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CXCL10 Can Inhibit Endothelial Cell Proliferation
Independently of CXCR3
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Abstract

CXCL10 (or Interferon-inducible protein of 10 kDa, IP-10) is an interferon-inducible chemokine with potent chemotactic
activity on activated effector T cells and other leukocytes expressing its high affinity G protein-coupled receptor CXCR3.
CXCL10 is also active on other cell types, including endothelial cells and fibroblasts. The mechanisms through which CXCL10
mediates its effects on non-leukocytes is not fully understood. In this study, we focus on the anti-proliferative effect of
CXCL10 on endothelial cells, and demonstrate that CXCL10 can inhibit endothelial cell proliferation in vitro independently of
CXCR3. Four main findings support this conclusion. First, primary mouse endothelial cells isolated from CXCR3-deficient
mice were inhibited by CXCL10 as efficiently as wildtype endothelial cells. We also note that the proposed alternative splice
form CXCR3-B, which is thought to mediate CXCL10’s angiostatic activity, does not exist in mice based on published mouse
CXCR3 genomic sequences as an in-frame stop codon would terminate the proposed CXCR3-B splice variant in mice.
Second, we demonstrate that human umbilical vein endothelial cells and human lung microvascular endothelial cells that
were inhibited by CXL10 did not express CXCR3 by FACS analysis. Third, two different neutralizing CXCR3 antibodies did not
inhibit the anti-proliferative effect of CXCL10. Finally, fourth, utilizing a panel of CXCL10 mutants, we show that the ability to
inhibit endothelial cell proliferation correlates with CXCL10’s glycosaminoglycan binding affinity and not with its CXCR3
binding and signaling. Thus, using a very defined system, we show that CXCL10 can inhibit endothelial cell proliferation
through a CXCR3-independent mechanism.
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Introduction

Chemokines are a superfamily of chemotactic cytokines, which
play important roles in the generation and delivery of immune and
inflammatory responses [1-3]. They orchestrate the movement of
leukocytes and other cells by activating specific seven-transmem-
brane spanning G protein-coupled receptors expressed on
responsive cells. CXCL10, or IP-10 (Interferon-induced protein
of 10 kDa), one of the first chemokines identified [4,5], directs the
trafficking of activated effector CD4* and CD8* T lymphocytes
and other effector lymphocytes, such as NK and NKT cells [6-9].
It does so by binding its high affinity receptor CXCR3 [10,11],
which it shares with two other ligands, monokine-induced by 7-
mterferon (Mig/CXCL9) and interferon-inducible T cell-o
chemoattractant (I-TAC/CXCLI11). CXCL10 expression 1is
strongly up-regulated in many human inflammatory diseases,
including viral, bacterial and parasitic infections, skin diseases,
atherosclerosis, allograft rejection, and others [1].

In addition to its role in the activation and recruitment of
effector T cells and other leukocytes, CXCL10 acts on other cell
types, in particular on endothelial cells. Indeed, among the first
described functions of CXCL10 were its anti-proliferative effect on
endothelial cells  vitro [12], and its angiostatic [13—-15] and anti-
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tumor effect i vivo [6,16]. In vivo CXCL10 inhibits neovascular-
ization in tumors as well as wound healing [17-21]. The
mechanisms by which CXCL10 exerts its effects on endothelial
cells have remained elusive and in some instances controversial.

The identification of an alternative splice variant of CXCRS3,
termed CXCR3-B, specifically in human endothelial cells, was
suggested as a possible explanation for CXCLI10’s angiostatic
effects [22]. Translation of the putative human CXCR3-B splice
variant results in an extracellular N-terminus that is 48 amino
acids longer than the originally described CXCR3 receptor
(referred to as CXCR3-A), with the remaining 3’ sequence
identical to CXCR3-A. The traditional CXCR3 ligands,
CXCL10, 9 and 11, were shown to bind to CXCR3-B. In
addition, CXCL4 (Platelet Factor 4, PF4), was also shown to
weakly bind CXCR3-B. CXCR3-B has been described to mediate
the angiostatic effect of its ligands, being the preferential CXCR3
receptor reported to be expressed on endothelial cells. Strikingly,
overexpression of CXCR3-B in an endothelial cell line resulted in
CXCLI0 inhibiting proliferation, whereas overexpression of
CXCR3-A in the same cell line resulted in CXCL10 augmenting
proliferation [22].

Although the existence of an alternative splice variant CXCR3
provides a possible explanation for the different functions of
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CXCLI10, it is unclear how a difference in only the N-terminal
extracellular domain of CXCR3-A results in intracellular signaling
that was purported to oppose CXCR3-A signaling. In addition, it
has been unclear whether CXCR3-B exists in rodents, although
CXCL10’s anti-proliferative effects on endothelial cells have been
described in mice. We therefore utilized a very defined i wvitro
system to address whether the anti-proliferative effect of CXCL10
on endothelial cells is mediated through CXCR3. We demonstrate
that CXCL10 was capable of inhibiting the proliferation of murine
endothelial cells that were deficient in CXCR3. Furthermore, we
show that the alternative CXCR3-B variant does not exist in mice,
as an in-frame stop codon before the conserved sequence would
terminate an analogous CXCR3-B splice variant in mice.
Similarly, our experiments with human endothelial cells also
demonstrate that CXCL10 can inhibit endothelial cell prolifera-
tion independently of CXCRS3.

Results

CXCL10 inhibits proliferation of endothelial cells isolated
from different tissue

We tested CXCL10’s effect on the proliferation of three
primary endothelial cell types, human umbilical cord endothelial
cells (HUVEC), human lung microvascular endothelial cells
(HMVEC-L), and murine heart endothelial cells isolated from
C57Bl/6 mice. As has been described [12], at relatively high
concentrations, CXCL10 inhibited bFGF-induced proliferation
for all three endothelial cell types, with concentrations of 0.5—
1.0 pM CXCL10 inhibiting 50% of proliferation, whereas 5.0 uM
inhibited 80% of proliferation (Fig. 1). The IC5, value for
CXCLI10’s antiproliferative effect therefore is between 0.5
1.0 uM, similar to Lasagni et al. who reported peak inhibition of
HMVEC proliferation at 100 nM-1 pM CXCLI10 [22], and
similar to the IC5q value of ~150 nM that we previously reported
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Figure 1. CXCL10 inhibits proliferation of endothelial cells
isolated from different organs. Human umbilical cord vein
endothelial cells (HUVEC), human lung microvascular endothelial cells
(HMVEC-L), and murine heart endothelial cells isolated from C57BI/6
mice were plated in 96-well plates with bFGF. 24 hr after seeding, new
media with CXCL10 was added and replaced every 48 hr for a total of
3-4 days. *H-thymidine incorporation was assessed for the final 18 hr of
incubation. Representative data of at least three experiments are
shown, each performed in triplicate, data are mean * SD.
doi:10.1371/journal.pone.0012700.g001
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[12]. These results demonstrate that at relatively high concentra-
tions, CXCL10 can inhibit multiple types of endothelial cells.

