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BACKGROUND: Angiogenesis is one of the hallmarks of cancer driving tumour growth and ultimately metastasis. Circulating endothelial
cells (CECs) and circulating endothelial progenitor (CEPs) cells have been reported as candidate surrogate markers for tumour
vascularisation. Our aim was to investigate the potential use of these circulating cells levels as predictors of prostate cancer treatment
failure and metastasis.
METHODS: We examined the levels of CD31þCD45� cells (CECs) and CD31þCD45�CD117þ (CEPs) in s.c. and orthotopic
models of human prostate cancers and correlated measurements with tumour size, volume and microvessel density (MVD). We then
performed a prospective cohort study in 164 men with localised prostate cancer undergoing prostatectomy. The CD31þCD45� ,
CD31þCD45�CD146þ (CECs) and CD31þCD45intermediateCD133þ (CEPs) populations were quantified and subsequently
enriched for further characterisation.
RESULTS: In preclinical models, levels of CD31þCD45� cells, but not CEPs, were significantly elevated in tumour-bearing mice and
correlated with tumour size, volume and MVD. In our human prospective cohort study, the levels of CD31þCD45� cells were
significantly higher in men who experienced treatment failure within the first year, and on logistic regression analysis were an
independent predictor of treatment failure, whereas neither levels of CECs or CEPs had any prognostic utility. Characterisation of the
isolated CD31þCD45� cell population revealed an essentially homogenous population of large, immature platelets representing
o0.1% of circulating platelets.
CONCLUSION: Elevated levels of a distinct subpopulation of circulating platelets were an independent predictor for early biochemical
recurrence in prostate cancer patients within the first year from prostatectomy.
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Prostate cancer is the most commonly diagnosed internal
malignancy and the second leading cause of cancer death among
men in the Western world. When considered against the fact that
only males can develop the disease, the prostate is by far the most
cancer susceptible internal organ within the body. In spite of the
great propensity of the prostate gland to undergo malignant
transformation, the majority of these tumours are clinically
indolent and represent no threat to life, while a smaller but still
significant number of cancers are lethal.
The decision to treat or observe a newly diagnosed, clinically

localised prostate cancer is determined largely by the anticipated
natural history of the disease in the absence of therapy. Although
there are a number of different predictive tools for use in the
clinical setting, based primarily on serum PSA, digital rectal
examination, and the histopathological examination of diagnostic

cores, due to both the well documented sampling error in the
biopsy process as well as inherent biological variability within
tumours of similar pathology, current methods fail to reliably
discriminate indolent tumours from those with metastatic
potential (Corcoran et al, 2011, 2012). There is thus a real clinical
need for new biomarkers that allow for the early detection of high-
risk prostate cancer, which would assist in risk stratification and
prognostication of prostate cancer patients.
Angiogenesis is one of the hallmarks of cancer driving tumour

growth and ultimately metastasis. At present, tissue microvessel
density (MVD) is the main parameter used to evaluate tumour
angiogenesis. However, this approach has its limitations including
the need for an invasive procedure for tissue procurement, the
inaccuracy of MVD measurement in limited tumour biopsies
compared with whole tumour specimens, and more importantly
the lack of correlation with clinical outcomes (Nico et al, 2008).
Recently, surrogate markers for tumour vascularisation, in
particular circulating endothelial cells (CEC) and circulating
endothelial progenitor (CEP) cells, have emerged as potentially
useful biomarkers for various cancers including renal cell
carcinoma, gastrointestinal cancer, breast cancer and lymphoma
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(Mancuso and Bertolini, 2010). A panel of cell surface markers are
commonly used in flow cytometry to identify CECs and CEPs in
peripheral blood samples (Blann et al, 2005; Mancuso et al, 2009).
Circulating endothelial cells are phenotypically identified based on
the expression of endothelial markers (including CD31 and
CD146) together with the absence of expression of leukocyte
marker (CD45) and immaturity marker (CD133). Activated CECs
have positive expression of CD105 and CD106. Circulating
endothelial progenitors are identified by the expression of CD133.
Circulating endothelial cells, a subpopulation of endothelial

