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A B S T R A C T

The tumor microenvironment regulates cancer initiation, progression and response to treatment. In particular,
the immature tumor vasculature may impede drugs from reaching tumor cells at a lethal concentration. We and
others have shown that radiation therapy (RT) induces pericyte recruitment, resembling vascular normalization.
Here, we asked whether radiation-induced vascular remodeling translates into improved tissue distribution and
efficacy of chemotherapy.

First, RT induced vascular remodeling, accompanied by decreased hypoxia and/or increased Hoechst per-
fusion in prostate PC3 and LNCaP and Lewis lung carcinoma. These results were independent of the RT regimen,
respectively 10× 2Gy and 2×12 Gy, suggesting a common effect. Next, using doxorubicin as a fluorescent
reporter, we observed that RT improves intra-tumoral chemotherapy distribution. These effects were not hin-
dered by anti-angiogenic sunitinib. Moreover, sub-optimal doses of doxorubicin had almost no effect alone, but
significantly delayed tumor growth after RT.

These data demonstrate that RT favors the efficacy of chemotherapy by improving tissue distribution, and
could be an alternative chemosensitizing strategy.

1. Introduction

Even in the current era of targeted therapies, the limited distribu-
tion of drugs remains a challenge [1]. This is due in part to the ab-
normal tumor vasculature, which has developed as a function of an-
archic tumor expansion. The resulting network is tortuous, over-
branched, variable in diameter and abnormally permeable [2,3]. All
these factors contribute to reducing blood flow and consequently, the
transport of therapeutic compounds. Independently, tumor cell density
creates a compressive environment that blunts the endothelial lumen
and limits extravasation of molecules because of high interstitial pres-
sure [4]. Beyond drug distribution, the abnormal vasculature generates
hypoxia and acidosis, leading to metabolism switch and the emergence
of therapeutic resistances [5].

Hence, there is considerable need for a strategy to improve vascular
function. The current literature places emphasis on vascular normal-
ization [6], rather than on anti-angiogenic agents that can have limited
efficacy [7,8]. Moreover, destructing angiogenesis or altering vascular

maturation could favor metastasis [9–12]. Consequently, many drugs
have been explored for their vascular normalizing potency [2,13,14].

To be sound from a clinical standpoint, such strategies should be as
close as possible to existing practice. External radiotherapy (RT) is a
standard treatment for about half of cancer patients, either alone or in
combination with surgery and/or chemotherapy [15]. In general, RT is
given as a fractionated regimen of about 2 Gy/day over a course of
several weeks, to achieve a total dose of 40–80 Gy depending on tumor
type and conformation. Recent advances in beam ballistics have en-
abled hypofractionated protocols whose biological responses remain
largely unexplored. In particular, endothelial death after irradiation
might be triggered only above ≈ 5–10 Gy [16].

Ultimately, RT leads to the destruction of target tissues. However,
this process is gradual and allows time for complex biological phe-
nomena to occur. We have previously shown in a xenograft prostate
model that radiotherapy induces perivascular coverage of tumor mi-
crovessels [17]. This prompted us to investigate if RT favors intra-tu-
moral drug distribution. Anthracyclines such as doxorubicin are good
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examples of chemotherapeutics for which tissue distribution greatly
govern biological response in vivo [18]. Moreover, doxorubicin is
naturally fluorescent in the range of 500–600 nm [19]. This made
doxorubicin a stereotype candidate to study drug delivery. Indeed,
vascular normalization has been shown to enhance doxorubicin accu-
mulation [20,21].

In this study, we evaluated if 10×2Gy and 2×12 Gy external X-
ray irradiation induces a vascular normalization phenotype during
which distribution and anti-tumor activity of the small molecule dox-
orubicin is more efficient, using prostate and lung xenograft models.

