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Inhibition of platelet-derived growth factor-B (PDGF-B)
has multiple effects on tumors, including loss of peri-
cytes, regression of some vessels, normalization of
other vessels, and reduction of interstitial pressure.
PDGF-B inhibition also increases the efficacy of can-
cer therapeutics, but the role on tumor vessel effi-
ciency and drug delivery is unclear. We sought to
determine whether inhibition of PDGF-B signaling
can increase delivery and efficacy of cyclophospha-
mide in Lewis lung carcinomas or RIP-Tag2 tumors.
PDGF-B blockade in Lewis lung carcinoma tumors by
the DNA aptamer AX102 for 14 days increased the
number of perfused tumor vessels marked by lectin in
the bloodstream by 50%. AX102 also increased the
width of sleeves of viable tumor cells around blood
vessels by 66%, increased tumor cell proliferation by
90%, and increased intratumoral delivery of Hoechst
33342 by 78%. A low dose of cyclophosphamide (20
mg/kg) reduced tumor cell proliferation by 31% when
combined with AX102 but not when given alone. Syn-
ergy of cyclophosphamide and AX102 on tumor cell
proliferation also was found in RIP-Tag2 tumors. Sim-
ilarly, the PDGF receptor signaling inhibitor imatinib
increased delivery of cyclophosphamide and reduced
tumor burden in RIP-Tag2 mice, without evidence of
tumor cell sensitization to chemotherapy. Together,
these findings indicate that inhibition of PDGF-B sig-
naling promotes the delivery and efficacy of chemo-
therapeutic agents by increasing the efficiency of tu-
mor blood vessels. (Am J Pathol 2011, 178:2920–2930;
DOI: 10.1016/j.ajpath.2011.02.019)
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Blood vessels in tumors are structurally and functionally
abnormal and inefficient. Many tumor vessels are irregu-
larly shaped; lack the normal hierarchical arrangement of
arterioles, capillaries, and venules; and have endothelial
cells that are disorganized and leaky.1,2 Pericytes, which
contribute to the stability of normal blood vessels, do not
have a normal association with endothelial cells of tumor
vessels.1,2 These abnormalities of tumor vessels not only
impair blood flow and delivery of nutrients and oxygen
but also reduce the delivery of cancer therapeutics.2,3

Drugs that block vascular endothelial growth factor
prevent angiogenesis, cause regression of some tumor
vessels, and normalize tumor vessels that do not re-
gress.4–7 The normalization of tumor vessels may im-
prove the delivery of chemotherapy to tumors.2

Platelet-derived growth factor-B (PDGF-B) from endothe-
lial cells and its receptor (PDGFR-�) on pericytes play im-
portant roles in pericyte recruitment to blood vessels.8-10

Pericytes contribute to blood vessel maturation, maintain
normal endothelial cell function, promote vascular stability,
and participate in the regulation of blood flow.11–15 In the
absence of pericytes during development, blood ves-
sels are leaky, have microaneurysms, continue to pro-
liferate, and have impaired blood flow.15,16
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Inhibition of PDGF-B signaling in tumors reduces peri-
cyte coverage of tumor vessels, overall tumor vascularity,
and interstitial pressure.6,17-19 Tumor vessels that are
stripped of pericytes are preferentially pruned and leave
behind tumor vessels that have a more normalized pheno-
type that can support more rapid tumor growth despite the
reduced vascularity.6 PDGF-B inhibitors can increase the
efficacy of low-dose metronomic chemotherapy,20 but it is
unclear whether the increased efficacy is a consequence of
normalization of tumor vessels, increased tumor vessel ef-
ficacy, and improved drug delivery after PDGF-B inhibition.6

The aim of the present study was to determine whether
inhibition of PDGF-B can increase the efficiency of tumor
blood vessels and improve the delivery and efficacy of
the cytotoxic agent, cyclophosphamide (CTX), in tumors.
To address this, we examined the effects of selective
sequestration of PDGF-B by a DNA oligonucleotide ap-
tamer (AX102, Archemix Corporation)6,17 or inhibition of
PDGF receptor signaling by imatinib mesylate (Gleevec,
Novartis)21 on Lewis lung carcinoma (LLC) and on islet
cell tumors in RIP-Tag2 transgenic mice. Tumor vessel
labeling by FITC–Lycopersicon esculentum lectin (FITC-
LEA lectin), which was injected i.v. and circulated for 2
minutes, was used as an index of tumor vessel efficiency.
We also measured the width of sleeves of viable perivas-
cular tumor cells, abundance of proliferating tumor cells,
and amount of Hoechst 33342 dye leakage around tumor
vessels. Finally, we asked whether PDGF-B inhibition in-
creased the antitumor effect of CTX in LLC and in RIP-
Tag2 tumors. We found that inhibition of PDGF-B in-
creased all indices of tumor vessel efficiency, improved
the delivery of CTX, and augmented the reduction of
tumor burden by CTX.

