splinted murine wound
model

Contraction of excisional murine wounds was limited by the application on
a split so that the wound could heal through the processes of granulation and
re-epithelialization (16). After anesthesia applied as isoflurane inhalation,
two 6-mm full-thickness (skin and panniculus carnosus) excisional wounds
were placed on the dorsal skin (shaved and cleaned using Betadine),
equidistant from the midline and adjacent to the four limbs. A donut-
shaped splint with an 8-mm inner diameter created from an 0.5-mm-
thick silicone sheet (Grace Bio-Laboratories, Bend, OR) was placed
such that the wound was centered within the splint. To affix the splint to
the skin, an immediate-bonding adhesive was used followed by interrupted
6-0 nylon sutures (Ethicon, Somerville, NJ). The wound was covered with
semiocclusive dressing (Tegaderm; 3M, St. Paul, MN). Recombinant
mouse OSM was injected under the Tegaderm as needed. All animal
studies were approved by The Ohio State University Institutional Animal
Care and Use Committee.

Determination of wound area

The imaging of wounds was performed using a digital camera (Canon
PowerShot G6). The wound area was determined by planimetry using
Image] software as described (17).

GeneChip probe array analyses

RNA extraction, target labeling, and GeneChip and data analyses were
performed as described previously (17-20). In brief, GeneChip IVT
Labeling Kit (Affymetrix, Santa Clara, CA) in vitro transcription reaction

was used to generate biotinylated cRNA from RNA samples. The samples
were hybridized to Affymetrix Human Genome U133 Plus 2.0 Array. The
arrays were washed, stained with streptavidin—PE, and scanned with the
GeneArray scanner (Affymetrix) in our own facilities as described earlier
(18, 19, 21, 22).

Data analyses

Data acquisition and image processing was performed using Gene Chip
Operating Software (Affymetrix). The expression data have been submitted
to the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/
geo) under the series accession number GSE36995. Raw data were ana-
lyzed using Genespring GX (Agilent, Santa Clara, CA). Additional pro-
cessing of data was performed using dChip software (Harvard University)
(18, 19, 21, 22).

ELISA

Levels of OSM (R&D Systems, Minneapolis, MN), PGE,, and 13,14-
dihydro-15-keto-PGE, (PGE-M; Cayman Chemicals, Ann Arbor, MI) in
wound fluid were measured using commercially available ELISA kits. The
levels of OSM, PGE,, and PGE-M in wound fluid were normalized against
albumin concentration in the fluid. Albumin levels were determined by
ELISA (AssayPro, St. Charles, MO). For measurement of OSM produced
by md, cells were seeded in 6-well or 12-well plates and cultured in RPMI
1640 medium containing 10% heat-inactivated bovine serum for 24 h
under standard culture conditions. After 24 h, the culture media was
collected, and OSM levels were measured using ELISA as described.
Phospho-Axl, total Axl, and cAMP levels were measured from cell lysates
using a sandwich ELISA (R&D Systems).

Reverse transcription and quantitative RT-PCR

Total RNA was extracted using the mirVana RNA isolation kit (Ambion,
Austin, TX) according to the manufacturer’s instructions. mRNA was
quantified by real-time or quantitative PCR (qPCR) assay using the dsSDNA
binding dye SYBR Green-I as described previously (17, 20).

Phospho-receptor tyrosine kinase array

Receptor tyrosine kinase (RTK) Ab arrays were purchased from R&D
Systems (no. ARY-001). Cell harvest, sample preparation, and RTK array
assay were performed as recommended by the manufacturer (11).

Small interfering RNA delivery

DharmaFECT (Dharmacon RNA Technologies, Lafayette, CO) was used
to transfect cells with a 100 nM small interfering RNA (siRNA) pool
(Dharmacon RNA Technologies) for 48 h as described (23). For control,
siControl nontargeting siRNA pool (mixture of four siRNAs, designed to
have =4 mismatches with the gene) was used.

Analysis of specific binding of AP-1 to DNA

Nuclear protein extracts of cells were prepared using the nuclear extract kit
(Active Motif, Carlsbad, CA) according to the manufacturer’s instructions.
Binding of Fos and Jun family proteins to their consensus sites was de-
termined using a ELISA-based Trans-AM AP-1 kit (Active Motif, Carls-
bad, CA).

Statistics

In vitro data are reported as mean * SD of three to six experiments as
indicated in the respective figure legends. Comparisons among multiple
groups were tested using ANOVA, and p < 0.05 was considered statisti-
cally significant. For animal studies, data are reported as mean = SD of
at least three to four animals as indicated. Given the small sample size,
Mann—Whitney or Kruskal-Wallis one-way ANOVA test was performed to
test significance (p < 0.05) of difference between means. For wound fluid
studies, data from 15 human subjects (n = 15) are presented (Table I).