2. Materials and methods

2.1. Animal experiments

Prostate PC3 model: 6/8 week male NMRI-nude mice (Janvier, Saint
Berthevin, France) were engrafted with subcutaneous injection of
2×106 PC3-luc cells (Caliper Life Sciences, Villepinte, France). Lewis
lung carcinoma model: 6/8 week female C57BL/6 mice (Janvier, Saint
Berthevin, France) were engrafted subcutaneously with 106 LLC cells
(LL/2, LGC Standards, Molsheim, France). Tumor growth was measured

Fig. 1. RT induces vascular coverage. LNCaP tumors were engrafted orthotopically in NMRInu mice and irradiated at 10× 2Gy. LLC tumors were engrafted
subcutaneously in C57B/L6 mice and irradiated at 2×12 Gy. After the two weeks of RT, animals were sacrificed and tumors were stained as indicated. A control
group (ctl d0) was also collected before treatment for LLC. (A, B) representative scanner images of immunohistochemistry for endothelial cells (CD31) and pericytes
(α-SMA/desmin) in LNCaP (A) and LLC (B) tumors. (C, D) CD31+ vessel density in LNCaP (C) and LLC (D) tumors. (E, F) quantification of α-SMA + area around
CD31 + vessels in LNCaP (E) and LLC (F) tumors. (G–I) quantification of desmin + area around CD31 + vessels in LNCaP (G), LLC (H) and PC3 (I) tumors. (C–I)
values represent the average of n≥ 5 ± sem (LNCaP),n≥7 (PC3) and ≥9 (LLC).
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with a digital caliper (v = 0.5*ab2 with a= largest diameter and b its
perpendicular) and experiments begun when tumors
reached≈200mm3 (PC3: 3 weeks, LLC: 9 days). This size was chosen
to reflect heterogeneous hypoxic tumors at the time of treatment.
Prostate LNCaP model: 6/8 week male NMRI-nude mice were an-
esthetized with ketamine/xylazine (50/15mg/kg) and 5×106 LNCaP-
luc cells (Caliper Life Sciences) were injected in the left dorsolateral
lobe of the prostate by laparotomy. Tumor uptake was followed weekly
by luminescence using a PhotonImager (BiospaceLab, Paris, France)
and groups with similar bioluminescence were formed (5 weeks). After
sacrifice, tissues were frozen-embedded in OCT medium at −80 °C
(Sakura Finetek, Villeneuve D'ascq, France). All experiments were done
twice except for Fig. 7A and B n represents the number of animals and is
indicated in the figure legends.

All animal experiments were carried out in accordance with the
European Council Directive 2010/63/UE and approved by the local
Animal Care and Use Committee (Comité d’Ethique en Expérimentation
Animale des Pays-de-la Loire, C2EA-06) under protocols 01262.01,

APAFIS 529, APAFIS 2336.

2.2. Radiation therapy

Irradiations were performed using a CP-160 X-ray irradiator
(Faxitron, Lincolnshire, IL) with a 0.3mm Cu filter, an accelerating
voltage of 160 kV and a dose rate in the tumor of 1.3 Gy/min. Dose rate
was determined according to the TG61 protocol [22] and from mea-
surements in depth with a plane-parallel Roos ionization chamber (PTW
GmbH, Freiburg, Germany) [23]. Animals received a dose of 2 Gy daily,
5 days per week (LNCaP, PC3) or 12 Gy weekly (LLC) for two weeks (=
10×2Gy and 2× 12 Gy), centered on the tumor-bearing region using
lead shields.

2.3. Functional parameters and treatments

Hypoxia was evaluated by pimonidazole reactivity. Hundred μl of
70 μg/ml pimonidazole hydrochloride (Hypoxyprobe, Burlington, USA)

