J c I The Journal of Clinical Investigation

Endothelial and nonendothelial sources of PDGF-B regulate
pericyte recruitment and influence vascular pattern formation in
tumors

Alexandra Abramsson, ... , Per Lindblom, Christer Betsholiz

J Clin Invest. 2003;112(8):1142-1151. https://doi.org/10.1172/JCI18549.

m Oncology

Tumor-infiltrating blood vessels deviate morphologically and biochemically from normal vessels, raising the prospect of
selective pharmacological targeting. Current antiangiogenic approaches focus mainly on endothelial cells, but recent data
imply that targeting pericytes may provide additional benefits. Further development of these concepts will require deeper
insight into mechanisms of pericyte recruitment and function in tumors. Here, we applied genetic tools to decipher the
function of PDGF-B and PDGF-R in pericyte recruitment in a mouse fibrosarcoma model. In tumors transplanted into

PDGF-B retention motif—deficient (pdgf-b"¢U"et) mice, pericytes were fewer and were partially detached from the vessel
wall, coinciding with increased tumor vessel diameter and hemorrhaging. Transgenic PDGF-B expression in tumor cells

was able to increase the pericyte density in both WT and pdgf-b¥"et mice but failed to correct the pericyte detachment in

pdgf-b'e”ret mice. Coinjection of exogenous pericytes and tumor cells showed that pericytes require PDGF-Rp for
recruitment to tumor vessels, whereas endothelial PDGF-B retention is indispensable for proper integration of pericytes in
the vessel wall. Our data support the notion that pericytes serve an important function in tumor vessels and highlight
PDGF-B and PDGF-Rp as promising molecular targets for therapeutic intervention.

Find the latest version:

https://jci.me/18549/pdf



http://www.jci.org
http://www.jci.org/112/8?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI18549
http://www.jci.org/tags/73?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/33?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/18549/pdf
https://jci.me/18549/pdf?utm_content=qrcode

Endothelial and nonendothelial

See the related Commentary beginning on page 1134.

sources of PDGF-B regulate pericyte
recruitment and influence vascular
pattern formation in tumors

Alexandra Abramsson, Per Lindblom, and Christer Betsholtz
Department of Medical Biochemistry, Sahlgrenska Academy at Goéteborg University, Géteborg, Sweden

Tumor-infiltrating blood vessels deviate morphologically and biochemically from normal vessels,
raising the prospect of selective pharmacological targeting. Current antiangiogenic approaches focus
mainly on endothelial cells, but recent data imply that targeting pericytes may provide additional
benefits. Further development of these concepts will require deeper insight into mechanisms of per-
icyte recruitment and function in tumors. Here, we applied genetic tools to decipher the function of
PDGF-B and PDGF-R in pericyte recruitment in a mouse fibrosarcoma model. In tumors trans-
planted into PDGF-B retention motif-deficient (pdgf-b /) mice, pericytes were fewer and were pat-
tially detached from the vessel wall, coinciding with increased tumor vessel diameter and hemor-
rhaging. Transgenic PDGF-B expression in tumor cells was able to increase the pericyte density in
both WT and pdgf-b e/t mice but failed to correct the pericyte detachment in pdgf-b e/t mice. Coin-
jection of exogenous pericytes and tumor cells showed that pericytes require PDGF-RJ for recruit-
ment to tumor vessels, whereas endothelial PDGF-B retention is indispensable for proper integra-
tion of pericytes in the vessel wall. Our data support the notion that pericytes serve an important
function in tumor vessels and highlight PDGF-B and PDGF-RJ as promising molecular targets for
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therapeutic intervention.
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Introduction

Most solid tumors induce a neovascular response in
order to secure a sufficient supply of nutrients and oxy-
gen (1). However, the vessels formed to support tumor
enlargement show many signs of structural hetero-
geneity and dysfunction, including lack of a hierarchi-
cal branching organization, irregular diameter, and
increased leakiness (2-6). The cell and ECM composi-
tion of tumor vessels is also abnormal; some tumor ves-
sels have an incomplete basement membrane, and typ-
ically the pericyte coverage is low and irregular (7-13).
The causes of these abnormalities are not known, but
at least part of the tumor vessel phenotype is believed
to reflect lack of proper maturation (14, 15). Because of
their critical role for tumor growth, tumor blood ves-
sels are recognized as potential antitumor drug targets,
and their abnormalities open up the possibility of tar-
geting tumor vessels separately from the vessels of the
surrounding normal tissue (16-18).
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Pericytes are considered to be required for normal
microvascular stability and function (19). Pericyte defi-
ciency, as seen in mice lacking PDGF-B and its cognate
receptor PDGF-Rf3, promotes a range of microvascular
changes, such as endothelial hyperplasia, vessel dilation,
tortuosity, leakage, and rupture, leading to widespread
and lethal microhemorrhage and edema at late gesta-
tion (20-22). Models that allow postnatal analysis of
pericyte recruitment defects have further demonstrated
a strict requirement for pericytes in shaping a function-
al retinal vasculature (23-25). Thus, pericytes are criti-
cally involved in normal developmental microvessel for-
mation in many organs, and the pericyte-deficient state
caused by genetic ablation of PDGF-B or PDGF-Rf}
leads to the formation of microvessels with many of the
typical hallmarks of tumor vessels.

