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Simple Summary: New blood vessel formation (angiogenesis) has a crucial role in tumour growth
and spread. Bevacizumab is an anticancer therapy that targets angiogenesis by inhibiting the
vascular endothelial growth factor (VEGF) and is approved for the treatment of metastatic breast
cancer. However, there are no validated methods for predicting which patients will respond to
bevacizumab, although some have investigated whether a response can be predicted by using
scanning (imaging) techniques that study tumour blood vessels or by using the levels of VEGF
markers before treatment. In this study, we used a combination of imaging techniques and VEGF
marker levels to show that bevacizumab caused structural and functional changes in the blood
vessels of breast tumours and substantially slowed tumour growth. The increasing availability and
refinement of imaging technology can help to identify biomarkers that will be able to predict which
patients with breast cancer are most likely to respond to bevacizumab.

Abstract: This prospective, phase II study evaluated novel biomarkers as predictors of response to
bevacizumab in patients with breast cancer (BC), using serial imaging methods and gene expression
analysis. Patients with primary stage II/III BC received bevacizumab 15 mg/kg (cycle 1; C1), then four
cycles of neoadjuvant docetaxel doxorubicin, and bevacizumab every 3 weeks (C2–C5). Tumour pro-
liferation and hypoxic status were evaluated using 18F-fluoro-3′-deoxy-3′-L-fluorothymidine (FLT)-
and 18F-fluoromisonidazole (FMISO)-positron emission tomography (PET) at baseline, and during
C1 and C5. Pre- and post-bevacizumab vascular changes were evaluated using dynamic contrast-
enhanced magnetic resonance imaging (DCE-MRI). Molecular biomarkers were assessed using
microarray analysis. A total of 70 patients were assessed for treatment efficacy. Significant decreases
from baseline in tumour proliferation (FLT-PET), vascularity, and perfusion (DCE-MRI) were ob-
served during C1 (p ≤ 0.001), independent of tumour subtype. Bevacizumab treatment did not affect
hypoxic tumour status (FMISO-PET). Significant changes in the expression of 28 genes were observed
after C1. Changes in vascular endothelial growth factor receptor (VEGFR)-2p levels were observed
in 65 patients, with a > 20% decrease in VEGFR-2p observed in 13/65. Serial imaging techniques
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and molecular gene profiling identified several potentially predictive biomarkers that may predict
response to neoadjuvant bevacizumab therapy in BC patients.

Keywords: bevacizumab; breast cancer biomarkers; dynamic contrast-enhanced magnetic resonance
imaging; positron emission tomography; vascular endothelial growth factor receptor-2

1. Introduction

Vascular endothelial growth factor (VEGF) is a well-characterised and potent regulator
of vascular development and angiogenesis whose effects arise mostly through binding to
the VEGF receptor-2 (VEGFR-2) [1,2]. Angiogenesis has been shown to have a crucial role
in tumour growth and metastases, and overexpression of VEGF is commonly observed
in a variety of tumours, including breast cancer (BC) [3–5]. Tumour-expressed VEGF is
particularly attractive as a target for anticancer therapy, and as such, a variety of agents
aimed at blocking VEGF or its receptor have been developed for the treatment of cancer [6].

Bevacizumab is a recombinant, humanised, monoclonal antibody that binds to all
isoforms of the VEGF subtype A (VEGFR-A). Bevacizumab was the first antiangiogenic
drug to be approved for use in several solid tumours, including metastatic BC [7,8], and it
has been shown to improve progression-free survival (PFS) and/or overall response rate
(ORR) when used in combination with chemotherapy in several randomised controlled
trials in patients with BC [9–13].

Despite the fact that several systemic biomarkers have been studied in BC, there are
currently no validated methods for predicting response to bevacizumab treatment. Sev-
eral noninvasive imaging techniques have been previously used as prognostic indicators in
patients with solid tumours, including BC [14–18]. 18F-fluoro-3′-deoxy-3′-L-fluorothymidine
(FLT)-positron emission tomography (PET) has been reported as predictive of therapy re-
sponse in BC [14], and studies have correlated 18F-fluoromisonidazole (FMISO)-PET uptake
with direct oxygen measurements, highlighting its value as a surrogate marker of hypoxia
in various malignancies [15,16]. Dynamic contrast-enhanced magnetic resonance imaging
(DCE-MRI) has also been effectively used in the study of tumour vasculature and is a
potential imaging biomarker for assessing anticancer treatment [17].

With regard to molecular biomarkers, baseline plasma VEGF-A and VEGFR-2 lev-
els have shown potential predictive value in BC in randomised phase III trials of beva-
cizumab [19–22]. A pilot study of 21 patients with untreated inflammatory BC showed
that bevacizumab decreased activated VEGFR-2 levels in tumour cells, increased tumour
apoptosis, and reduced tumour blood perfusion, as measured by DCE-MRI [23].

Based on these observations, it was postulated that tumour imaging profiles before
and after bevacizumab treatment, combined with the status of circulating biomarkers,
may be useful in the assessment of treatment efficacy and could provide insights into the
mechanism of action of bevacizumab. The main goal of the present phase II study was
to determine the clinical value of noninvasive tumour imaging techniques and molecular
biomarker analysis in predicting the efficacy of neoadjuvant bevacizumab treatment in
patients with locally advanced BC.