Fig. 2. RT increases basal membrane deposition and decreases IgG leakage. LLC tumors were engrafted subcutaneously in C57B/L6 mice and irradiated at
2×12 Gy. PC3 tumors were engrafted subcutaneously in NMRInu mice and irradiated at 10× 2Gy. After the two weeks of RT, animals were sacrificed and tumors
were stained as indicated. (A, B) representative scanner images of LLC (A) and PC3 (B) tumors for basal membrane (collagen IV) and IgG leakage. (C, D) quanti-
fication of collagen IV deposition in the 5 μm around vessels in LLC (C) and PC3 (D) tumors. (E,F) quantification of IgG extravasation as a function of distance to the
nearest blood vessel in LLC (E) and PC3 (F) tumors. (C–E) values represent the average of n≥9 ± sem.
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was injected i.p. 2 h before sacrifice. Detection was performed by im-
munohistochemistry with FITC-conjugated antibody. Hoechst perfusion
was evaluated by i.v. injection of 100 μl of 5mg/ml Hoechst 33342
(Ozyme, Saint St-Quentin-en-Yvelines, France) 5min before sacrifice.
Doxorubicin distribution was assessed by i.v. injection of 100 μl of
18mg/ml doxorubicin hydrochloride (Sigma, Saint-Quentin Fallavier,
France) 5min before sacrifice [19]. Detection was performed using a
Nanozoomer HT fluorescence slide scanner (Hamamatsu Photonics,
Massy, France) at 594 nm. Doxorubicin was given at 8mg/kg i.p. for
survival assays. Sunitinib was given per os at 40mg/kg daily in pH 3.5
saline solution with 10% PEG300 [24].

2.4. Immunohistochemistry

Immunohistochemistry was performed using previously published
staining procedures [17]. The following antibodies were used: rat anti-

mouse CD31 (BD Biosciences, Le Pont-de-Claix, France), rabbit anti-
desmin (Ozyme), rabbit anti-collagen IV(Life Technologies), Cy3-con-
jugated mouse anti-alpha smooth muscle actin (Sigma), Alexa647-con-
jugated goat anti-rabbit, Alexa488-conjugated goat anti-rat and
Alexa488-conjugated goat anti-mouse (Life Technologies). Slides were
mounted in Prolong Gold with DAPI (Life Technologies) for nuclei
counterstaining (except for the perfusion assays) and observed using a
Nanozoomer slide scanner at 40x with fluorescence.

2.5. Image analysis

Analyses were performed on original 16-bit tiff images at 40x re-
solution using ImageJ 1.46r software (National Institutes of Health,
USA) as previously described [17]. In brief, whole tumor images were
segmented based on background/signal intensity and image features.
Surfaces and count of positive objects were calculated in populated
(DAPI+) tumor areas. Further details can be found in supplementary
information.

2.6. Statistical analysis

Statistical analyses were performed using a two-tailed Mann-
Whitney test with 95% confidence estimations, or a Kruskal-Wallis test
with alpha risk = 0.05 followed by Dunn's post-test for multiple com-
parisons (GraphPad Prism5, La Jolla, California, USA). Pseudo-survival
(morbidity) analyses were done by Kaplan-Meier curve and estimate.
Data were considered significant at p ≤ 0.05 (*), ≤0.01 (**) and
≤0.001(***).

3. Results

3.1. Radiotherapy improves vascular physiology in different tumor models

We have previously shown that standard fractionated irradiation
(2 Gy/day) leads to coverage of the tumor endothelium by pericytes in a
preclinical model of prostate cancer (PC3), characterized by α-SMA,
NG2 and desmin expression and direct contact with endothelial cells
[17]. We also observed that perfusion of dextrans was increased after
two weeks of standard fractionated RT. To pursue these findings, we
assessed two RT schemes using additional models: LNCaP (androgen-
dependent prostate cancer, slow growing) and Lewis lung carcinoma
(syngeneic C57BL/6 model, fast growing). Orthotopic luciferase-LNCaP
derived tumors with a linear increase in bioluminescence (= 5 weeks
post-graft) were irradiated daily using a standard 2 Gy dose Monday-
Friday for two weeks (= 10×2Gy). On the other hand, subcutaneous
LLC tumors of ≈200mm3 were treated with a schedule of two 12 Gy
fractions (each Monday for two weeks,= 2×12Gy), since standard
fractionation does not control tumor growth in this model (Clément-
Colmou et al., submitted). Also, for LLC, two groups of controls were
initially used to compare to tumors irradiated for two weeks (RT): “ctl
d0" (first day of experiment) matched size and “ctl d14" (two weeks of
experiment) matched age of the RT group. Because LNCaP (and PC3
later on) growth is slower, d14 controls were sufficient.