CXCL10 anti-proliferative effect on murine endothelial

cells is CXCR3 independent

To directly test whether the anti-proliferative effect of CXCL10
requires CXCR3, we isolated endothelial cells from the hearts of
wildtype and CXCR3-deficient (CXCR3 KO) C57Bl/6 mice.
Endothelial cells were isolated using PECAM-1-coated microbe-
ads, with a second selection utilizing ICAM-2-coated microbeads
if needed. Endothelial cells were used for proliferation assays only
if their purity was at least 85%, with purity levels often reaching
over 90% (see TFig. 2A). CXCLI10’s anti-proliferative effect on
bFGF-induced proliferation on primary heart endothelial cells was
measured between passage 2 and 3. Both wildtype and CXCR3-
KO endothelial cell proliferation were effectively inhibited by
CXCLI10 (Fig. 2B), clearly showing that CXCLI10 can exert its
anti-proliferative effect through a CXCR3-independent mecha-
nism. We also analyzed the expression of CXCR3 on heart
endothelial cells by flow cytometry and found no expression of
CXCR3 on wildtype cells (Fig. 2C). In contrast, activated murine
wildtype CD4+ Thl-type T cells expressed high levels of CXCR3.

The alternative CXCR3-B splice variant does not exist in
mice

Since CXCLI10 has angiostatic effects in mice as well as on
human endothelial cells, we wanted to know whether alternative
splicing could result in a CXCR3-B splice variant in mice. Both
human and murine CXCR3 have a splice donor site six base pairs
(bp) after the initiating ATG, with a 978 bp intron and 1006 bp
intron, respectively, before the AG acceptor site (Fig. 3 A and B).
This splice variant produces the originally identified CXCR3
cDNA, which is now sometimes referred to as CXCRS3-A. The
hCXCRS3-B splice variant is produced by an alternative splice
between the same donor site used by CXCR3-A (Fig. 3A, position
80), and a different acceptor site located 233 bp upstream of the
AG acceptor site for CXCR3-A (position 814). Translation of this
mRNA could be initiated from an alternative ATG start codon
found within the intron of CXCR3-A (Fig. 3A, highlighted in
yellow, position 905), 151 base pairs upstream of the known AG
acceptor site used for intron splicing and in-frame with the
remaining 3" sequence of CXCR3-A. To determine whether a
possible alternative splice site in the murine genome could result in
a homologous CXCR3-B splice variant in mice, we analyzed the
nucleotide sequence of the murine gene upstream of the known
AG acceptor used for CXCR3-A splicing. For a homologous
CXCR3-B splice variant to exist in mice, the translation would
need to start with an initiating ATG in frame with the remaining
CXCR3 sequence, without a stop codon terminating translation.
In analogy with the human splice variant, we analyzed the 200
base pairs upstream from the murine acceptor site, and translated
the open reading frame that would be in frame with the remaining
3" translated sequence (Fig. 3B, frame 1). In this ORF, there is a
potential initiating ATG at position 948, but a stop codon at
position 1023 would prematurely terminate translation, and would
therefore not result in a CXCR3-B splice variant with an
alternative, longer N-terminal sequence. There are also a number
of other ATG codons upstream of the 2" exon of CXCR3-A, but
none of them are in frame with the remaining 3’ translated
sequence (frame 2 and 3 in Figure 3B). Therefore, even if there
was an alternative acceptor splice site in mice, it would not result
in a translated CXCR3-B splice variant similar the one proposed
in humans.
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Figure 2. CXCL10 inhibits proliferation of CXCR3-deficient
murine endothelial cells. A) Endothelial cells were isolated from
hearts of wildtype and CXCR3-deficient (CXCR3 KO) mice and purity was
determined by flow cytometry using antibodies against ICAM-2 and
PECAM-1. Endothelial cells of at least 85% purity were used for all
experiments. B) CXCL10’s anti-proliferative effect was assessed as
described for Figure 1. Representative data of at least three experiments
are shown, each performed in triplicate, data are mean = SD. C) CXCR3
expression of primary endothelial cells and activated T cells was
assessed by flow cytometry. Wildtype heart endothelial cells did not
express CXCR3, whereas activated wildtype T cells expressed high levels
of CXCR3.

doi:10.1371/journal.pone.0012700.g002

We next performed a sequence comparison between the human
and murine CXCR3 genes to analyze which regions of the gene
are conserved between the two species. If an orthologue of
CXCRS3-B were to exist in mice, a similar conservation would be
expected in the CXCR3-B coding sequence as in the CXCR3-A
coding sequences. We generated a dot matrix plot aligning the
hCXCR3 and mCXCR3 gene on an X-Y plot (Fig. 4), using a
window of 21 base pairs with a mismatch limit of 4. The conserved
regions between human and murine CXCR3 clearly match to the
5" region of exon 1, and the region of exon 2, starting at position
1066. In contrast, there is very low homology in the coding
sequence of the proposed elongated hCXCR3-B N-terminus
(starting at position 904), further suggesting that the murine gene
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does not share a homologous CXCR3-B splice variant. Finally, we
performed a Blast search on the NCI EST (expressed sequence
tags) database for murine genes with the 150 base pairs upstream
of exon 2, which would be unique to a CXCR3-B splice variant,
and found no matching cDNA clones. In contrast, using the cDNA
sequence that crosses the first intron in the “traditional” CXCR3-
A variant from exon 1 into exon 2, four cDNA clones were
identified. Altogether, these three approaches strongly suggest that
the murine CXCR3 gene does not contain a CXCR3-B splice
variant similar to the one proposed in the human genome.

HUVEC and HMVEC-L do not express CXCR3 yet are
inhibited by CXCL10

There have been conflicting results about the expression of
CXCR3 by endothelial cells [23-26]. We therefore investigated
CXCR3 surface expression using flow cytometry on HUVEC and
HMVEC-L, two human endothelial cell preparations that are
sensitive to CXCL10’s antiproliferative effects (Fig. 1). We utilized
two different anti-CXCRS3 antibodies: 1C6 from BD Bioscience,
directly conjugated to APC, which is commonly used to detect
CXCR3 expression on T cells; and an anti-CXCR3 antibody
from R&D (clone 49801), which has been reported to detect
CXCR3-B [22]. Since previous studies reported cell-cycle
dependent expression of CXCR3 [23,27], we analyzed CXCR3
expression on HUVEC and HMVEC-L harvested at high,
intermediate or low cell density. Finally, we also compared the
use of EDTA or Trypsin to release the endothelial cells from the
tissue culture plate, as Trypsin could potentially cleave CXCR3
expressed on the cell surface. The R&D anti-CXCR3 antibody
was not directly conjugated to any fluorophore, so cell binding was
detected with a secondary antibody conjugated to PE. Staining
HUVEC with the R&D antibody revealed a small shift in
fluorescence compared to cells stained with no antibody; however,
this shift was also present for cells stained with an isotype control
antibody, or for cells stained only with the secondary antibody
(Fig. 5A), clearly demonstrating that this small shift was not due to
CXCR3 expression. We then compared the staining of HUVEC
harvested at high, intermediate or low cell density, with either
EDTA or Trypsin, and found no CXCR3 expression under any of
these conditions (Fig. 5B—C). Similarly, staining of HMVEC-L, a
different primary endothelial cell preparation, with the R&D anti-
CXCR3 antibody, at different cell densities, utilizing either EDTA
(Fig. 5D) or Trypsin (not shown), also revealed no CXCR3
expression. In contrast, staining of activated human T cells with
the R&D anti-CXCR3 antibody demonstrated high levels of cell
surface  CXCR3 expression (Fig. 5E). The same sets of
experiments were performed with the BD anti-CXCR3 antibody
(Fig. 5F-J). A small shift in fluorescence was observed staining
HUVEC with the BD antibody compared to the isotype control
antibody (Fig. 5F). There was some variability in the isotype
control background binding but in general this control antibody
had very low background binding most likely because it was a
directly conjugated antibody. We suspect that the slight shift of the
BD antibody compared to the isotype control does not represent
surface expression of CXCR3, and this slight shift was not
dependent on cell cycle, EDTA or Trypsin treatment (Fig. 5G-H).
For HMVEC-L, no shift in fluorescence was detected between the
anti-CXCR3 antibody and the isotype control antibody using the
BD antibody (Fig. 5I). In contrast, as a positive control, the BD
monoclonal antibody detected high levels of CXCR3 surface
expression on activated human peripheral blood T cells (Fig. 5]).