2. Results
2.1. Patient Characteristics

In total, 73 patients were enrolled in this study between 2009 and 2010; 72 met the
inclusion criteria, of which two discontinued the treatment due to severe allergic reaction
to docetaxel. Efficacy was therefore evaluated in 70 patients. The majority of tumours
assessed in the enrolled patients at baseline were clinically staged as T2 (79.5%) with
an axillary node involvement (58.9%) and infiltrating ductal carcinomas (86.3%; Table 1).
Most patients had tumours with a high Ki-67 proliferative index (67.1%) but did not
overexpress human epidermal growth factor receptor-2 (HER2; 76.7%; Table 1). Four BC
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subtypes were identified: triple-negative BC (TNBC; oestrogen receptor [ER]-, progesterone
receptor [PgR]-, and HER2-negative; n = 11), HER2-positive (n = 14), luminal A (ER-positive,
low-grade, and low proliferative index; n = 16), and luminal B (ER-positive, high-grade,
and high proliferative index; n = 29; Table 1).

Table 1. Baseline patient and tumour characteristics.

Characteristics Patients
(n = 73)

Mean age, years (SD) 48.3 (9.8)
Menopausal status

Pre 32 (43.8)
Post 9 (12.3)

Amenorrhoea > 2 years 11 (15.1)
N/A 21 (28.8)

Histopathological type
Ductal 63 (86.3)

Lobular 3 (4.1)
Mixed ductal and lobular 3 (4.1)

Mucinous 1 (1.4)
Adenocarcinoma NOS 2 (2.7)
Primary occult tumour 1 (1.4)

Histopathological grade
G1 19 (26.0)
G2 37 (50.7)
G3 16 (21.9)
Gx 1 (1.4)

Tumour size
T2 58 (79.5)
T3 14 (19.2)
Tx 1 (1.4)

Lymph node status
N0 30 (41.1)
N1 36 (49.3)
N2 7 (9.6)

Clinical stage
IIA
IIB
IIIA

(T2N0) 23 (31.5)
(T2N1) 30 (41.1)
(T3N0) 7 (9.5)
(TxN2) 1 (1.3)
(T2N2) 5 (6.8)
(T3N1) 6 (9.5)
(T3N2) 1 (1.3)

HER2 status
HER2+ 14 (19.2)
HER2− 56 (76.7)

N/A 3 (4.1)
Ki-67 proliferation index

High (>14%) 49 (67.1)
Low (<14%) 22 (30.1)

Clinical subtypes
Triple negative 11 (15.1)
HER2 positive 14 (19.2)

Luminal A 16 (21.9)
Luminal B 29 (39.7)

Gx, grade unknown; HER2, human epidermal growth factor receptor-2; Ki-67, proliferation index; N/A, not avail-
able; NOS, not otherwise specified; SD, standard deviation; Tx, size unknown. Data are presented as number (%)
unless otherwise specified.
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2.2. Treatment Efficacy and Response

Of the 70 patients analysed, 52 (74.3%) were considered to be responders (grade [G]
3/G4/G5). At the end of treatment, 7 patients (10.0% of the total) had a complete response
(G5), 13 (18.6%) attained G4, 32 (45.7%) attained G3, and a G2/G1 response was achieved
in 18 patients (25.7%), nine for each of the two grades.

Tumour grade at baseline was significantly associated with response (p = 0.006).
Specifically, 10/18 (55.6%) nonresponders had a G1 tumour at baseline, 7/18 (38.9%)
had a G2 tumour, and 1/18 (5.6%) had a G3 tumour, whereas 43/52 (82.7%) responders
had a G2/G3 tumour and 9/52 (17.3%) had a G4 tumour. A nonsignificant association
between response to bevacizumab treatment and clinical BC subtype was also observed
(p = 0.06). All patients with TNBC at baseline responded to treatment (n = 11), while nine
and one patients with luminal A and B tumours, respectively, were considered responders.
Of the 14 patients with ER-negative tumours, eight (57%) were in the best-response group
(p = 0.01).

2.2.1. Clinical Value of Noninvasive Tumour Imaging Techniques

FLT-PET imaging detected tumours in 67 patients (95.8%) at baseline, and FLT uptake
was significantly higher in stage III (p = 0.006), G3 (p = 0.001), and TNBC (p = 0.004) versus
other BC subtypes (Table 2). FLT-PET maximum standardised uptake values (SUVmax)
significantly correlated with Ki-67 expression (ρ = 0.38, p = 0.001). In all samples studied,
there was a significant reduction in FLT tumour uptake (FLT SUVmax and tumour to tissue
ratio [TTR]) and proliferative tumour activity (PTAc; p < 0.001) from baseline to cycle
(C) 1 (Table 3), which was independent of BC subtype. A > 25% decrease in FLT tumour
uptake was seen in 36 patients (52.9%); only one patient (1.5%) was found to have a > 25%
increase in tumour proliferation after bevacizumab treatment. It was also observed that
tumours with a≤ 25% decrease in FLT uptake showed higher baseline VEGFR-2 expression
(p = 0.02).