Materials and Methods

Animals and Treatment

LLC tumors were implanted in C57BL/6 mice at 8 to 10
weeks of age and allowed to grow for 5 to 7 days before
treatment was started.6 RIP-Tag2 mice in a C57BL/6
background were treated beginning at 12 weeks of age.
AX102 or vehicle (0.9% NaCl) was injected at a dose of
50 mg/kg i.p. once daily for 7, 14, 21, or 28 days. CTX
(Sigma, St. Louis, MO) was given in a dose of approxi-
mately 20 mg/kg in the drinking water as previously de-
scribed22 or 20 mg/kg or 105 mg/kg injected i.p. every
other day for 7 days. In studies of AX102 and CTX ad-
ministered together, mice were treated with vehicle or
AX102 for 21 days and received an i.p. injection of vehi-
cle or CTX at a dose of 20 or 105 mg/kg every other day
during the final 7 days.

LLC-bearing mice used for functional studies of the
tumor vasculature were treated with vehicle of AX102 for
14 days and then received an i.v. injection of one of
several tracers. FITC-LEA lectin [1 mg/kg; molecular
weight (MW), 100,000 Da; Vector Laboratories, Burlin-
game, CA] or Hoechst 33342 dye (20 mg/kg; MW, 616
Da; Invitrogen, Carlsbad, CA) was injected and allowed to

circulate for 2 minutes before the perfusion of fixative. Dex-
tran labeled with tetramethyl-rhodamine isothiocyanate (500
mg/kg; MW, 155,000 Da; Sigma), normal rat IgG (2.5 mg/
kg; Jackson ImmunoResearch, West Grove, PA), or anti-
fibrinogen antibody (2.5 mg/kg; Dako, Carpinteria, CA) was
injected via tail vein 6 hours before the perfusion.23

Mice used in the studies of AX102 and CTX adminis-
tered together received an injection of pimonidazole hy-
drochloride (Hypoxyprobe; 60 mg/kg i.p.; HPI, Inc., Bur-
lington, MA) 1 hour before the perfusion. Hypoxic regions
of tumor sections were detected using a FITC-conjugated
mouse antibody that detects adducts of pimonidazole
hydrochloride (1:100).

The effect of imatinib and CTX on tumor burden was
examined in RIP-Tag2 mice treated for 28 days (8–17
mice per group). The mice were given food containing
50% sugar and provided water containing 5% sugar to
offset the hypoglycemia associated with the functional
insulinomas. Imatinib (University of California San Fran-
cisco Medical Center Pharmacy, San Francisco, CA) was
administered by gavage at a total dose of 150 mg/kg/
day, divided into a dose of 50 mg/kg in the morning and
a dose of 100 mg/kg in the afternoon for 28 days. Mice
received CTX at a dose of 105 mg/kg by i.p. injection on
days 0, 2, and 4 followed by a 17-day rest period, and
then on days 21, 23, and 25.22 After euthanasia, tumors
larger than 1 mm2 were excised, measured, and the
tumor volume was calculated from the following formula:
V � a � b2 � �/6, where a is the longest dimension and
b is the shortest dimension. All experimental procedures
were approved by and performed in accordance with the
University of California, San Francisco, Institutional Ani-
mal Care and Use Committee.

Fixation and IHC

After the tissues were preserved by systemic vascular
perfusion of fixative (1% paraformaldehyde in phosphate-
buffered saline), the tumors were removed and frozen,
sectioned with a cryostat (thickness, 60–80 �m), and
stained by IHC with combinations of two or three primary
antibodies.5,6 Endothelial cells were marked by hamster
anti-CD31 (platelet endothelial cell adhesion molecule 1,
clone 2H8, 1:500; Thermo Scientific, Hudson, NH) or rat
anti-CD31 (platelet endothelial cell adhesion molecule 1,
clone MEC 13.3, 1:500; Pharmingen, San Diego, CA),
pericytes by Cy3-conjugated mouse anti–�-smooth mus-
cle actin (�-SMA; 1:1000; Sigma), proliferating cells by
rabbit anti–phosphohistone-H3 (PHH3; 1:1000; Millipore/
Upstate Biotechnology, Billerica, MA), apoptotic cells by
rabbit anti-activated caspase-3 (caspase-3; 1:1000; R&D
Systems, Minneapolis, MN), and erythrocytes by rat anti–
TER-119 (1:250; BD Biosciences, Bedford, MA).

Imaging and Image Analysis

Specimens were examined with a Zeiss Axiophot fluores-
cence microscope equipped with single-, dual-, and tri-
ple-fluorescence filters and a low-light, externally cooled,
three-chip, charge-coupled device camera (480 � 640
pixel RGB color images, CoolCam; SciMeasure Analyti-

cal Systems, Atlanta, GA) and a Zeiss LSM 510 laser-
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scanning confocal microscope with argon, helium-neon,
and UV lasers (1024 � 1024 pixel RGB color images).

The number of functional tumor vessels was estimated
by measuring the proportion of vessels stained for CD31
(all vessels, red channel) that were labeled by FITC-LEA
lectin (functional vessels, green channel) after i.v. injec-
tion. The extent of colocalization of the two fluorophores
was measured in digital images of 80-�m sections of LLC
tumors (10� objective, 1� Optovar) by using the Colo-
calization plug-in function of ImageJ. Colocalization was
defined as pixels that had fluorescence intensities of the
red and green channels equal to or greater than the
threshold value, ranging from 30 to 45. The threshold was
determined by measuring the fluorescence intensity
(background fluorescence) of tumors in mice not injected
with FITC-LEA lectin. Colocalization was expressed as
the percentage of FITC-LEA lectin pixels that colocalized
with CD31 pixels.