Expression of CXCR3 in HUVEC, HMVEC-L and T cells was
further investigated at the mRINA level by quantitative PCR, using
primers in the common region of exon 2 (forward primer position
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hCXCR3, NCBI Reference Sequence, NC_000023.10
CAACCACAAGCACCAAAGCAGAGGGGCAGGCAGCAGACCACCCAGCAGCCAGAGCACCAGCCCAGCC“-
GTCCTI'GAGaOgtaagtgctgctgcccagccaggccaggccagaattcgaagtggaaaacccggggcatcaggggaatgccagggctggcccacagcc
cagggtcaccacagggttgggtgagtagctggaggecgceatgggttgtggcagaaacagcactggggaattgggaacccagcettggecactgaccctgggtge
ctctectetectetetggeticggtgtetegtectgcaaaatggggggggecggggggcaagtagactcgaaggcetcecttcaggagacttggaactttgactcttggegt
gctggactaaattggtactggggagacctgcaggtccatagtgctgggggtgaggggataaagaagattcctictcaagctaagtgggggatccectigtgggea
gctaaatggecgtgcaagectcagtgtagggagggggaaggactgggcagactgcatgecatttggggggegtggtgacttgtagagaggccacacggtgggg
gggggcgcaggaagtiggggtcccecggacaagggecaaggagggaagaggagggitagtgactggaaaaggggattgtggagaggegetggggaggaa
ggtggttgaactatgtgttaggggtggggeactgaggacgcaaggeaagectgaagggagagecagggagagagaggacagtgggcagagagggcetetggg
cactggagggacgctcttcttcctgcccag "“ggateectgggecgatgggatcacgcagaagaatgecgagagaageagcctttgagaagggaagtcactate
ccaga=_|gt:ccaggctgagc‘ggg a_tggagttgaggaagtacggccctggaagactggcggggacagttataggaggagctgctcagagtaaatcacagacta
aatcagactcaatcacaaaagagttcctgccaggcectttacacagcecccttcctccecgtticcecgecctcacag - GTGAGTGACCACCAAGTGCT
AAATGACGCCGAGGTTGCCGCCCTCCTGGAGAACTTCAGCTCTTCCTATGACTATGGAGAAAACGAGAGTGAC
TCGTGCTGTACCTCCCCGCCCTGCCCACAGGACTTCAGCC

B Murine CXCR3
Genomic/unspliced
ATG

1 89 101" ...

fea, At

— Frame 1 (In frame with CXCR3-A ORF):
GVTFPV Stop VDGVKE Met WSPERKSQLRVWLLLRETNTHQNK Stop QGTKGQSQLLGLYREWPPFPLSPFLGQ

— Frame 2:
GGSPSQSE Stop Met ELRRCGPRRERVSSGSGYC Stop GKQTLTRINDRAQRGKASCWVFTENGLPSLSPPSSG

— Frame 3:
GGHLPSLSRWS Stop GDVVPGEKESAQGLAIAKGNKHSPEStop Met TGHKGAKPVAGSLQR Met ASLPSLPLPRA

mCXCR3, NCBI Reference Sequence: NC_000086. 6
CAAGTTCCCAACCACAAGTGCCAAAGGCAGAGAAGCAGGCAGCACGAGACCTGACCCCAGCAGCCACAGCC
GGAGCACCAGCCAAGCCEIBTACETTGAG " gtaagttctgctgcccagcetcagetacaatacageggecacaagtggecgageteggat
accagggacaagcgtgggctggcccacagccaagaggcaccagcegggctgagtgagcageatcgaatgcagaggttctgataataagagcattggtggattg
ggaaacccagcctggccactaaccacaggcectgtcteetgectetgtggettggatgectcatctgaaaatgtcaagcetgtagaaactcaacttcggtgatetctagtt
ctcagatagtttgggataaggtgtagagctgaagtggaagtggtatgcceccattgtetgagetactigggaggcagaggeagaaagctcatctgageccaagag
titgaaatcagcctggcecatctigggaagaccaattagggettgggtgggaagctcagtgggtacceactgectetgggtaggggaagagaggeatgtacggtgtg
tgtaggggtgcacagtggtttgtagaaaatccttatgtgagaccaggaagtcagggtcaccagataagggctgaggagggaaaaggagggccagggactaga
agatagagtaaggaagcacctggggaggecagtggttgatccaggcaggggtggecatagcagcaaggcetgacaaatcaccaagegtaaagaggaaggg
aaagaatggaaggctccagaccctggaaggaagttcctcticcggcagagaatecectgtectggatgataatccagaaagggtetgggggggggggggecgg
ggggttaccagcctttgaaaagggggggtcaccticccagtctgagtagatggagttaaggagatgtggtccccggagagaaagagtcagcetcagggtetggeta
ttgctaagggaaacaaacactcaccagaataaatgacagggcacaaaggggcaaagccagttgetgggtetttacagagaatggectcccttcectctctceccee
ttcctcgggcag"WGTTAGT GAACGTCAAGTGCTAGATGCCTCGGACTTTGCCTTTCTTCTGGAAAACAGCACCTCT
CCCTACGATTATGGGGAAAACGA

CXCR3-A/B donor site CXCR3-A acceptor site Proposed CXCR3-B acceptor site

_ Potential CXCR3-B Initiating ATGs

@ PLoS ONE | www.plosone.org 4 September 2010 | Volume 5 | Issue 9 | 12700



CXCL10 and Endothelial Cells

Figure 3. Alternative splice variant CXCR3-B does not exist in mice. A) human and B) murine CXCR3 schematic (top) and nucleotide
sequence (bottom). The genomic/unspliced and cDNA are shown for CXCR3-A and B. Thick bars represent translated exons, thin bars untranslated
exons, and thin lines introns. Regions common to both CXCR3-A and B are represented in black, regions that are specific for CXCR3-B in light grey.
The 5’ region that is translated for CXCR3-A, but untranslated for CXCR3-A is shown in dark grey. CXCR3-A and CXCR3-B splice donor site is indicated
in green, CXCR3-A splice acceptor site in orange, proposed human CXCR3-B splice acceptor site in cyan. Initiating ATG codon for CXCR3-A is indicated
in red, and potential initiating ATG codons for CXCR3-B in yellow, with the proposed CXCR3-B ATG underlined. For human CXCR3, the primer pairs
used for detecting CXCR3-A [1F (forward) and 1R (reverse)] and CXCR3-B (2F and 2R) are indicated in the schematic. For murine CXCR3-B, nucleotide
sequence position 912-1112 was translated to assess whether CXCR3-B exists in mice using the Expasy Proteomics server (http://www.expasy.org/
tools/dna.html). Frame 1 is in-frame with the remaining 3’ sequence, but a stop codon would terminate any possible murine CXCR3-B.