Results

This work developed a novel approach to isolate and culture func-
tionally intact md> from chronic wounds of human subjects (Table I).
To compare the wound m¢ with corresponding md derived from
peripheral blood monocytes (i.e., MDM), transcriptome profiling
(GeneChip Affymetrix) was performed. OSM was among the top-
ranked differentially expressed genes that were highly upregulated
in wound m¢ compared with MDM. An ~9-fold induction in the
expression of OSM was observed in wound m¢ compared with pair-
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Table I. Demographic characteristics of patients (n = 15) and wound
size and age

Age (y) 47 £ 8
Female 8
Race African American, White
Wound size (mm®) 4.5-729
Wound age >30d
Diabetic 8
Wound cause

Pressure 7

Surgical 8
Wound location

Abdominal 5

Lower extremity 10

matched blood-derived MDM of the same individual (Fig. 1A). To
test the validity of OSM outcomes as evident in profiling data,
wound m¢ and MDM were isolated from patients and cultured
overnight. Consistent with GeneChip data, the level of OSM protein
released by wound md¢ was multifold higher (~3-fold) compared
with that released by peripheral blood MDM of the same individual
(Fig. 1B). Consistent with elevated production of OSM by cultured
wound mdé, wound fluid derived from chronic wounds contained
elevated levels of OSM compared with those of pair-matched blood
plasma samples from the same patients (Fig. 1C). PGE, is a known
inducer of OSM expression in md (24). High levels of PGE, were
noted in wound fluids compared with those of pair-matched blood
plasma obtained from chronic wound patients (Fig. 1D). In vivo,
PGE, is rapidly metabolized to PGE-M (25). A higher level of PGE-
M was also detected in wound fluid compared with that in matched
plasma samples (Fig. 1E). Plasma levels of PGE-M in humans are
known to be in the range of 10-100 pg/ml (25). We detected ~20-

B
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fold higher levels of PGE-M in wound fluid obtained from chronic
wounds compared with those of matched plasma (Fig. 1E). Of in-
terest in this context is the observation that OSM may induce PGE,
(26). In the wound microenvironment, PGE, may be contributed by
a number of cells including m¢ (27). To test whether wound md
produce PGE,, levels of this eicosanoid were measured in wound
md culture media. Multifold higher levels of PGE, were detected in
such culture media compared with those of media hosting MDM
(Fig. 1F). This observation recognizes wound m¢ as a direct source
of PGE, in the wound microenvironment.

To characterize the mechanism of PGE,-induced OSM ex-
pression, human monocytic THP-1 cells were used. THP-1 cells
were differentiated to md using PMA (20 ng/ml, 48 h). PGE,
dose-dependently induced OSM protein expression (Fig. 2A).
After PGE, treatment, OSM gene and protein were significantly
unregulated at 6 and 24 h posttreatment, respectively (Fig. 2B,
2C). In addition to PGE,, PGE-M also induced OSM expression
in a dose-dependent manner (Fig. 2D). The expression of OSM
mRNA peaked at 48 h posttreatment (Fig. 2E). Consistent with
findings using THP-1, PGE, potently induced OSM in MDM
demonstrating that the finding is applicable to cells of monocytic
lineage (Fig. 2F). PGE, is known to signal via G-protein—coupled
receptors designated as EP1, EP2, EP3, and EP4 (28). To delineate
the PGE,-inducible signaling pathway that causes OSM expres-
sion in mature m¢, EP receptors were screened for involvement.
In mature m¢, EP4 represented the most abundant EP receptor
(Fig. 3A). Next, we addressed the significance of EP4 in PGE,-
induced OSM expression. Both inhibition of EP4 using the
pharmacologic inhibitor L-161,982 (29) and knockdown of EP4
expression inhibited PGE,-induced OSM expression (Fig. 3B,
3C). Transfection of cells with EP4 siRNA was successful in
achieving ~70% knockdown of EP4 mRNA expression (Fig. 3D).

300 - * .
_ OSM 30 * 60 *
B 250~ 300 —
c = g 50
o i 250 1 g
] 200 s2 =Qa 404
o » 200 n ©
5 150+ op °2 .
x £ ) g 30
o S 150 S
< 1004 £ £ 54
E 100
£ 504 50 10
0 0 - -
MDM wound m¢ MDM  wound m¢ plasma wound fluid
700 1 12001 300
* * *
__ 600+ 10004 250
£ 2T =
§ 5004 S E 8004 -3 200
uf' 2 22 8
© © 4004 83 ws
oo ® O 6004 o 2150
£ 300 E a?
S wE £
&0 8 g 4004 gwo
100 2004 50
- ' 0 - 0
plasma wound fluid plasma  wound fluid MDM  wound m¢

FIGURE 1.