The area density of CD31, FITC-LEA lectin, and other
immunofluorescence staining recorded in digital micro-
scopic images were calculated as the proportion of pix-
els having a fluorescence intensity equal to or greater
than an empirically determined threshold value of 30 to
50 with ImageJ software.24 The mean fluorescence inten-
sity of FITC-LEA lectin was determined by calculating the
sum of the pixels at each intensity, times its correspond-
ing intensity, divided by the total number of pixels. Values
�25 were considered background and excluded.

Pericyte coverage was estimated from tumor vessels
stained for CD31 and for �-SMA–positive pericytes by
counting the vessels that had �-SMA staining or not. The
results are presented as the percentage of tumor blood
vessels with �-SMA–positive pericyte coverage.

The thickness of sleeves of viable tumor cells around
blood vessels, extending from the abluminal surface of
CD31 staining to the nearest region of apoptotic cells
marked by activated caspase-3 staining, was measured
using Zeiss LSM software on confocal images of LLC
tumors treated with vehicle or AX102 for 14 days.

The area density of proliferating tumor cells marked by
PHH3 immunoreactivity was measured in viable, nonhy-
poxic (pimonidazole-negative) regions of LLC tumors of
mice treated with vehicle or AX102 in combination with
CTX. The area density of PHH3-positive cells was mea-
sured within regions of interest outlined with the freehand
selection tool of ImageJ.

In Vitro Sensitivity to Antiproliferative Effect of
4-OH-CTX

�TC-3 cells, a cell line established from a RIP-Tag2 tu-
mor,25 were seeded into 96-well plates at a density of 104

cells per well, allowed to attach, and incubated for 2 days
with or without 3 �mol/L imatinib plus 0 to 100 �mol/L
4-OH-Cyclophosphamide (4-OH-CTX), the active metab-
olite of CTX. Cell viability then was measured by the
CellTiter 96 AQueous Non-Radioactive Cell Proliferation
assay based on cellular reduction of the tetrazolium prod-
uct MTS [3-(4,5-dimethylthiazol-2-yl)�5-(3-carboxymeth-

oxyphenyl)�2-(4-sulfophenyl)-2H-tetrazolium], and subse-
quent spectrophotometric measurement (Promega,
Madison, WI).25

Measurement of 4-OH-CTX in RIP-Tag2
Tumors

The CTX metabolite 4-OH-CTX was measured26 in tumors
of RIP-Tag2 mice pretreated with vehicle or imatinib for 5
days before i.p. injection of 105 mg/kg 4-OH-CTX 1 hour
after the final dose of vehicle/imatinib. Groups of mice (n �
4 for each treatment and time point) were euthanized at 1 or
6 hours after the injection of CTX. Tumors were excised,
snap frozen, and pulverized with a mortar and pestle. Tu-
mors from all mice in each group were combined into one
trapping tube to ensure derivatization of CTX in a manner
compatible with gas chromatography–mass spectrometry
measurement of 4-OH-CTX concentration. Gas chromatog-
raphy–mass spectrometry was performed in duplicate sam-
ples from each treatment group.

Statistical Analysis

Values expressed as means � SEM reflect 3 to 6 mice
per experimental group unless noted otherwise. Signifi-
cance of differences was determined using a two-sided,
unpaired Student’s t-test or analysis of variance followed
by the Fisher PLSD post hoc test. Differences with P
values �0.05 were considered statistically significant.

Results

Increased Tumor Vessel Efficiency after
Inhibition of PDGF-B by AX102

Blood vessels in LLC tumors and RIP-Tag2 tumors are
known to have a more normal appearance after inhibition
of PDGF-B by AX102.6 To determine whether the normal-
ized vessels were more efficient, we assessed the peri-
cyte coverage and determined the following: i) the pro-
portion of vessels that were labeled by FITC-LEA lectin
injected into the bloodstream, ii) the width of the sleeve of
perivascular tumor cells, iii) the abundance of proliferat-
ing tumor cells, and iv) the amount of leakage of Hoechst
33342 dye or macromolecular tracers.

Blood vessels accompanied by �-SMA–positive peri-
cytes were scattered in untreated LLC tumors, but many
vessels lacked pericytes that stained for �-SMA (Figure 1A,
arrows). After AX102 daily for 14 days, tumor vascularity
and abundance of �-SMA pericytes were decreased (Fig-
ure 1A and Sennino et al6), but the proportion of vessels
having �-SMA pericytes was increased from a baseline
value of 40% to 59% after AX102 (Figure 1A).