doi:10.1371/journal.pone.0012700.g003

1324-1345), which should detect both CXCR3-A and CXCR3-B.
In agreement with the flow cytometry data, HUVEC and
HMVEC-L, harvested at intermediate or high cell density, had
very low signal for CXCR3 mRNA, whereas T cells had a very
high signal for CXCR3 mRNA expression (Fig. 6). Together, these
data show that the same endothelial cells that were inhibited by
CXCL10 had no detectable CXCR3 mRNA or protein
expression.

CXCL10’s anti-proliferative effect is not neutralized by
two different anti-CXCR3 antibodies

We next tested the ability of the two neutralizing anti-hCXCR3
antibodies to inhibit CXCL10’s anti-proliferative effect on
HUVEC. Endothelial cells were incubated with the R&D
antibody (10 pg/ml or 50 ug/ml), the BD antibody (10 pg/ml)
or an isotype control antibody (10 pg/ml) for the duration of the
proliferation assay. The antibodies did not affect HUVEC
proliferation in the absence of CXCLI10, and had no effect on
the ability of CXCLI0 to inhibit HUVEC proliferation (Fig. 7A).
The neutralizing activity of these antibodies was confirmed by
their ability to inhibit chemotaxis of human T cells to CXCL10
(Fig. 7B). It is particularly important to note that the R&D anti-
CXCR3 antibody has been reported by Lasagni et al. to neutralize
CXCR3-B activity [22], yet in our hands, it did not inhibit the
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Figure 4. Homology of human and murine CXCR3 gene is
confined to CXCR3-A coding regions. A dot matrix of the human
CXCR3 and the murine CXCR3 gene was generated with the Dnadot
software (http://arbl.cvmbs.colostate.edu/molkit/dnadot/), with a win-
dow size of 21 and a mismatch allowance of 3.
doi:10.1371/journal.pone.0012700.g004
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anti-proliferative effect of CXCL10 on HUVEC. These findings
further support that CXCLI10’s anti-proliferative effect on human
endothelial cells is not dependent on CXCRS3.

CXCL10’s anti-proliferative effect correlates with
glycoaminoglycan binding rather CXCR3 binding

We next investigated the requirement of CXCR3 binding for
CXCL10’s anti-proliferative effect on HUVEC utilizing a series of
CXCL10 mutants we previously described [28]. In particular,
mutant R8A has greatly decreased CXCR3 binding affinity and
does not induce chemotaxis or calcium-flux through CXCR3
in vitro, or recruitment of T cells i viwo [29], whereas it binds
normally to glycosaminoglycans (GAGs). Mutant R8A was
however fully able to inhibit HUVEC proliferation to the same
extent as wildtype CXCL10 (Fig. 8), again suggesting that the anti-
proliferative effect of CXCL10 on endothelial cells in this assay is
not dependent on CXCR3 binding and signaling. In contrast,
mutant R22E, a partial CXCR3 agonist, but with markedly
reduced GAG binding affinity, had a minimal effect on HUVEC
proliferation even at the highest concentration tested. Consistent
with this, mutant CtR22A, which has four basic residues in the C-
terminal helix mutated to acidic residues (K71E/R72Q/K74Q/
R75E) as well as a mutation of R22A, and has very low GAG and
CXCR3 binding, also did not inhibit endothelial cell proliferation.
Taken together, these findings suggest that GAG binding rather
than CXCR3 binding is important for CXCL10’s anti-prolifera-
tive effect.

Discussion

CXCLI10 is one of the most highly induced cytokines during
Thl-type inflammatory responses. CXCL10’s activity on effector
T lymphocytes and other leukocytes cells has been clearly
demonstrated to be mediated by activation of its high affinity G
protein-coupled receptor CXCR3. However, CXCLI10 exerts
effects on cells other than leukocytes, including endothelial cells.
The mechanisms through which CXCLI10 influences the activity
of these cell types is not entirely clear. We therefore focused our
study on the well-documented effect of CXCLI0 on the
proliferation of endothelial cells, employing a defined in vitro assay
to study the anti-proliferative effect of CXCLI10. Various
mechanisms have been suggested to explain this anti-proliferative
effect of CXCL10 on endothelial cells, including 1) signaling
through CXCR3 on endothelial cells, 2) competition with growth
factors for GAG binding, and 3) direct signaling of chemokines
through GAGs.

The hypothesis that CXCL10’s anti-proliferative effect on
endothelial cells is mediated by CXCR3 received wider accep-
tance after the identification of a proposed alternative splice
variant in humans called CXCR3-B, which was reported to
specifically mediate these effects of CXCL10 [22]. However, there
is still much debate whether CXCR3-B is indeed a functional
receptor that mediates differential functions in contrast to the
originally described CXCR3 (or CXCR3-A). Although a number
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Figure 5. HUVEC and HMVEC-L have no detectable surface CXCR3 expression. CXCR3 surface levels were assessed by flow cytometry using
anti-hCXCR3 monoclonal antibodies from R&D (A-E), or BD Bioscience (F-J), for HUVECS (A-C, F-H), HMVEC-L (D and I) and human peripheral blood T
cells cultured in IL-2 (E and J). Endothelial cells were harvested at different densities to determine cell cycle dependency of CXCR3 expression (B-C,
G-H), and were harvested either with EDTA (A, B, D, F, G, 1) or trypsin (C and H).

doi:10.1371/journal.pone.0012700.g005

of groups have reported human CXCR3-B on different cell types,
they mostly rely on the same primer pairs described in the original
publication by Lasagni et al. [22]. However, the CXCR3-B primer
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Figure 6. HUVEC and HMVEC-L have very low expression of
CXCR3 mRNA. HUVEC and HMVEC-L were harvested at two different
cell densities, and human peripheral blood T cells were harvested after
7 days in culture with IL-2. A primer pair in the common sequence in
exon 2 of CXCR3 was used to detect both CXCR3-A and B splice variants
using qPCR.