At baseline, FMISO-PET-visible tumours were detected in 41/69 patients (56.2%;
data unavailable for one patient), and FMISO uptake was significantly higher in stage III,
G3, and TNBC tumours (Table 3). FMISO-PET SUVmax was significantly correlated with
VEGFR-2 expression (ρ = 0.26, p = 0.02) but not with micro vessel density. Significant corre-
lations were observed between FMISO at baseline (FMISO1), SUVmax, and Ki-67 (ρ = 0.35,
p = 0.006), and between FMISO1 and FLT1 SUVmax (ρ = 0.55, p < 0.001). FMISO uptake
did not differ significantly before or after bevacizumab therapy or by BC subtype. How-
ever, median FMISO values were significantly different in G1 and G3 tumours (p = 0.03).
Following bevacizumab treatment, hypoxia increased in G1 tumours (12.58%, interquar-
tile range [IQR] 37.32) but decreased in G3 tumours (11.95%, IQR 17.39). Tumours with
a > 25% decrease in hypoxia showed a significant reduction in the number of proliferative
endothelial cells (p = 0.019).

Significant decreases from baseline (p < 0.001) were observed in all DCE-MRI parame-
ters at C1 (Table 3), irrespective of BC subtype or clinical-pathological features. Only area
under the curve (AUC) had a mild but nonsignificant association with lymph node disease
(p = 0.06). A correlation was found between changes in DCE-MRI parameters and FLT-PET
changes at C1 (Figure 1), the most significant being between the volume transfer constant
(Ktrans) and the flux rate constant (Kep), respectively, with FLT SUVmax (ρ = 0.414, p < 0.001
and ρ = 0.449, p < 0.001).

2.2.2. Analysis of Gene Expression

Microarray analysis of 119 pre- and post-therapy samples (baseline and after C1 and
C5) showed significant changes in gene expression after treatment. Downregulated genes
(9/28) included delta-like 4 (DLL4), HEYL, FLT1, angiopoietin-2 (ANGPT2), and endothe-
lial cell-specific molecule 1 (ESM1), and overexpressed genes (19/28) included HMOX1,
CD163, PLTP, and DPP4. We identified 61 Gene Ontology categories mainly involved in
angiogenesis, immune response, and cell death (Table S1 and Figure S1). No differences
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in gene expression were observed after C5. We were unable to confirm these findings by
polymerase chain reaction (PCR) analysis as there were no tumour samples available.

Table 2. Association between baseline clinical-pathological characteristics and FLT uptake.

Tumour Characteristics
FLT SUVmax

Median (IQR) p Value

Size
T2 2.75 (1.58–3.92) 0.577
T3 2.94 (2.11–4.86)

Lymph node status
N0 2.13 (1.38–3.60) 0.036
N1 2.81 (1.87–3.93)
N2 3.95 (3.47–5.99)

Clinical stage II 2.62 (1.53–3.77) 0.006
III 3.81 (2.87–5.34)

Tumour grade
G1 2.11 (1.30–2.90) 0.001
G2 2.59 (1.73–3.92)
G3 3.99 (3.40–5.42)

ER status
Positive 2.69 (1.55–3.78) 0.009

Negative 3.72 (3.06–5.51)

PgR status Positive 2.72 (1.48–3.77) 0.07
Negative 3.40 (2.15–4.21)

HER2 status
Positive 2.78 (2.13–3.83) 0.649

Negative 2.78 (1.47–4.09)

Ki-67
<14% 2.03 (1.39–3.26) 0.029
>14% 3.23 (2.12–4.30)

Clinical subtype

Triple negative 4.15 (3.35–5.57) 0.004
HER2 positive 2.78 (2.13–3.83)

Luminal A 1.67 (1.28–2.69)
Luminal B 2.94 (1.90–3.93)

ER, oestrogen receptor; FLT, 18F- fluoro-3′-deoxy-3′-L-fluorothymidine; HER2, human epidermal growth factor
receptor-2; IQR, interquartile range; Ki-67, proliferation index; PgR, progesterone receptor; SUVmax, maximum
standardised uptake value.

Table 3. Changes in imaging parameters from baseline until the end of treatment after cycle 5.

Imaging
Parameters

Pre-Bev, Median
(IQR)

Post-Bev, Median
(IQR)

Pre-Bev to Post-Bev,
% Change Median (IQR) p 1 Patients, n

PET
FLT SUVmax 2.78 (2.34) 1.85 (1.41) −26.06 (25.85) <0.001 68

FLT TTR 6.1 (6.5) 4.4 (3.59) −17.42 (34.93) <0.001 68
PTAc 16.85 (26.27) 10.56 (16.77) −30.11 (35.79) <0.001 63

FMISO SUVmax 1.21 (0.49) 1.15 (0.48) −1.89 (19.85) 0.289 66
FMISO TTR 1.04 (0.43) 1.08 (0.41) −2.07 (22.77) 0.648 66

HTAc 13.53 (18.11) 10.36 (18.4) −6.6 (59.31) 0.124 66
DCE-MRI

Ktrans 115.25 (89) 58.5 (48.5) −46.08 (37.96) <0.001 70
Kep 260.75 (155.88) 158.5 (95) −37.87 (34.51) <0.001 70
Ve 472.5 (187.5) 423 (212.5) −10.95 (33.71) 0.001 70