In analogy with developmental angiogenesis, the
extent of pericyte recruitment in tumor angiogenesis
likely has important functional implications. The het-
erogeneity in pericyte density and investment com-
monly observed between and within tumors may corre-
late with the structural irregularities and functional
heterogeneity observed. Intriguingly, normal vessels can
tolerate substantial reduction in the density of pericytes.
Reduction of up to 90% of the pericyte coverage in mice,
while causing structural and functional abnormalities
in the microvasculature, is compatible with embryonic
and postnatal survival (24). Loss of more than 95% of
the pericytes, however, is lethal (20, 24). This suggests
that a rather low threshold density of pericytes is
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required for basal microvascular function. Thus, even
small numbers of pericytes in tumor vessels may be crit-
ical for vessel integrity and function. This view is sup-
ported by studies showing that tumor vessels lacking
pericytes are more dependent on VEGF for their survival
than are vessels invested by pericytes (12), suggesting
that the efficiency of an antitumor therapy directed
against VEGF signaling may correlate inversely with the
propensity of the tumor to recruit pericytes. A recent
study demonstrated that pericyte density correlated
with the effect of antiangiogenic therapy also when this
was directed against targets other than VEGF (15). Tyro-
sine kinase inhibitors affecting multiple receptor tyro-
sine kinases (RTKSs) may exert their antitumor activity
in part by reducing pericyte density in the tumor vessels,
thereby sensitizing them to inhibition of endothelial
RTKs (10). Combinations of RTK inhibitors targeting
kinases in both endothelial cells and pericytes were
recently shown to inhibit the growth of mouse insuli-
nomas better than any of the RTK blockers individual-
ly (26). Together, these observations suggest that peri-
cytes may constitute a relevant target cell type for
antitumor angiogenesis therapy.

If pericytes are considered as a target for tumor ther-
apy, it becomes important to map the molecular mech-
anisms involved in pericyte recruitment to the tumor
vessel wall. Previous studies have demonstrated that
pericyte recruitment in developmental angiogenesis
depends on endothelium-derived PDGF-B and peri-
cytic expression of PDGF-RP (20, 21). It is unclear,
however, to what extent the same mechanisms are
involved in pathological angiogenesis. Recent experi-
ments suggest that PDGF-B expression stimulates per-
icyte recruitment in gliomas (27). Using kinase
inhibitors, a functional role for PDGF-RP has also
been implicated in pericyte recruitment in mouse
insulinomas (26). However, these agents inhibit a
broad range of kinases, and it cannot be ruled out that
their effects on pericyte recruitment result from the
inhibition of kinases other than PDGF-RJ. PDGF-B
and PDGF-RP also have other roles besides pericyte
recruitment that may affect tumor growth. PDGF-B
expression is commonly observed in several types of
tumors and has been implicated in autocrine growth
stimulation, the formation of tumor stroma, and the
control of interstitial tumor pressure (28-31).

In the present study, we address the role of paracrine
PDGEF-B/PDGF-RJ signaling in tumor vessel pericyte
recruitment using a set of specific genetic tools. We
show that PDGF-R expression by pericytes is neces-
sary for their recruitment to tumor vessels and that
extracellular retention of PDGF-B produced by the
tumor endothelium is required for the recruitment of
adequate numbers of pericytes, as well as for proper
integration of pericytes in the vascular wall. We also
show that PDGF-B expression from the tumor cells
enhances tumor pericyte recruitment. Finally, our stud-
ies show that impaired pericyte recruitment correlates
with increased tumor vessel diameter.

Methods

Animals, cell culture, and tumor transplantation. Tumor cells
and murine embryonic fibroblasts (MEFs) were cultured
and transplanted as described (13). Tumors were stud-
ied in WT C57BL6 (n = 7) mice or transgenic mice lack-
ing the PDGF-B retention motif (pdgf-b/* mice) (n = 5)
backcrossed on the C57BL6 genetic background. The
pdgf-be/rt mice were identified by genotyping tail DNA
by PCR, which was performed using four primers that
specifically recognized the WT and mutated alleles,
respectively. Forward 5-CATGCTGCCTTGTAATCCGTTC-
3" and reverse 5'-GGCGGATTCTCACCGT-3" produced a
340-bp WT fragment, and forward 5’-GGTGACCATTCG-
GTAA-3" and reverse 5’-TCTAAGTCACAGCCAGGGAG-
TAGC-3’ produced a 212-bp fragment from the pdgf-br
allele. The PCR reactions contained 2 ul 10x PCR buffer
(200 mM Tris-HCI, pH 8.4, and 500 mM KCl), 1 ul DNA,
0.2 uM primer, 0.2 mM dNTP’s, 1 U Taq polymerase, and
1.5 mM MgCl, in a 20-ul volume. Reactions were com-
pleted on a model 9700 thermal cycler from PE Biosys-
tems (Foster City, California, USA) using this program:
seven cycles of 95°C for 5 minutes, 94°C for 30 seconds,
60°C (with the temperature decreasing 0.5°C per cycle)
for 45 seconds, and 72°C for 90 seconds, followed by 27
cycles of 94°C for 45 seconds, 55°C for 45 seconds, and
72°C for 90 seconds.

Animals were housed under barrier conditions in the
transgenic core facility of Goteborg University. T241
cells were transfected with empty vector or vector con-
taining human PDGF-B cDNA expressed by a fused
CMV-1E chicken B-actin promoter (kindly provided by
Andras Nagy, Mount Sinai Hospital Research Insti-
tute , Toronto, Ontario, Canada), resulting in T241-B
cells. Neomycin resistance and lacZ expression were
used as selection markers of transfected cells. Selected
clones were trypsinized, washed, resuspended in PBS,
and injected subcutaneously onto the backs of 6- to 8-
week-old CS7BL6 (n = 6) or pdgf-brt/*t (n = 3) mice. Each
injection of T241 or T241-B cells contained 1 X 10°
cells, whereas T241/MEF mixtures contained a total of
1 x 106 cells in a 1:9 ratio. Proliferation studies were
performed by seeding 1 x 10* cells/cm? (day 0), fol-
lowed by cell counting on days 1, 2,4, and 7.

