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Purpose: During radiotherapy the peritumoral tissues are daily exposed to subtherapeutic doses of ion-
izing radiation. Herein, the biological and molecular effects of doses lower than 0.8 Gy per fraction
(LDIR), previously described as angiogenesis inducers, were assessed in human peritumoral tissues.
Material and methods: Paired biopsies of preperitoneal adipose tissue were surgically collected from 16
patients diagnosed with locally advanced rectal cancer who underwent neo-adjuvant radiotherapy.
One of the biopsies is located in the vicinity of the region where the tumor received the prescribed dose
of radiation, and thus exposed to LDIR; the other specimen, outside all beam apertures, was used as an
internal calibrator (IC). Microvessel density (MDV) was quantified by immunohistochemistry and the
expression of several pro-angiogenic genes was assessed by quantitative RT-PCR using exclusively
endothelial cells (ECs) isolated by laser capture microdissection microscopy.
Results: LDIR activated peritumoral ECs by significantly up-regulating the expression of several
pro-angiogenic genes such as VEGFR1, VEGFR2, ANGPT2, TGFB2, VWF, FGF2, HGF and PDGFC. Accordingly,
the MVD was significantly increased in peritumoral tissues exposed to LDIR, compared to the IC. The
patients that yielded a larger pro-angiogenic response, also showed the highest MVD.
Conclusions: LDIR activate ECs in peritumoral tissues that are associated with increased MVD. Although
the technological advances in radiotherapy have contributed to reduce the damage to healthy tissues
over the past years, the anatomical regions receiving LDIR should be taken into account in the treatment
plan report for patient follow-up and in future studies to correlate these doses with tumor dissemination.

� 2019 Published by Elsevier B.V. Radiotherapy and Oncology 141 (2019) 256–261
Radiotherapy is widely used to treat malignant tumors. It is
mostly delivered in fractionated schemes, consisting of a daily
small dose repeated during several weeks until a potentially cura-
tive dose has accumulated inside the tumor volume [1]. However,
it is important to consider that shaped ionizing radiation beams
intersect at the tumor site from successive angles, resulting in sig-
nificant exposure of nearby healthy tissues to a wide range of daily
subtherapeutic doses of ionizing radiation (SDIR). These SDIR can
induce different biological effects. High to moderate SDIR are
described as promoting human cardiotoxicity and radiation
pneumonitis after breast cancer radiotherapy [2–4]. Strikingly,
we previously demonstrated that moderate to low doses of SDIR
(doses lower or equal to 0.8 Gy, here referred to as LDIR) activate
ECs and promote neovascularization in different experimental
models [5,6]. In vitro, doses lower than 0.8 Gy induce a rapid phos-
phorylation of several endothelial cell proteins, including VEGF [6]
and consequently activate the endothelium and modulate the
expression of pro-angiogenic factors [5]. Using different animal
models, we showed that LDIR promote angiogenesis during zebra-
fish development or adult fin regeneration (0.5 Gy) and in a murine
Matrigel assay (0.3 Gy) [6]. In a mouse model of hindlimb ischemia,
LDIR stimulated neovascularization (0.3 Gy administered during 4
consecutive days) [5]. Interestingly, using murine tumor models
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whole body LDIR (0.3 Gy) promoted tumor growth and metastasis
formation by enhancing angiogenesis [6]. Since whole body expo-
sure was applied, the data suggest that LDIR do not change the
metastatic organotropism. Considering these observations, we
were interested in investigating the effect of LDIR in the vascula-
ture of peri-tumoral tissues, in humans. In the present study, two
biopsies of preperitoneal adipose tissue were surgically removed
from patients diagnosed with locally advanced rectal cancer who
underwent neo-adjuvant radiotherapy treatment: (i) a specimen
located in the vicinity of the tumor, and thus exposed to LDIR;
and (ii) a specimen outside all beam apertures that was used as
an IC for each patient. MVD was quantified and endothelial cell
gene expression pattern for several pro-angiogenic genes was
assessed.
Materials and methods

Patient material

Samples were collected prospectively from patients diagnosed
with locally advanced rectal cancer receiving neoadjuvant radio-
therapy followed by curative surgery at Santa Maria Hospital,
CHULN (Lisbon, Portugal), between 2013 and 2017. Eligibility crite-
ria included: (i) anatomic pathology diagnosis of rectal adenocarci-
noma (Stages II and III); (ii) no radiologic evidence of metastatic
disease; (iii) setup of RT treatment in the supine position; (iv)
age between 30 and 65 years old; (v) absence of a concomitant
malignancy or a non-malignant systemic disease, including dia-
betes and active infections; and (vi) absence of prior treatment
for rectal cancer (surgery, RT or chemotherapy).