AUC60 11.83 (9.32) 6.22 (6.25) −46.14 (39.73) <0.001 70

AUC60, area under the curve from 0 to 60 s; Bev, bevacizumab; DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; FLT,
18F-fluoro-3′-deoxy-3′-L-fluorothymidine; FMISO, 18F-fluoromisonidazole; HTAc, hypoxic tumour activity; IQR, interquartile range; Kep,
flux rate constant; Ktrans, volume transfer constant; PET, positron emission tomography; PTAc, proliferative tumour activity; SUVmax,
maximum standardised uptake value; TTR, tumour to tissue ratio; Ve, extravascular volume fraction. 1 Calculated using Wilcoxon
paired test.
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Figure 1. Waterfall plots of changes in (a) FLT and (b) FMISO SUVmax, and (c) DCE-MRI Ktrans at baseline and after
treatment by clinical subtype in patients. Example of a patient showing similar levels of response in both (d) FLT-PET
and (e,f) DCE-MRI parameters. (d) shows important decreases in FLT SUVmax after bevacizumab; (e) shows changes
in the same patient in Ktrans before (DCE-MRI 1) and after bevacizumab (DCE-MRI 2). DCE-MRI, dynamic contrast-
enhanced magnetic resonance imaging; FLT, 18F- fluoro-3′-deoxy-3′-L-fluorothymidine; FMISO, 18F-fluoromisonidazol;
HER2, human epidermal growth factor receptor 2; Ktrans, volume transfer constant; PET, positron emission tomography;
SUVmax, maximum standardised uptake; TNBC, triple negative breast cancer.

Changes in VEGFR-2p expression, the main receptor target of VEGF, were observed
by immunohistochemistry in 65 patients (Figure 2a); 17 of these patients showed gross
tumour residual disease, 18 had minimal residual disease, and 30 had intermediate disease.
A decrease in VEGFR-2p expression of >20% was obtained in 13 patients (20%) after
bevacizumab treatment (Figure 2b).
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Figure 2. (a) Examples of representative immunohistochemistry staining of vascular endothelial growth factor receptor-2
(VEGFR-2) at baseline and post-bevacizumab for responders and nonresponders; (b) VEGFR-2 changes after bevacizumab
treatment by immunohistochemistry staining and association with response as shown by receiver operator characteristic
curve (AUC = 0.68, 95% CI 0.54, 0.82; p = 0.02). AUC, area under the curve; CI, confidence interval.

Significant differences in gene expression were found between BC subtypes. TNBC tu-
mours showed overexpression of VEGF-A, NOTCH1, CXCR4, IL8, SFRP1, and HIF1α.
Significant correlations were observed between FMISO uptake and VEGF-A (ρ = 0.475,
p < 0.001), HIF1α (ρ = 0.347, p = 0.007), and IL-8 (ρ = 0.363, p = 0.004) expression. An inverse
correlation was also observed between RHOB expression and FMISO uptake (ρ = −0.46,
p < 0.001), indicative of RHOB downregulation in more hypoxic tumours. Analysis of
responders and nonresponders to FLT-PET revealed 12 genes that were significantly differen-
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tially expressed, including PDGF-D, which was found to be downregulated in tumours with
a significantly decreased proliferation rate; these findings were confirmed by PCR analysis.

2.3. Treatment Safety

All 73 patients were included in the safety analysis. Patients received a median of
five cycles of bevacizumab (mean 4.9, standard deviation [SD] 0.4) and four cycles of
docetaxel and doxorubicin (mean 3.9, SD 0.4). No deaths were reported. Overall, 53 grade
3/4 adverse events (AEs) were reported (Table 4), with the most common being febrile
neutropenia (29 events; 39.7% of grade 3/4 AEs). Incidence of AEs of special interest
with bevacizumab, such as haemorrhage and hypertension, occurred with low incidence
and were primarily grade 1 or 2. There were no reports of cardiac failure or thrombosis.
Seven (10.8%) patients had complications in wound healing after surgery.

Table 4. Summary of grade ≥ 3 adverse events following treatment.

System Organ Class Preferred Term Grade 3, n (%) Grade 4, n (%) Total, n (%)

Blood and lymphatic system disorders

Febrile neutropenia 8 (11.0) 21 (28.8) 29 (39.7)
Leukopenia 8 (11.0) 6 (8.2) 14 (19.2)
Neutropenia 4 (5.5) 10 (13.7) 14 (19.2)

Febrile bone marrow
aplasia 1 (1.4) - 1 (1.4)

GI disorders

Stomatitis 3 (4.1) - 3 (4.1)
Vomiting 3 (4.1) - 3 (4.1)
Diarrhoea 1 (1.4) - 1 (1.4)

GI mucositis 1 (1.4) - 1 (1.4)

Infections/Infestations
H1N1 influenza - 1 (1.4) 1 (1.4)

Infection 1 (1.4) - 1 (1.4)
Vulvar abscess 1 (1.4) - 1 (1.4)

General disorders
Asthenia 1 (1.4) - 1 (1.4)

Mucosal inflammation 1 (1.4) - 1 (1.4)
Reproductive system/ breast disorders Menstruation irregular 2 (2.7) - 2 (2.7)

Immune system disorders Drug hypersensitivity 1 (1.4) - 1 (1.4)

Investigations Blood potassium
decreased 1 (1.4) - 1 (1.4)

Skin/subcutaneous tissue disorders PPES 1 (1.4) - 1 (1.4)
Vascular disorders Hypertension 1 (1.4) - 1 (1.4)

AE, adverse event; GI, gastrointestinal; PPES, palmar-plantar erythrodysesthesia syndrome.