The sizes of T241 tumors (» = 10) and T241-B tumors
(n=10) were estimated by measuring tumor diameter on
days 6, 9, 11, and 13 after subcutaneous injection of
5% 10° cells into 7-week-old C57BL6 females. Tumor vol-
umes were subsequently calculated using the formula
V=nXxa?Xxbx 671, wherea and b represent the shortest
and longest diameter of the tumor, respectively.

Analysis of mRNA and protein expression. PDGF-B expres-
sion by T241-B cells was confirmed by Northern blot
analysis on confluent cell cultures. Total cellular RNA
was isolated with an RNeasy Mini Kit (QIAGEN Inc.,
Valencia, California, USA), and 10 pg RNA was size-frac-
tionated on a denaturing gel and transferred to a
BrightStar-Plus membrane using a NorthernMax blot-
ting kit (Ambion Inc., Austin, Texas, USA). Hybridiza-
tion with 32P-labeled cDNA probes for human PDGF-B
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and mouse GAPDH was performed according to the
instructions of the manufacturer (Ambion Inc.) and
standard protocols.

Quantification of PDGF-B protein levels accumulat-
ing in the conditioned medium of confluent T421-B cell
cultures was made using the Quantikine PDGF-BB
immunoassay kit (R&D Systems Inc., Minneapolis, Min-
nesota, USA). Briefly, the medium was conditioned for 2
days and then processed according to the manufactur-
er’s protocol. Optical density was measured using a
Vmax microplate reader from Molecular Devices Corp.
(Sunnyvale, California, USA). All measurements were
repeated and made with replicates. Data were processed
using SoftMax 2.35 (Molecular Devices Ltd., Woking-
ham, United Kingdom).

Immunobistochemistry and in situ hybridization. Tissues
were handled as described (13, 32). Briefly, tumors were
isolated 12-14 days after transplantation and fixed in 4%
paraformaldehyde (PFA) for immunohistochemistry or
0.4% PFA to enable detection of lacZ expression. Anti-
body staining was performed on floating sections
40-100 wm thick or on 14-uM sections on slides. Float-
ing sections were stained for endothelial cells and
mounted on glass slides with Mowiol/DABCO (Sigma-
Aldrich, St. Louis, Missouri, USA) mounting medium
supplemented with the antibleaching agent DABCO
(Sigma-Aldrich) or processed for double and triple label-
ing. Antibodies used as markers for endothelium were
rat anti-Pecam-1 (BD Pharmingen, San Diego, Califor-
nia, USA) and rat anti-endomucin (a kind gift from Diet-
mar Vestweber, University of Miinster, Miinster, Ger-
many). VSMCs and pericytes were labeled with rabbit
anti-NG2 (Chemicon International, Temecula, Califor-
nia, USA) and FITC-conjugated mouse anti-0-smooth
muscle actin (SMA) (Sigma-Aldrich). Secondary anti-
bodies conjugated with the appropriate fluorochrome
(Alexa 488, 568, or 633; Molecular Probes Inc., Eugene,
Oregon, USA) were used. Mounted tumor sections were
analyzed by conventional light and fluorescence
microscopy using a Nikon E1000 microscope equipped
with a digital camera (Coolpix 990; Nikon Inc., Melville,
New York, USA) and by confocal laser scanning
microscopy using a Leica TCS NT confocal microscope
(Leica Microsystems Inc., Deerfield, Illinois, USA). Digi-
tal images were processed using Adobe Photoshop 6.0
(Adobe Systems Inc., Mountain View, California, USA).

Nonradioactive in situ hybridization was performed
as previously described on frozen sections fixed in 4%
PFA (20, 32). RNA probes were transcribed from cDNA
fragments coding for the murine and human PDGF-B.
Sections were postfixed in 4% PFA after hybridization
and processed as above for immunohistochemical
staining of the endothelium.

Quantifications. Vessel density, volume, and length were
measured as described (33) using a 1 mm? point-count-
ing grid covering an area of 0.0625 mm? at X400 mag-
nification. These parameters were estimated by count-
ing the number of vessel profiles, test points hitting
vessel profiles, and number of intersections with vessel

profiles in one line intercept grid. Vessel density is
expressed as the number of vessel profiles per mm?.
Thirty fields per section and at least two tissue sections
were counted from T241 grown on WT mice (n = 7),
T241 on pdgf-br/* mice (n = 5), T241-B on WT mice
(n=6), and T241-B on pdgf-b*/  mice (n = 3). Approxi-
mation of the recruited MEF cells in tumors from
T241/MEF mixtures was achieved by, in addition to the
above-mentioned parameters, scoring lacZ* cells in
10-20 fields of six sections from each tumor type.

Vessel diameters were calculated by measuring at least
100 vessel profiles from six sections of each tumor type
(T241 on WT, n = 3; T241 on pdgf-b /=, n = 3;T241-B on
WT, n=3; and T241-B on pdgf-b/ mice, n = 4) using
Easy Images Measurement 2.1 (Bergstrom Instruments
AB, Solna, Sweden).