cells, are thought to be shed from established blood vessels into the
circulation following detachment from the basement membrane
during angiogenesis, whereas CEPs originate from the bone
marrow and have a role in neovascularisation (Mancuso and
Bertolini, 2010). Preclinically in different tumour models, levels of
CECs and CEPs have been shown to correlate with disease states
and treatment outcomes (Monestiroli et al, 2001; Shaked et al,
2005a, b; Mancuso et al, 2006). It has been shown that mean CEC
levels were elevated 3.3-fold in cancer patients compared with
healthy controls and that patients with progressive disease had
higher CEC levels, whereas patients with stable disease had similar
CEC levels to healthy volunteers (Beerepoot et al, 2004). In
addition, lymphoma patients with complete remission
(Monestiroli et al, 2001) and breast cancer patients receiving
metronomic treatments (chemotherapy and oral drugs)
(Dellapasqua et al, 2008; Calleri et al, 2009) and postmastectomy
patients (Mancuso et al, 2001) presented with CEC levels that were
comparable to healthy controls; lower CEC levels were also
associated with prolonged survival outcome in gastrointestinal
cancer patients treated with an antiangiogenic agent (Norden-
Zfoni et al, 2007). There is conflicting evidence surrounding the
contribution of CEPs to (a) tumour vascularisation and (b) as
biomarkers for prognostication and treatment response. Although
it has been shown that CEPs contribute to tumour vascularisation
in several malignancies (Lyden et al, 2001; Reyes et al, 2002;
Dwenger et al, 2004; Peters et al, 2005), two studies (De Palma
et al, 2003; Gothert et al, 2004) have suggested that CEPs make
minimal contributions to tumour vasculature. Similarly, although
CEPs have been reported as a potential biomarker for treatment
responses (Dome et al, 2006; Calleri et al, 2009; Goon et al, 2009),
several studies have reported no correlation between CEP levels
and disease outcomes (Mancuso et al, 2001, 2006; Ronzoni et al,
2010). Clearly, the prognostic value of CEPs requires further
validation.
Although there is a strong case for CECs as biomarkers for

tumour progression and treatment efficacy in other tumour types,
it is unclear whether CECs have prognostic utility in prostate
cancer to predict treatment response in patients with localised
prostate cancer treated surgically. In this study, we investigated the
predictive potential of circulating cells, including CECs and CEPs,
as biomarkers for early treatment failure in patients with localised
prostate cancer.

MATERIALS AND METHODS

Cell lines and culture conditions

All cell lines were purchased from American Type Culture Centre
(ATCC, Sydney, NSW, Australia). PC3 (Cat No: CRL-1435) and
MDA-MB-231 (Cat No: HTB-26) cell lines were cultured in RPMI
media (Invitrogen, Carlsbad, CA, USA) with added 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin. Lewis lung
carcinoma (LLC) (Cat No: CR-1642) cells were cultured in DMEM
media (Invitrogen) with 10% FBS and 1% penicillin/streptomycin.
LNCaP (Cat No: CRL-1740) and AI-LNCaP (a subline of CRL-1740)
cell lines were cultured in RPMI media with added 10% FBS,
4.5 g l� 1

D-glucose, 1mM sodium pyruvate, 10mM HEPES and 1%

penicillin/streptomycin. AI-LNCaP cells were developed as follows:
LNCAP-FGC cells (Soto et al, 1995) passage 23 were seeded at 70–
80% confluency, washed twice in 1� PBS, serum starved for 48 h
then placed in RPMI 1641 media supplemented with 5% Charcoal-
stripped serum (CSS; Hyclone, Logan, UT, USA, #SH30068.93).
Widespread apoptotic cell death ensued after 5–7 days leaving
approximately 10–20% of cells intact, characterised by prominent
neuroendocrine differentiation. This process was repeated a
further five times until a cell line was selected, AI-LNCaP that
proliferates with almost identical kinetics in 5% CSS media or 10%
FCS media. All cells were cultured in T175 flasks and incubated at
37 1C, 5 or 10% CO2. The expanded cell populations were detached
from flasks using 1� Trypsin/EDTA solution, in preparation for
either passaging or xenograft injection.