Labeling of tumor vessels by FITC-lectin was used as
one indicator of blood vessel function in LLC tumors.5

Essentially all normal vessels were labeled by the lectin
within minutes of i.v. injection, but fewer than half the
vessels in untreated LLC tumors had lectin staining (Fig-
ure 1B). By comparison, after AX102 for 14 days, tumor
vascularity was decreased but the abundance of lectin-

stained vessels was unchanged and the proportion of
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lectin-stained vessels was greater (Figure 1, B and C).
Measurements revealed that in AX102-treated tumors,
overall vascularity was reduced 44%, but the abundance
of lectin-stained vessels was reduced by only 6%, the
proportion of tumor vessels stained by the lectin in-
creased 51%, and the fluorescence intensity of the lectin
was increased 13% (Figure 1C).

The presence of stagnant blood or intravascular co-
agulation, marked by the presence of erythrocytes
(TER-119 immunoreactivity) in tumor vessels, was used
as another indicator of vessel functionality at baseline
and after AX102. Because erythrocytes were washed
out of functionally normal blood vessels by vascular
perfusion of fixative, any TER-119 staining indicated
the presence of erythrocytes that could not be washed
away. Many vessels in untreated LLC tumors had TER-
119 staining, but few vessels had TER-119 staining after
AX102 (Figure 1D).

The width of the sleeve of viable tumor cells around blood
vessels, which is dependent on the availability of oxygen

and nutrients,27 served as another functional indicator.
Blood vessels in LLC tumors were surrounded by a sleeve
of viable tumor cells that lacked activated caspase-3 immuno-
reactivity (Figure 2A). Beyond this region, staining for acti-
vated caspase-3 was abundant (Figure 2A). After treatment
with AX102 for 14 days, perivascular sleeves of viable cells,
from the edge of the blood vessel to the rim of apoptotic
cells, were 49% wider (Figure 2A, graph).

Another indicator of tumor viability was the presence of
proliferating cells identified by PHH3 immunoreactivity,
which was scattered in LLC tumors at baseline (Figure
2B). After AX102 for 14 days, cells with PHH3 immuno-
reactivity were almost double the abundance in the con-
trol (Figure 2B, graph).

Leakage of Hoechst 33342 dye, which binds to nu-
clear DNA, was used as a further indicator of vascular
function in LLC tumors. After the dye was injected i.v.
and circulated for 2 minutes, staining was more homo-
geneous in tumors treated with AX102 for 14 days than
in those treated with vehicle (Figure 3A). Measure-
ments showed that the area density of staining was

Figure 1. Greater pericyte coverage and pa-
tency of LLC tumor blood vessels after AX102.
Confocal microscopic images of pericytes (�-
SMA, red) on blood vessels (CD31, green) in LLC
tumors after treatment with vehicle or AX102 for
14 days (A). Proportion of tumor vessels covered
by �-SMA–positive pericytes (A, graph). Identi-
fication of functional blood vessels (CD31, red)
in LLC tumors by green staining after i.v. injec-
tion of FITC-labeled LEA lectin revealed that
many vessels in LLC tumors were not stained
green under baseline conditions (B). By compar-
ison, after AX102 for 14 days, tumor vessels were
less numerous, but most had lectin staining (B).
Measurements showed that, after treatment with
AX102 for 14 days, tumor vascularity was re-
duced significantly, but the abundance of lectin-
stained vessels was unchanged (C, left), the pro-
portion of surviving vessels that had lectin
staining was significantly greater (C, middle),
and the fluorescence intensity of the lectin stain-
ing was stronger (C, right). Many blood vessels
(CD31, green) in vehicle-treated LLC tumors
contained erythrocytes (TER-119, red) despite
vascular perfusion of fixative, but after AX102 for
14 days few tumor vessels had trapped erythro-
cytes (D). *P � 0.05 compared to vehicle. Scale
bars: 150 �m (A); 50 �m (B and D).
78% greater after AX102 (Figure 3A, graph).
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To determine whether AX102 amplified the leakage of
Hoechst 33342 by destabilizing tumor vessels as a result
of PDGF-B blockade, we compared the amount and dis-
tribution of extravasation of three macromolecular tracers
that have been used to assess leakage in tumors.23,28

Tetramethyl-rhodamine isothiocyanate-labeled dextran,
normal rat IgG, or antifibrinogen antibody was injected
i.v. into mice with LLC tumors, and after circulation for 6
hours the extravasated tracers were examined micro-
scopically. All of the tracers were found to accumulate at
the tumor–host interface, as reported previously for LLC
tumors.23 Treatment with AX102 for 14 days had no
noticeable effect on the amount or distribution of the
three extravasated tracers (see Supplemental Figure
S1 at http://ajp.amjpathol.org).

The overall consequence of PDGF-B blockade on vas-
cular function in LLC tumors was tested by comparing tu-
mor growth during 28 days of treatment with vehicle or
AX102. Tumors treated with AX102 tended to be larger after
14 and 21 days of treatment and by 28 days were signifi-
cantly larger than corresponding vehicle-treated controls
(Figure 3B).