doi:10.1371/journal.pone.0012700.9g006
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pair used in these studies does not span an intron and therefore will
also detect and produce the same sequence for unspliced RNA. The
forward primer used for detecting CXCR3-B is located after the
alternative initiating ATG within the intron of CXCR3-A (position
1011-1029 within Pubmed gene reference NC_000023.10, see
Fig. 3A) and the reverse primer is located within the exon (position
1089-1070), resulting in a PCR product of 79 bp. To our
knowledge this fact has not been discussed in any prior publication.
In contrast, the primers commonly used to detect CXCRS3-A
(including those used by by Lasagni et al.), span an intron; these
primers are located before the donor splice site for the forward
primer (position 40-58) and after the acceptor splice site (position
1128-1104). Importantly, this CXCR3-A primer pair should
therefore give a product for spliced CXCR3-A and CXCR3-B,
with a PCR product of 111 bp for spliced CXCR3-A and 355 bp
for spliced CXCR3-B. However, in most publications using
endothelial cells [22], tumor cells [30,31] and epithelial cells [32],
high levels have been reported with the CXCR3-B primers, but very
low levels with the CXCR3-A primers, which has led to the
conclusion that CXCR3-B is preferentially expressed on these cells.
The question remains though why in these publications the
CXCR3-A primers did not give a signal for CXCR3-B. We are
furthermore concerned that when we performed a Blast search on
the NCI EST (expressed sequence tags) database with the 5’
nucleotide sequence unique to human CXCR3-B no matching
cDNA clones were identified in any of the published cDNA
libraries. In contrast, using the 5’ ¢DNA sequence of human
CXCR3-A that crosses the first intron in a similar Blast search of the
NCI EST database, we identified 13 matching cDNA clones. In the
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Figure 7. Neutralization of CXCR3 does not diminish CXCL10’s anti-proliferative effect. A) HUVEC were plated in 96 well plates with bFGF.
24 hr after plating, new media with CXCL10 and anti-CXCR3 antibody from BD Bioscience (10 ug/ml) or R&D (10 or 50 ug/ml), or an isotype control
IgG (10 pg/ml). *H-thymidine incorporation was assessed for the final 18 hr of incubation. Representative data of two experiments are shown, each
performed in triplicate, data are mean *+ SD. B) BD Bioscience and R&D neutralizing anti-CXCR3 antibodies block the ability of CXCL10 to induce
chemotaxis of human T cells. 100 ng/ml CXCL10 was placed in the bottom well of Neuropore chemotaxis chambers. Human T cells were pre-
incubated with 10 pg/ml antibody, and were added on top of the Neuroprobe membrane and allowed to migrate for 2 hours. Representative data
from two experiments are shown, each performed in duplicate, data are mean = SD.

doi:10.1371/journal.pone.0012700.g007
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Figure 8. CXCL10'’s anti-proliferative effect correlates with GAG
binding, but not CXCR3 binding. HUVEC were plated in 96-well
plates with bFGF. 24 hr after seeding, new media with CXCL10 (wt or
mutants) was added and replaced every 48 hr for a total of 3-4 days.
Mutant R8A is devoid of CXCR3 signaling, but has normal heparin
binding affinity. Mutant R22E has low heparin binding affinity and low
CXCR3 signaling, and mutant CtR22A has minimal CXCR3 signaling and
very low heparin binding affinity. *H-thymidine incorporation was
assessed for the final 18 hr of incubation. Representative data of at least
three experiments are shown, each performed in triplicate, data are
mean * SD.

doi:10.1371/journal.pone.0012700.g008
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original GCXCR3-B publication, the authors describe that they
identified a clone in a leukocyte cDNA library that showed complete
homology with CXCR3-B, but this library does not seem to be
available on-line anymore.

An important consideration regarding CXCR3-B is the
efficiency with which the spliced human CXCR3-B mRNA would
be translated. The first ATG codon within spliced CXCR3-B
mRNA is the same initiating ATG of CXCR3-A (see Fig. 3A,
highlighted in red). Since this is a strong Kozak consensus
sequence [33], translation should start at this position. There are
also two additional ATG codons before the proposed CXCR3-B
translational start. All three of these distal ATG codons (see
Fig. 3A, highlighted in yellow) have weaker Kozak sequences than
the upstream CXCR3-A ATG (Fig. 3A, highlighted in red). It is
therefore unlikely that translation would start at the proposed
CXCR3-B ATG. In fact, the presence of upstream ATG codons is
seen as a warning sign whether cDNA clones reflect a functional
mRNA [33]. Translation of the putative human CXCR3-B splice
mRNA is therefore expected to start at the CXCR3-A ATG
codon, but this translation would get terminated after 22 codons.
Theoretically, translation can get re-initiated, as cukaryotic
ribosomes can resume scanning and reinitiating translation
downstream of the stop codon [34]. The proposed CXCR3-B
translation start site is the next ATG after the stop codon and
could therefore result in re-initiation and translation of CXCR3-B.
However, re-initiating is inefficient, particularly as the upstream
open reading frame (ORF) lengthens past 13 codons, which in the
case of CXCR3-B is 22 codons (66 base pairs). Studies have shown
that very short upstream ORF (3—9 codons) reduced the yield to
30-35%, and 13-33 codons resulted in a further 3-fold lower
efficiency [34,35]. It is also important to note that the presence
and abundance of mRNA or cDNA transcripts do not
unequivocally establish the presence of functional mRNA and its
efficient translation [33]. Indeed, many immature or partially
spliced mRNAs have been found in ¢cDNA libraries, in particular
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of G protein-coupled receptors [36], partly due to difficulties in
cloning long transcripts. It has also been suggested that immature
RNA, and especially slow or only partial removal of the 5’ intron
is a way to regulate mammalian gene expression [33]. With this in
mind, there is real concern whether CXCR3-B is expressed as a
functional protein in non-transfected cells and whether it is
expressed on the cell surface. The first publication by Lasagni et al.
[22] produced two anti-CXCR3-B specific monoclonal antibodies,
but these antibodies have not been made widely available, and
have only been used in a few publications. While we deliberately
chose not to focus our study on CXCR3-B, we do want to point
out these uncertainties about the CXCR3-B splice variant and
whether this variant explains the anti-proliferative and angiostatic
functions of CXCL10 in human cells.

A further open question has been whether CXCR3-B exists in
mice and other rodents. We have not found any published papers
directly referring to CXCR3-B in mice, although many studies
have reported angiostatic effects of CXCL10 in mice i vivo and
in vitro. Analyzing the murine CXCR3 gene based on published
sequences, we show here that a stop codon would terminate a
potential in-frame CXCR3-B splice variant. In support of this
conclusion, we found no sequences in the mouse EST database
matching the putative mouse CXCR3-B specific region. Even if
CXCR3-B mediates anti-proliferative effects in humans, there has
to be a different explanation for CXCL10’s angiostatic and anti-
proliferative effects in mice.