Xenografting

Four-to eight-week-old severe combined immune deficiency
(SCID) mice were injected with 1� 107 cancer cells. A minimum
of six mice were used for each cancer cell line and all mice were
anaesthetised before the subsequent procedure. For s.c. models,
AI-LNCaP and LLC cells were injected at a single site with an equal
volume of BD Matrigel matrix (BD Biosciences, North Ryde, NSW,
Australia, Cat No: 356237). For orthotopic models, MDA-MB-231
cells were injected into mammary fat pads and PC3, LNCaP and
AI-LNCaP cells were injected into the dorsolateral lobe of the
prostate without matrigel.

Blood collection (mouse)

Up to 200 ml of blood was collected from each mouse weekly via
mandibular bleed. Blood was transferred into Microtainer Collec-
tion Tube (BD Biosciences, Cat No: 367839) containing either
K2EDTA or lithium heparin (BD Biosciences, Cat No: 365985)
anticoagulant and placed immediately on ice. At the end of
experiment, mice were euthanised and a cardiac puncture was
performed to obtain a large, end-point volume of blood from each
mouse.

Tumour monitoring and collection

Subcutaneous tumour growth was measured weekly using
callipers. Dimensions were taken along the length and perpendi-
cular width, with length the greatest dimension of the tumour at
each assessment. Tumour volume was calculated using the
following formula: Tumour volume (mm3)¼ 0.52�A�B2, where
A¼ longer dimension and B¼ shorter dimension. At the end of
experiment, s.c. tumours were dissected from the abdominal wall
and overlying skin, and excised discretely. Mammary fat pads
tumours were retrieved in a similar fashion to s.c. tumours. In the
intraprostatic models, the intact tumour-containing glands were
removed. Following excision, all tumours were weighed and
measured.

Assessment of MVD

The MVD was assessed as a histological measure of intratumoural
vascularity in orthotopic models. Tumour tissues were sectioned
(5mm) and placed on Histobond (Leica, Marienfeld, Germany)
silanized glass slides. Rehydration was performed through three
immersions into xylene and then gradient ethanol immersion.
Endogenous peroxidase activity was blocked by immersion in 0.3%
hydrogen peroxide in PBS for 5min at room temperature.
Following washes in PBS, tissues were incubated with purified
rat anti-mouse CD31 antibody (BD Pharmingen, North Ryde,
NSW, Australia) diluted 1 : 75 in 0.5% BSA in PBS, at room
temperature for 2 h in a humidified chamber. Following washes,
tissues were incubated with a 1 : 75 dilution of horseradish
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peroxidase-conjugated goat anti-rat Ig-specific polyclonal anti-
body (Dako, Botany, NSW, Australia) in PBS for 30min at room
temperature. Peroxidase signal was developed using 3,30-diamino-
benzidine liquid substrate system (Sigma-Aldrich, St Louis, MO,
USA). Sections were washed and counterstained with haematoxylin
before dehydration and coverslipping with DPX resin (BDH Labs).
Single, brown staining endothelial cells or clusters of contiguous
endothelial cells were considered to represent a single microvessel
in this study. Three areas of highest staining were examined and
the number of microvessels was scored by two independent
investigators. Average counts were used for subsequent correlation
analysis.

Human study

After informed consent, blood was taken from the arterial line
once the patient was anaesthetised but before the commencement
of prostatectomy, with the initial 5ml being discarded before
sample aspiration. Initially, K2EDTA Vacutainer Collection Tubes
(Becton Dickinson, North Ryde, NSW, Australia) were used for
blood collection for the first half of the presurgery group, and
samples were processed within 90min of blood collection.
Subsequently, CellSave preservative tubes (Veridex, Johnson and
Johnson, North Raritan, NJ, USA) were used for blood collection
and samples were processed within 96 h of blood collection.
Preoperative blood was collected for CEC and CEP analysis on

the day of surgery in 164 men with localised prostate cancer. The
CEC and CEP levels were analysed for correlation with known
clinical and pathological characteristics of prostate cancer. In
addition, to demonstrate that a specific subpopulation of platelets,
but not total platelets, are an independent predictor of treatment
failure, the levels of total platelets before surgery were analysed
retrospectively in a larger independent cohort of 364 prostatect-
omy patients.