Pericyte coverage was measured by calculating the area
of overlap of NG2 and Pecam-1 staining. Pericyte den-
sity was quantified by relating the NG2-stained area to
the Pecam-1-stained area. The actual area of the NG2,
Pecam-1, and double-positive stainings were quantified
using OpenLab 2.0.7 software (Improvision, Coventry,
United Kingdom) from the more than 30 pictures taken
from at least five sections (14 um thick) of each tumor.

Pericyte detachment was analyzed using OpenLab
2.0.7 software by measuring the shortest distance
between the Pecam-1 staining and the most distal
point of NG2 staining for individual pericytes and the
nearest vessel of confocal images. Between 60 and 100
measurement points were obtained from confocal
images of a minimum of four sections of each tumor.

Statistical analysis. All results are expressed as mean + SD.
Differences between experimental groups were ana-
lyzed by Student’s ¢ test using two-tailed distribution
and the two-sample unequal variance. P < 0.05 was con-
sidered statistically significant.

Results
Vascular networks developing in different types of
tumors vary considerably at different locations in the
host and within the same tumor (8, 13, 34). In general,
this complicates the extrapolation of results from one
tumor model to another. Here we address the mecha-
nism of tumor vessel pericyte recruitment using a sin-
gle model, the fibrosarcoma (T241) tumor transplant-
ed subcutaneously, in situations where the host, the
tumor cells, and exogenously added pericytes were
independently genetically manipulated. T241 tumor
vessels normally recruit a significant number of peri-
cytes, although the densities achieved are low in com-
parison with surrounding normal vessels (13). In addi-
tion to being sparse, the pericytes recruited to T241
tumor vessels show an abnormal organization (13).
Deletion of the PDGF-B retention motif leads to decreased
mural cell recruitment and increased tumor vessel diameter.
Complete inactivation of the pdgf-b gene in mice is
embryonic lethal (35). To allow genetic analysis of
PDGF-B function in the adult, we have introduced con-
ditional and partially inactivating mutations into the
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pdgf-b gene (24, 36). Similar to certain isoforms of other
members of the PDGF/VEGF superfamily such as
VEGF-A, VEGF-B, placenta growth factor (PIGF), and
PDGF-A, the PDGF-B protein contains a conserved
C-terminal basic sequence (37) mediating binding
within the cell (38), or to proteoglycans at the cell sur-
face and in the ECM (39-42). A similar motif in the
VEGF-A protein is necessary for the formation of prop-
er extracellular VEGF-A gradient, which in turn is
required for correct angiogenic sprouting and branch-
ing morphogenesis (43-43).

We have recently generated mice carrying a knock-in
mutation in the pdgf-b gene, leading to C-terminal trun-
cation of the PDGF-B retention motif in the endoge-
nous PDGF-B protein (36). Homozygous carriers of the
pdgf-bre allele (pdgf-bret/rt mice) survive into adulthood,
but show impaired pericyte recruitment in many vascu-
lar beds, most notably in the kidney and the retina (36).
The postnatal survival of pdgf-bret/rt mice allowed tumor
transplantation experiments and analysis of the impor-
tance of cell/matrix-bound PDGF-B in tumor angio-
genesis. We transplanted T241 cells into pdgf-be/r mice
in a C57BL6 congenic background. Tumors grown on
WT and pdgf-bret/rt mice reached similar sizes 12 days
after transplantation; however, the tumors grown on
pdgf-brev/*t hosts were consistently more hemorrhagic at
the time of isolation (data not shown). Tumor sections
were stained for endothelium (Pecam-1) and mural cells
(NG2 or SMA). The vasculature of tumors grown on
pdgf-bred/t mice had an increased proportion of large and
dilated vessels compared with tumors grown on WT
mice (Figure 1,a and b, and Figure 2, a and b). Vessels in
the normal tissue surrounding the tumor had a normal
appearance both in size and perivascular cell association
(Figure 1, ¢ and d). Quantification showed that the
mean section diameter of tumor vessels in pdgf-bret/ret
mice was approximately twofold greater than that in
WT mice (Figure 2, a and b), resulting in a threefold
higher total vessel volume relative to the tumor volume
(0.08 £ 0.003 vs. 0.03 + 0.007, P < 0.05). The vessel den-
sity was not significantly different between tumors
grown on WT and pdgf-brv/** mice (data not shown).

Tumor pericytes express NG2 (high-molecular-weight
melanoma-associated antigen) (7, 8) in addition to SMA
(11, 13) and desmin (34). The expression of these mark-
ers overlaps extensively, although some tumors appear
to have a larger proportion of pericytes expressing NG2
than SMA (7, 8). In T241 tumors grown on WT C57BL6
mice, the vessel profiles present on tumor tissue sec-
tions showed irregular coverage of NG2-positive cells,
varying from dense coats completely covering the ablu-
minal endothelial surface (100% coverage) to naked
stretches of endothelium (0% coverage) (Figure 1a and
Figure 2, c-e). The majority of the tumor vessel pericytes
were positive for both NG2 and SMA, but rare NG2-
positive, SMA-negative pericytes could also be identified
(data not shown). The NG2-positive cells were invari-
ably tightly associated with the abluminal endothelial
surface in T241 tumors grown on WT mice (Figure le).