OSM as one of the highly expressed genes in m¢ from human chronic wounds. Wound site md (wound md¢) were isolated from human

subjects with chronic wounds. Matching blood MDM were obtained as described in Materials and Methods from the same subjects. (A) Expression levels
of OSM gene using GeneChip analysis. GeneChip expression values were normalized using global scaling approach. n = 3. *p < 0.05 (compared with
matched MDM). (B) OSM expression data from GeneChip analysis was independently verified using ELISA. Wound site mé> and matching MDM were
cultured for 24 h. OSM released by the cells in media was measured by ELISA. n = 3. *p < 0.05 (matched MDM). (C-E) OSM, PGE,, and its metabolite
PGE-M are abundant in fluid from human chronic wounds. Fluid was obtained from chronic wounds of human subjects. The levels of (C) OSM, (D) PGE,,
and (E) PGE-M were determined using ELISA from chronic human wound fluid and matching plasma samples from the patients. The levels were nor-
malized to the total albumin level in the fluid/plasma. n = 15. *p < 0.01 (compared with plasma). (F) Wound site m¢ and matching MDM were cultured for
24 h. PGE, released by the cells was measured in culture media using ELISA. n = 3. *p < 0.05 (matched MDM).
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FIGURE 2. PGE, and PGE-M induced OSM gene and protein expression in human m¢. Cells of the human monocytic cell line THP-1 were differ-
entiated to md with PMA (20 ng/ml, 48 h). (A) Cells were treated with a range of PGE, concentrations (0.1-50 wM). OSM level in media was measured
after 72 h of treatment. Data are mean * SD. (n = 5). *p < 0.05 (compared with control). (B) Cells were treated with PGE, (10 wm) for 0-72 h.
OSM protein in media was measured using ELISA. OSM levels were normalized to total cellular protein in the culture. Data are mean * SD (n = 4).
*p < 0.05 (compared with control). (C) Cells were treated with PGE, (10 wm) for 0-24 h. OSM gene expression was measured using qPCR. Data are
mean * SD (n = 4). *p < 0.05 (compared with control). (D) Cells were treated with varying concentrations (1-50 wM) of PGE-M for 72 h. OSM
gene expression was measured using qPCR. Data are mean = SD (n = 4). *p < 0.05 (compared with 0 uM). (E) Cells were treated with PGE-M (25 pm)
for 0-72 h. OSM mRNA expression was measured. Data are mean = SD (n = 4).*p < 0.05 (compared with 0 h). (F) MDM were treated with a range of
PGE, concentrations (0.1-50 wM). OSM level in media was measured after 72 h of treatment. Data are mean = SD (n = 5). *p < 0.05 (compared with

control).

Activation of EP4 is known to induce intracellular cAMP as
second messenger (30). We observed that PGE, rapidly and sig-
nificantly induced cAMP levels in MDM (Fig. 4A). Studies testing
the plausible involvement of EP2 in mediating PGE, signaling
demonstrated that selective activation of the EP2 receptor using
butaprost does not elevate cellular cAMP in MDM (Fig. 4A) ar-
guing against the potential involvement of EP2 receptors in PGE,-
induced cAMP signaling. It may thus be concluded that abun-
dantly expressed EP4 and not EP2 is the key receptor involved in
PGE, signaling in MDM. We observed that the cAMP analogue
dibutyryl cyclic AMP (db-cAMP) was effective in inducing OSM
expression in human md (Fig. 4B). Furthermore, the adenylate cy-
clase agonist forskolin also induced OSM expression (Fig. 4B). These
data collectively establish that EP4 receptor mediates PGE,-induced
OSM expression through adenylate cyclase and cAMP signaling.
Efforts further to characterize the pathways involved in PGE,-
induced OSM production led to the observation that the RTK
inhibitor herbimycin A potently inhibited PGE,-induced OSM
expression (Fig. 4C). To investigate which specific RTKs are ac-
tivated as a result of PGE, treatment, we used an Ab array that
allows simultaneous assessment of the phosphorylation status of
42 RTKs (human phospho-RTK array, ARY001; R&D Systems).
This approach led to the observation that PGE, rapidly (30 min)
induces Axl phosphorylation (Fig. 5A). This finding was verified
by sandwich ELISA using Abs against phospho-Axl and total
Axl. As observed with RTK array screening, potent induction
in phosphorylation of Axl was observed after 30 min of PGE,
treatment (Fig. 5B). Consistently, PGE, induced Axl phosphory-
lation in MDM (Fig. 5C). Similar to PGE,, treatment of cells with
db-cAMP also resulted in phosphorylation of Axl suggesting that

cAMP is sufficient to induce Axl phosphorylation. These data
unveil an interesting cross talk between cAMP and RTK path-
ways. Knockdown of Axl inhibited PGE,-induced OSM expres-
sion demonstrating that Axl is directly implicated in PGE,-
induced OSM expression (Fig. SC-E).