Due to the complexity of potentially different pathways being
involved in mediating CXCLI10’s @ viwo angiostatic effect, we
focused solely on the question on whether the i witro anti-
proliferative effect of CXCL10 on endothelial cells requires
CXCR3. The clearest experiment to test the requirement of
CXCR3 was to utilize CXCR3-deficient endothelial cells derived
from mice in which the majority of exon 2 of the CXCR3 gene,
which encodes almost the entire protein, has been deleted. We first
showed that CXCLI10 has the same anti-proliferative effect on
primary murine heart endothelial cells as on HUVEC and
HMVEC, the two main human endothelial cells used to
mvestigate CXCL10’s angiostatic effect. We next demonstrated
that CXCLI10 inhibits CXCR3-deficient endothelial cells as
efficiently as wildtype endothelial cells, clearly pointing to a
CXCR3-independent pathway for this effect. It is interesting to
note though that various studies reported that the angiostatic effect
of CXCL10 was reduced in CXCR3-deficient mice. In particular
CXCR3-deficient mice displayed impaired post-ischemic neovas-
cularization [20], and delayed and impaired wound healing
[18,19]. However, CXCLI10’s angiostatic effect in these models
might not primarily be mediated by its direct anti-proliferative
effects on endothelial cells, but mediated indirectly through its
effects on other CXCR3-expressing cells. Indeed, Waeckel et al.
demonstrated that in CXCR3-deficient mice, fewer T cells and
monocytes/macrophages accumulated after ischemic injury and
that transfer of wildtype bone marrow-derived mononuclear cells
restored the impaired neovascularization in CXCR3-deficient
mice, pointing to a leukocyte recruitment-dependent mechanism
contributing to GXCL10’s angiostatic effect i vivo [20].

We performed further experiments to test whether CXCL10’s
i witro anti-proliferative effect on human endothelial cells is
CXCR3 dependent. First, we analyzed CXCR3 expression by
flow cytometry on the same endothelial cells that were inhibited by
CXCLI10. In our hands, using two different CXCR3 blocking
antibodies, one of which was reported to detect CXCR3-B, we
were not able to detect significant expression of CXCR3 on
HUVEC or HMVEC-L. Quantitative PCR using primers specific
to sequence in exon 2 common to CXCR3-A and CXCR3-B also
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revealed that HUVEC and HMVEC-L have very little, if any,
CXCR3 mRNA expression. Furthermore, the two antibodies did
not neutralize CXCLI10’s anti-proliferative effect on HUVEC.
Both of these findings clearly point to a CGXCR3-independent
mechanism, in agreement with the fact that CXCLI0 inhibited
proliferation of CXCR3-deficient murine endothelial cells. Finally,
we utilized a series of CXCL10 mutants we generated to map the
CXCR3 and GAG binding sites of CXCL10 [28]. Mutant R8A,
which is devoid of CXCR3 signaling but with retained GAG-
binding, inhibited endothelial cell proliferation as well as wildtype
CXCLI10, strongly suggesting again that this effect is CXCR3
independent. A similar finding was also reported by Proost et al.
with an N-terminally truncated CXCL10, which was devoid of
CXCR3 signaling but retained an angiostatic effect in the rabbit
cornea micropocket model [37]. In contrast, mutant R22E with
markedly reduced GAG-binding affinity, had a minimal effect on
HUVEC proliferation. This independent line of investigation
suggests that the ability of CXCL10 to inhibit endothelial cell
proliferation is more associated with its binding to glycosamino-
glycans than its binding to CXCR3.

Indeed, one of the first explanations for CXCL10’s and CXCL4
‘s anti-proliferative effect on endothelial was that they interfered
with the binding of growth factors to GAGs [12,38]. Growth
factors, in particular bFGF and VEGT, utilize GAG binding to aid
binding to their high affinity receptors [39]. CXCL4 anti-
proliferative effect has been clearly shown to include a component
related to competition of heparin binding as well as heparin
binding-independent components [40-43], which was however
not related to CXCR3-B [43]. Similarly, CXCLI10’s strong
heparin binding affinity could interfere with the binding of growth
factors to GAGs, thereby not involving CXCR3.

A third possible mechanism suggested for CXCL10’s anti-
proliferative effect could be direct signaling through GAGs.
Chemokine binding to GAGs has been demonstrated to cause
direct signaling in a number of different studies. For example,
CCL5 (RANTES) has been shown to activated the phosphotyr-
osine kinase (PTK)-dependent and p44/p42 mitogen-activated
protein kinase (MAPK) signaling pathways through GAGs [44].
Similarly, the GAG component of the proteoglycan syndecan-4
has been identified as a signaling molecule for CXCL12 (SDF-1)
[45].

While we suspect a component of CXCL10’s antiproliferative
effect on endothelial cells is the result of its affinity for GAGs and
the resultant displacement of growth factors from the cell surface,
we cannot exclude other mechanisms that may also contribute to
its effects on endothelial cells. However, our data strongly suggest
that CXCL10 can inhibit the proliferation of endothelial cells
through a CXCR3-independent pathway, and that this should be
considered when trying to understand the biology of CXCL10 and
CXCR3.

Materials and Methods

Ethic Statement

Mice were bred and maintained and experiments were
performed according to protocols approved by the Massachusetts
General Hospital Subcommittee on Research Animal Care under
the MGH institutional assurance number A3596-01.

Materials, cells and mice

Human umbilical vein endothelial cells (HUVEC) and human
lung microvascular endothelial cells (HMVEC-L) were obtained
from Lonza, cultured with complete Lonza EGM-2 (HUVEC) or
EGM-MV-2 (HMVEC-L) culture media and used between

September 2010 | Volume 5 | Issue 9 | e12700



passage 3-6. C57Bl/6 wild-type mice were purchased from
National Cancer Institute. Breeder pairs of CXCR3-deficient
(CXCR3 KO) mice were a kind gift from Dr. G. Gerard
(Children’s Hospital, Harvard Medical School, Boston, MA).
Recombinant CXCLI10 (wildtype or mutant) was produced and
purified as described before [28]. Antibodies were from BD, unless
stated otherwise.

Isolation of primary heart endothelial cells

Heart endothelial cells were isolated from wildtype or CXCR3
KO C57Bl/6 mice as previously described [46,47], with slight
modifications. Briefly, hearts were removed after intracardial
perfusion with 30 ml of PBS, were cut very finely and digested for
45 minutes with 0.2% collagenase II (Roche) at 37°C with gentle
shaking. The tissue was disrupted further by gentle tituration with
a 14 g cannula and then filtered through a 70 um cell strainer to
obtain single cell suspensions. The cells were incubated with sheep
anti-rat IgG Dynal beads (Dynal Corp), that were previously
coated with anti-PECAM-1 antibody (BD Biosciences), for 10
minutes at room temperature with end-over rotation. Bead-bound
cells were 1solated with a magnetic separator, washed and plated
on gelatin-coated flasks in complete DMEM, supplemented with
20% fetal calf serum, 100 pg/ml porcine heparin (Sigma) and
100 pg/ml endothelial mitogen (Biomedical Technologies). When
the cells reached 70-80% confluency, the cells were detached with
trypsin-EDTA and washed. Purity was assessed by flow cytometry
using anti-murine PECAM-1-PE (BD Bioscience) and anti-murine
ICAM-2-FITC. If purity was below 80%, cells were further
purified by selection on anti-murine ICAM-2 antibody coated
Dynal-beads. Endothelial cells over 85% purity were used for
experiments between passage 2-3.

Proliferation assay

Endothelial cells (HUVEC, HMVEC, primary murine heart
endothelial cells) were plated into 96-well plates at densities of 1—
4x10%/well in their respective media, with only bFGF as the
growth factor at 5 ng/ml initially (R&D) [12,38], and then at the
concentration provided for in the Lonza EGM media kit without
heparin supplementation in later experiments as this did not affect
our results. One day after seeding the cells, the media was
removed and replaced with media containing CXCLI10. Two days
later, the media was removed and replaced with fresh media
containing CXCL10. The cells were cultured with CXCL10 for a
total of 3-4 days, and [*H]-thymidine (NEN, 1 pCu/well) was
added for the last 18 hr of incubation.