Blood preparation for flow cytometry analysis

Both murine and human blood samples were similarly processed
according to previously published protocol for flow cytometry
analysis (Duda et al, 2006). Briefly, whole blood was centrifuged
and plasma was removed. Samples were washed twice in wash
buffer (1� PBS with 0.5% BSA, 1.5mM EDTA) and resuspended in
500ml wash buffer. Mouse blood samples were incubated with
mouse FcR blocking reagent (Miltenyi, North Ryde, NSW,
Australia, Cat No: 120-003-855). Next, samples were incubated
with anti-mouse rat antibodies, namely, CD31-FITC (BD Bios-
ciences, Cat No: 558738), CD45-PerCP (BD Biosciences, Cat No:
557235) and CD117-PE (BD Biosciences, Cat No: 553355). After
incubation samples were resuspended in ACK Red Cell Lysing
Buffer (Invitrogen, Cat No. A10492), washed twice and passed
through a 35 mm cell strainer (BD Biosciences, Cat No: 352235).
Human blood samples were processed in a similar manner, human
FcR blocking reagent (Miltenyi, Cat No: 120-000-442) and anti-
human mouse antibodies, namely, CD31-FITC (BD Biosciences,
Cat No: 555445) CD45-PerCP (BD Biosciences, Cat No: 347464),
CD133-APC (Miltenyi, Cat No: 130-090-826) and CD146-PE (BD
Biosciences, Cat No: 550315) were substituted. In addition, mouse
anti-human CD41a (BD Biosciences, Cat No: 559777) and CD42b
(BD Biosciences, Cat No: 551061) antibodies were used as platelet-
specific markers (Breton-Gorius and Vainchenker, 1986; Koike
et al, 1987; Tomer et al, 1988; Vainchenker and Kieffer, 1988;
Demirer et al, 2001; Drayer et al, 2006; Schneider and Taatjes-
Sommer, 2009). Fifty microlitre of FlowCount fluorosphere
suspension (Beckman Coulter, Brea, CA, USA, Cat No: 7547053)
was added to each samples and placed on ice until flow cytometry
analysis. The concentration of any cell population was calculated
using the formula: Concentration of cell A¼ number of cell A

(event count)� concentration of beads� volume of beads/
(number of beads� volume of blood).
For both murine and human CECs analysis, flow cytometry plots

were analysed using either Win MDI version 2.9 (J. Trotter, Scripps
Institute, CA, USA) or FACS Diva software (BD Biosciences).
Forward and side scatters plot was used to determine the region
containing mononuclear cells while excluding small platelets, cell
debris and granulocytes (Supplementary Figure 1). In both the
mouse and human samples CEC enriched populations were
defined as CD31þCD45� . For mouse experiments, the CEP
population was defined as CD31þCD45intermediateCD117þ . Human
CEC population was defined as CD31þCD45�CD146þ and CEP
population was defined as CD31þCD45intermediateCD133þ .

Electron microscopy

Sorted cells were fixed in 0.1M sodium cacodylate (pH 7.4)
containing 5mM calcium chloride and 2.5% glutaraldehyde for 24 h
at 4 1C, then embedded in 1% low-melting agarose. Samples were
fixed with 2% tannic acid in the same primary fixative, rinsed and
post fixed with osmium–tetroxide at 1% for 1 h. Samples were
en-bloc-stained with 1% aqueous uranyl acetate for 18 h at 4 1C,
then serially dehydrated and embedded in epoxy resin polymerised
at 60 1C for 48 h. Seventy nanometre sections were observed at
300 kV on a Tecnai F30 (FEI, Eindhoven, NL, USA), electron
micrographs (2k� 2k) were acquired using a US1000 (Gatan,
Pleasanton, CA, USA).

Statistical analysis

Continuous data are presented as means or medians, and
differences between groups determined using Student’s t-test or
the Mann–Whitney U-test as appropriate. Correlation between
continuous variables was determined by calculating Spearman’s
rho or Pearson’s r following log transformation. To determine the
effect of platelet number on the risk of biochemical recurrence
(postoperative PSA 40.2 ngml� 1 confirmed by a second reading
of the same value of higher, or a serially rising PSA below this level
that was believed by the treating physician to represent disease
recurrence and led to the institution of salvage therapy), Kaplan–
Meier curves were generated and differences between quintile
levels assessed using the logrank test. Patients without recurrence
were censored at the date of their last PSA test. To determine the
value of preoperative CD31þCD45þ cell counts for predicting
treatment response post radical prostatectomy, a multivariable
logistic regression model was fitted, and odds ratios and 95%
confidence intervals calculated. All statistical tests were two-sided,
with Po0.05 considered significant. Analyses were performed
using SPSS V.18 (SPSS, IBM, Armonk, NY, USA) and GraphPad
Prism 5 (GraphPad, La Jolla, CA, USA).