The institutional review board provided ethical approval of the
study, which complied with all national regulations and the Decla-
ration of Helsinki.

Patients underwent 3D-conformal RT delivering 50.40 Gy in 28
fractions of 1.8 Gy, 5 consecutive days per week, and concurrent
leucovorin (20 mg/m2/day) with 5-fluorouracil (425 mg/m2/day)
administered during the first 4 days in the first week then restarted
for 3 days in the fifth week of the treatment course or capecitabine
via oral administration (825 mg/m2 twice a day). All patients
received a cumulative tumor dose of 50.40 Gy, between 38 and
48 days. Overall cancer treatment was provided as per the institu-
tional guidelines.

During classic surgical approach, every patient underwent
rectal anterior resection, 8 weeks after completion of the neoad-
juvant radiotherapy. The procedure was always performed by
the same surgeon. Two biopsies of preperitoneal adipose tissue
adjacent to the rectus abdominis muscle and located deeper than
the build-up region of the photon beam were collected from
areas corresponding to: (i) tissues exposed to SDIR during
neoadjuvant RT (10–40% of the therapeutic dose; referred to as
LDIR); and (ii) tissues outside all beam apertures, exposed to
doses below 2% of the therapeutic dose (referred to as IC). Before
incision, the surgeon precisely identified biopsy sites according
to established parameters determined in the treatment planning
of each patient, which included one internal body reference (the
top of the right iliac crest) and the skin markers established dur-
ing RT (at supine position). The samples were then precisely
resected with an error margin of 1 cm in diameter, not compro-
mising the areas of interest.

After resection, tissue samples were cut into two equal parts:
one was immediately placed in a cryomold, embedded in OCT
(Optimal Cutting Temperature, Tissue Rek �) compound, snap-
frozen in cold isopentane and liquid nitrogen and then stored at
�80 �C to be used for LCM and molecular analysis, while the other
sample was formalin-fixed and paraffin embedded to be used for
immunohistochemistry.
Laser capture microdissection

Samples stored at �80 �C were cryosectioned in serial sections
of 12 lm and mounted on pre-cooled RNAse-free glass microscope
slides (Carl Zeiss Microscopy GmbH). The immunohistochemistry
for CD31 followed by microdissection of ECs were performed as
previously described [5]. For each sample, an area of 1 500
000 lm2 was collected.
RNA extraction, cDNA synthesis and quantitative real-time PCR

Total RNA was extracted from the microdissected ECs using the
RNeasy� Micro Kit (QIAGEN) as described [5]. For synthesis and
preamplification of cDNA, RT2 Nano PreAMP cDNA synthesis Kit
(SABiosciences, QIAGEN) was used with three rounds of pre-
amplification using the following human genes: VEGFR1; VEGFR2;
ANGPT2; TGFB2; VWF; FGF2; PDGFC; HGF; PLG; COL18A1; HIF1AN;
HIF1A; END1; FBLN1; SPOCK1; COL4A1; COL4A2 and r18S. The
sequences of the primers are detailed in Supplementary materials
and the mRNA expression was assessed as described [5].
Immunohistochemistry

Preperitoneal adipose tissue samples were fixed in 10% neutral-
buffered formalin, embedded in paraffin and 5-lm sections were
mounted on glass slides. Endogenous peroxidase activity was
blocked with 0.3% hydrogen peroxide (H2O2) in methanol, for
30 min, followed by 3 washes in PBS, for 30 min. Sections were
incubated for 1 hour, with a mouse monoclonal antibody against
the human von Willebrand Factor (vWF; clone M0616; DAKO) at
1:200, diluted in PBS-1% BSA. After 3 washes in PBS, for 30 min, a
secondary biotinylated goat anti-mouse antibody (Vector Labora-
tories) was added, at 1:200, in PBS, for 30 min. Washes were per-
formed as before and the labeling and counterstaining
procedures followed as described [5]. MVD was evaluated by
counting the number of vWF-positive microvessels in slides
digitally scanned in NanoZoomer SQ (Hamamatsu Photonics K.
K.) running NDP.view2 software. MVD, i.e. number of microvessels
per adipocyte per high power field, was measured by two indepen-
dent observers including a pathologist blinded to experimental
groups in at least three hot-spots at 20x original magnification,
using ImageJ� software. Due to technical limitations found in at
least one of the two biopsies, it was not possible to determine
the MVD in 6 out of the 16 patients (P5, P6, P10, P12, P14 and P16).
Statistical analysis