Flow cytometry

Surface levels of CXCR3 protein on human endothelial cells or
T cells was analyzed by flow cytometry, using two different
antibodies. The first was an anti-hCXCR3 monoclonal antibody
from R&D (clone 49801), used at 2 pg/stain, employing a mIgG,
isotype control (R&D), also at 2 pg/stain. The cells were
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incubated with the primary antibody for 25 min, washed and
stained with a secondary goat- anti-mouse-PE labeled antibody
(Caltag Laboratories, 2 ul/stain) for 20 min. The second antibody
used to detect CXCR3 expression was a directly conjugated anti-
hCXCR3 antibody from BD Bioscience (1C6, APC-conjugated,
10 pl/stain), employing a mlgG;-APC isotype control (BD
Bioscience), staining the cells for 20 min. For CXCR3 expression
experiments, endothelial cells were grown at three different
densities, and harvested either with 0.25% trypsin or with
20 mM EDTA, between passage 3-6. Human T cells were
purified with anti CD3-MACS beads (Milteny Biotech) and grown
in complete RPMI, 10% FCS and hIL-2 (PeproTech) for 6-8
days.

Surface levels of CXCR3 protein on murine cells was analyzed
using an anti-CXCR3-PE conjugated antibody from R&D
(FAB1685P, 10 pl/stain). Murine endothelial cells were purified
as described above. Murine T cells were isolated from the spleen
and lymph nodes of wildtype and CXCR3-deficient C57Bl/6 mice
with anti CD4 Dynal beads and grown under Th1 conditions with
anti-CD3, anti-CD28, anti-IL-4, IL-12 and IL-2 for six days.
Endothelial cells and T cells were stained with anti-CXCR3-PE
antibody for 20 minutes, washed and flow cytometry was
performed on a FACS Calibur and analyzed with Flow Jo
software.

Chemotaxis

Chemotaxis assays were performed as described [28]. Briefly,
chemokine dilutions were added to the bottom well of a 96-well
chemotaxis plate (NeuroProbe, 5 um pore size). Human T cells
were pre-incubated with anti-hCXCR3 antibody (R&D or BD,
10 pg/ml) or an isotype control (10 pg/ml) for 10 minutes and
then added on top of the membrane (2.5x 10* cells) and allowed to
migrate to CXCL10 (100 ng/ml) at 37°C for 2 h, after which cells
in the bottom wells were counted under a microscope. The
Chemotactic Index was calculated by dividing the number of cells
that migrated in the presence of chemokine by the number of cells
in the presence of buffer only.

Quantitative PCR

Total RNA from HUVEC, HMVEC-L and human T cells
prepared as above was isolated with an RNAeasy kit (Qiagen),
converted to cDNA and analyzed by qPCR as described [48]
using the MX4000 multiplex quantitative PCR system (Strata-
gene).

AcknowledgmentS

The authors would like to thank Terry K. Means for helpful discussions.

Author Contributions

Conceived and designed the experiments: GSC RAC AL. Performed the
experiments: GSC. Analyzed the data: GSC. Wrote the paper: GSC.

6. Luster AD, Leder P (1993) IP-10, a -C-X-C- chemokine, elicits a potent thymus-
dependent antitumor response in vivo. J Exp Med 178: 1057-1065.

7. Taub DD, Lloyd AR, Conlon K, Wang JM, Ortaldo JR, et al. (1993)
Recombinant human interferon-inducible protein 10 is a chemoattractant for
human monocytes and T lymphocytes and promotes T cell adhesion to
endothelial cells. J Exp Med 177: 1809-1814.

8. Taub DD, Sayers TJ, Carter CR, Ortaldo JR (1995) Alpha and beta chemokines
induce NK cell migration and enhance NK-mediated cytolysis. ] Immunol 155:
3877-3888.

9. Thomas SY, Hou R, Boyson JE, Means TK, Hess C, et al. (2003) CD1d-
restricted NKT cells express a chemokine receptor profile indicative of Thl-type
inflammatory homing cells. J Immunol 171: 2571-2580.

September 2010 | Volume 5 | Issue 9 | e12700



20.

21.

22.

23.

24.

27.

28.

29.

30.

. Loetscher M, Gerber B, Loetscher P, Jones SA, Piali L, et al. (1996) Chemokine

receptor specific for IP10 and mig: structure, function, and expression in
activated T-lymphocytes. ] Exp Med 184: 963-969.

. Weng Y, Siciliano SJ, Waldburger KE, Sirotina-Meisher A, Staruch MJ, et al.

(1998) Binding and functional properties of recombinant and endogenous

CXCR3 chemokine receptors. J Biol Chem 273: 18288-18291.

. Luster AD, Greenberg SM, Leder P (1995) The IP-10 chemokine binds to a

specific cell surface heparan sulfate site shared with platelet factor 4 and inhibits
endothelial cell proliferation. J Exp Med 182: 219-231.

. Angiolillo AL, Sgadari C, Taub DD, Liao F, Farber JM, et al. (1995) Human

interferon-inducible protein 10 is a potent inhibitor of angiogenesis in vivo. ] Exp
Med 182: 155-162.

Strieter RM, Kunkel SL, Arenberg DA, Burdick MD, Polverini PJ (1995)
Interferon gamma-inducible protein 10 (IP-10), a member of the C-X-C
chemokine family, is an inhibitor of angiogenesis. Biochem Biophys Res
Commun 210: 51-57.

Sgadari C, Angiolillo AL, Tosato G (1996) Inhibition of angiogenesis by
interleukin-12 is mediated by the interferon-inducible protein 10. Blood 87:
3877-3882.

Sgadari C, Angiolillo AL, Cherney BW, Pike SE, Farber JM, et al. (1996)
Interferon-inducible protein-10 identified as a mediator of tumor necrosis in

vivo. Proc Natl Acad Sci U S A 93: 13791-13796.

. Luster AD, Cardiff RD, MacLean JA, Crowe K, Granstein RD (1998) Delayed

wound healing and disorganized neovascularization in transgenic mice
expressing the IP-10 chemokine. Proc Assoc Am Physicians 110: 183-196.

. Yates CC, Whaley D, Kulasekeran P, Hancock WW, Lu B, et al. (2007) Delayed

and deficient dermal maturation in mice lacking the CXCR3 ELR-negative
CXC chemokine receptor. Am J Pathol 171: 484-495.

. Bodnar RJ, Yates CC, Rodgers ME, Du X, Wells A (2009) IP-10 induces

dissociation of newly formed blood vessels. J Cell Sci 122: 2064-2077.
Waeckel L, Mallat Z, Potteaux S, Combadiere C, Clergue M, et al. (2005)
Impairment in postischemic neovascularization in mice lacking the CXC
chemokine receptor 3. Circ Res 96: 576-582.

