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Abstract

Pericytes are mural cell that have been found to play important roles in promoting blood vessel 

development and regulating blood flow. The signals that attract pericytes to maturing vessels 

during the resolution phase of wound healing are unknown. In this study, we examine the role of 

the chemokine receptor CXC receptor 3 (CXCR3) ligands, as they are produced by maturing 

endothelial cells. Pericytes isolated from muscle and retina were found to by and large only 

express the B-isoform of CXCR3 (CXCR3B), with expression being independent of the mitotic 

state of the cells. Pericyte stimulation with the CXCR3 ligands Mig (CXCL9), IP-9/I-TAC 

(CXCL11) or IP-10 (CXCL10) resulted in the activation of ERK but not AKT. Treatment with 

Mig or IP-9, but not IP-10, enhanced p38MAPK phosphorylation. Interestingly, while cAMP is 

generated downstream of CXCR3B in other cells, PKA activation was not observed in these 

pericytes when treated with these three CXCR3 ligands. The increase in ERK activity resulted in a 

slight increase in cell transmigration, with the inhibition of ERK leading to a decrease in CXCR3B 

mediated migration and inhibition of p38MAPK reducing transmigration through small pores. 

These ligands did not affect proliferation. These data are the first to characterize CXCR3B as the 

predominant isoform expressed on pericytes, and was found on these diverse cells isolated from 

both muscle and eye. We also show that CXCR3B signaling stimulates transmigration of barrier 

pores in pericytes as opposed to its inhibitory affects on endothelial cells and fibroblasts. These 

findings characterize a novel role for the B-isoform of CXCR3 in regulating cellular function. 

Taken together these data demonstrate a role for CXCR3B in regulating pericyte function.
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Introduction

Angiogenesis and subsequent stabilization of the new vessels are critical to wound healing. 

The failure to establish and maintain functional vasculature leads to “failure to heal”. These 

nascent vessels are thought to be stabilized when coated by pericytes (1). Pericytes are 
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vascular mural cells that are found at the abluminal surface of endothelial cell of capillaries, 

arterioles and venules (2). Although their function is not well understood, pericytes have 

been found to regulate capillary diameter and blood flow (3, 4), and vessel permeability and 

stabilization (1). The origin(s) of pericytes is not well defined, and may be myriad, since 

they have been found to derive from a variety of cells (5, 6). Furthermore pericytes are also 

thought to be multipotent, able to differentiate into a variety of cell types (7–9). However, 

the signals that drive pericyte function are poorly described and likely to be tissue- and 

process-specific.

Pericytes have been implicated in promoting would healing through their interaction with 

inflammatory cells (8, 10), endothelial cells (8, 11) and stromal cells (8, 12). However, 

during wound healing the main function of pericytes is considered to involve vascular 

development and maturation (2, 13). During wound repair initiation of angiogenesis 

involves the collapse of the vessels at the edge of the wound bed, with subsequent outgrowth 

of the endothelial cells as new, non- or poorly-functional vessels. These vessels are devoid 

of pericytes, as colocalization is not found until the resolving phase (14). The rapid 

outgrowth of immature vessels is followed by `pruning' of most of them during the resolving 

phase. Nearby pericytes are at least in part responsible for this involution by secreting 

CXCR3 ligands that triggers de-adhesion and endothelial cell anoikis (14). This is 

accomplished secondary to triggering of PLCβ driving a calcium flux that activates μ-

calpain (CAPN1) to cleave integrin beta3 (15). How the pericytes then migrate to and 

stabilize the few remaining vessels is unknown, but likely critical to their persistence. 

Understanding the biology of these cells may provide a greater understanding of vessel 

maturation and may provide novel strategies for the improvement of wound repair and the 

treatment of certain vascular diseases.

Concomitant with pericyte coverage of a few dermal vessels is the expression of ligands for 

the CXCR3 receptor. As the wound bed matures, the ELR-negative chemokines CXCL10 

(IP-10) and CXCL11 (IP-9/I-TAC) are expressed by redifferentiated keratinocytes and 

endothelial cells in maturing blood vessels (16). These chemokines promote the continuing 

reepithelialization by enhancing migration of dedifferentiated keratinocytes (17, 18). Later 

in the transition from granulation to resolving phase CXCL10 and CXCL11 inhibit 

endothelial and fibroblast in-migration (19–21), and actually induced endothelial cell anoikis 

(15). These functions of the ELR-negative CXC chemokines are distinct from the 

modulation of the innate immunity noted during the early inflammatory phase of healing 

(22). This is the milieu in which pericytes colocalize with and stabilize the maturing vessels. 

How these chemokines regulate pericyte function is not well defined even though they act at 

the time and location that pericytes are considered crucial to vessel maturation.