Figure’s data are shown as mean ± SEM and analyzed with SPSS
20.0 software. Normality was determined for all numeric data by
the Shapiro–Wilk test. Two-sided Student’s t-test for paired sam-
ples was used to identify differences between experimental condi-
tions regarding vWF and MVD, as these data followed a normal
distribution. The Wilcoxon matched-pairs test for related samples
was used to assess the endothelial gene expression as normality
could not be assumed. p-values lower than 0.05 were considered
statistically significant. To discriminate endothelial gene expres-
sion profile considering each patient’s contribution to the global
response, a principal component analysis (PCA) was performed
using R factoextra and FactoMineR packages [7,8].

Results

The scheme in Fig. 1A summarizes the main steps followed by
the patients from the moment that they were included in the study
to the moment the biopsies were collected. After their inclusion at
the moment of the RT appointment, the CT simulation and the RT



Fig. 1. (A) Schematic representation of the methodological approach used in this study. (B) Sagittal view from computed tomography (CT) images of the radiotherapy (RT)
planning in locally advanced rectal cancer. (PA) and (PB) represent the locations of the interest and control points, respectively. Point A (PA) is located between the isodose
curves purple and light blue, which represent the isodose areas of 10% and 40% of the prescribed dose, respectively. Point B (PB) represents the IC biopsy, where the dose is
lower than 2% of the prescription. The light green line represents the 2% isodose curve. The red isodose curve (100%) represents the line where the dose is normalized to the
prescribed dose of 50.40 Gy. The area inside the orange curve represents the therapeutic area.

Table 1
Patient characteristics.

Total

Age (years)
Media ± SD 51 ± 8.0
[Range] 38–65

Sex (%)
Female 5 (31%)
Male 11 (69%)

Histological Type (%)
Adenocarcinoma 16 (100%)

Histologic Grade (G) (%)
G1-Well differentiated 7 (44%)
G2-Moderately differentiated 7 (44%)
GX-Unknown 2 (12%)

TNM Staging (%)
Stage II-A 1 (6%)
Stage III-A 2 (13%)
Stage III-B 13 (81%)
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planning were performed, before radiotherapy. Eight weeks after
the end of the radiotherapy treatment, the surgery was performed
and two distinct biopsies, whose locations are defined during the
RT planning, were collected from each patient. For each patient’s
plan, the isodose curves are established and the area of 10% and
40% of the prescribed dose identified. This particular area corre-
sponds to the area of interest in our study and comprises the tis-
sues exposed to daily doses ranging from 0.18 to 0.72 Gy (LDIR).
These doses have been already described as being able to activate
ECs in vitro and of enhancing neovascularization in experimental
in vivo models [5,6]. In a representative sagittal view from a CT
image of the radiotherapy planning (Fig. 1B), the area of interest
is represented between the purple and light blue isodose curves
and the biopsy site is defined as PA, a reference point that is inside
the area of interest. Simultaneously, in each plan, a second area of
interest that will correspond to the IC tissues is determined and
defined as PB, a control point that is as far as possible of the 2% iso-
dose curve, defined by the light green line. Both, PA and PB, were
excised during surgery taking into account the internal and exter-
nal anatomical references established during radiotherapy
planning.

Patients included in the study were between 38 and 65 years
old, and most of them were males (69%). According to the Anatom-
ical Pathology reports, about 81% of all patients were diagnosed
with stage III-B rectal cancer (TNM staging system) and 88% of
the tumors corresponded to grade I-II. All patients underwent
neo-adjuvant radiotherapy with a total prescribed dose of
50.40 Gy (Table 1).
To investigate whether LDIR could activate peritumoral ECs, the
paired biopsies collected from each patient were stained for CD31,
ECs were isolated using a laser capture microdissection microscope
(LCM) and gene expression was assessed by quantitative RT-PCR
for the following targets: VEGFR1, VEGFR2, ANGPT2, TGFB2, VWF,
FGF2, HGF and PDGFC (Fig. 2). Transcripts for all of these genes were
significantly up-regulated in ECs isolated from peritumoral tissues
exposed to LDIR, when comparing to IC tissues (Fig. 2A).