The vessels of tumors grown on pdgf-b /=t mice showed
a substantial reduction in the density of NG2-positive
cells (Figure 1b and Figure 2, c and f). Mural cell cover-
age and density were quantified from calculations of
NG2-, Pecam-1-, and double-stained areas as illustrat-
ed in Figure 2c. More than half of the vessel profiles
lacked contact with NG2- and SMA-positive cells (Fig-
ure 2, d and e). Moreover, the NG2-positive cells that
were found in these tumors were not as tightly associ-
ated with the abluminal endothelial surface as were
NG2-positive cells in the tumors grown on WT mice
(Figure 1, fand g, and Figure 2, g-i). Regularly, parts of
these cells extended away from the vessel, and complete
detachment from the abluminal surface of the endothe-
lium was often observed (Figure 1, f and g, arrows).
Quantification of the detachment (Figure 2g) revealed
an average sevenfold increase in the distance between
the endothelium and the most distal parts of the peri-
cytes in pdgf-bret/rt mice compared with WT mice.
Approximately 4% of the pericytes extended more than
10 um away from the endothelium in WT mice, com-
pared with more than 80% in pdgf-br*/rt mice.

During development, pdgf-b/rt mice express approxi-
mately threefold-reduced levels of PDGF-B mRNA (36).

T241 on WT T241 on pdgf-bretet

b

DNA SMA Pecam-1 NG2

Pecam-1 NG2

Figure 1

Reduced pericyte recruitment and dilated vessels in tumors trans-
planted into pdgf-bt/re mice. Double staining of endothelium (Pecam-
1, red) and pericytes/VSMCs (SMA or NG2, green) in the vasculature
of tumors and surrounding normal tissue of WT and pdgf-br¥ et mice.
Recruitment of pericytes to tumor vessels was higher in WT (a) than in
pdgf-bre/ret mice (b), and vessels in tumors grown on pdgf-bt/ret mice
were morphologically abnormal and significantly dilated. Vessels in the
surrounding dermal tissue show continuous coverage and circular
arrangement of mural cells in both WT (c) and pdgf-bre/ret mice (d).
NG2 staining of the pericytes demonstrated their close association with
the endothelium in tumors in WT mice (e), whereas they were partial-
ly or completely detached from the tumor endothelium in pdgf-bret/ret
mice (fand g, arrows). Bars: 50 um.
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Figure 2

Quantitative analyses of tumor vessels in T241 tumors grown on WT C57BL6 mice (T241/WT), T241 tumors grown on pdgf-b"/ret mice
(T241/ret), T241-B tumors grown on WT C57BL6 mice (T241-B/WT), and T241-B tumors grown on pdgf-br/rt mice (T241-B/ret). (a) Mean
vessel diameter. T241/WT, 11.7 £ 9; T241/ret, 26.8 + 16; T241-B/WT, 14.5 + 5.5; T241-B/ret, 14.9 + 6.5 um. (b) Scatter plot of data in a.
(c—f) Analysis of pericyte density and coverage. (c) Example of collected data. (d) Pericyte coverage illustrated as NG2-Pecam-1 overlapping
area, expressed as a percentage of total Pecam-1-stained area. (e) Scatter plot of the data in d. (f) Pericyte density illustrated as NG2 area
as a percentage of total Pecam-1 area. (g-i) Pericyte “detachment” from the endothelial cells expressed as the distance (in um) from the
endothelium to the most distal part of a pericyte. (g) Example of collected data. (h) Mean distance (im) of mural cell association with tumor
endothelium. (i) Scatter plot of individual NG2-positive pericytes. *P < 0.05.
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Figure 3

PDGF-B expression analysis. In situ hybridization revealed a similar
pattern of PDGF-B expression (dark blue, arrows) by the endotheli-
um (Pecam-1, red) of T241 tumors grown on (a) WT C57BL6 mice
and (b) pdgf-bre/ret mice. PDGF-B-transfected T241 cells (T241-B cells)
expressed PDGF-B both in vitro, as shown by Northern blot analysis
(c), and in vivo, as shown by in situ hybridization of sections of T241-B
tumors double stained for vessels (Pecam-1, red) (d). GAPDH
hybridization was used to control for RNA loading. hPDGF-B, human
PDGF-B. Bars: 50 um.

In accordance with these observations, the endotheli-
um of T241 tumors grown on pdgf-b*¥/**t mice expressed
PDGF-B mRNA detectable by in situ hybridization, but
the signal was reduced compared with the tumor
endothelium in WT mice (Figure 3,a and b, arrows). In
agreement with previously published data (13), the
T241 cells did not express PDGF-B in vitro (Figure 3c)

T241 on WT

T241-Bon WT

Figure 4

Tumor cell-derived PDGF-B increases pericyte recruitment to tumor vessels. Tumor vessel endothelium is visualized by staining for endomucin
(red) and pericytes by staining for NG2 (green). Low magnification shows the increased density of mural cells in central (a and b, arrows) and
peripheral areas (c and d) of T241 and T241-B tumors, respectively, transplanted into WT C57BL6 mice. In parental T241 tumors, a signifi-
cant proportion of the abluminal endothelial surface lacks associated pericytes (e, g, and i, arrowheads). In contrast, an almost continuous
layer of pericytes is seen in T241-B tumors (f, arrows). Analysis at higher magnification reveals that the pericytes in T241-B tumors tend to cir-
cular arrangements (h), whereas the pericytes in parental T241 tumors show a more longitudinal arrangement (g). i and j show closeups of