Ethics

All animal experiments were approved by our institutional Animal
Research Ethics Committee. The collection of patient blood
samples and access to patient medical records for the CEC projects
was approved by the Epworth Human Research Ethics Committee.

RESULTS

To determine whether levels of CECs and endothelial cell
progenitors reflected differences in malignant behaviour, we
measured them initially in two s.c. tumour models using the
highly aggressive LLC cell line and an in-house-derived androgen-
independent LNCaP (AI-LNCaP) cell line. As expected, the LLC
cell line produced rapidly growing tumours (Figure 1A), with a
mean volume of 2.48±0.23 cc on day 21 compared with a final
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volume (day 33) of 0.67±0.09 cc observed with the AI-LNCaP cell
line. Both CEC (CD31þCD45� ; control 40.57±6.14; AI-LNCaP
115±16.86, P¼ 0.0089; Lewis lung 127.4±18.99, P¼ 0.022) and
CEP (CD31þCD45�CD117þ ; control 0.82±0.19; AI-LNCaP
1.75±0.32, P¼ 0.036; Lewis lung 3.9±1.0, P¼ 0.04) levels were
significantly elevated at the end of the experiment in both cell lines
compared with the mock controls (Figure 1B and C), although
there was no significant difference between the two cell lines
(P¼ 0.64 and P¼ 0.11 for CECs and CEPs, respectively). To extend
these findings we measured CEC and CEP levels in orthotopic
xenograft models using the prostate cancer cell lines ATCC-
LNCaP, PC3 and AI-LNCaP, as well as the breast cancer cell line
MDA-MB-231. The CEC and CEP levels were measured weekly and
at the termination of the experiment on day 39–40, when tumour-
bearing organs were excised and weighed. The AI-LNCaP cell line
produced the largest primary tumours (mean organ weight
1.38±0.14 g, P¼ 0.0002) compared with mock surgery controls

(0.06±0.01 g), followed by MDA-MB-231 (0.7±0.06 g, P¼ 0.001),
ATCC-LNCaP (0.024±0.1 g, P¼ 0.14) and PC3 (0.22±0.06 g,
P¼ 0.042) cell lines (Figure 1D). These differences in tumour
growth were broadly reflected by changes in measured CEC levels,
with significantly elevated levels observed earliest in mice
harbouring AI-LNCaP tumours (day 33), followed by the PC3
and MDA-MB-231 (day 39) models (Figure 1E). At the end of the
experiment CEC levels were also highest in the AI-LNCaP models
(66.77±4.23, Po0.0001) compared with the mock surgery controls
(29±2.45), with elevated levels also noted in the PC3 (39.17±3.39,
P¼ 0.038) and MDA-MB-231 (40.31±5.29, P¼ 0.09) xenografts
(Figure 1F). The CEC levels in the ATCC-LNCaP xenograft model,
which in our hands produces small non-metastasising tumours,
were not elevated compared with controls at any time point.
Interestingly, despite a clear increase in CEP levels in s.c. models, no
significant differences in CEP levels were observed at any time point
with any cell line in the orthotopic xenografts (Figure 1G).
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Figure 1 Levels of CEC (CD31þCD45� ) and CEP (CD31þCD45�CD117þ ) cells in preclinical models of prostate cancer. (A) Growth of s.c. tumour
models (mean tumour volumes±s.e.m.) in SCID mice with either AI-LNCaP prostate or LLC tumour cells. (B) Mean CECþ s.e.m. levels at termination of
experiment for s.c. tumour models and control injection groups. (C) Mean CEPþ s.e.m. levels at termination of experiment for s.c. tumour models and
control injection groups (D). Mean tumour weightsþ s.e.m. on day 39–40 in orthotopic xenograft models using the prostate cancer cell lines ATCC-LNCaP,
PC3 and AI-LNCaP and the breast cancer cell line MDA-MB-231. (E) Time course of mean CEC±s.e.m. levels in orthotopic xenograft models using the
prostate cancer cell lines ATCC-LNCaP, PC3 and AI-LNCaP, as well as the breast cancer cell line MDA-MB-231. (F) Mean CECþ s.e.m. levels in orthotopic
xenograft models, ATCC-LNCaP, PC3 and AI-LNCaP, and MDA-MB-231 tumours upon termination of experiment. (G) Mean CEPþ s.e.m. levels in
orthotopic xenograft models, ATCC-LNCaP, PC3 and AI-LNCaP, and MDA-MB-231 tumours upon termination of experiment. For all orthotopic models,
six mice were used for each cancer cell line and three mice were used in mock surgical control groups.
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As CECs are reported to be a surrogate marker of tumour
neoangiogenesis, we next measured MVD, a pathological correlate
of new blood vessel formation, in sections from orthotopic
xenograft models (Figure 2A and C) and correlated them with
CEC levels (Figure 2B). The increases in MVD observed with the
more aggressive cell lines mirrored precisely the changes seen in
CEC levels, with a significant positive correlation between the two
variables (Pearson’s r¼ 0.93637).
To assess whether CEC and CEP levels are potentially useful