AP-1 binding sites are present on the human OSM promoter (31).
We observed that DNA binding activity of AP-1 was induced in
nuclear extracts of PGE,-treated cells. Maximal activation was
observed after 1 h of PGE, treatment (Fig. 6A). The timeline of
induction of RTK phosphorylation (30 min) and AP-1 DNA
binding activity (60 min) suggested that phosphorylation of Axl is
upstream to induction of AP-1 transactivation. Of the AP-1 pro-
teins, FosB, JunD, and Fra-1 were observed to be not sensitive to
PGE, treatment. However, cFos, cJun, and JunB were identified as
PGE,-sensitive AP-1 proteins (Fig. 6B—-D). PGE,-induced DNA
binding activity of AP-1 was verified using a lower concentration
(1 M) of PGE, (Fig. 7A). PGE,-induced activation of AP-1 was
comparable to the activation by a classical phorbol ester inducer
(PMA) (32) (Fig. 7B). Specific inhibition of Axl using R428
(SYN-1131; Synkinase) (33) significantly blunted PGE,-mediated
AP-1 activation (Fig. 7B). siRNA knockdown studies demon-
strated that Axl specifically regulated PGE,-induced activation of
Jun (cJun and JunB) proteins (Fig. 7C, 7D), but not that of cFos
(data not shown).

Consistent with the outcome of Axl knockdown studies, db-
cAMP resulted in activation of cJun and JunB but not of cFos
(Fig. 7E, TF). Taken together, these findings indicate that PGE,
elicits convergent RTK and cAMP signaling that culminates in
OSM expression. To test whether PGE, may induce OSM pro-
duction by wound m¢ in vivo, PVA sponges containing either

T20zZ ‘2 Areniged uo 1senb Aq /1o’ jounwiw i Fmmmy/:dny wouy papeojumoq


http://www.jimmunol.org/

The Journal of Immunology 2567

500 - 1200 . 1000 « *
]
% ” * 1000 8004
J —_— (=]
2 < 800 2
@ 2 s 5 6004
2 400 % 2 o0 § 8o §
* oD 400 4
5 £ 5
< S 400 4
Qo
2 200 g ~ 200 4
z 200
0- 0 0
EP1 EP2 EP3 EP4 PGE, ) +  control-siRNA N + + -
L-161,982 - + + EP4-siRNA - - - +
D PGE, ) - + +
1404
&2 120
c
.2 1004
[73
174
@ 804
g
5 604
*
2 4
4
£ 20,

0d
contol-siRNA  EP4-siRNA
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EP3). (B) Cells were pretreated (1 h) with L-161,982 (EP4 antagonist, 100 nM) followed by treatment with PGE, (10 uM, 72 h). Level of OSM in culture
media was measured using ELISA. Data are mean = SD (n = 6). *p < 0.01 (compared with untreated cells), §p < 0.05 (compared with PGE,-treated cells). (C)
Cells were subjected to EP4 knockdown (EP4-siRNA) or not (control-siRNA). After 72 h of siRNA transfection, the cells were treated with PGE, (10 wM, 72 h).
Level of OSM in culture media was measured using ELISA. Data are mean = SD (n = 3). *p < 0.01 (compared with PGE, untreated cells), §p < 0.05
(compared with PGE,-treated and control-siRNA—treated cells). (D) EP4 knockdown was achieved by transfection of cells with EP4-siRNA versus control-
siRNA. EP4 mRNA levels were determined in cells using qPCR. Data are mean = SD (n = 3). *p < 0.05 (compared with control).