or in tumors in vivo, irrespective of host genotype (Fig-
ure 3, a and b). Deletion of the retention motif gener-
ates a PDGF-B protein that is less cell-associated than
WT PDGEF-B (36, 39, 40). We have not been able to
immunolocalize endogenously expressed and secreted
PDGF-B protein in tissues, and therefore we are not
able to test whether the pdgf-b*t mutation leads to
altered extracellular distribution of the endogenous
PDGF-B protein in vivo in pdgf-b/r mice. However, the
distribution in the dermis of recombinant WT and
C-terminally truncated PDGF-B expressed by trans-
planted keratinocytes suggests that secreted WT PDGF-
B protein becomes bound in the ECM surrounding the
producer cells, whereas the mutant PDGF-B diffuses
more freely in the tissue (42). Moreover, using endothe-
lioma cultures established from WT and pdgf-bret/re
mice, we have shown that the endogenous PDGF-Bret
protein more readily accumulates in the cell culture
medium than does the corresponding WT PDGF-B
protein (36). Together, these results suggest that reten-
tion of PDGF-B in the close vicinity of the endothelial
cells is critical for tumor pericyte recruitment. In addi-
tion, our data show that PDGF-B also has a role in
keeping recruited pericytes tightly associated with the
tumor vessel endothelium and that the retention motif
is critical for this function.

PDGF-B expression by T241 tumor cells increases mural cell
recruitment. The data above suggest that tumor ves-
sel-derived PDGF-B has a critical role in pericyte
recruitment in the T241 model. In contrast to the T241
cells, many tumor cells express PDGF-B, which
prompted us to analyze whether tumor cell-derived
PDGEF-B could promote pericyte recruitment to tumor
vessels as well. To address this, we transfected T241

the insets in g and h. Compare also mural cell encircling of cross-sectioned vessels (insets in i and j). Bars: 50 um (a-f) and 20 um (g-j).
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Figu

Increased pericyte number but failure of proper pericyte investment in T241-B
tumors transplanted into pdgf-b/r mice. Pecam-1 (red) and NG2 (green) dou-
ble staining of endothelium and pericytes, respectively, reveals that PDGF-B
produced by the T241-B tumors can partially rescue the defective pericyte num-
ber in pdgf-bre/*t mice (b and ¢, arrowheads). The pericyte density was, howev-
er, lower than that obtained after transplantation of T241-B tumors into WT
mice (a). In spite of the partial rescue of pericyte number by T241-derived
PDGF-B, the proper arrangement of pericytes in the vessel wall was dependent
on expression of WT PDGF-B protein by the host endothelium. Note the par-
tial or complete detachment of a majority of the pericytes in the pdgf-brv/ et mice,
irrespective of whether the T241 cells express PDGF-B or not (b, and e and f,
arrows), compared with T241-B tumors in WT mice (d, arrowheads). Bars: 50

um (
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a—c) and 20 um (d-f).

cells with an expression vector for human PDGF-B
(resulting in T241-B cells). PDGF-B expression was
confirmed in selected subclones by Northern blot
analysis and RT-PCR (Figure 3¢ and data not shown),
and approximately 10 pg/ml of PDGF-B protein was
measured in the conditioned medium of T241-B cul-
tures by a human PDGF-B immunoassay (data not
shown). In vivo expression of human PDGF-B by trans-
fected T241 tumors was confirmed by in situ hybridiza-
tion (Figure 3d). In vitro proliferation of the T241-B
cells was slightly reduced (approximately 20%) in com-
parison with the maternal T241 cells, probably a result
of clonal variability (data not shown). The in vivo
growth rate of T241-B tumors was also slightly reduced
compared with maternal T241 tumors; however, this
difference was not statistically significant in ten
tumors of each type (data not shown).

T241-B cells gave rise to tumors with a significantly
increased density of mural cells in the tumor vessels
compared with the maternal T241 cells (Figure 2f and
Figure 4). This was true both in the central regions of
the tumor, where pericyte density is normally sparse
(Figure 4 a and b, arrows), and at the periphery, where
pericyte coating is normally more dense (Figure 4, c
and d). In T241 tumors, only a relatively small pro-
portion (17%) of the abluminal endothelial surface was
covered by mural cells, leaving most of the abluminal
surface naked even in the most pericyte-dense areas

T241 on pdgf-breret

(Figure 4, e, g, and i, arrowheads). In T241-B
tumors, the mural cell coverage was signifi-
cantly increased (36%) (Figure 2,d and e), and
sites were found in the periphery of the tumor
where pericytes almost completely covered
the abluminal endothelial surface (Figure 4, f,
h, and j, arrows; see also insets iniand j fora
view of a typical vessel cross section). This
high degree of coverage was never observed in
tumors arising from the maternal T241 cells.

Also, T241-B cells transplanted to pdgf-bret/ret
mice recruited significantly more pericytes
than the T241 cells, leading to a normalized
pericyte density in comparison with T241
tumors grown on WT mice (Figure 2f). Thus,
tumor-derived PDGF-B seems capable of com-
pensating for the loss of endothelial PDGF-B
retention. The pericyte coverage was also sig-
nificantly increased, but not fully compensat-
ed for in comparison with T241 on WT mice
(Figure 2, d and e). The discrepancy between
the degree of compensation of pericyte densi-
ty and coverage is explained by the pericyte-
endothelium association; similar to the T241
tumors on pdgf-br/r mice, the T241-B tumors
on pdgf-b/rt mice showed partial detachment
of the mural cells (Figure 2, g-1, and Figure S,
b, e, and f, arrows). Thus, an endothelial
source of WT PDGF-B protein appears to be
required for the establishment of a tight asso-
ciation between the endothelial cells and
mural cells in tumor vessels, and this source cannot be
compensated for by tumor-derived PDGF-B.