Treatment delays occurred in 23 (31.5%) patients, mostly due to neutropenia (43 episodes)
or mucositis/stomatitis (four episodes). Dose reductions were needed in 2 (2.7%) patients
while receiving bevacizumab, 13 (17.8%) patients while receiving docetaxel, and 11 (15.1%)
patients while receiving doxorubicin. Granulocytic growth factor support was required in
41 (56.2%) patients.

3. Discussion

In this multicentre, prospective phase II study, neoadjuvant bevacizumab treatment
induced structural and functional changes in BC-infiltrating vessels and substantially
slowed tumour growth by decreasing tumour proliferation, as shown by our combined
approach of noninvasive imaging and molecular biomarker analysis. The treatment also
induced a significant decrease in VEGFR-2p levels and was associated with downregulation
of the gene expression of several potentially predictive molecular biomarkers in patients
with BC. Treatment was well tolerated, with no deaths reported during the study.

Imaging with FLT- and FMISO-PET and DCE-MRI has previously been used to
evaluate potentially prognostic tumour characteristics in several malignancies, includ-
ing BC [14–17]. Likewise, other imaging techniques are also known to have prognostic
potential in specific malignancies, including head and neck cancer, non-small-cell lung can-
cer, colorectal cancer, and melanoma [18]. This study provides further evidence that these
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imaging techniques can effectively monitor tumour proliferation, hypoxia, and changes in
tumour vasculature in patients with BC. These noninvasive approaches also show potential
in determining the therapeutic efficacy of bevacizumab in the treatment of BC, for which
there is no predictive biomarker for tumour response. Our research shows the potential of
using imaging techniques to identify patients that could respond to neoadjuvant treatment
with bevacizumab. Our combination of molecular biomarkers and imaging techniques may
be difficult to set up for routine clinical practice. However, the use of, at least, MRI could
greatly aid the identification of patients with potentially better response to bevacizumab in
the neoadjuvant setting.

Data have shown that breast cancer patients with high baseline levels of serum VEGF
(≥367 ng/mL) are more responsive to any type of breast cancer treatment than patients with
lower levels and that serum VEGF is an independent predictor of treatment response [24].
Although some studies suggested that baseline plasma VEGF-A levels are predictive of
bevacizumab response [19–21], the prospective MERiDian trial was unable to validate
baseline plasma VEGF levels as a predictor of bevacizumab efficacy [25]. These data
suggest that reliable predictors of bevacizumab response are likely to require a combination
of biomarkers [26].

Bevacizumab affected tumour proliferation in the majority of BCs evaluated, and these
effects were found to be independent of subtype. These results are consistent with a
previous study [23], in which changes in tumour vascular permeability were observed
in patients with primary BC receiving bevacizumab. Tumour hypoxia is a prognostic
factor influencing response and survival in many malignancies [27–29] and an established
indicator of poor clinical outcome in BC [30,31]. Like most tumours, BCs show regions
of hypoxia, and adaptation to these hypoxic conditions eventually leads to increased
tumour metastases. Importantly, hypoxic tumours have been shown to be resistant to
chemotherapy and radiation therapy [32]. Our findings indicate that hypoxic tumour status
in BC cells was not affected by bevacizumab treatment. This could possibly be due to the
significant reductions in tumour proliferation and perfusion with bevacizumab, which may
mask its effect on tumour vascularisation.

With regard to expression of molecular biomarkers, bevacizumab treatment led to a
>20% decrease in VEGFR-2p levels in 20% of patients in this study. Bevacizumab was also
associated with a downregulation in the expression of genes that encode several key media-
tors of the NOTCH signalling pathway, including DLL4, HEYL, FLT1, ANGPT2, and ESM1.
Previous studies have shown that the migration of DLL4-expressing tip endothelial cells,
a specialised subtype of endothelial cells that mediate the growth of vessels during an-
giogenesis, leads to new vessel sprouting and is accompanied by the proliferation of
NOTCH1-expressing sprout stalk endothelial cells [33]. In the current study, bevacizumab
treatment led to reduced DLL4 expression and inhibited the NOTCH signalling pathway,
as confirmed by the downregulation of the NOTCH target gene, HEYL. These findings
support the hypothesis that bevacizumab exerts its antitumour effects through inhibition
of VEGF, as well as the NOTCH signalling pathway, which may explain the disruption of
tumour angiogenesis [33].

Downregulation of ESM1 expression was also observed in the present study. Several
studies have reported a correlation between ESM1 expression and angiogenic processes
during tumour progression, with ESM1 being crucial for vascular growth through the
extracellular matrix [34–36], and have shown that high ESM1 levels are associated with
increased risk of BC metastasis [37]. Moreover, ESM1 enrichment has been described in
tip cells [38], and ESM1 downregulation characterizes the transcriptional switch of fast-
growing angiogenic tumours to dormant tumours [39,40]. Therefore, decreased ESM1
expression may be an important potentially prognostic biomarker in patients with BC
receiving bevacizumab.

In this study, the ANGPT-TIE system was affected by bevacizumab, as confirmed by
the downregulation of ANGPT2 expression. ANGPT2 is secreted by endothelial cells at
sites of active vasculature remodelling, promotes dissociation of pericytes from pre-existing
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vessels, and increases vascular permeability [41]. This study demonstrated a substantial
reduction in vascular permeability with bevacizumab treatment, with decreases in Kep
and extravascular volume fraction (Ve) on DCE-MRI. The changes in these parameters
may be due to the inhibition of vascular remodelling induced by ANGPT2 downregulation.
Taken together with previous findings, the present study suggests that blocking VEGF
signalling with bevacizumab inhibits vessel sprouting by reducing the expression of key
mediators of the NOTCH signalling cascade, which may induce an angiogenic dormant
tumour phenotype.