Dose-Dependent Effect of CTX on Vascularity
and Cell Proliferation in LLC Tumors

The magnitude of the effect of CTX on cell proliferation in
LLC tumors treated for 7 days varied with the dose and
route of administration. Comparison of the effects of CTX
in the drinking water, which gave a dose of approximately
20 mg/kg/day, and parenteral (i.p.) CTX at a dose of 20
or 105 mg/kg every other day revealed a reduction in
tumor vascularity only with continuous oral dosing, but

Figure 2. Greater perivascular cell proliferation
in LLC tumors after AX102. Confocal microscopic
images of blood vessels (CD31, green) and
apoptotic cells (activated caspase-3, red) in LLC
tumors with widths of sleeve of nonapoptotic
tumor cells around tumor vessels measured from
vessel to region of activated caspase staining
(A). The sleeve of nonapoptotic tumor cells was
significantly wider after AX102 for 14 days than
after vehicle (A, graph). Fluorescent micro-
graphs illustrating conspicuously more prolifer-
ating cells (PHH3, red) around blood vessels
(CD31, green) in LLC tumors treated for 14 days
with AX102 than with vehicle (B). The area den-
sity of PHH3 staining was significantly greater
after AX102 (B, graph). *P � 0.05 compared to
vehicle. Scale bars: 50 �m (A), 100 �m (B).

Figure 3. More widespread Hoechst 33342 dye
leakage in LLC tumors after AX102. Fluorescence
microscopic images of blood vessels (CD31, red)
and Hoechst 33342 dye (pseudocolored green)
in LLC tumors at 2 minutes after i.v. injection (A).
Hoechst 33342 dye in LLC tumors was signifi-
cantly more widespread after AX102 for 14 days
than after vehicle (A, graph). Weight of LLC tu-
mors was significantly greater after AX102 for 28
days than after vehicle (B). *P � 0.05 compared
to vehicle. Scale bar � 100 �m.

http://ajp.amjpathol.org
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reductions in cell proliferation after all treatments, with
the higher parenteral dose resulting in the largest re-
duction (Figure 4, A–C). The robust effect of 7-day
parenteral CTX on cell proliferation without a reduction
in tumor vascularity made it possible to separate the
antitumor action of CTX from changes in the number of
blood vessels.

Greater Efficacy of CTX on LLC Tumors When
Given Together with AX102

To examine the interaction of CTX and PDGF-B inhibition
in LLC tumors, we compared the effects of treatment with
vehicle or CTX, at a dose of 20 or 105 mg/kg, given alone
or in combination with AX102. The abundance of prolif-
erating cells, marked by PHH3 immunoreactivity, was
used as a readout. Proliferating cells were abundant in
LLC tumors treated with vehicle and were even more
numerous in the presence of AX102 (Figure 5A, left top
and bottom, and 5B).

The lower dose of CTX (20 mg/kg i.p., every other
day) had no effect on cell proliferation when given
alone but caused a significant reduction in proliferation
when combined with AX102 (Figure 5A, middle top and
bottom, and 5B). By comparison, the higher dose of
CTX (105 mg/kg i.p., every other day) caused similar
reductions in proliferating tumor cells regardless of
whether it was combined with vehicle (48% reduction)
or AX102 (56% reduction) (Figure 5A, right top and
bottom, and 5B).

When assessed at the end of the 21-day treatment
schedule, the weight of LLC tumors was not significantly
reduced by the lower dose of CTX (20 mg/kg), but tumor
weight after the higher dose of CTX (105 mg/kg) was
reduced by 67% when it was given with vehicle and by

43% when given with AX102 (Figure 5C).
Greater Efficacy of CTX on RIP-Tag2 Tumors
When Given with AX102

To determine whether the effects of AX102 on CTX deliv-
ery were unique to LLC tumors, we performed similar
experiments on spontaneous pancreatic islet tumors of
RIP-Tag2 transgenic mice. Although treatment of RIP-
Tag2 tumors with AX102 for 21 days without CTX caused
a small (25%) but significant reduction in tumor vascu-
larity (Figure 6A), it did not result in the increase in pro-
liferating cells (PHH3 staining) as found in LLC tumors
(Figure 6, B and C). This may be explained by the greater
abundance of proliferating cells at baseline in RIP-Tag2
tumors (area density, 26%) than in LLC tumors (area den-
sity, 3%–8%). Importantly, however, in RIP-Tag2 tumors as
found in LLC tumors, the lower dose of CTX (20 mg/kg)
caused a significant (43%) reduction in proliferating cells
when combined with AX102 but not when combined with
vehicle (6% reduction). Also, similar to the findings in LLC
tumors, the higher dose of CTX (105 mg/kg) caused rela-
tively similar reductions in proliferating cells when combined
with vehicle (54% reduction) or with AX102 (64% reduction)
(Figure 6C). These findings are consistent with AX102 in-
creasing the efficacy of CTX when given in submaximal
doses but not at the maximal tolerated dose.