In the LNCaP model, 10×2Gy RT did not reduce microvessel
density (Fig. 1A,C). In the LLC model, 2× 12 Gy RT limited microvessel
density (−47%, p < 0.001, Fig. 1B,D). In both models, an increase in
α-SMA positive mural cells was observed in the 2 μm region around
endothelial cells (CD31+) after two weeks of RT compared to non-ir-
radiated tumors (LNCaP: +119%, p = 0.05, Fig. 1A,E; LLC, +65%,
p = 0.02, Fig. 1B,F). Increased desmin staining, another marker for
pericytes, was also evident in LNCaP, LLC and previously used PC3 cells
after RT [17] (LNCaP: +92%, p = 0.04; LLC: +402%, p = 0.0004;
PC3:+246%, p = 0.005) (Fig. 1A,B,G-I). There was no statistical dif-
ference between unirradiated LLC tumors harvested at d0 or d14
(Fig. 1D,F). Moreover, an increase in collagen IV in the basal membrane
was noted (LLC: +37%, p = 0.04; PC3:+22%, p = 0.007) (Fig. 2A–D),

Fig. 3. RT induces increased perfusion and/or decreased hypoxia. LNCaP
tumors were engrafted orthotopically in NMRInu mice and irradiated at
10 × 2 Gy. LLC tumors were engrafted subcutaneously in C57B/L6 mice and
irradiated at 2 × 12 Gy. After the two weeks of RT, animals were injected with
pimonidazole and Hoechst 33342, sacrificed and tumors were stained as in-
dicated. (A, B) representative scanner images of LNCaP (A) and LLC (B) tumors
injected with pimonidazole and/or Hoechst 33342. (C, D) quantification of
Hoechst 33342 + area ratio to total tissue area in LNCaP (C) and LLC (D)
tumors. (E) quantification of pimonidazole + area ratio to total tissue area in
LNCaP tumors. (C–E) values represent the average of n ≥ 5 ± sem (LNCaP)
and ≥9 (LLC).
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suggesting vessel maturation. In parallel, extravasation of IgG, which
are normally largely retained in the vessel lumen, was decreased after
RT (LLC: 48%, p= 0.02; PC3: 33%, p=0.04). This was evident
starting from the first micrometers to the endothelial wall (Fig. 2E and
F). At the functional level, RT slightly increased penetration of the
Hoechst nuclear dye in LNCaP tumors (+40%, p = 0.08, Fig. 3A,C) and
significantly favored its diffusion in LLC tumors (+75%, p = 0.04,
Fig. 3B,D). Also, hypoxic area in pimonidazole-injected LNCaP tumors
was greatly attenuated (−88%, p=0.004, Fig. 3A,E). For all models
(LLC, Figs. S1–2; PC3, Figs. S3–4; LNCaP, Fig. S5), changes were not
correlated to either raw tumor size or size change. We have precedently
used subcutaneous or orthotopic PC3 tumors with similar results ([17],
Clément-Colmou et al., submitted). In addition, vascular remodeling
was observed in both syngeneic (LLC) and immunocompromised
(LNCaP, PC3) models. Collectively, these data indicate that RT gen-
erally improves vascular physiology in solid tumors after the first two
weeks of treatment.

Radiotherapy is often combined with concomitant or neo-adjuvant
chemotherapy. Anti-angiogenic compounds would be the most likely to
affect radiotherapy-induced vascular remodeling (RIVR). We thus
questioned if RIVR is robust and compatible with sunitinib, an EMA/
FDA-approved inhibitor of the receptor tyrosine kinases VEGFR and
PDGFR for which vascular normalization has been conflictually re-
ported [25]. The LLC model was chosen because PC3 cells have been
shown to respond to sunitinib, at least in vitro [26]. Mice bearing es-
tablished LLC tumors were irradiated at 2× 12 Gy and concomitantly
fed daily with 40mg/kg sunitinib or vehicle solution. After two weeks
of treatment, vascular parameters were assessed as described above.
Sunitinib reduced tumor microvessel density compared to control, in a
similar manner to RT in that model (ctl: 104 vessels/mm2, Su: 56, RT:
74, ctl vs RT p=0.02; ctl vs Su p= 0.0001, Fig. 4A,C). The combi-
nation of RT + sunitinib did not further downregulate tumor micro-
vessel density (RT + Su: 68, NS vs RT or Su). Moreover, sunitinib did
not prevent perivascular coverage by α-SMA+ cells (RT + Su: +224%