Fig. 2. LDIR are associated with a pro-angiogenic signature in peritumoral ECs.
Biopsy sections were immunostained for CD31, followed by ECs isolation by LCM
and qRT-PCR. (A). Individual data and mean ± SEM (in red) are shown (n = 16
patients). Data represent the fold change in gene expression relative to the IC
(dashed line). Values were normalized to 18S to obtain relative expression levels.
Paired two-tailed t-test was used to evaluate the differences in VWF gene
expression levels, while the Wilcoxon matched-pairs test for related samples was
used to assess endothelial gene expression levels as normality could not be
assumed. *P < 0.05; **P < 0.01; ***P < 0.001. IC: Internal Calibrator. (B) Colored map
illustrating differential gene expression levels for each pro-angiogenic target among
the population. Green and red colors represent high and low relative gene
expression, respectively.

Fig. 3. LDIR are associated with an increase in the MVD of peritumoral tissues. (A)
Representative microphotographs of patient tissues exposed to LDIR (lower panel)
or IC tissues (upper panel). The tissue is mainly composed of adipose tissue,
associated to numerous small capillaries (black arrowhead), here immunostained
with anti-vWF antibody (B) Quantitative analysis of the MVD (number of
capillaries/adipocyte/field) is shown as percentage relative to the IC (dashed line)
for each patient (percentage of a pairwise normalization). Individual data and
mean ± SEM (in red) are shown (n = 10 patients). Values assumed normal distribu-
tion, equal variance and paired two-tailed t-test was used. **P < 0.01. IC: Internal
Calibrator. (C) Colored map illustrating the differential MVD levels for the patient
sample. Green and red colors represent high and low relative gene expression,
respectively.
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Next, the MVD was assessed in the same samples (in 10 out of
the 16 patients) and we found that the number of vWF-positive
microvessels significantly increased in the biopsies exposed to
LDIR (Fig. 3B).

Surprisingly, two of the patients (P8 and P3) showed a decrease
or only a modest increase in MVD in the peritumoral tissues
exposed to LDIR, respectively (Fig. 3C), which are not related with
the angiogenic molecular signature found in their ECs (Fig. 2B).

Angiogenesis is regulated by a dynamic balance between pro-
and anti-angiogenic genes., Thus, the same cDNA used before
was analyzed by quantitative RT-PCR to assess the expression of
several anti-angiogenic genes such as PLG, COL18A1, HIF1AN, HIF1A,
END1, FBLN1, SPOCK1, COL4A1 and COL4A2, even though their
expression was neither significant in a global gene expression anal-
ysis previously published by us [5], nor modulated by LDIR (data
not shown). The two-dimensional results of the principal compo-
nent analysis (PCA) highlight that (i) the pro-angiogenic gene
expression profile (in yellow) is separated distinctly from the
anti-angiogenic one (in blue); (ii) the pro-angiogenic genes
VEGFR2, TGFB2, ANGPT2, PDGFC and VEGFR1 are more correlated
among themselves than with VWF or FGF2; iii) the anti-
angiogenic genes PLG, COL18A1, HIF1AN, HIF1A, FBLN1, SPOCK1,
COL4A1 are more correlated among themselves than with COL4A2
or END1 (Fig. 4). Note that the yellow and blue shapes in Fig. 4 were
manually added to highlight the separation between the groups of
pro- and anti-angiogenic genes, respectively.

Through this analysis, we show three groups of patients: the
majority of the patients that present an up-regulation only for
the pro-angiogenic genes in response to LDIR (cloud of points in
the upper left quadrant of Fig. 4); P8, P3 and P10 expressing high
levels of anti-angiogenic genes in response to LDIR; P1, P2 and
P15 that in response to LDIR express the highest levels of pro-
angiogenic genes.

Even though LDIR do not significantly modulate the expression
of anti-angiogenic factors in our population, the fact that patients



Fig. 4. Two-dimensional principal component analysis (PCA) shows a separation
between pro- (in green) and anti-angiogenic (in red) gene expression profiles based
on the LDIR stimulus. PC1 explains the variance of anti-angiogenic levels of gene
expression, whereas PC2 explains the variance of the pro-angiogenic levels of gene
expression. Yellow and blue shapes are not elements of output analysis but only to
distinguish pro and anti-angiogenic genes, respectively. The loading axes (for the
genes) are not represented for simplicity. The numbered dots represent each
patient contribution for the analysis (P1–P16).
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P8, P3 and P10 present the highest expression levels of these fac-
tors (Fig. 4) could be related with the fact that patients P8 and
P3 exhibit the lowest MVD levels (Fig. 3C), since angiogenesis is
a balance between pro- and anti-angiogenic factors. Unfortunately,
due to technical problems, it was not possible to determine the
MVD in patient P10. We also found an interesting relationship in
which patients P1, P2 and P15 present the highest expression
levels of pro-angiogenic factors (Fig. 4), which are related with
their high MVD levels (Fig. 3C).
Discussion