Synergy of Imatinib and CTX in RIP-Tag2
Tumors in Vivo but Not in Vitro

As another strategy to test the effect of inhibition of
PDGF-B signaling on the action of CTX on RIP-Tag2
tumors, we used the receptor tyrosine kinase inhibitor
imatinib in place of AX102. Imatinib was chosen for these
studies because it is known to increase the effect of CTX
on RIP-Tag2 tumors20 and currently is used in the clinic.
Tumor burden was the readout. Tumor burden naturally
increased in RIP-Tag2 mice from 12 to 15 weeks of age

Figure 4. Dose-dependent effect of CTX on
vascularity and cell proliferation in LLC tumors.
Confocal microscopic images of blood vessels
(CD31, green) and proliferating cells (PHH3,
red) in LLC tumors treated with vehicle or CTX
for 7 days (A). Tumors treated by low-dose CTX
(20 mg/kg) given continuously in the drinking
water for 7 days had fewer blood vessels and
fewer proliferating cells than vehicle-treated
controls (B and C). CTX given by i.p. injection
every other day for 7 days at a low dose of CTX
(20 mg/kg) or at the maximum tolerated dose
(105 mg/kg) reduced cell proliferation but did
not reduce tumor vascularity (B and C). P � 0.05
compared to *vehicle or †20 mg/kg CTX in drink-
ing water. Scale bar � 100 �m.
(Figure 7A). Tumor growth was not slowed by imatinib by
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itself, but was stopped by a high dose of CTX (105
mg/kg, every other day) alone. However, CTX given to-
gether with imatinib not only stopped tumor growth but
also reduced tumor burden to a level below that present
at the onset of treatment (Figure 7A).
To determine whether this reduction in tumor burden was
a consequence of imatinib increasing the sensitivity of tu-
mor cells to CTX, we performed in vitro studies with the
�TC-3 cell line derived from RIP-Tag2 tumors and a stan-
dard MTS based cell viability assay (CellTiter 96; Pro-

Figure 5. Greater efficacy of CTX on LLC tumors when
given together with AX102. Confocal microscopic images of
proliferating cells (PHH3, red) and hypoxic regions (pi-
monidazole, green) in LLC tumors treated with vehicle, 20
mg/kg CTX, or 105 mg/kg CTX on days 14 to 20 together
with vehicle or AX102 on days 0 through 20 (A). Proliferating
cells were more numerous in nonhypoxic regions of tumors
than in hypoxic regions marked by pimonidazole (A). PHH3
staining was reduced significantly by treatment with 20
mg/kg CTX when accompanied by AX102 but not when
accompanied by vehicle (A and B). PHH3 staining was re-
duced even more by a high dose of CTX (105 mg/kg), but
the reduction was not augmented by the addition of AX102.
Tumor weights were reduced by CTX in a dose-dependent
manner (C). P � 0.05 compared to *vehicle � vehicle or
†vehicle � AX102. Scale bar � 75 �m.

Figure 6. Greater efficacy of CTX on RIP-Tag2 tumors when given
with AX102. Microscopic images showing small but significant re-
duction in vascularity (CD31, green) of RIP-Tag2 tumors after AX102
for 21 days (A), with confirmation by area density measurements
(A, graph). Fluorescence microscopic images of RIP-Tag2 tumors
compare the number of proliferating cells stained for PHH3 (red)
after treatment with vehicle, 20 mg/kg CTX, or 105 mg/kg CTX on
days 14 to 20, without or with AX102 on days 0 through 20 (B).
Amount of PHH3 staining in RIP-Tag2 tumors was not reduced by 20
mg/kg CTX given with vehicle but was reduced significantly when
given together with AX102 (C). PHH3 staining was reduced after the
high dose of CTX (105 mg/kg) given alone and was not reduced
further by concurrent AX102. *P � 0.05 compared to vehicle (A) or
vehicle � vehicle (C). †P � 0.05 compared to vehicle � AX102. ‡P �
0.05 compared to 20 mg/kg CTX � vehicle. Scale bars: 80 �m (A), 90
�m (B).
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mega). The addition of imatinib did not increase the effect
of 4-OH-CTX on �TC-3 cell proliferation at any 4-OH-CTX
concentration tested, from 10 nmol/L to 100 �mol/L (Fig-
ure 7B).

We therefore determined whether imatinib instead in-
creased the delivery of CTX to tumors. Here, we compared
the amount of CTX in tumors at 1 or 6 hours after a dose of
4-OH-CTX in RIP-Tag2 mice after pretreatment with vehicle
or imatinib for 5 days. Gas chromatography–mass spec-
trometry measurements revealed that the concentration of
4-OH-CTX in tumors was significantly greater at both time
points in imatinib-pretreated mice (Figure 7C).

Discussion

The purpose of this study was to determine whether inhib-
itors of PDGF-B signaling can increase the delivery and
efficacy of chemotherapy by improving the efficiency of
tumor blood vessels. Our experiments in preclinical tumor
models provide multiple lines of evidence for this mecha-
nism of synergy between PDGF-B inhibitors and cytotoxic
agents. In particular, we found that selective PDGF-B block-
ade by AX102 reduced the vascularity of LLC tumors, but

Figure 7. Synergy of imatinib and CTX in RIP-Tag2 tumors in vivo but not
in vitro. Tumor growth in RIP-Tag2 mice treated from 12 weeks of age was
unaffected by imatinib alone daily for 28 days, but was stopped by CTX alone
and was reversed by CTX administered together with imatinib, indicative of
synergistic actions of the two agents in vivo (A). However, imatinib did not
increase the effect of a broad range of concentrations of 4-OH-CTX on tumor
cell proliferation in vitro, consistent with an indirect effect of imatinib on
tumor cells in vivo (B). Pretreatment with imatinib for 5 days led to signifi-
cantly higher 4-OH-CTX concentrations in RIP-Tag2 tumors at both 1 (left)
and 6 hours (right) after an injection of CTX (C). P � 0.05 compared to
*vehicle, †imatinib alone, or ‡CTX alone.
the surviving vessels had greater pericyte coverage and
were functionally more efficient. Evidence of improved tu-
mor vessel efficiency included fewer stagnated erythro-
cytes, stronger and more uniform staining by a circulating
fluorescent lectin, more widespread leakage of Hoechst
33342 dye, wider sleeves of proliferating perivascular tumor
cells, and faster tumor growth.