This study has several potential limitations. The study was designed to only assess
the effects of bevacizumab on BC tumours, and further analyses to evaluate tumour
response to neoadjuvant chemotherapy are warranted. In addition, identification of the
best subgroup of patients who could benefit from bevacizumab was restricted by the
small patient population and limited number of cases within each molecular subtype and
histologic grade. It should also be noted that the imaging techniques used in this study
may not be available in all cancer centres.

4. Materials and Methods
4.1. Patients

In this prospective, single-arm, multicentre, phase II trial conducted at 11 centres
in Spain, chemotherapy-naïve patients with stage II/III BC received neoadjuvant beva-
cizumab combined with docetaxel and doxorubicin (ClinicalTrials.gov (accessed on 9 July
2021) identifier: NCT01338753). Eligible women were aged 18–70 years with an Eastern
Cooperative Oncology Group performance status (ECOG PS) 0–1, left ventricular ejection
fraction ≥50% without signs of heart failure, and adequate bone marrow and organ func-
tion. Clinical stage was defined according to the American Joint Committee on Cancer
staging guidelines [42]. Patients with New York Heart Association classification ≥II heart
disease in the last 6 months, metastatic disease, major surgery ≤28 days of the start of
therapy, and/or a history of thrombosis were excluded.

The trial was approved by the institutional review board and the ethics committees
at each participating site, and all patients provided written informed consent prior to any
study-related procedure.

4.2. Study Design

Patients received bevacizumab 15 mg/kg intravenously on day 1 of C1, followed by
bevacizumab plus docetaxel 60 mg/m2 and doxorubicin 50 mg/m2 on the first day of each
subsequent cycle (C2–C5); cycles were repeated every 3 weeks until there was evidence of
unacceptable toxicity or a request from the patient to withdraw. The initial bevacizumab
dose (C1) was administered over 90 min; if well tolerated, the second infusion was delivered
over 60 min (C2) and subsequent infusions over 30 min (C3–C5). Postoperative radiation
and systemic therapy were administered according to standard criteria [43].

4.3. Clinical Assessments

Patients underwent complete medical examinations, including ECOG PS, blood pres-
sure, complete blood counts, routine serum chemistry, urinalysis, cardiac function, and
chest X-rays or computed tomography (CT) scans. Tumour biopsies were collected at
baseline (≤14 days before the start of C1) and during C1 and C5 (12–19 days after day 1 of
respective cycles, if feasible; and before surgery in C5). Radiographic tumour assessments
were performed at baseline. Tumour proliferation and hypoxia were assessed using FLT-
and FMISO-PET, respectively, at baseline (≤14 days before the start of C1) and during C1
and C5 (12–19 days after day 1), as used in a previous study of bevacizumab in patients
with locally advanced BC [23]. Vascular tumour changes were investigated with DCE-MRI.
AEs were reported according to MedDRA v13.0 and classified using the National Cancer
Institute Common Terminology Criteria v3.0 [44].
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4.4. Treatment Efficacy

Pathological response in the primary tumour was evaluated post-surgery and was
scored as G1 (no change/some alteration to individual tumour cells but no reduction
in overall cellularity); G2 (≤30% loss of tumour cells but overall cellularity still high);
G3 (30–90% reduction in tumour cells); G4 (>90% loss of tumour cells; only small clusters or
widely dispersed individual cells remain); or G5 (no tumour cells detected by microscopic
evaluation from the site of the tumour; vascular fibroelastotic stroma often with infiltrating
macrophages and ductal carcinoma in situ might be present) [45].

4.5. Positron Emission Tomography

PET/CT scans were performed centrally at baseline and during C1 and C5. Patients re-
mained in the study irrespective of FLT tumour uptake during the baseline scan. Images
were acquired on a hybrid scanner (Biograph Duo; Siemens/CTI; Malvern, PA, USA) and
were evaluated by two nuclear medicine physicians blinded to study results. In cases
where PET scan could not determine tumour volume, a CT scan was used. For quantitative
tumour uptake, SUVmax was calculated with eSOFT software (Siemens Medical Solutions;
Siemens/CTI, Malvern, PA, USA) using the single maximum pixel count within the vol-
umes of interest (VOIs) placed in the area showing highest tumour activity [46]. TTR was
calculated for both FLT- and FMISO-PET. PTAc and hypoxic tumour activity (HTAc) were
calculated by multiplying volume of the lesion with its corresponding mean SUV of FLT
and FMISO. Volume of each lesion was calculated using an automated contouring program
based on the SUV using a threshold of 50% of SUVmax. Details of PET scan reconstruction
and FLT synthesis and quantification are provided in Appendix A.

4.6. Dynamic Contrast-Enhanced Magnetic Resonance Imaging

DCE-MRI was performed centrally at baseline (≤14 days before the start of C1) and
during C1 and C5 (12–19 days after day 1) on a 1.5 T GE system (GE Healthcare; Waukesha,
WI, USA). Three sets of baseline images were obtained before intravenous contrast admin-
istration (Magnevist, gadolinium dimeglumine pentatate; Berlex Laboratories; Whippany,
NJ, USA). Images were analysed using an IDL-based analysis program (IDL Corp; Dallas,
TX, USA) and a modified version of Cine Tools (GE Healthcare, Waukesha, WI, USA). Using
a two-compartment model [47], the following parameters were obtained: Ktrans, Kep, Ve,
and AUC, defined by the early and late enhancement assessed at 90 and 180 s, respectively.