The common receptor for these ELR-negative chemokines, CXCR3, has been found to exist 

as two alternatively spliced forms designated CXCR3A and CXCR3B. Ligandation of the 

receptor on leukocytes, that overwhelmingly express the A-isoform, increases cell migration 

and proliferation (23–25). Binding to the B-isoform, the only isoform expressed on 

endothelial cells and fibroblasts, is inhibitory to locomotion (15, 19, 20, 26). CXCR3 has 

been reported to be expressed on mesangial and stellate cells, which are designated as 

pericytes of the kidney and liver, respectively, but the isoform expressed was not determined 
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(27). Treatment of these cells with CXCL10 enhanced transmigration in mesangial and 

stellate cells but induced proliferation only in mesangial cells (27). These data suggest that 

CXCR3 signaling has a different spectrum of signaling to elicit different biological actions 

in a cell-specific manner in response to local events. In this study, we query what affects 

these wound `stop' signals would have on pericytes, using those isolated from both muscle 

and eye. We found that these express only the CXCR3 B-isoform, but do transmigrate in 

response to ligand, albeit at only a fraction of growth factor-induced relocalization. This 

occurs at least in part through activation of MAPK pathways. These findings demonstrate 

that activation of the CXCR3B signaling pathways can both promote and inhibit a cellular 

function and these responses are cell type specific.

Materials and Methods

Cells and cell culture

Primary human pericytes isolated from muscle (28) were a kind gift from Dr. Bruno Peaúlt 

(University of Pittsburgh/UCLA). The pericytes were flow sorted (CD146+/CD34−/CD45−/

CD56−) and stained for αSMA, desmin and NG2 at passage 12 showing consistent 

expression of pericyte markers (14). The cells were grown in DMEM with high glucose 

(Invitrogen) supplemented with 20% FBS and 1% penicillin-streptomycin. Pericyte cultures 

between passages 9–14 were used for all experiments. Retinal pericytes were purchased 

from Cell Systems (Kirkland, WA) and grown in CSC complete classic medium with culture 

boost-R (Cell Systems). All cells were cultured on plastic at 37°C and 5% CO2.

RT-PCR of CXCR3

Total RNA was isolated from pericytes using the RNAeasy Kit (Qiagen) according to 

manufacture's protocol. cDNA synthesis was preformed using the Affinity Script cDNA 

Synthesis kit (Stratagene) according to manufacture's protocol. The cDNA was probed for 

CXCR3A and CXCR3B isoforms. The primers used for amplification of pan-CXCR3 was 

forward: 5'-AGCTTGACCGCTACCTGAA-3', reverse:5'-

CGGAAACTTGACCCCTACAAA-3', CXCR3A was forward: 5'-

AACCACAAGCACCAAAGCAG-3', reverse: 5'-TGATGTTGAAGAGGGCACCT-3', 

CXCR3B was forward: 5'-GCTGCTCAGAGTAAATCACAGACTA-3', reverse: 5'-

TGATGTTGAAGAGGGCACCT-3', GAPDH was forward: 5'-

ACCACAGTCCATGCCATCAC-3', reverse: 5'-TCCACCACCCTGTTGCTGTA-3'. The 

samples were cycled under the following conditions; 95°C 5 min, (94°C 30 sec, 53°C 30 

sec, 72°C 1 min) 28x, 72°C 10 min, 4°C hold. The samples were diluted with 6x gel running 

dye () and run on a 1.5% agarose-TAE gel at 50 V for 90 min. The PCR products were 

stained with ethidum bromide (Sigma) and visualized using UV light. The bands were 

images using a Cannon PowerShot A720IS camera attached to a PhotoDoc-it imaging hood 

(UVP).

Migration assay

Cell migration was performed using an in vitro scratch assay as previously described (20). In 

brief, pericytes were plated at 1.0 × 105 cells/well in a 24 well TC plate and incubated at 

37°C and 5% CO2 for 24 hrs. The cells were 100% confluent. Pericytes were resuspended in 
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0.1% dialyzed FBS-DMEM overnight at 37°C and 5% CO2. A denuded space was made in 

the center of the plate using a modified rubber policeman. The monolayer was scraped 

making a 1 mm wide denuded area. The cells were washed 2x with PBS then incubated in 

DMEM media supplemented with PDGF (50 ng/ml), PF4 (CXCL4), Mig (CXCL9), IP-10 

(CXCL10), and IP-9 (ITAC/CXCL11) all at 100 ng/mL for 24 hrs at 37°C in 5% CO2. 

Images were taken at zero and 24 hrs, and the relative distance traveled by the cells into the 

acellular area was determined using MetaMorph. Cells treated with diluent were used at a 

control. Motility was determined by the decrease in the area of the denuded region. The 

change in area is represented as a percent of control.

Transmigration assay

Cells were analyzed for their ability to transmigrate on a complex bio-active matrix 

(Matrigel) using a transwell system (EMD Millipore). Transwells (24 well, 8.0 μm) were 

coated with Matrigel and allowed to dry. The Matrigel was rehydrated with 0.1% dialyzed 

FBS-DMEM (Gibco) at room temperature for 1.5 hrs. Pericytes were resuspended in 0.1% 

dialyzed FBS-DMEM (5.0 × 105 cells/ml), incubated for 15 min at room temperature then 

200 μl were added to the upper chamber. To the lower chamber was added 800 μl of 0.1% 

dialyzed FBS-DMEM with Mig (CXCL9), IP-10 (CXCL10) or IP-9 (CXCL11) alone or in 

combination with a Mek inhibitor (PD980589, 10 μM) or p38MAPK inhibitor (SB203580, 10 

μM). Cells were incubated for 48 hrs at 37°C in 5% CO2.