Fig. 4. RIVR is not affected by anti-angiogenic sunitinib in LLC tumors. LLC tumors were engrafted subcutaneously in C57B/L6 mice and irradiated at
2×12 Gy. During the two weeks of RT, animals were fed with sunitinib daily when indicated. Animals were injected with Hoechst 33342 before sacrifice and tumors
were stained as indicated. (A) representative scanner images of immunohistochemistry for endothelial cells (CD31) and pericytes (α-SMA) in LLC tumors treated with
RT, sunitinib or combination. (B) representative scanner images of LLC tumors injected with pimonidazole. (C) CD31 + vessel density in LLC tumors ± sunitinib. (D)
quantification of α-SMA + area around CD31 + vessels in LLC tumors ± sunitinib. (E) quantification of pimonidazole area ratio to total tissue area in LLC tu-
mors ± sunitinib. (C–E) values represent the average of n≥13 ± sem.
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vs ctl, p < 0.0001, Fig. 4A,D). Nevertheless, we noted that combina-
tion of sunitinib + RT increased hypoxia (ctl: 18.2% area; RT + Su:
41%; +125%, p = 0.01; Fig. 4B,E).

3.2. Radiotherapy improves intra-tumoral diffusion of doxorubicin

To assess whether RIVR allows increased intra-tumoral accumula-
tion of small molecule chemotherapy, we monitored distribution of
doxorubicin (doxo). Established subcutaneous PC3 and LLC tumors
were subjected to RT (respectively 10× 2Gy and 2× 12 Gy) for two
weeks, the period where remodeling of the vasculature is observed.
Mice were then injected with 18mg/kg doxorubicin i.v. and intra-tu-
moral distribution was assessed using fluorescence microscopy 5min
after injection [19]. Whereas doxorubicin was detected at low levels in

control tumors, irradiated tumors displayed significantly higher drug
accumulation (PC3: +331%, p = 0.006, Fig. 5A and B; LLC: +508%,
p = 0.05 Fig. 5A,C). This was not due to tumor age or size since un-
treated LLC tumors collected at the beginning (ctl d0) or end (ctl d14) of
RT planning had similarly low doxorubicin levels (Fig. 5A,C). More-
over, although RT slowed tumor growth (Fig. S6A), doxorubicin dis-
tribution was not correlated to tumor size (Fig. S6B).

The profile of doxorubicin distribution was consistent with that of a
vascular-administrated drug, yielding high positivity close to blood
vessels and diminishing with distance (Fig. 5D). Notably, RT increased
doxorubicin content both close to and at distance from vessels, com-
pared to control.

To extend the observation that sunitinib did not interfere with RIVR,
doxorubicin area was assessed in the context of concomitant planning

Fig. 5. RT improves intra-tumoral drug dis-
tribution. PC3 tumors were engrafted sub-
cutaneously in NMRInu mice and irradiated at
10×2Gy. LLC tumors were engrafted sub-
cutaneously in C57B/L6 mice and irradiated at
2×12 Gy. After the two weeks of RT, animals
were injected i.v. with doxorubicin, sacrificed
and tumors were stained as indicated. A control
group (ctl d0) was also collected before treat-
ment. (A) representative scanner images of PC3
(left column) and LLC (right column) tumors
injected with doxorubicin i.v. (B, C) quantifica-
tion of doxorubicin area ratio to total tissue area
in PC3 (B) and LLC (C) tumors. Values represent
the average of n≥ 9 ± sem. (D) plot profile of
doxorubicin distribution as a function of distance
to nearest vessel in PC3 tumors.
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as precedently. As expected, RT increased drug distribution compared
to control (ctl: 1.1% total area, RT: 4.4, p= 0.02; Fig. 6A and B).
However, sunitinib had no effect alone (Su: 1.3%) and did not coun-
teract RT-induced distribution (RT + Su: 4.4%, p = 0.02 vs ctl).