PGE, or vehicle (ethanol) were s.c. implanted on the backs of
C57BL/6 mice. Potent induction of OSM mRNA expression was
observed in m¢ isolated from PVA sponges containing PGE,
(2 nmol/sponge; Fig. 8A). Consistently, PGE, treatment also in-
duced OSM production in human wound m¢ (Fig. 8B). Human
wound md¢ demonstrated elevated expression of EP4 receptor
(Fig. 8C). Exposure to PGE, resulted in increased phosphorylation
of Axl in wound m¢ suggesting that the PGE,-induced OSM
pathway involves EP4-RTK signaling as observed in THP-1 cells
(Fig. 8D, 8E). Next, the significance of wound fluid PGE, and
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cyclooxygenase-derived PGs in induction of wound m¢ OSM was
determined. Treatment of MDM with culture media containing
specific dilutions of sterile-filtered wound fluid potently induced
OSM expression (Fig. 9A). Matching volume of human AB serum
was added to the culture medium as a control for wound fluid.
Treatment of wound fluid with anti-PGE, Ab resulted in seques-
tration of PGE, from wound fluid. To determine if such seques-
tration blocks biological activity of PGE,, we determined whether
wound fluid may induce cAMP levels and whether anti-PGE,
treatment is able to block such effect. These data demonstrate that
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FIGURE 4. Adenylate cyclase, cAMP, and RTK are involved in PGE,-induced OSM expression. (A) Blood MDM were treated with PGE, (1 uM) or
butaprost (EP2 agonist, 1 wM) for 5 min. Cellular levels of cAMP were determined using ELISA. Data are mean = SD (n = 4). *p < 0.01 (compared with
untreated cells). (B) Differentiated human THP-1 md were treated with an activator of adenylate cyclase, forskolin (100 uM), db-cAMP (100 M), or
PGE,; (10 pM) for 72 h. (C) Cells were pretreated with SB202190 (5 uM), a p38 MAPK inhibitor, the PI3K inhibitor wortmannin (50 nM), or RTK inhibitor
herbimycin A (5§ pg/ml, HerbA) for 30 min followed by treatment with PGE, for 72 h. The level of OSM in culture media in both (B) and (C) was measured
using ELISA. Data are mean = SD (n = 4). *p < 0.01 (compared with untreated cells), ’p < 0.05 (compared with PGE,-treated cells).
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FIGURE 5. RTK Axl is phosphorylated after treatment of m¢ with PGE,: involvement of Axl in regulation of PGE,-mediated OSM production. (A)
Differentiated human THP-1 m¢ were treated with PGE, (10 wM) for 30 and 60 min. Relative phosphorylation of 42 RTKs was screened using phospho-
RTK array. The screening revealed PGE, specifically phosphorylates Axl (pAxl) after 30 min of PGE, treatment. Insets are zoomed images of pAxI spots in
the array. (B) The array data were verified using sandwich ELISA to measure tyrosine-phosphorylated Axl in cell lysates. pAxl data were normalized
against total Axl (tAxl) present in cell lysates. Data are expressed as percent change compared with time O h. Data are mean = SD (n = 4). *p < 0.05
(compared with 0 h). (C) MDM were treated with PGE, (1-10 wM) for 30 min. ELISA was used to measure tyrosine-phosphorylated Axl in cell lysates.
Data are mean = SD (n =3). *p < 0.05 (compared with control). (D) Differentiated human THP-1 m¢ were treated with PGE, (10 wM) and db-cAMP (100
pm) for 30 min. pAxI/tAx] levels were detected using sandwich ELISA. Data are mean = SD (n = 4). *p < 0.05 (compared with control). (E) Axl
knockdown was achieved by transfection of cells with Ax] siRNA versus control siRNA. Total Axl levels were determined in cell lysates using ELISA. Data
are mean = SD (n = 3). *p < 0.05 (compared with control). (F) Axl knockdown cells were treated using PGE, (10 puM) for 72 h. The level of OSM in
culture media was measured using ELISA. Data are mean = SD (n = 4). *p < 0.05 (compared with control siRNA-transfected cells).

level as well as biological activity of PGE, was effectively
blocked using anti-PGE, Ab (Fig. 9B, 9C). Such blockade of
PGE, resulted in significant inhibition of wound fluid-induced
OSM expression in MDM (Fig. 9D). Murine wound md¢ ob-
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tained from s.c. implanted PVA sponges showed higher expres-
sion of OSM mRNA compared with murine BMDM (Fig. 9E).
Oral supplementation (gavage) of mice with indomethacin (1 mg/
kg/d) or saline (control) for 5 consecutive days resulted in atten-
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FIGURE 6. Induction of AP-1 DNA binding activity by PGE,. (A) An ELISA-based (Trans-AM) method was used to analyze DNA binding activities of

AP-1 from differentiated THP-1 m¢ treated with PGE, (10 wM) for 0—120 min. (B-D) DNA binding activities of AP-1 family of proteins (B) Fos (cFos,
FosB), (C) Jun (JunB, cJun, JunD), and (D) Fra-1 in nuclear proteins extracts from cells treated with PGE, (10 wM) for 60 min. Data are mean = SD (n = 3).
*p < 0.05, **p < 0.01 (compared with control).
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FIGURE 7. cAMP and Axl regulate cJun and JunB DNA binding activities. (A) DNA binding activity of AP-1 in THP-1 differentiated m¢ treated with
PGE,; (1 pM) for 60 min. Data are mean = SD (n = 3). *p < 0.05 (compared with control). (B) Cells were pretreated (1 h) with R428 (Axl inhibitor, SYN-
1131, 1 uM) followed by activation with PGE, (10 uM, 1 h). DNA binding activity of AP-1 was determined. PMA (1 puM, 1 h) was used as a classical
inducer of AP-1 activity to compare the extent of PGE,-induced AP-1 activation. Data are mean = SD (n = 3). *p < 0.05 (compared with control). (C and
D) Axl knockdown in differentiated human THP-1 m¢ (Ax1-siRNA) or control (cont-siRNA) were treated with PGE, for 1 h. (C) cJun and (D) JunB DNA
binding activities were determined from nuclear proteins using Trans-AM assay. Data are mean = SD (n = 3). *p < 0.05 (compared with controls). (E and
F) Cells were treated with db-cAMP (100 uM, 1 h). (E) cJun and (F) JunB DNA binding activities were determined from nuclear proteins using Trans-AM

assay. Data are mean * SD (n = 3). *p < 0.05 (compared with control).

uation of OSM mRNA expression in murine wound md as well as
attenuated level of PGE, in wound fluid suggesting that endoge-
nous cyclooxygenase-derived PGs are involved in inducing OSM
in wound macrophages (Fig. 9E, 9F).