Protein Array assay

The angiogenesis (Angiogenesis Array C1000, Raybiotech Inc.) and chemokine (Chemokine 

Array C1, Raybiotech Inc.) arrays were performed according to manufactures protocol. In 

brief, pericytes, 95% confluent were incubated in 0.1% dialyzed FBS-DMEM overnight at 

37°C in 5% CO2. The media was replaced with DMEM or DMEM supplemented with 

CXCL9, CXCL10 or CXCL11 (100 ng/ml) and incubated for 24 hrs at 37°C in 5% CO2. 

The supernatant was removed and centrifuged at 1500 rpm for 10 min to remove insoluble 

debris. The supernatant was analyzed for angiogenic factor and chemokine secretion.

Proliferation Assay

Analysis of cell proliferation was preformed using the MTS assay (Promega). Assay was 

preformed according to manufactures protocol. In brief, pericytes (MG-71 and MG-136) 

were incubated in 20% FBS, 1% Pen/Strep DMEM with high glucose and L-glutamine and 

without sodium pyruvate and HEPES (Life Technologies) until the cells were 90% 

confluent. The cells were washed with PBS then incubated with 0.1% dialyzed FBS-DMEM 

for 24hr at 37°C and 5% CO2. The cells were washed with PBS then detached. The cells 

were resuspended in 0.2% FBS-DMEM to a concentration of 1.0 × 105 cells/ml, then treated 

with Mig (CXCL9) (100 ng/ml), IP-9 (CXCL11) (100 ng/ml), IP-10 (CXCL10) (100 ng/ml), 

bFGF (50 ng/ml) or EGF (10 nM) for 48 hrs at 37°C in 5% CO2. MTS/PMS solution (20 μl) 

was added to each will and incubated for 3 hrs at 37°C in 5% CO2. The reaction was 

stopped with the addition of 10%SDS (25 μl). The samples were analyzed for the amount of 

soluble formazan produced using a SpectraMax M2 plate reader at 490nm (Molecular 

Devices). All samples were preformed in quadruplicate. The mean of each sample was 

determined and graphed as a percent of control (no treatment, NT).

Bodnar and Wells Page 4

Wound Repair Regen. Author manuscript; available in PMC 2016 November 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Western Blot

Cells were lysed in RIPA buffer containing PMSF (1 mM), aprotinin (0.08 U/ml) and 

leupeptin (0.25 mg/ml). The lysate was sonicated then centrifuged to remove insoluble 

material. The lysate was diluted with 3x Laemmli buffer with 4% 2-mercaptoethanol. 

Proteins were separated by 10% SDS-PAGE. The proteins were transferred to PVDF 

membrane and immunoblotted using a rabbit anti-CXCR3 (Imgenex, San Diego, CA), rabbit 

anti-AKT (Cell Signailng), rabbit anti-pAKT (Cell Signaling), rabbit anti-MEK (Cell 

Signaling), rabbit anti-pMEK (Cell Signaling), rabbit anti-p38MAPK (Cell Signaling), rabbit 

anti-pp38MAPK (Cell Signaling) and anti-GAPDH (Abcam). The proteins were visualized 

using a secondary antibody IRDye 800CW-conjugated (LI-COR Biotechnology, Lincoln, 

NE) and visualized using an Odyssey CLx imager with Image Studio (LI-COR 

Biotechnology, Lincoln, NE).

Immunofluorescence

Pericytes were grown on gelatin coated chamber slides (Nalgene) for 24–48 hrs. 

Identification of pericytes markers was preformed using the following antibodies; anti-α-

SMA (sigma), anti-NG2 (Milipore), anti-desmin (Cell Signaling), anti-CXCR3 (Abcam), 

and anti-CXCR3B (ProteinTech). For analysis of CXCL3 ligand secretion, pericytes were 

incubated in complete media with INF-γ (25 nM) for 4 hrs. Control cells were treated with 

an equal volume of diluent. The cells were fixed with 2% paraformaldehyde-PBS and then 

incubated with rabbit anti-IP-10 (PeproTech), rabbit anti-IP-9 (PeproTech) or IgG (Jackson 

Immunoresearch) antibody. The cells were incubated with Dapi (Sigma, St. Louis, MO) and 

a corresponding secondary antibody FITC-conjugated (Jackson Immunoresearch). The cells 

were visualized using an Olympus Fluoview 1000 confocal microscope using an 

UPlanSApo 20x/0.85 oil or UPlanFLN 40x/1.3 oil objective.

PKA Assay

Pericytes were grown on plastic in complete media until 85% confluent. The media was 

removed and replaced with 1% FBS-DMEM and incubated for 15 hrs. The media was 

removed and replaced with DMEM containing IP-9 (200 ng/ml) or IP-10 (200 ng/ml) and 

incubated for various times as indicated in the text. The cells were washed 1x with PBS pH 

7.4 then lysed with PKA dissociation buffer. PKA activity was analyzed using a cAMP 

protein dependent Kinase assay kit (Promega) according to manufacture's protocol. The 

samples were run on a 0.8% agarose-Tris (50 mM, pH 6.8) at 100 V for 20 min. Samples 

were visualized by UV light and imaged using a Cannon PowerShot A720IS camera 

attached to a PhotoDoc-it imaging hood (UVP).