3.3. Radiotherapy improves doxorubicin efficacy

Chemotherapy effectiveness is strongly dependent on the dose that
can be achieved in situ [27]. We thus questioned whether increased
doxorubicin delivery is accompanied with higher drug efficacy. First,
we performed a dose-response of doxorubicin on anti-tumor growth
(Fig. 7A and B). Based on these results, 8 mg/kg i.p. was chosen as it is
below the maximal dose of doxorubicin. Therefore, the expected in-
crease in local drug concentration into the tumor after RT would be able
to translate into higher efficacy. To investigate this, doxorubicin was
administered on the beginning of week 3, thus at an interval (3d) after

the last RT fraction to minimize biochemical radiosensitization. In the
PC3 model, while doxorubicin barely affected tumor growth when de-
livered alone, treatment after RT induced a significant shift in mor-
bidity compared to RT alone (median survival ctl: 43 days, doxo: 43
days, RT: 53.5 days, RT + doxo: 68 days, p < 0.0001, Fig. 7C). In the
LLC model, doxorubicin administration after RT also delayed tumor
growth better than when given alone (median survival ctl: 18 days,
doxo: 23 days, RT: 24.5 days, RT + doxo: 33.5 days, p < 0.0001,
Fig. 7D).

4. Discussion

Efficient diffusion of chemotherapeutics is a challenge that is cur-
rently under extensive exploration. For this purpose, the concept of
vascular normalization has gained interest. In this study, we questioned
if external radiotherapy, a standard anti-cancer treatment, could favor
small molecule distribution and efficacy.

First, we show that external radiotherapy reproducibly improves
vascular function in tumor models with different kinetics and different
RT schedules, after two weeks of treatment. Secondly, we show that RT
increases intra-tumoral doxorubicin diffusion. Thirdly, we show that
doxorubicin delivered after radiotherapy has higher efficacy on tumor
growth. Moreover, combination with anti-angiogenic sunitinib does not
counteract RIVR nor drug delivery. Overall, these data establish a proof
of concept that RIVR could be helpful for delivering cancer che-
motherapeutics.

Radiotherapy has been shown to increase efficacy and distribution
of liposomal doxorubicin in the context of concomitant treatment [28].
This is of interest, since chemotherapies are routinely used as radio-
sensitizing agents, but dosage is often limited due to toxicity of the
combination. We show here that radiotherapy improves efficacy of
chemotherapy later (3 days) after irradiation. Our results suggest that
radiotherapy could be used to enhance local efficacy of chemotherapy
in the target tumor without the need for concomitant planning and
undesired toxicity. This would be expected to increase the benefit/risk
ratio of chemotherapy/radiotherapy association. Such strategies could
even be tested in radioresistant tumors for the sole purpose of in-
creasing their sensitivity to chemotherapy. This might extend to larger
molecules since enhancement of antibody uptake has been reported
after RT [29]. Moreover, based on our data using sunitinib, anti-an-
giogenic drugs are compatible as well with the caveat of monitoring
hypoxia. Interestingly, sunitinib itself has been shown to be more effi-
cient after irradiation, although its distribution was not investigated
[26]. Novel technologies now allow for non-invasive imaging of tumor
oxygenation and vascular changes [30,31]. Thus, clinical trials testing
the chemosensitizing properties of localized irradiation should monitor
vascular parameters to identify the best timing for association with
chemotherapy.

Penetration of molecules results from the combination of physical
and biological factors relating to tumor cells, vessels and stroma [1].
Short-term (hours) after irradiation, vessels have been shown to react
by increasing permeability [32,33]. Alternatively at later times, high-
dose irradiation has been associated with vessel death [16,33] and
decreased MVD [34,35]. However, decreased MVD is not systematic
and there is also evidence for increased perfusion in long-term response
to RT [17]. Based on the literature, it is likely that RT initially desta-
bilizes vessel structure and selects established mature vessels (e.g.
vascular pruning, hours), but induces vascular remodeling and pericyte
recruitment in a second phase (days) during which vascular function is
optimal. Additionally, parameters such as composition and stiffness of
the extracellular matrix [36], pH, interstitial fluid pressure [37], den-
sity of tumor cells and repopulation time after RT [4] will also affect
drug distribution. Thus, extensive research will be required to clarify
which parameters are specifically affected by RT.