To elucidate the significance of OSM on the inflammatory
properties of md, human md were treated with human recombinant
OSM. The response of human md to OSM in a setting of LPS-
induced inflammation was evaluated using a multiplex cytokine
array approach (Fig. 10A). OSM clearly modified the inflammatory
response of LPS-treated m¢. Of note, a decline in LPS-induced
expression of proinflammatory cytokines, TNF-a and IL-1f3, was
observed. This array finding was verified independently using
ELISA supporting plausible anti-inflammatory properties of OSM
(Fig. 10B). To test the significance of OSM in wound inflamma-
tion in vivo, murine excisional wounds were investigated. Treat-
ment of such wounds with recombinant murine OSM during the
early inflammatory phase resulted in increased abundance of tis-
sue OSM in treated wounds demonstrating successful delivery of
OSM (Fig. 10C). Such treatment proved to be anti-inflammatory
by suppressing the expression of proinflammatory cytokines
TNF-o and IL-1§ (Fig. 10D). OSM-treated wounds also showed
improved closure outcomes at day 3 (Fig. 10E).

Discussion

The chronic wound microenvironment featuring lower pH, high
proteolytic activity, high abundance of lactate, and often hosting
infection is generally nonconducive to healing (34). Dynamic
reciprocity, as an ongoing, bidirectional interaction among cells
and their surrounding microenvironment, is viewed as a key
contributor to wound healing wherein biochemical, biophysical,
and cellular responses to injury play pivotal roles in regulating
healing responses to injury (35). Monocyte and md functions are
highly responsive to their microenvironment. Although this is well

characterized in the context of cancer biology (36, 37), there is
a void of information on how the human chronic wound micro-
environment modifies wound m¢ biology. Current understanding
of chronic wound inflammation is primarily based on information
from MDM originating from peripheral blood. These cells have
never been exposed to the wound microenvironment and therefore
are unlikely to be primed by such conditions. Indeed, changes in
m¢ phenotype associated with the progression of wound healing
do not follow the current md classifications (6, 7). The need to
understand unique characteristics of wound md¢ are therefore
compelling and would help elucidate novel pathways implicated
in determining wound inflammation outcomes.

OSM is an IL-6 family protein discovered in the supernatant of
human monocytic cells in 1986 and known to be produced by
activated md (9). The anti-inflammatory properties of m¢-derived
OSM are currently unfolding (38). Although the beneficial prop-
erties of OSM against cancer is documented (39), to our knowl-
edge this work presents the first evidence demonstrating a novel
role of OSM as an anti-inflammatory molecule that is abundantly
produced by wound m¢. High levels of OSM have been reported
in several unrelated inflammatory scenarios (40, 41). This work
reports an abundance of OSM in wound fluid. OSM expression
in md is known to be induced by factors relevant to the wound
site such as pathogenic bacteria (42), blood coagulation factors
such as thrombin (43), and complement component C5a (44).
Among lipid mediators, PGE, is recognized as a potent inducer of
OSM expression (24). PGs are lipid autocoids derived from
arachidonic acid. They both sustain homeostatic functions and
mediate pathogenic mechanisms, including the inflammatory re-
sponse (45). PGE, is the most abundant eicosanoid (lipid media-
tors generated through oxidative pathways from arachidonic acid).
Anti-inflammatory properties of PGE, are currently unfolding in
the context of tumor biology (46). PGE, helps resolve inflam-
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FIGURE 8. PGE,-mediated induction of OSM and pAxI in human and mice wound mé. (A) PVA sponges containing 20 pl 0.1 mM PGE, (2 nmol/
sponge) or ethanol (matching volume, 20 wl) were implanted s.c. at the back of mice. Wound m¢ were harvested 3 d postimplantation, and OSM mRNA
expression was determined using qPCR. Data are mean = SD (n = 3) *p < 0.05 (compared with control). (B) The m¢ from human chronic wounds were
isolated and treated with PGE, (10 pM, 24 h). Controls were treated with matching volume of ethanol. OSM levels in culture media of wound m¢ were
measured using ELISA. Data were normalized to total protein levels. Data are mean = SD (n = 3). *p < 0.05 (compared with control). (C) Relative
expression of EP receptors in human wound m¢. mRNA expression of EP receptors was determined using qPCR. Data are mean = SD (n = 4). *p < 0.01
(compared with EP2-EP3). (D) Human wound m¢ were stained with anti-pAxl Ab (green) and DAPI (blue nucleus). Increased expression of pAxl in
wound mé treated with PGE, (10 wM, 30 min) can be seen. Left, Low-magnification images. Right, High-magnification images of the cell marked in the
respective left panel. Scale bar, 10 uM. (E) Quantification of the fluorescence signal shown in (D) using Axiovision (Zeiss). *p < 0.05 (compared with

control).