Statistical Analysis

All quantitative experiments were performed at least three times. Western blot analysis was 

done in triplicate for each cell line. Analysis of protein density was preformed using Image 

Studio (LI-COR Biotechnology, Lincoln, NE). For the migration and proliferation assays 

each ligand was assayed three times in quadruplicate. Statistical differences between groups 

were determined using a 2-tailed Student's t-test (paired) with significance determined as 

P<0.05. Results are expressed as mean ± s.e.m.
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Results

Pericytes express CXCR3

Hepatic stellate cells and glomerular mesangial cell, which are considered tissue-specific 

pericytes have been shown to express CXCR3 (29). We wanted to determine whether other 

pericytes, those isolated from muscle and the eye that are more often used in culture and 

regenerative manipulations, also expressed CXCR3. Using reverse transcriptase-PCR 

(rtPCR), we found that the muscle and retinal pericytes have significant expression of 

CXCR3B mRNA (Figure 1A). The expression of CXCR3A mRNA is absent or negligible 

(undetectable) in these pericyte cell lines, as validated by comparison to a CXCR3A-

expressing cell, the primary human macrophage cell line, THP-1 (Figure 1A). Dermal 

microvascular endothelial cells HMEC-1 (immortalized) and dHMEC (primary) cells were 

use as controls since they only express CXCR3B. To determine that the CXCR3 B-isoform 

is presented as protein, immunoblotting and immunocytochemistry were performed (Figure 

1B and 1C). Because no known antibody exists that specifically recognizes only the A-

isoform of CXCR3 (CXCR3A), we are not able to directly determine whether pericytes 

present CXCR3A protein. However, when analyzing total CXCR3 protein using an antibody 

to the common sequences and comparing CXCR3 expression between endothelial cells and 

pericytes (Figure 1B, left blot), the pattern of expression was similar between endothelial 

cells and retinal pericytes. We also see roughly comparable staining between the endothelial 

cells and muscle pericytes (two different isolates, denoted as MG-136 and MG-71). Of 

interest, the muscle pericytes show a second protein band staining around 40 kDa, which 

may be a cleavage product. Since we do not detect CXCR3A mRNA (Figure 1A) this 

suggests that the lower molecular weight band is most likely a degradation product of 

CXCR3B. Taken together these data suggest that CXCR3B is the predominant or even only 

isoform expressed in pericytes isolated from the retina and muscle.

To bind ligands, CXCR3B must be accessible on the surface of pericytes. Pericytes were 

grown on collagen-coated glass slides and were fixed but not permeabilized before staining 

with monoclonal antibodies that recognize the extracellular domain of both CXCR3 

isoforms (CXCR3) or only the B-isoform (CXCR3B) (Figure 1C). Both the retinal and 

muscle pericytes are shown to express CXCR3B on the cell surface under normal culture 

conditions (Figure 1C). It is well established that dermal microvascular endothelial cells 

only express CXCR3B (26). Thus, comparing CXCR3B expression between HMEC-1 and 

pericytes suggest that our muscle and retinal pericytes express similar levels of CXCR3B.

As CXCR3 expression is upregulated on microvascular endothelial cells during mitotic 

conditions and downregulated to essentially absent as the endothelial cells leave the cell 

cycle (G0 or senescence) (15, 20, 26), we wanted to determine whether CXCR3 is 

constitutively expressed on pericytes. Pericytes were analyzed for CXCR3 expression under 

mitotic and non-mitotic conditions. Incubation of the pericytes with mitomycin C for 48 hrs 

showed at least comparable expression of CXCR3 to mitotic cells grown in the absence of 

mitomycin C (Figure 1D). CXCR3 expression is observed to be ubiquitous regardless of 

mitotic potential. These data suggest that the predominant CXCR3 receptor expressed on 

pericytes isolated from muscle and retina is CXCR3B and expression is consistently present.
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CXCR3 ligands activate MAPK pathways in pericytes

Ligandation of CXCR3 has been reported to activate the MAPK, AKT and PKA pathways 

in various cell types (20, 23, 26, 27, 30, 31). Here we sought to identify the signaling 

pathways activated by CXCR3 in pericytes. Treatment of pericytes with CXCL9 (Mig), 

CXCL10 (IP-10) or CXCL11 (IP-9) led to an increase in ERK phosphorylation that was 

initially observed within 5 min, peaked between 10–15 min and then was back to basal 

levels around 2 hrs (Figure 2, supplemental Figures 1, 2). Activation of CXCR3 was found 

to phosphorylate both ERK isoforms, p44ERK-1 and p42ERK-2, using an antibody that 

recognizes the phosphorylated forms of both isoforms. The data may suggest that CXCR3 

activation leads to an increased activation of p42ERK-2, since there is an amplified staining 

of the 42 kDa band compared to the 44 kDa band (Figure 2).

Activation of AKT was not observed for any of the three CXCR3 ligands (Figure 2, 

supplemental Figures 1, 2). Of interest was activation of p38MAPK. We show that 

stimulation of pericytes (MG-136, MG-71 and retinal) with CXCL9 (Mig) or CXCL11 

(IP-9) but not CXCL10 (IP-10) enhanced p38MAPK phosphorylation (Figure 2B, 

supplemental 1B, 2B). Activation of p38MAPK in endothelial cells has been found to 

promote apoptosis (32) but has not been observed in pericytes. Previous work has identified 

distinct ligand binding regions on CXCR3 and the individual ligands can elicit disparate 

signaling pathways (33–35). Thus, the secretion of specific CXCR3 ligands at different 

phases of wound healing may impart different responses on pericyte function. Therefore 

pericyte function during wound healing may be differentially regulated at different stages of 

wound healing through the secretion of specific CXCR3 ligands.