Administration of AX102 together with CTX at a low
dose (20 mg/kg i.p., every other day) reduced cell pro-
liferation in tumors, but this dose of CTX had little effect
when given alone. This synergy of AX102 and CTX was
found both in LLC and in RIP-Tag2 tumors. Similarly,
administration of CTX with imatinib, which blocks PDGF-
receptor signaling, not only stopped growth of RIP-Tag2
tumors but also reduced tumor burden to below the level
present at the onset of treatment. By comparison, when
given alone, CTX stopped growth but did not cause re-
gression of tumors, and imatinib did not even slow tumor
growth. The synergy was probably the result of increased
CTX delivery to tumors, rather than sensitization of tumor
cells to CTX, because imatinib did not increase the effect
of CTX in vitro. Together, these results indicate that inhi-
bition of PDGF-B signaling improved the delivery and
antiproliferative effect of CTX.

Strategies to Improve Drug Delivery to Tumors

Many strategies are being explored to improve the deliv-
ery of cytotoxic agents to tumors. Liposomes, nanopar-
ticles, bacteria-derived minicells, and antibody–drug
conjugates are among the approaches.29–34 Strategies
that promote vascular dilatation, constriction, leakiness,
or normalization also are being tried to promote delivery
of chemotherapeutics.20,35–42 Our studies extend previ-
ous work indicating that the delivery and efficacy of CTX
can be improved by inhibition of PDGF-B signaling.20

Paradoxical Effects of AX102 on Tumor Growth

We used AX102 to block the actions of PDGF-B because
of its selectivity, robust effects on tumor blood vessels,
and seemingly paradoxical actions of reducing vascular-
ity while stimulating growth of LLC tumors.6 Use of AX102
provided an opportunity to determine whether the appar-
ent paradox could be explained by increased efficiency
of tumor vessels that did not regress after PDGF-B block-
ade. As the highest-affinity ligand for PDGF-�, PDGF-B is
essential for pericyte function in normal organs and in
tumors.6,43–46 Balance of signaling PDGF-B and other
growth factors is required for normal pericyte function
and for blood vessel stability. This balance is lost in tumor
microenvironments, where the stoichiometry of cytokines
is profoundly disturbed, but is somehow recalibrated by
inhibitors that result in vessel normalization.

Synergy of AX102 or Imatinib and
Cyclophosphamide

We examined the effect of inhibition of PDGF-B signaling
on tumor vessel efficiency and on the antiproliferative

action of CTX in LLC and RIP-Tag2 tumors. The two
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models provided complementary data and made it pos-
sible to determine whether the reduction in tumor cell
proliferation was owing to increased vascular delivery of
CTX or to an additive effect of PDGF-B signaling inhibition
and CTX on tumor cells. LLC tumors are known to be
sensitive to PDGF-B inhibition.6 Pancreatic islet tumors in
RIP-Tag2 mice form spontaneously, are highly vascular,
have abundant pericytes, and lack large regions of ne-
crosis,5,44,47,48 which can interfere with measurement of
drug accumulation in tumors.

We found that CTX caused a greater reduction in tumor
cell proliferation when given together with AX102 or ima-
tinib. This synergy was accompanied by increased tumor
delivery of CTX without sensitization of tumor cells to CTX.
A likely basis of the synergy is improved efficiency of
tumor vessels as a feature of vessel normalization after
inhibition of PDGF-B signaling.6 Tumor vessels, which are
usually leaky and have impaired blood flow, can become
more normal during anti-angiogenic therapy.49 Vascular
endothelial growth factor inhibitors are known to cause
pruning of tumor vessels, which decreases the surface
area for molecules in plasma to extravasate, but the nor-
malization of the surviving vessels can compensate by
providing more efficient delivery of nutrients, oxygen, and
drugs.2

Inhibition of PDGF-B by AX102 can cause regression
of approximately 80% of blood vessels in LLC tumors.6

Many vessels that survive have a more normal appear-
ance. To determine whether the surviving tumor vessels
are more efficient, we determined the proportion of func-
tional tumor vessels, extent of Hoechst 33342 dye leak-
age into tumors, and amount of perivascular tumor cell
viability and proliferation. As expected, after AX102, LLC
tumors had fewer blood vessels,6 but most of those re-
maining were patent and functional, as reflected by flu-
orescent LEA lectin staining, Hoechst 33342 dye leak-
age, and thickness and proliferation rate of perivascular
tumor cells.