biomarkers of treatment response in patients with clinically
localised prostate cancer, we performed a prospective cohort
study in men undergoing prostatectomy at our institution. Blood
was collected for CEC and CEP measurement on the day of surgery
in 164 men, the clinical and pathological characteristics of whom
are summarised in Table 1. To unambiguously identify the CEC
population we added CD146 antigen positivity to the CD31 and
CD45 measurements and to obviate specificity problems associated
with some CD146 antibodies we chose an anti-CD146 clone
previously determined as specific for this antigen and endothelial
cells (Strijbos et al, 2007). We additionally measured the CD31þ

CD45� cell population analogous to what we had measured in our
preclinical models and which had shown remarkable correlation
with tumour size, volume and MVD in the orthotopic models of
prostate cancer.
We found that there was no significant difference in median

CD31þCD45� cell levels between patient groups with increasing
pathological stage (32.69, IQR 20.29–51.64 vs 28.58, IQR 22.16–
47.67; P¼ 0.86), the presence of extra-prostatic extension (33.35,
IQR 20.84–52.03 vs 28.57, IQR 21.91–46.52; P¼ 0.068) or increasing

Gleason score (Gleason 6 38.88, IQR 25.57–49.24 vs Gleason 7
28.57, IQR 20.84–50.49 vs Gleason 8–10 36.18, 23.89–48.85;
P¼ 0.057), nor was there any correlation with (log transformed)
preoperative PSA (Spearman r¼ 0.047, P¼ 0.55) (Figure 3A–D).
However, CD31þCD45� cell levels were significantly higher in
men who experienced treatment failure within the first year,
compared with those who did not (30.96, IQR 20.50–48.81 vs 50.01,
IQR 30.15–62.93; P¼ 0.014) (Figure 3E). We then analysed levels of
the strict CEC population, CD31þCD45�CD146þ , but no
significant difference was observed between the groups (0,
IQR 0–0.04 vs 0, IQR 0–0.16; P¼ 0.4) (Figure 4A), nor was
there any significant difference in median CEP (CD31þ

CD45intermediateCD133þ levels; 0.09, IQR 0–0.74 vs 0.34, IQR
0–1.32) (Figure 4B) noted.
To address whether CD31þCD45� cell levels are a potentially

useful biomarker to guide treatment decision making in the
preoperative setting, we performed a multivariable logistic
regression analysis, including previously established predictors
of treatment failure including preoperative PSA, clinical stage and
biopsy Gleason score. In our model (Table 2, Supplementary
Table 1), CD31þCD45� cells were an independent predictor of
treatment failure, with the risk of recurrence increasing by 43% for
every 10 cells increase in CD31þCD45� cell levels.
To identify the CD31þCD45� cell population we sorted and