In endothelial cells and fibroblasts, CXCR3 abrogation of motility requires activation of 

PKA to phosphorylate m-calpain (CAPN) on ST369/370 and prevent rear detachment (20, 

36). Therefore we queried whether PKA was activated by CXCR3 in pericytes. Pericytes 

were treated with CXCL10 (IP-10) or CXCL11 (IP-9) at 100 ng/ml for various lengths of 

time. The cells were lysed and then analyzed for PKA activity. Activation of PKA was not 

observed when the pericytes were stimulated with either of the CXCR3 ligands (Figure 3).

Proliferation is not affected by CXCR3 ligand stimulation

Angiogenesis requires endothelial cell proliferation, which then is shut down as the vessels 

mature and pericytes stabilize them. Additionally, the pericytes that are lost in the wound, 

require replacement likely from proliferation of existing pericytes in the peri-wound area, 

either prior to or after colocaliation with these nascent vessels. Since p38MAPK and Erk, that 

are activated in these cells, have been found to be involved in regulating proliferation, we 

analyze whether stimulation of pericytes with the CXCR3 ligands modulated cellular 

proliferation. Analysis of cell proliferation was performed using the MTS assay. Pericytes 

(MG-71 and MG-136) were plated on plastic and grown to 90% confluency then incubated 

in 0.2% dialyzed FBS-DMEM for 24 hrs to induce cell quiescence. The cells were detached 

and resuspended in 0.2% dialyzed FBS-DMEM media containing bFGF (50 ng/ml), EGF 

(10 nM), Mig (200 ng/ml), IP-9 (200 ng/ml) or IP-10 (200 ng/ml) and incubated for 48 hrs at 

37°C, 5%CO2 then analyzed by the MTS assay. Our results show that treatment with 

CXCR3 ligands did not affect cell proliferation (Figure 4). Although, treatment with CXCL9 
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(Mig) and CXCL11 (IP-9) show a slight inhibition significance was not reached. The 

positive controls, bFGF or EGF treatment showed a significant increase in proliferation for 

both pericytes cell lines. These data suggest that CXCR3-triggered activation of Erk or 

p38MAPK does not regulate pericyte proliferation.

CXCR3 ligands promote pericyte transmigration of barrier pores

A second cell behavior required of pericytes during wound healing is in-migration into the 

wound bed and then association with maturing vessels. This requires both motility, that can 

be assessed by 2D migration, and ability to move through barrier pores, as assessed by 

translocation across pores smaller than cell size. It has been previously reported that 

activation of CXCR3 stimulated transmigration and proliferation of mesangial cells and 

smooth muscle cells (27, 37). Here we show when pericytes are treated with CXCR3 

ligands, pericyte linear migration is slightly but reproducibly increased but the increase in 

migration did not reach statistical significance (Figure 5A). Migration was observed to be 

similar between treatments with all 3 CXCR3 ligands. When the cells were incubated with 

CXCL9, CXCL10, or CXCL11 in the presence of growth factors, the CXCR3 ligands did 

not have any additive effect on pericyte migration (Figure 5A).

Next, we tested whether activation of CXCR3 promoted transmigration of a fixed barrier; 

this is key to moving rapidly through barrier matrices such as the provisional matrix. Since 

transmigration requires the cells to perform different events compared to the scratch assay 

due to the necessity of the cell to degrade the Matrigel matrix and undergo deformation to 

migrate through the pores of the transwell, different signaling mechanism are required to 

promote this action. Pericytes were placed in the upper chamber of a transwell (8.0 μm) 

coated with Matrigel in 0.1% dialyzed FBS-DMEM media. The lower chamber contained 

0.1% dialyzed FBS-DMEM media with either CXCL9, CXCL10, or CXCL11 at 

concentrations of 100 ng/ml. After 48 hrs the inserts were analyzed for the number of cells 

migrating through the insert. Treatment of pericytes with all 3 ligands promoted and 

increased in the transmigration of the pericytes (Figure 6A).

We then determined whether activation of ERK or p38MAPK played a role in linear and 

trans-migration. It is well established that ERK activation promotes migration and p38MAPK 

activation has been linked to smooth muscle cells migration (38). Pericytes were 

preincubated with an ERK inhibitor (PD98059, 10 μM) or p38MAPK inhibitor (SB203580, 

10 μM) for 1 hr. The cell monolayers were scratched with a modified rubber policeman 

washed with PBS then incubated with CXCL9 (Mig), CXCL10 (IP-10), or CXCL11 (IP-9) 

(final concentration 100 ng/ml) in the presence or absence of PD98059 or SB203580. 

Treatment of the cells with PD98059 significantly inhibited cell migration down below 

baseline in the presence of CXCR3 ligands (Figure 5B). Treatment with SB203580 showed 

only a modest decrease in migration (Figure 5B). Treatment with PD98059 did not inhibit 

pericyte transmigration for CXCL10 (IP-10) or CXCL11 (IP-9) but did show inhibition of 

CXCL9-stimulated pericyte transmigration (Figure 6B). On the other hand, SB203580 

treatment showed a significant inhibition of transmigration for all treatments (Figure 6B). 