Pericyte recruitment to tumor vessels requires PDGF-R. In
developmental angiogenesis, pericyte recruitment is
mediated by PDGF-B binding to PDGF-Rf} (20, 21).
Since PDGF-R knockouts are embryonic lethal (46),
we tested the importance of PDGF-Rp for tumor peri-
cyte recruitment using cell transplantation. We recent-
ly showed that the vasculature within the T241 tumor
is capable of efficiently recruiting ectopic pericytes from
coinjected cultures of MEFs (13). To determine whether
PDGF-Rf expression by MEFs is required in this
process, tumors were grown from a mixture of T241
cells and MEF cells isolated from WT or PDGF-Rp null
embryos harboring the transgenic marker XlacZ4,
which is expressed in the cell nuclei of pericytes and
VSMCs (13,23, 47). Although PDGF-RB-negative MEF
cells grew more slowly in culture than the correspon-
ding WT cells (data not shown), a similar proportion
(approximately 10%) of XlacZ4-positive cells was
observed in both types of MEF cultures (Figure 6, a and
b). This was not unexpected since the MEFs are derived
from embryonic day 12.5 embryos, which in contrast to
late-stage embryos generally have normal numbers of
mural cells in the absence of PDGF-B or PDGF-Rf (21).
The MEF cultures were prelabeled with a fluorescent
cell membrane marker, Pkh26, to allow tracing within
the tumor. In tumors containing WT MEFs, a propor-
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tion of the vessel profiles showed tightly associated
lacZ-positive nuclei (Figure 6c¢, arrowheads) in cells
coexpressing SMA (Figure 6e, arrowheads). In contrast,
no vessel-associated lacZ-positive nuclei were found in
tumors transplanted together with PDGF-RB-deficient
MEFs (Figure 6d). While these tumors failed to recruit
the exogenously added MEFs, they showed recruitment
of endogenous SMA-positive pericytes (Figure 6f,
arrows). Pkh26 labeling demonstrated a similar number
and distribution of PDGF-RB-negative and WT MEFs
within the tumor, indicating that the lack of PDGF-Rf-
negative lacZ-positive cells in the tumors is not a result
of uneven spreading or generally reduced survival of the
transplanted PDGF-RP-negative MEFs (Figure 6, g and
h). These results suggest that pericyte recruitment to
T241 tumor vessels requires PDGF-RJ expression by the
pericytes or their progenitors.

Loss of PDGF-B retention does not block recruitment of
exogenous mural cells but impairs their integration in the ves-
sel wall. We next injected WT MEFs derived from
XlacZ4 transgenic embryos together with T241 tumor
cells into pdgf-b™/r mice. In the resulting tumors,
XlacZ4-positive cells were found at the same frequency
as in tumors transplanted into WT mice (2.3 + 1.2
cells/mm of vessel length in WT mice compared with
3.8 + 1.8 cells/mm in pdgf-b*/r mice) (Figure 7,a and b,
arrowheads). This suggests that PDGF-B retention is

Figure 6

Exogenous PDGF-RB-deficient pericytes are not recruited by tumor
vessels. MEFs were isolated from XlacZ4-positive WT or PDGF-RB-
negative embryonic day 12.5 embryos and cultured in vitro (a and
b). These cultures contained similar proportions of XlacZ4-positive
cells (~10%). T241 cells mixed with MEFs at a 1:9 ratio were inject-
ed subcutaneously onto the backs of WT mice. Cells expressing lacZ
(pink) were found closely associated with endothelial cells (Pecam-1,
brown) in tumors mixed with PDGF-RB-positive MEF cells (c,
arrows) but not in tumors mixed with PDGF-RB-negative MEF cells
(d). Triple staining shows that the recruited lacZ-positive MEF cells
(e, arrowheads) also express SMA (green) and that the lacZ/SMA
double-positive cells are tightly associated with the endothelium
(brown) (e). Vessels in tumors mixed with PDGF-RB-negative MEF
cells lack exogenous (lacZ-positive) pericytes but recruit endogenous
(lacZ-negative, SMA-positive) pericytes, as expected (f, arrows).
Prelabeling of MEF cultures with Pkh26 dye indicates the presence
and similar distribution of PDGF-Rf3-positive and -negative MEF cells
within the tumors (g and h). Bars: 100 um (aand b), 50 um (¢, d, g,
and h), and 20 um (e and f).

not absolutely required for attraction of pericytes to the
vessels when pericytes are available for such recruit-
ment. Previous analysis of embryonic angiogenesis has
demonstrated that PDGF-B/PDGF-Rf signaling stim-
ulates pericyte proliferation (21). This may explain the
discrepancy between the recruitment of endogenous
pericytes (reduced) and the attraction of exogenously
added pericytes (normal) in pdgf-b™/* mice; the former
requires proliferation because the source of endoge-
nous pericytes available for recruitment is limited (13).
However, whereas the exogenously added pericytes
were efficiently attracted to the tumor vessels, they
showed a looser attachment to the endothelium in
pdgf-br/r mice than in WT mice (Figure 7, ¢ and d

T241:Mefez* on WT T241:MefeZ+ on pdgf-brevet

a b

Pecam-1 lacZ
A

N \, /
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Figure 7

Exogenous pericyte recruitment in pdgf-b/rt mice. Exogenous
XlacZ4-positive MEF cells became associated with tumor vessels in
both WT (a, arrowheads) and pdgf-br/rt mice (b, arrowheads). Dou-
ble staining for lacZ (pink) and SMA (green) revealed defective asso-
ciation between the exogenously recruited pericytes and the endothe-
lium in pdgf-bre/ret tumors (d, arrow) but not in WT tumors (c,
arrows). Bars: 100 um (a and b) and 20 um (c and d).