The results of this study are particularly relevant in radiation
oncology since they provide insights into the biological effects of
LDIR in peritumoral tissues of oncologic patients exposed to radio-
therapy and are in line with previous data obtained in experimen-
tal models. We have shown that doses lower than 0.8 Gy, referred
to as LDIR, activate ECs and promote tumor growth and metastasis
in animal models [6]. Acquisition of knowledge about the effect of
LDIR on human tissues is challenging since the majority of cancer
patients are operated before radiotherapy, termed adjuvant, ham-
pering access to the peri-tumoral tissues of interest. Herein, we
conducted a prospective study, selecting rectal adenocarcinoma
patients, who underwent neo-adjuvant radiotherapy. For each
one of the 16 patients, a radiotherapy planning was performed
before radiation treatment allowing for the precise identification
of two important areas: one comprises the peritumoral tissues
daily exposed to dose ranges of 0.18–0.72 Gy (LDIR); the other cor-
responds to the IC tissues. Two anatomical references for the biop-
sies were established for both areas, allowing their precise location
and resection during surgery.

The present study provides the first evidence that in human
peritumoral tissues, LDIR significantly up-regulate the simultane-
ous expression of several pro-angiogenic genes. This effect is evi-
dent 8 weeks after radiotherapy, suggesting that LDIR tilt the
angiogenic balance toward a more pro-angiogenic phenotype for
a relatively long period of time. Moreover, this molecular signature
appears to have an important impact on function being accompa-
nied by a significant increase in MVD. Interestingly, three of the
patients that contributed more to the pro-angiogenic response
(P1, P2 and P15), are those that also show higher MVD. In a global
gene expression analysis performed in ECs exposed to LDIR, the
anti-angiogenic factors were not modulated by LDIR [5]. Accord-
ingly, herein the expression of several anti-angiogenic factors,
were not modulated in ECs isolated from peritumoral tissues
exposed to LDIR, when compared to cells from the IC tissues. How-
ever, it is interesting to note that two of the patients (P8 and P3)
that present the highest levels of the anti-angiogenic factors in
response to LDIR are those that exhibit the lowest MVD levels.
The fact that 3 patients show an up-regulation of anti-angiogenic
genes in response to LDIR remains unknown and is certainly due
to an additional factor that could be present in these patients
and act synergistically with LDIR. Angiogenesis is tightly regulated
in physiological setting, in the adult. In these conditions the bal-
ance between factors that either stimulate or inhibit the growth
of blood vessels is tipped in favor of inhibition and consequently
capillary growth is restrained. We found that LDIR up-regulate
the expression of pro-angiogenic factors in human peritumoral tis-
sues, concomitant with an increase in the number of microvessels.
Importantly, it was shown that the same range of doses of ionizing
radiation promotes neovascularization in a hindlimb ischemia
model by increasing the capillary and collateral densities [5], dis-
closing the possibility of using LDIR as a non-invasive and effective
tool in the setting of peripheral arterial disease. Interestingly, in
that work LDIR induced a sustained and prolonged pro-
angiogenic response in ECs still evident 45 days after irradiation
[5], suggesting a link for the long-term advantage in blood perfu-
sion, capillary density, and collateral vessel formation.

Technological advances in radiotherapy over the past few dec-
ades have contributed to a better local tumor control and reduced
tissue damage to normal tissues. Multiple strategies have been
developed to target tumoral ECs as a measure to enhance radio-
therapy efficacy [9]. Different studies recognize that anti-
angiogenic or vascular-destructive agents potentially enhance
tumor responses to radiotherapy [10]. Several anti-angiogenics
have been clinically evaluated in combination with radiotherapy
[11,12]; however, their putative benefits are controversial.

Several signaling pathways and molecules such as ceramide,
sphingomyelinase, and Bax were described as regulating EC apop-
tosis after irradiation with high doses [13–15]. However, it is
important to take into consideration that different SDIR will have
different biological effects on the vasculature.

In conclusion, this work shows that doses lower than 0.8 Gy per
fraction are activators of ECs in human peritumoral tissues and
consequently promote increased vascular density. This effect
should be taken into account in the treatment plan report for
patient follow-up and in future studies to correlate these doses
with tumor dissemination. Further research is also warranted to
unravel the effects of these LDIR on pre-metastatic niches and their
colonization by tumor cells.
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