These results indicate that p38MAPK plays a role in pericyte transmigration of matrices 
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driven by CXCR3 ligands and that ERK provides for linear migration likely affecting basal 

cell migration mainly.

Pericytes secrete CXCR3 ligands

Since very little is know regarding the role pericytes play in modulating wound healing, we 

want to identify whether stimulation of pericytes with CXCR3 ligands would modify protein 

secretion due to CXCR3 stimulation. Pericytes were incubated in 0.1% dialyzed FBS-

DMEM for 18 hrs. The media was removed and then replaced with 0.1% dialyzed FBS-

DMEM containing CXCL9, CXCL10, or CXCL11 (100 ng/ml) and incubated for 24hr. The 

conditioned media was removed and then centrifuged to remove debris. The supernatant was 

analyzed for chemokine and angiogenic factor secretion using a protein array ELISA (Ray 

Biotech Group). Treatment of the cells with the chemokines did not show an appreciable 

enhancement of chemokine secretion. Since we only looked at a small number of proteins, it 

is possible that chemokines not in our screen may be upregulated by CXCR3 ligand 

stimulation. Of interest, is that conditioned media from the unstimulated pericytes was 

positive for CXCL10 (IP-10) and CXCL11 (IP-9) (Supplemental Figure 3A). It is unknown 

whether CXCL9 (Mig) is secreted, since the array does contain this chemokine. These data 

may provide an explanation on why we only see a modest increase in pericytes migration 

when treated with CXCR3 ligands (Figure 5). The constitutive secretion of CXCR3 ligands 

would blunt the effects observed by the exogenous treatment. When the conditioned media 

was analyzed for the secretion of angiogenic factors, treatment of pericytes with the CXCR3 

ligands did not show any considerable increase in any of the tested angiogenic factors 

(Supplemental Figure 3B). Of note, on the angiogenesis array C2 a significant increase in 

CXCL11 (IP-9) is observed in the CXCL11 treated conditioned media (Supplemental Figure 

3B, Array C2 boxed proteins). This is a result of CXCL11 addition to the media prior to 

incubation with the cells.

Although CXCR3 activation by its ligands did not show any considerable increase in 

secretion of assayed proteins it does show that pericytes under normal culture condition 

constitutively secrete a number of factors. In the cytokine assay, in addition to CXCL10 

(IP-10) and CXCL11 (IP-9) the pericytes were also found to have a high secretion of GRO, 

MIP-1β, RANTES and even higher secretion of MCP1. The antibody in this array 

recognizes all 3 GRO isoforms (GROα/CXCL1, GROβ/CXCL2 and GROγ/CXCL3). Since 

the array contains an antibody specific for GROα/CXCL1 and detection is very low 

indicates that GROβ and/or GROγ is being secreted. The receptor for GROβ and GROγ is 

CXCR2 and is expressed on monocytes/macrophage, neutrophil and epithelial cells and 

promote cell migration. MIP-1β (Macrophage inflammatory protein 1β) binds to CCR5 and 

promotes monocytes/macrophage migration. Both MCP-1 and RANTES promote 

angiogenesis. In the angiogenesis array C1, MCP-1, RANTES, ANG (Ang-1 and Ang-2), 

GRO, IL-6 and TIMP-1 and TIMP-2 are secreted. In the angiogenesis array C2, Ang-1, 

Ang-2 and MMP-1 are secreted. The increased MMP and TIMP species may provide for the 

enhanced transmigration of the Matrigel barrier in the transwell chambers. These data 

indicate that pericytes may play a role in homing of monocytes to the damaged tissue and 

promoting inflammation. This provides further data that pericytes promote angiogenesis and 
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have the ability to inhibition new vessel growth and promoting the regression of nascent 

blood vessels as we have already shown (14).

Discussion

The events surround wound resolution are under-studied. Cellular events that drive the 

reversion from a highly cellular and vascularized dermis to a quiescent, pauci-cellular and 

almost avascular matrix are only now being deciphered. One of the more dramatic aspects is 

a greater than five fold reduction in the number of small blood vessels. Our earlier findings 

(15, 16) highlight the roles of the CXCR3 ligands CXCL10 (IP-10) and CXCL11 (IP-9/I-

TAC) in initiating endothelial anoikis and vascular involution. However, open questions 

abound as how the pericytes, that mainly function to stabilize vessels function in this milieu. 

This study represents a first, in vitro step in discerning the response of the pericytes to these 

CXCR3 ligands. Herein, we show that while the pericytes secrete CXCL10 and CXCL11, 

and express the CXCR3B receptor isoform, they show only a limited responsiveness to this 

`stop healing' signal. However, the cellular events initiated promote transmigration through 

a matrix, suggesting that the presence of these ligands might attract the pericytes into the 

resolving wound bed and towards the maturing vessels.