4.7. Immunohistochemistry

Ultrasound-guided tumour biopsies were obtained using a vacuum-assisted 12-gauge
device (Celero, Hologic; Marlborough, MA, USA) at baseline and during C1 and C5
(12–19 days after day 1). The samples were fixed in formalin and embedded in paraffin
and analysed in a single laboratory. Immunohistochemistry was performed on 3 µm
sections using the EnVisionTM + System Peroxidase/DAB (Dako; Glostrup, Denmark).
Proliferative endothelial cells were visualised using the specific endothelial marker CD31
and Ki-67. CD31 was visualised using the MACH 2 Mouse AP-polymer (MALP521G,
Biocare Medical Inc.; Pacheco, CA, USA) and Vulcan Fast Red (FR805H, Biocare Medical
Inc., Pacheco, CA, USA). CD31-positive cells were visualised using red cytoplasmic staining,
and Ki-67-positive cells using brown nuclear staining. Microscopic assessment of CD31
staining was used to evaluate micro vessel density, and the Chalkley count technique
was used to quantify angiogenesis in the tumour sections stained with anti-CD31 [45].
Staining scores for other immunohistochemistry biomarkers, including ER, PgP, and HER2,
were established independently by two observers who were blinded to clinical data using
the H-score method.

4.8. Gene Profiling

Tumour biopsies were collected in RNA later® solution (Ambion; Foster City, CA,
USA). Total RNA was isolated using an Ultra Turrax T25 homogeniser and extracted
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using the Trizol® protocol following the RNeasy® kit (Qiagen; Germantown, MD, USA).
The quantity and quality of RNA were assessed using a NanoDrop spectrophotometer
(NanoDrop Technologies; Wlimington, DE, USA). RNA quality was assessed only for
samples with ≥450 ng RNA using the Agilent 2100 Bioanalyzer (Agilent Technologies;
Mulgrave, VIC, Australia). Gene profiling of samples was performed at baseline and
during C1 and C5 (12–19 days after day 1; see Appendix A for further details regarding
gene profiling analysis). Genes were selected as significant using a B statistic cut off
(B > 0). Due to the patient heterogeneity, an additional paired t-test was performed with
55 paired patients and a false discovery rate (FDR) of 0.01 was established as selection
criteria [48]. The normalization procedure and statistical data analyses were performed
with Bioconductor [49].

4.9. Statistical Analysis

The study was designed to enrol 73 patients in order to detect a significant change from
baseline to the end of C1 in each parameter that was equal to one SD of the change, with a
power of 95% at a significance level of α = 0.05 using two-sided Wilcoxon signed-rank test
(or paired t-test).

The Mann–Whitney U test was used for between-group comparisons. For paired
samples, the Wilcoxon signed-rank test was applied. Spearman correlations were computed
to assess the association between two variables. Most continuous variables followed
a nonparametric distribution (Kolmogorov–Smirnov and Shapiro–Wilk test, p < 0.05).
Association between PET/CT, DCE-MRI, and clinical-pathological features was estimated
using Mann–Whitney and Kruskal–Wallis tests. Association between categorical variables
was estimated using the χ2 test. Correlations between imaging parameters and biomarkers
were calculated using the Spearman’s ρ test. All statistical tests were performed using SPSS
software v15.0 for Windows (SPSS, Inc., Chicago, IL, USA) and regarded as statistically
significant if p < 0.05.

5. Conclusions

A combination of serial imaging techniques and molecular gene profiling indicates
that several potentially predictive biomarkers may be used to monitor the efficacy of neoad-
juvant bevacizumab therapy in patients with BC. As the availability of noninvasive imaging
techniques increases, the identification of these predictive biomarkers for bevacizumab
efficacy may play an important role in BC management.
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Appendix A

Appendix A.1. PET Scanning and Reconstruction

Dynamic PET scans were carried out in an ECAT EXACT HR+ scanner (CTI/Siemens,
Malvern, PA, USA). Patient was placed with the tumour centred in the field of view
(15.2 cm). A 5-min transmission study with three 68Ge sources was conducted to per-
form the attenuation correction. Simultaneously with a bolus injection of 385 ± 56 MBq
(10.4 ± 1.5 mCi) FLT, a dynamic acquisition was initiated in 2D mode with a total duration
of 60 min, with a sequence 6 × 5 s, 6 × 10 s, 3 × 20 s, 5 × 30 s, 5 × 60 s, 8 × 150 s, 6 × 300 s.
The reconstruction was performed as 128 × 128 matrices using ordered subset expectation
maximisation (OSEM) with two iterations and eight subsets followed by a post-smoothing
of the reconstructed image using a 5 mm FWHM Gaussian filter. Corrections were applied
to account for scattered photons, random events, and photon attenuation. Each frame of
the dynamic study had 63 axial slices [50].