Greater Importance of Vessel Function Than
Number

The functional properties of tumor vessels are more im-
portant than the number of vessels that survive anti-an-
giogenic therapy. Inhibition of Delta-like ligand 4 pro-
motes vessel sprouting and angiogenesis, but the new
blood vessels are poorly perfused, and the tumors
grow more slowly.50 The opposite occurred in LLC
tumors after AX102, where fewer tumor vessels led to
faster growing tumors (shown here and by Sennino
et al6). These results are consistent with previous stud-
ies showing LLC tumors grow faster in mice that lack
the PDGF-B retention motif.51

Transvascular transport of drugs into tumors is depen-
dent on multiple factors, including drug concentration,
blood flow, effective vascular surface area determined by
the number and size of functional vessels, endothelial
barrier function, and transmural driving force.35,52 The
balance of intravascular and interstitial hydrostatic and

colloid osmotic pressures determines the transmural driv-
ing force. Vessel normalization is thought to increase the
driving force by decreasing intravascular resistance. In-
hibition of PDGF-B also can decrease interstitial pressure
in tumors through effects on stromal and perivascular
cells.53

Extravasation of low-molecular-weight drugs de-
pends largely on diffusion, but transport of macromol-
ecules is governed more by convection.35,52 AX102
increased the leakage of low-molecular-weight
Hoechst 33342 dye (MW, 616 Da) and the delivery of
cyclophosphamide (MW, 279 Da), but did not noticeably
change the leakage of macromolecular dextran (MW,
155,000 Da) or IgG (MW, 150,000 Da). These findings
favor improved intratumoral blood flow over changes in
endothelial barrier function or transmural driving force as
a more important effect of AX102. Greater leakage of
Hoechst 33342 argues that better vessel function out-
weighs any reduction in vascular surface area from ves-
sel pruning. Improved vessel function, manifested by in-
creased blood flow, reduced leakage, and reduced
interstitial pressure, would all be expected to improve
delivery and efficacy of chemotherapeutics.2

Improved blood flow also would influence the rate of
cell proliferation in tumors through increased availability
of oxygen and nutrients. The mitotic index in tumors de-
creases with increasing distance from functional blood
vessels.54 Our findings of thicker perivascular sleeves of
tumor cells and more cellular proliferation after treatment
with AX102 are consistent with this mechanism.

Dosage Regimen of Cyclophosphamide

To explore possible synergy of AX102 and CTX, we in-
jected CTX i.p. every other day because this regimen is
standard for studying CTX at its maximum tolerated
dose.55 This regimen also made it possible to examine
the effect of CTX on tumor cell proliferation without an
appreciable decrease in tumor vascularity. Concurrent
administration of AX102 increased the efficacy of CTX
when given at the lower dose of 20 mg/kg. However,
AX102 did not have this synergistic effect at the maxi-
mum tolerated dose, 105 mg/kg, the dose at which CTX
reached the tumor in a sufficient amount to suppress cell
proliferation despite abnormalities in the tumor vascula-
ture. However, the higher dose also resulted in greater
systemic drug exposure. The combination of AX102 with
a lower dose of CTX provides the promise of therapeutic
efficacy with fewer side effects.

Other studies have illustrated the influence of CTX
dose on mechanism of action and outcome. In the
presence of low-dose, metronomic CTX, PDGF-B inhi-
bition can amplify the reduction in tumor growth by
sensitizing tumor vessel endothelial cells to the cyto-
toxic agent.20 Further studies are needed to determine
whether the reduction in tumor vascularity found with
continuous, low-dose CTX in drinking water would off-
set the improvement in CTX delivery after inhibition of

PDGF-B signaling.
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Variability in Tumor Response to PDGF-B
Inhibition

AX102 increased the efficacy of low-dose CTX in reduc-
ing cell proliferation in both LLC and RIP-Tag2 tumors.
Imatinib increased the efficacy of CTX at reducing tumor
burden in RIP-Tag2 mice, when both agents were given
over a period of 28 days and the maximal tolerated dose
of CTX was used. Despite consistent synergy of the drug
combinations, some effects of AX102 used as a single
agent were tumor-specific. AX102 increased cell prolifer-
ation and growth of LLC tumors, as has been reported
after PDGF inhibition in other tumor models,17,21,51 but
this did not occur in RIP-Tag2 tumors. Such tumor-related
differences could provide an opportunity to identify bio-
markers that predict tumor response to these inhibitors.
Experiments showing the beneficial effects of imatinib
administered with CTX illustrate that continuous adminis-
tration of both drugs is likely to be more efficacious than
pretreatment with a PDGF signaling inhibitor before be-
ginning the cytotoxic agent.

Conclusions

In conclusion, the results of these experiments show that
treatment with inhibitors of PDGF-B signaling can make
tumor vessels more efficient through normalization of the
vessel wall. Normalized blood vessels can support a
larger number of proliferating tumor cells and increase
the growth of some tumors. However, the improved func-
tion of tumor vessels and corresponding changes in the
tumor interstitium also can provide more efficient delivery
of small-molecule cytotoxic agents. By promoting these
changes, selective PDGF-B inhibitors can improve the
antitumor effect of chemotherapeutics, even when overall
tumor vascularity is reduced, with the potential of better
efficacy at a lower dose and reduced side effects.
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