In this study we have characterized the CXCR3 isoform and the downstream signaling 

molecules of CXCR3 in pericytes isolated from muscle and retina, the two most commonly 

used sources of pericytes. Here we report, for the first time, that both muscle and retinal 

pericytes by and large express only the B-isoform of CXCR3. We also report that 

stimulation of CXCR3 by its ligands CXCL9, CXCL10 and CXCL11 activate ERK and 

p38MAPK to promote pericyte transmigration of a barrier matrix. Previous studies by our 

group and others have shown that activation of CXCR3B in endothelial cells inhibits the 

migratory response and promotes apoptosis (20, 26, 32). Whereas in hepatic stellate cells 

and mesangial cells, pericytes of the liver and kidney respectively, activation of CXCR3 was 

found to promote transmigration and proliferation (27). It has also been found that CXCR3 

activation in smooth muscle cells promoted transmigration and proliferation through 

p38MAPK activation (38, 39). Our findings indicate that cell linage plays a key role in the 

signaling response mediated by CXCR3 and indicates that pericytes from different tissues 

may activate different signaling pathways as a response to local events associated with tissue 

injury.

Since pericytes are a very heterogenous population of cells that have been suggested to arise 

from both mesoderm and ectoderm origin it is possible that CXCR3 expression on pericytes 

is differentially regulated by location and/or origin and will require further investigation. 

Using PCR and Western blotting we show that CXCR3B is the predominant isoform 

expressed on retinal and muscle pericytes. Due to the lack of an antibody that specifically 

recognizes CXCR3A we are not able to definitively show that CXCR3A is not expressed on 

these cells but the lack of CXCR3A mRNA (Figure 1) is highly suggestive that CXCR3A 

protein expression is extremely low or absent from these cells. We further showed that 

CXCR3 was constitutively expressed on retinal and muscle pericytes (Figure 1) suggesting 

that CXCR3B expression on pericytes is not necessarily regulated by cell cycle as found in 

endothelial cells (26). Our findings show a novel function for CXCR3B in promoting 
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chemotaxis. Previous studies by our group and others have shown that CXCR3B activation 

in endothelial cells inhibits chemotaxis (20, 26, 40, 41). Here we are the first to show that 

CXCR3B promotes cell migration through activation of ERK (Figure 5) and invasion 

through p38MAPK activation (Figure 6). The study by Bonacchi et al.(27) investigating the 

role of CXCR3 on stellate and mesangial cells, found CXCR3-dependent chemotaxis was a 

result of ERK activation, which is correlative with our findings as they used a similar 

transmigration assay. For the first time, we show herein that it is the ability to pass through a 

matrix and deform, rather than linear motility, that is increased. A divergent between our 

studies is their findings of AKT activation, which we do not observe. In addition, their study 

found CXCR3 ligands mediated proliferation in stellate cells but was not observed in our 

pericytes. In their study, they did not identify the CXCR3 isoform expressed by the stellate 

and mesangial cells and it should not be assume that the B-isoform of CXCR3 is expressed 

on these cells. The signaling differences found between the stellate, mesangial and our 

pericytes may be due to differential expression of CXCR3 isoforms between the cells.

We also sought to determine whether the activation of pericytes by CXCR3 altered its 

secretome of signaling factors. We queried 38 chemokines and 42 angiogenic factors at the 

protein level. Our results show that stimulation with the CXCR3 ligands did not enhance any 

of the chemokine or angiogenic above basal levels. Since we only investigated a small 

sample of all chemokines and angiogenic factors, the possibility exists that the CXCR3 

ligands may enhance the production of other factors. What is shown by this data is that 

unstimulated pericyte seem to constitutively express CXCR3 ligands. We found that 

pericytes grown in culture have high levels of IP-9 and IP-10. Parenthetically, since CXCL9 

was not on the array we do not know if it is also constitutively expressed. This data supports 

our previous finding indicating that pericytes are able to secrete CXCR3 ligands (14). 

Further studies are required to fully understand CXCR3 ligand regulation in pericyte 

function. Continued knowledge of CXCR3 signaling in pericytes will provide greater 

information on pericyte function during wound healing.

In conclusion, the data from this study provides novel information on the downstream 

signaling pathways and cell behaviors in pericytes after ligandation of the CXCR3B 

receptor. A picture is emerging of pericytes responding to these ligands, that appear during 

the transition to wound resolution, by increased transmigration through a barrier matrix and 

small pores (and possibly to a lesser extend, a slight increase in migration rate). This would 

promote movement into the maturing dermal matrix and association with the many vessels. 

For immature vessels, the pericytes likely aid in driving involution via their own production 

of CXCL10 (IP-10) and CXCL11 (IP-9) as shown earlier (14). However, for the minority of 

maturing small vessels, being resistant due to CXCR3 downregulation on the endothelial 

cells (14, 15), the pericytes would colocalize and stabilize these few remaining functional 

vessels. This foundational model now needs to be investigated in organismal wound healing 

models. In addition the effects of the pericyte-derived CXCR3 ligands on inflammation (23, 

42) needs to be studied in whole animals. However, such extensive work lies beyond the 

scope of these initial findings of the molecular signaling pathways and cellular responses.
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Figure 1. Pericytes express CXCR3 B-isoform
Pericytes isolated from muscle and retina were analyzed for by PCR and Western blot and 

found to express CXCR3B. A.) mRNA from Pericytes from normal human muscle biopsy 

tissue (MG-71 and MG-136) and human retinal were analyzed by RT-PCR for CXCR3 

expression. The CXCR3 primer set recognized both A- and B-isoforms, CXCR3A only 

recognizes the A-isoform and CXCR3B only recognizes the B-isoform. Primer sequences 

are listed in Materials and Methods. The results indicate that the pericytes only express 