mation by targeting the NF-kB pathway (47). Indeed, adminis-
tration of esterified PGE, during the early phase of wound healing
showed anti-inflammatory outcomes (48). Abundance of PGE, at
the wound site has been previously reported (49, 50), and findings
of the current study support such observations by reporting high
levels of PGE, in the wound fluid. Part of this PGE, in the wound
microenvironment is contributed by wound m¢. The findings of
this study extend that observation to establish a cause and effect
relationship between PGE, at the wound site and induction of
OSM in wound m¢. OSM levels in m¢ derived from human
chronic wounds as well as from acute murine wounds were ele-
vated in response to PGE, treatment. That PGE, may induce
anti-inflammatory responses in m¢ by inhibiting adhesion mole-
cule expression is already reported (51). The current work un-
equivocally demonstrates that at the wound site accumulated
PGE, induces OSM, which supports wound healing via anti-
inflammatory pathways. PGE, is known to induce OSM expres-
sion in microglia, monocytes, and md¢ of human and murine origin
via G-protein—coupled receptors cAMP and protein kinase A (24).
PGE, biosynthesis is noted to have a central role in skin repair.
Topically administered PGE, (dinoprostone) restored normal
wound repair. However, the mechanisms underlying the effects of
PGE, on adult dermal wound healing remain unclear. The current
study recognizes that PGE, is a potent inducer of OSM expression
in mé derived from human chronic wounds.

Secreted PGE, acts in an autocrine or paracrine manner through
its four cognate G-protein—coupled receptors EP1 to EP4 (52).
Mo predominantly express EP2 and EP4 receptors that are cou-
pled to G-proteins and signal by stimulating adenylyl cyclase (53).
That PGE,-mediated OSM expression involves cAMP signaling
has been directly demonstrated in microglial cells as well as in
human m¢ (24). The current work provides the first evidence to
our knowledge directly implicating RTK in PGE,-induced sig-
naling directed at OSM expression. Specifically, the findings of
the study recognized RTK AxI to be phosphorylated in response to
PGE, treatment. Despite 90% knockdown of Axl levels in cells,
a modest (~40%) decrease in the level of OSM was noted. Such
an effect may be because of the fact that residual Axl function
following Axl knockdown is sufficient to transduce signals toward
OSM expression. Long turnover time for preexisting OSM protein
could be a contributing factor as well. Axl receptors are known to
serve anti-inflammatory functions by suppressing inflammatory
cytokine production (54). Also, loss of Axl results in enhanced
inflammatory response (55). A striking general observation of the
current study is the cross talk between RTK and cAMP signaling
cascades. Exposure of cells to a cAMP analogue led to Axl
phosphorylation. Both pathways, RTK as well as cAMP, con-
tributed to PGE;-induced expression OSM.

Axl1 (also called UFO, ARK, and Tyro7) RTKs are expressed at
abnormally high levels in a variety of malignancies and support
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FIGURE 9. Wound fluid PGE, and cyclooxygenase-derived PG induced OSM in human and murine wound md¢. (A) Human MDM were treated with
varying dilutions (0-25%, v/v, 72 h) of wound fluid (WF) derived from human chronic wounds. WF was sterile filtered and added directly to the MDM
culture medium. For control, a matching volume of human AB serum (HSA) was added to the culture medium. OSM levels were measured in culture media
72 h after treatment with WF. Data are mean = SD (n = 4). *p < 0.05 (compared with control). (B) To determine the dose of anti-PGE, Ab (Ab, clone 2B5)
that may effectively sequester PGE, from WF, varying (125-500 ng/ml) concentrations of anti-PGE, Ab or equivalent amount of IgG1 was added to the
WE. PGE, level in WF was determined using ELISA. Data are mean = SD (n = 4). *p < 0.05 (compared with control). (C and D) WF (10% v/v) was
pretreated with anti-PGE, or corresponding IgG1 (250 ng/ml) to sequester PGE, followed by treatment of MDM with WF (10% v/v) for 72 h. (C) cAMP
level in culture media was determined using ELISA. Data are mean = SD (n = 3). *p < 0.05 (compared with control). (D) OSM level in culture medium
was determined using ELISA. Data are mean = SD (n = 3). *p < 0.05 (compared with control). (E and F) Mice (C57Bl/6, 9 wk old) were supplemented
(intragastric) with indomethacin (INDO, 1 mg/kg/day) or vehicle (saline) for 5 consecutive days. PVA sponges or Hunt—Schilling wire mesh cylinders
were s.c. implanted in the backs of mice on the third day after supplementation. Wound m¢ (PVA sponges) and wound fluid (WF, wire mesh cylinders)
were harvested 3 d postimplantation, and (E) OSM mRNA expression (md) or (F) PGE, level in WF was determined using qPCR or ELISA, respectively.
BMDM were obtained from INDO untreated mice. Data are mean = SD (n = 3). *p < 0.05 (compared with BMDM), §p < 0.05 (compared with
wound md).