The Journal of Clinical Investigation |

October2003 |

Volume 112 | Number 8 1149



T241

T241-B

pdgf_ bre{/re{

Endothelium

PDGF-B protein

Mural cells
Figure 8
Model for perivascular PDGF-B protein distribution in T241 tumors
and its effect on tumor vessel pericytes. WT PDGF-B protein has affin-
ity for heparan-sulfate proteoglycans and other ECM molecules. Its
expression by the endothelium is therefore expected to give rise to a
depot or steep gradient of PDGF-B in the periendothelial compartment
(upper left). This promotes a certain amount of pericyte recruitment,
and moreover, the recruited pericytes become intimately associated
with the abluminal surface of the endothelium. Additional PDGF-B
protein secreted by the tumor cells (upper right) leads to additional
pericyte recruitment, with retained association to the endothelium. In
pdgf-bre/re mice, the PDGF-B protein lacks the retention motif, and is
therefore more freely diffusible following its release from the endothe-
lial cells (lower left). The lower concentration or shallower gradient in
the periendothelial compartment leads to reduced pericyte recruitment
and defective investment of the pericytes in the microvessel wall. Addi-
tional PDGF-B protein secreted by the tumor cells (lower right) pro-
motes the recruitment of higher numbers of pericytes, which remain
abnormally associated with the endothelium.

arrows), similar to the situation observed for the
endogenous pericytes in tumors grown on pdgf-br/r
mice (Figure 1, fand g).

Discussion

Using a combination of genetic gain- and loss-of-func-
tion approaches, we demonstrate that the PDGF-B/
PDGF-Rf system has a critical function for pericyte
recruitment to tumor vessels. Pericyte recruitment
depends on PDGEF-B expression by the tumor vessel endo-
thelium, and since tumor pericytes express PDGF-Rf3
(13,26), the mode of signaling is short-range paracrine.
Additional indications for the importance of this mode
of signaling are provided by observations on pdgf-bret/ et
mice. In these mutants, pericyte recruitment is suffi-
cient to support embryonic and postnatal development
and vital organ function (with the exception of the
eyes) (36). However, the number of recruited pericytes
in pdgf-be/rt mice is lower than normal, and the recruit-
ed pericytes do not become tightly integrated in the
vessel wall. The lower number of pericytes may be
explained by decreased proliferation of the pericytes or

their progenitors. This would be expected if the local
concentration of PDGF-B is decreased in the perien-
dothelial region as a result of reduced retention of the
PDGF-B protein at the endothelial cell surface or in the
immediately surrounding ECM. The loose association
of pericytes with the vessel wall in pdgf-bret/rt mice is
intriguing. Since PDGF-B secretion from the tumor
cells could rescue the number of recruited pericytes,
but not the vessel wall integration defect, it is likely that
the pericytes respond specifically to a localized
endothelial source of PDGF-B. This response may
include directed subcellular localization of adhesion
molecules to facilitate endothelium-pericyte adhesion
or localized ECM production. The pericyte response to
the expected differences in PDGF-B distribution in
T241 tumors and pdgf-b /st mice is schematically illus-
trated in Figure 8.

It is noteworthy that while T241 tumors normally
acquire vessels with tightly associated pericytes, certain
other tumors have loosely associated pericytes even when
transplanted into WT mice (34). It is possible that these
tumors produce matrix molecules or growth factors that
trigger pericyte migration away from the vessels by com-
peting with the endothelial source of PDGF-B and/or by
providing a pericyte-adhesive matrix. PDGF-B secretion
by the tumor cells would be expected to direct pericyte
migration away from the vessels if the PDGF-B concen-
trations become large enough to overwhelm the perien-
dothelial gradient, or depot, of PDGF-B. It is likely that
the lack of PDGF-B expression by maternal T241 cells,
possibly in combination with other factors, leads to the
generation of a relatively normal vasculature in which
pericyte investment and association with the vessel wall
depends on the endothelial source of PDGF-B. In any
case, the T241 model was highly suitable for the purpose
of the present study since it generated interpretable
results in both gain- and loss-of-function analyses,
revealing necessary and sufficient functions of PDGF-B
in pericyte recruitment to tumor vessels.

Insight into mechanisms that lead to pericyte recruit-
ment to tumor vessels may have important implica-
tions for the development of antiangiogenic strategies
to suppress tumor growth. Published reports have indi-
cated that pericyte-covered and non-pericyte-covered
vessels are differentially sensitive to VEGF withdrawal
and antiangiogenic treatment with IL-12 (12, 15).
Moreover, the antitumor effect of certain broad-spec-
trum kinase inhibitors, and of combinations of kinase
inhibitors, may be explained in part by an effect on per-
icytes (10, 26). Our own data suggest that pericyte den-
sity has significant effects on tumor vessel morpholo-
gy. Loss of pericytes correlates with vessel dilation and
tumor hemorrhaging. The pericyte-deficient tumors
developing on pdgf-b /"t mice were, however, not sig-
nificantly reduced in size compared with tumors grown
on WT mice. Thus, the degree of pericyte deficiency
obtained in pdgf-brt/r mice is still sufficient to support
tumor growth. In preliminary experiments we have
noticed that the tumors grown on pdgf-b/r mice have
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a changed pattern of expression and higher levels of
VEGF-A (A. Abramsson et al., unpublished observa-
tions). Future studies will hopefully reveal whether
these tumors show increased VEGF dependence and
greater sensitivity to antiangiogenic therapy directed to
VEGF-A or its signaling pathways.
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