CXCR3B. The human dermal endothelial cells (HMEC-1 and dHMEC) were used as 

positive controls for CXCR3B expression and the human macrophage cells (THP-1) were 

used as a positive control for CXCR3A expression. B.) Pericytes from muscle (MG-71 and 

MG-136) and human retinal were lysed in RIPA buffer and analyzed for CXCR3 using an 

antibody that recognizes both isoforms and an anti-CXCR3B antibody which only 

recognized the B-isoform. The 1 and 2 designation on MG-136 and MG-71 are for low 

passage (<8) and high passage (>12) respectively. The muscle and retinal pericytes express 

CXCR3B. C.) Pericytes were analyzed for surface expression of CXCR3. Pericytes were 

grown on gelatin coated glass slides, fixed the stained for CXCR3. The cells were not 

permeabilized and staining is representative of surface expression of CXCR3. D.) To 

determine whether CXCR3B expression is regulated by cell cycle, we incubated the cells 

with mitomycin C for 24 then stained for CXCR3. Pericytes from muscle and retina stained 

positive for surface CXCR3B indicating that CXCR3 is not entirely regulated by cell cycle. 

Shown are representative from at least two repeats of all experiments.
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Figure 2. ERK and p38MAPK are activated by CXCR3 ligands
A.,) Pericytes (muscle, MG-136) were treated with CXCL9 (Mig), CXCL10 (IP-10) and 

CXCL11 (IP-9) at 100 ng/ml for various lengths of time. The cells were lysed in RIPA 

buffer and analyzed for total (AKT, ERK, p38) and phosphorylated AKT, ERK and 

p38MAPK (pAKT, pERK, pP38). Treatment of pericytes with the CXCR3 ligands induced 

phosphorylation of ERK and P38MAPK but did not induce phosphorylation of AKT. Shown 

are representative from at least three repeats of all experiments (n=3). B.) Protein band 

density of three independent experiments was analyzed using Image Studio 5.0 software (LI-

COR, Lincoln, NE). Phosphorylation of the proteins is represented as a percentage of diluent 

treated (NT) cells. The graphs are an average of the individual experiments + s.e.m (n=3). * 

P < 0.05 comparing NT to CXCR3 ligand treated.
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Figure 3. CXCR3 ligand do not activate PKA
Pericytes were treated with IP-9 (CXCL11) or IP-10 (CXCL10) (200 ng/ml) for various 

length of time. The cells were lysed in PKA lysis buffer. The lysate was incubated with a 

synthetic peptide that was tagged. PKA activity is identified by phosphorylation of the 

peptide. Phosphorylation was identified by peptide migration to the anode. Incubation of 

pericytes with either IP-9 or IP-10 did not promote the activation of PKA. Shown is one of 

two independent experiments with similar results.
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Figure 4. CXCR3 ligands do not induce proliferation
Pericytes (muscle, MG-136) were quiesced in 0.2% dialyzed FBS-DMEM for 24hrs. The 

cells were incubated with CXCR3 ligands diluted in 0.2% dialyzed FBS-DMEM 

individually (100ng/ml final) for 48 hrs. The cell density was then measured by formazan 

production. The CXCR3 ligands do not induce proliferation. Shown are mean ± s.e.m of two 

experiments, each in triplicate, and each normalized to the cognate untreated controls. * P < 

0.05 comparing NT to CXCR3 ligand treated.
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Figure 5. CXCR3 ligands do not promote linear migration
The scratch assay was used to determine 2D migration. Serum starved confluent pericytes 

(muscle, MG-136) were denuded and then incubated in CXCR3 ligands (100 ng/ml) only or 

with PDGF (50 ng/ml), SB203580 (10 μM) or PD98059 (10 μM) for 24hr. Migration of the 

cells into the denuded space was measured. A.) CXCR3 ligands may show a slight but 

reproducible enhancement of migration, though this did not rise to the level of statistical 

significance. B.) Inhibition of ERK (PD) showed a significant decrease in cell migration. 

Inhibition of P38MAPK (SB) showed only a modest inhibition of cell migration. These data 

indicate that CXCR3 activation of ERK mediates 2D migration. Shown are mean ± s.e.m of 

three experiments each in duplicate (n=3). * P < 0.05 comparing NT to CXCR3 ligand 

treated and untreated with inhibitor treatment.
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Figure 6. CXCR3 ligands promote transmigration
Pericytes (muscle, MG-136) were analyzed for their ability to migrate through a Matrigel 

coated transwell (8.0 μm pore). Pericytes were suspended in 0.1% dialyzed FBS-media and 

plated in the upper chamber. The lower chamber contained 0.1% dialyzed FBS-media with 

CXCR3 ligands only or SB203580 (10 μM) or PD98059 (10 μM). The cells were incubated 

for 48 hrs A.) CXCR3 ligands enhance pericyte migration compared to diluent (NT). B.) 

Treatment of the cells with SB203580 (SB), P38MAPK inhibitor, significantly inhibited 

transmigration compared to PD98059 or diluent. These data suggest P38MAPK is involved in 

CXCR3 mediated transmigration. Shown are mean ± s.e.m of three experiments each in 

duplicate (n=3). * P < 0.05 comparing NT to CXCR3 ligand treated and untreated with 

inhibitor treatment.
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