Mean SUV were calculated using the average counts within threshold-defined volumes
of interest that only included pixels greater than 40% (SUV40), 50% (SUV50), 60% (SUV60),
70% (SUV70), and 80% (SUV80) of the maximum value within a lesion. VOIs were placed
in reference segments of the following organs: nontumour ipsilateral breast tissue, con-
tralateral breast tissue, liver, mediastinum, subscapularis muscle, and spine bone marrow.
SUVmax and mean SUV50 were calculated for each reference tissue.

FLT TTR ratios were obtained by FLT SUVmax ratio with the median value uptake
of homolateral breast tissue that showed high correlation in pretherapy and post-therapy
studies. FMISO TTR ratios were obtained by FMISO SUVmax ratio with the mediastinum or
muscle median value uptake. We considered that TTR ratio was better to compare in paired
studies before and after bevacizumab treatment for reducing intravariability due to the
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method. PTAc and HTAc parameters allowed us to consider intratumoural heterogeneity
and tumour size.

Appendix A.2. FLT Synthesis

FLT was synthesised and prepared for human use at the University Clinic of Navarra.
Syntheses and quality control strictly followed the standard operating procedures and were
subject to inspection. The labelling yield, radiochemical purity, and specific radioactivity
of FLT were checked and recorded after each production. All reagents were obtained at the
highest purity. The precursor Boc-dimethoxytrityl-nosyl-lyxothymidine was purchased
from ABX Advanced Biomedical Compounds (Germany). The synthesis process was
based on previously published methods [51] and developed by our team using Eckert &
Ziegler “Modular Lab System” (Siemens Medical Solutions; Ann Arbor, MI, USA). Briefly,
18F-fluoride was obtained by irradiation of H2

18O, concentrated by azeotropic distillation,
and 25 mg of the Boc precursor in 1 mL of acetonitrile was added to the dried 18F-fluoride
residue. The nucleophilic substitution reaction was carried out at 110 ◦C, and the reaction
mixture was hydrolysed with 1N HCl, neutralised, and injected into the semipreparative
high pressure liquid chromatography (HPLC) system (C18 column). Using H2O/EtOH
(92/8) as mobile phase, FLT eluted at around 19 min. The product fraction was filtered into
a sterile multidose vial through two 0.22 µm sterile filters. The final yield of the synthesis
was usually 15% (uncorrected) with a radiochemical purity > 97%.

Appendix A.3. FLT Quantification

For the assessment of FLT-PET studies, Patlak graphical analysis [52] was performed
with an input function obtained from the image (image derived input function, IDIF).
Two input functions were obtained using spherical volumes of interest (15 mm diameter)
on the left ventricle (LV) and on the descending aorta (DA) in the early image (25–50 s after
administration of FLT). These volumes were applied to the dynamic study to obtain, from
the mean value functions, the input curves for the kinetic model [50].

The input functions were corrected for the presence of metabolites using the metabolite
fractions according to the Schiepers formula: metabolite fraction = 0.42[1− exp(−0.29t)].
Patlak analysis was performed using the PMOD software (PMOD Technologies Ltd.,
Adliswil, Switzerland) in the time interval between 10 and 60 min after injection, determin-
ing the influx constant (Ki). Two constants were obtained, considering the input function
from left ventricle (Ki_LV) and the curve from the descending aorta (Ki_DA). The dy-
namic study was used to obtain PET images equivalent to a static PET study at the end
of the dynamic sequence corresponding to the time intervals 40–60 min and 50–60 min,
which corresponds to 20- and 10-min studies starting 40–50 min after administration of
the radiopharmaceutical. These images allowed for quantification of SUV40 and SUV50,
respectively. SUV values were derived from the maximum uptake in the tumour.

Appendix A.4. Gene Profiling and Validation

RNA samples were processed following manufacturer protocols (Affymetrix) and
hybridised to Affymetrix Human Gene 1.0 ST Array. Microarray data analysis consisted of
background correction and normalisation using RMA algorithm, and a filtering process was
performed to eliminate low expression probe sets. Applying the criterion of an expression
value > 32 in 50% of the samples, 23,755 probe sets were selected for statistical analysis.
Linear Models for Microarray Data were used to identify the probe sets with significant
differential expression. The normalisation procedure and statistical data analyses were
performed with Bioconductor. Ensemble was used to identify genes belonging to the
angiogenesis category. The complete microarray raw data are available through the Gene
Expression Omnibus data repository.

To validate microarray data, cDNA was synthesised from total RNA using a high-
capacity cDNA archive kit (Applied Biosystems; Foster City, CA, USA). Reverse tran-
scriptase (RT) reactions contained 1 µg of RNA samples, 1× RT buffer, 4 µL of dNTPs
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100 mM, 1× of random primers, 5 µL of MultiScribe RT 50 Units/µL, and 0.005 µL of
RNase inhibitor 0.20 Units/µL. The reactions were incubated in GeneAmp PCR System
2400 of Applied Biosystems for 10 min at 25 ◦C and 2 h at 37 ◦C. Each cDNA sample was
analysed in quadruplicate using the ViiA™ 7 Real-Time PCR System (Applied Biosystems,
Carlsbad, USA). Quantitative real-time PCRs were performed using the TaqMan® system.
The assays used were Hs00170261_m1 (THBS4) and Hs 99999901_s1 (18S). 18S was chosen
as the endogenous control for expression studies in cancer tissues because it showed the
lowest variability across samples in the microarray data and had been identified as one of
the most appropriate housekeeping genes for this analysis. Quantification of expression
was performed relative to the endogenous control using the comparative (∆) CT method.
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