We have previously observed that fractionated daily 10×2Gy RT
leads to vascular coverage by α-SMA/desmin mural cells, decreased

Fig. 6. Increased doxorubicin diffusion is not reversed by anti-angiogenic
sunitinib. LLC tumors were engrafted subcutaneously in C57B/L6 mice and
irradiated at 2×12 Gy. During the two weeks of RT, animals were fed with
sunitinib daily when indicated. Animals were injected with doxorubicin i.v.
before sacrifice and tumors were stained as indicated. (A) representative
scanner images of LLC tumors injected with doxorubicin i.v. and treated with
RT, sunitinib or combination. (B) quantification of doxorubicin area ratio to
total tissue. Values represent the average of n≥ 13 ± sem.
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hypoxia and enhancement of perfusion [17]. Similar findings were re-
ported by Lan et al. (2013) after 3×12 Gy [35] and Chen et al. (2013)
after 15×4Gy [38]. In this study, we found several parameters in-
dicative of vascular normalization in most of the prostate PC3, LNCaP
and lung LLC models, including reduced pimonidazole retention (hy-
poxia) and increased Hoechst and doxorubicin distribution after doses
of 10× 2Gy or 2×12 Gy. Only hypoxia was not affected in the fast
proliferating LLC model although it has been reported to be reduced in
smaller tumors, more affected by RT [35]. Collectively, these data argue
that radiotherapy-induced vascular remodeling is a common response,
with some minor variations in the phenotype.

Vascular normalization was originally reported as a transient phe-
nomenon [39]. This is of particular interest when considering potential
clinical applications. We have found that RT initiates changes starting
at one week of RT and becomes more evident after the second week
[17]. Similar findings have been made by independent laboratories
[34,35,38]. We show here that chemotherapy delivery is more efficient
at two weeks of RT, a timing that seems concordant throughout in-
dependent studies.

Pericytes belong to a versatile cell population whose function and
origin is still under debate [40,41]. Their interaction with endothelial
cells is dynamic during vascular development and maturation [42].
Experiments in conditional depletion models have shown that lack of
pericytes impairs vascular function and favors metastasis [9,11].
Whether pericytes contribute to upregulating perfusion in a radio-
therapy context is not completely elucidated, although deprivation
using AMD3100 reinduced hypoxia [38]. However, given the specificity
of sunitinib, PDGFRs may not be involved in RIVR. The function of
pericytes in regulating blood flow is currently questioned [43].

Moreover, despite inducing hypoxia, AMD3100 delayed tumor growth.
So, pericytes may exhibit ambivalent roles in facilitating drug delivery
and reoxygenation while maintaining blood vessel function to support
tumor growth [44]. Further studies will be needed to better char-
acterize the impact of mural cells in the tumor response to radio-
therapy.
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Fig. 7. RT improves drug efficacy. PC3 tumors were engrafted subcutaneously in NMRInu mice LLC tumors were engrafted subcutaneously in C57B/L6 mice. (A, B)
tumor size of PC3 (A) and LLC (B) tumors one week after treatment with increasing doxorubicin doses i.p. Values represent the average of n=3 ± sem. No
statistical relevance was looked for to maintain small group size. (C, D) Animals were irradiated at 10× 2Gy (PC3) or 2× 12Gy(LLC) for two weeks, treated with
doxorubicin i.p. alone, or treated with doxorubicin after RT. pseudo-survival curves (time to 2000mm3, Kaplan-Meier analysis) of PC3 (C) and LLC (D) tumors
treated by doxorubicin alone, RT and doxorubicin 3 days after RT. (C, D) Values represent the average of n≥8 per group.
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