Glaser J, Gonzalez R, Perreau VM, Cotman CW, Keirstead HS (2004)
Neutralization of the chemokine CXCLIO enhances tissue sparing and
angiogenesis following spinal cord injury. J Neurosci Res 77: 701-708.
Lasagni L, Francalanci M, Annunziato F, Lazzeri E, Giannini S, et al. (2003) An
alternatively spliced variant of CXCR3 mediates the inhibition of endothelial
cell growth induced by IP-10, Mig, and I-TAC, and acts as functional receptor
for platelet factor 4. J Exp Med 197: 1537-1549.

Romagnani P, Annunziato F, Lasagni L, Lazzeri E, Beltrame C, et al. (2001)
Cell cycle-dependent expression of CXC chemokine receptor 3 by endothelial
cells mediates angiostatic activity. J Clin Invest 107: 53-63.

Salcedo R, Resau JH, Halverson D, Hudson EA, Dambach M, et al. (2000)
Differential expression and responsiveness of chemokine receptors (CXCR1-3)
by human microvascular endothelial cells and umbilical vein endothelial cells.
FASEB J 14: 2055-2064.

. Murdoch C, Monk PN, Finn A (1999) CXC chemokine receptor expression on

human endothelial cells. Cytokine 11: 704-712.

Schutyser E, Su Y, Yu Y, Gouwy M, Zaja-Milatovic S, et al. (2007) Hypoxia
enhances CXCR4 expression in human microvascular endothelial cells and
human melanoma cells. Eur Cytokine Netw 18: 59-70.

Aksoy MO, Yang Y, Ji R, Reddy PJ, Shahabuddin S, et al. (2006) CXCR3
surface expression in human airway epithelial cells: cell cycle dependence and
effect on cell proliferation. Am J Physiol Lung Cell Mol Physiol 290: 1.909-918.
“ampanella GS, Lee EM, Sun J, Luster AD (2003) CXCR3 and heparin
binding sites of the chemokine IP-10 (CXCL10). J Biol Chem 278:
17066-17074.

Campanella GS, Grimm J, Manice LA, Colvin RA, Medoff BD, et al. (2006)
Oligomerization of CXCLI10 is necessary for endothelial cell presentation and in
vivo activity. J Immunol 177: 6991-6998.

Datta D, Flaxenburg JA, Laxmanan S, Geehan C, Grimm M, et al. (2006) Ras-
induced modulation of CXCLI10 and its receptor splice variant CXCR3-B in

@ PLoS ONE | www.plosone.org

10

31.

32.

33.

34.

37.

39.

40.

41.

42.

44.

46.

47.

48.

CXCL10 and Endothelial Cells

MDA-MB-435 and MCF-7 cells: relevance for the development of human breast
cancer. Cancer Res 66: 9509-9518.

Giuliani N, Bonomini S, Romagnani P, Lazzaretti M, Morandi F, et al. (2006)
CXCR3 and its binding chemokines in myeloma cells: expression of isoforms
and potential relationships with myeloma cell proliferation and survival.
Haematologica 91: 1489-1497.

Sfriso P, Oliviero F, Calabrese F, Miorin M, Facco M, et al. (2006) Epithelial
CXCR3-B regulates chemokines bioavailability in normal, but not in Sjogren’s
syndrome, salivary glands. J Immunol 176: 2581-2589.

Kozak M (1996) Interpreting cDNA sequences: some insights from studies on
translation. Mamm Genome 7: 563-574.

Kozak M (2001) Constraints on reinitiation of translation in mammals. Nucleic
Acids Res 29: 5226-5232.

. Luukkonen BG, Tan W, Schwartz S (1995) Efficiency of reinitiation of

translation on human immunodeficiency virus type 1 mRNAs is determined by
the length of the upstream open reading frame and by intercistronic distance.
J Virol 69: 4086-4094.

. Kawasawa Y, McKenzie LM, Hill DP, Bono H, Yanagisawa M (2003) G

protein-coupled receptor genes in the FANTOM?2 database. Genome Res 13:
1466-1477.

Proost P, Schutyser E, Menten P, Struyf S, Wuyts A, et al. (2001) Amino-
terminal truncation of CXCR3 agonists impairs receptor signaling and
lymphocyte chemotaxis, while preserving antiangiogenic properties. Blood 98:
3554-3561.

Sato Y, Waki M, Ohno M, Kuwano M, Sakata T (1993) Carboxyl-terminal
heparin-binding fragments of platelet factor 4 retain the blocking effect on the
receptor binding of basic fibroblast growth factor. Jpn J Cancer Res 84:
485-488.

Yayon A, Klagsbrun M, Esko JD, Leder P, Ornitz DM (1991) Cell surface,
heparin-like molecules are required for binding of basic fibroblast growth factor
to its high affinity receptor. Cell 64: 841-848.

Sulpice E, Contreres JO, Lacour J, Bryckaert M, Tobelem G (2004) Platelet
factor 4 disrupts the intracellular signalling cascade induced by vascular
endothelial growth factor by both KDR dependent and independent
mechanisms. Eur J Biochem 271: 3310-3318.

Maione TE, Gray GS, Hunt AJ, Sharpe RJ (1991) Inhibition of tumor growth in
mice by an analogue of platelet factor 4 that lacks affinity for heparin and retains
potent angiostatic activity. Cancer Res 51: 2077-2083.

Gengrinovitch S, Greenberg SM, Cohen T, Gitay-Goren H, Rockwell P, et al.
(1995) Platelet factor-4 inhibits the mitogenic activity of VEGF121 and
VEGF165 using several concurrent mechanisms. J Biol Chem 270:
15059-15065.

. Aidoudi S, Bujakowska K, Kieffer N, Bikfalvi A (2008) The CXC-chemokine

CXCL4 interacts with integrins implicated in angiogenesis. PLoS One 3: ¢2657.
Chang TL, Gordon CJ, Roscic-Mrkic B, Power C, Proudfoot AE, et al. (2002)
Interaction of the CC-chemokine RANTES with glycosaminoglycans activates a
p44/p42 mitogen-activated protein kinase-dependent signaling pathway and
enhances human immunodeficiency virus type 1 infectivity. J Virol 76:
2245-2254.

. Charnaux N, Brule S, Hamon M, Chaigneau T, Saffar L, et al. (2005)

Syndecan-4 is a signaling molecule for stromal cell-derived factor-1 (SDF-1)/
CXCLI12. FEBS J 272: 1937-1951.

Tager AM, LaCamera P, Shea BS, Campanella GS, Selman M, et al. (2008)
The lysophosphatidic acid receptor LPA1 links pulmonary fibrosis to lung injury
by mediating fibroblast recruitment and vascular leak. Nat Med 14: 45-54.
Allport JR, Lim YC, Shipley JM, Senior RM, Shapiro SD, et al. (2002)
Neutrophils from MMP-9- or neutrophil elastase-deficient mice show no defect
in transendothelial migration under flow in vitro. J Leukoc Biol 71: 821-828.
Means TK, Hayashi F, Smith KD, Aderem A, Luster AD (2003) The Toll-like
receptor 5 stimulus bacterial flagellin induces maturation and chemokine
production in human dendritic cells. J Immunol 170: 5165-5175.

September 2010 | Volume 5 | Issue 9 | e12700