mitogenesis. Axl is activated by autophosphorylation (56). The cruitment of monocytic cells suggesting an anti-inflammatory role
mitogenic transcription factor AP-1 is known to promote Axl of OSM signaling in limiting of monocyte recruitment (63).
expression (57, 58). Observations reported in this study provide Production of OSM during the early wound inflammatory phase
the first evidence to our knowledge that AxIl supports AP-1 has been linked to PMN (8). The role of m¢ as an inducible source
transactivation. Given the key role of AP-1 in executing mito- of OSM in the wound milieu as well as the significance of OSM
genesis and an established function of Axl in promoting tumor in wound healing remained unknown. This work address both
growth, it is understandable that Axl engages AP-1 for down- gaps, providing a mechanism for how OSM is induced at the
stream signaling. AP-1 complexes are composed of members of wound site. Furthermore, the findings of the current study support
the Jun (cJun, JunB, JunD), and Fos (cFos, FosB, Fra-1, and Fra-2) that when made available during the early phase of wound heal-
families and bind to specific control elements present in the pro- ing, OSM elicits an anti-inflammatory response by suppressing
moters of genes that regulate cell differentiation and proliferation the expression of proinflammatory cytokines TNF-a and IL-1p
(59). Members of the Fos family heterodimerize with Jun family by wound-site m¢. Such anti-inflammatory property of OSM
members, thus forming the AP-1 complex, which transcriptionally is in accordance with previous reports demonstrating in vivo anti-
regulates numerous genes (59). The findings of this study reveal inflammatory effects of OSM (62).
that members of the Jun family, specifically cJun and JunB but not The wound habitat is isolated and distinguished from its im-
JunD, were induced by PGE, treatment. The observation that mediate surrounding tissue. The wound fluid bathing the wound
PGE, may induce Jun proteins is consistent with a previous ob- tissue reflects the wound microenvironment and shapes the func-
servation reported in bone-derived fibroblasts (60). Both cJun and tional response of wound-related cells (64). The approach to study
JunB contain functional JNK docking sites whereas JunD lacks md, differentiated from peripheral blood monocytes in a labora-
such sites (61) suggesting a likely involvement of JNK in the tory setting, is limited in its ability to account for interactions
Axl-induced cJun and JunB activation pathway. between the wound microenvironment and wound-resident md.
OSM is a late-phase cytokine that elicits an anti-inflammatory This work provides to our knowledge the first evidence from a di-
response by altering the activities of initiators of the inflamma- rect pair-matched comparison of the MDM versus wound m¢ that

tory response (62). Treatment with OSM attenuated the severity of identifies OSM as a protein differentially overexpressed in wound
LPS-induced joint inflammation (62). The biological functions of mdé. PGE,, recognized as a growth-promoting autocoid for epi-
OSM are executed through binding of the cytokine to specific dermis, is known to be synthesized in excess at the site of wound
OSM receptor subunit 3 (8). In OSM receptor subunit 3-deficient healing (65). This work demonstrated that wound-site PGE,
mice, peritoneal inflammation is associated with enhanced re- induces OSM in wound m¢ via a pathway that involves both
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FIGURE 10. Anti-inflammatory activity of OSM in macrophages and wound inflammation. (A and B) Human md treated with OSM (25 ng/ml, 72 h)
followed by treatment with LPS (1 wg/ml, 24 h). (A) A multiplex cytokine array was performed to evaluate the effect of OSM on LPS-induced inflam-
matory response in human mdé. The spots marked with red line are housekeeping controls. The zoom of the respective spots for IL-1B and TNF-a from each
array are shown as insets. (B) The levels of LPS-induced TNF-a and IL-18 in OSM pretreated m¢ was independently measured using ELISA. Data are
mean = SD (n = 3). *p < 0.05 (compared with control). (C-E) Effect of OSM on wound inflammation was evaluated using a murine excisional wound
model. (C) Representative day 3 post-wounding images from excisional wounds treated with recombinant mouse OSM (1.25 pg/15 nl/wound) in early
inflammatory phase (0-3 d post-wounding). Control wounds received vehicle only. OSM levels on day 3 post-wounding in wound tissue treated with
recombinant OSM. (D) TNF-a and IL-13 in OSM-pretreated excisional wound on day 3 post-wounding. Data are mean = SD (n = 3) *p < 0.05 (compared
with control). (E) Wound area in OSM-pretreated excisional wound on day 3 post-wounding. Wound area is presented as percentage compared with wound
size at day O post-wounding. Data are mean * SD (n = 3). *p < 0.05 (compared with control).

cAMP and RTK signaling. Finally, the observation that OSM
functions as an anti-inflammatory agent at the wound site intro-
duces a novel element in the overall biology addressing the control
of wound inflammation.
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