stained using Wright’s–Giemsa this population of cells and
observed using light microscopy a highly homogenous cell
population comprising cells of approximately 5 mm in diameter,
exhibiting centrally located dense granular structures with
irregular amounts of cytoplasm (Figure 5A). Further analysis of
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Figure 2 Circulating endothelial cell (CD31þCD45� ) levels correlate with MVD measures in orthotopic tumour models. (A) Mean MVDþ s.e.m.
(n¼ 6) from representative tumour sections isolated from indicated tumours at the end of experiment. (B) Correlation of MVD and mean CEC levels at
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the sorted cell population using electron microscopic analysis
revealed the sorted CD31þCD45� cells lacked distinctive nuclei
and contain open canalicular systems (OCS), alpha granules, dense
bodies and were of the order of 3–5 mm in size, features completely
consistent with large, immature platelets (Figure 5B). We then
performed flow cytometry using the platelet-specific markers
CD41a and CD42b on the CD31þCD45� cell population. We
observed positive expression of both platelet-specific markers on
the CD31þCD45� cell population (Figure 5C and D). To test our
hypothesis that levels of a specific subpopulation of platelets, but
not total platelet levels, are an independent predictor of treatment
failure, we performed a retrospective analysis using total platelet
counts of an independent set of 364 prostatectomy patients
(clinical and pathological characteristics are summarised in
Table 3) before surgery to investigate the discriminatory ability
of total platelet counts between non-recurrers and cancer recurring
cohorts. There was no difference in total platelet levels between the
two groups nor was there any difference between groups upon
Kaplan–Meier survival analysis based on platelet number quintiles
(Figure 5E and F). This supports our findings that only a specific
subpopulation of total platelets is an independent predictor for
early biochemical recurrence.

DISCUSSION

Circulating endothelial cells, thought to arise from shedding of the
endothelial cell lining of the tumour vasculature as well as
progenitor cells mobilised from the bone marrow compartment,
have been proposed as surrogate biomarkers of tumour angiogen-
esis and hence might be useful as predictors of treatment response
in early-stage prostate cancer as well as permitting the more
accurate staging of patients for curative treatment interventions.
Although CECs and CEPs show promise as biomarkers of

disease status, no consensus has emerged regarding surface
markers that unambiguously identify these cells (Mancuso and
Bertolini, 2010). A number of antigens have been utilised to
identify CECs and CEPs, including CD31, CD34, CD105, CD146
and CD202B. Of these, CD146 would appear to be the most specific
as an endothelial marker, with its expression limited to endothelial
cells and a fraction of activated T cells (Bardin et al, 1996a, b;
Blann et al, 2005; Elshal et al, 2005). However, doubts have been
raised as to whether the purported cellular levels of CECs might be
contaminated with levels of other haematogenous cells, in
particular large platelets (Strijbos et al, 2007, 2008; Starlinger
et al, 2011).
To identify human CECs and CEPs we utilised the most

commonly employed technique of flow cytometry of fresh blood
samples defining CECs as absence of the haematopoietic
marker CD45 and presence of the endothelial markers CD31 and
CD146. The CEPs were additionally identified by the expression
of CD133.
Our preclinical results indicated a very strong correlation with

levels of a CD31þCD45� circulating cell population and tumour
size and volume in orthotopic xenograft models of prostate cancer.
Interestingly, the increase in circulating CD31þCD45� numbers
appeared to be a late event in tumour formation typically
occurring around day 30 post tumour inoculation (Figure 1),
excepting the very aggressive Lewis lung carcinoma cells, possibly
indicative of the peak period of tumour vascularisation. However,
no such correlation was observed with the CEP population,
identified as CD31þCD45�CD117þ . The CD31þCD45� immu-
notype does not represent a strict population of CECs (Mancuso
et al, 2009; Mancuso and Bertolini, 2010) but very likely includes a
broader population of haematogenous cell types, including
platelets (Strijbos et al, 2007), hence we utilised an additional
endothelial-specific marker, CD146þ in our prospective human
study to unambiguously identify the CEC population from other
cell types. In the disease setting we selected, localised prostate
cancer before surgical intervention, we found no utility in
measuring either CEC or CEP levels either as correlates with
existing clinico-pathological parameters or as predictive markers
of early treatment failure. In contrast, intriguingly, we found that
levels of the CD31þCD45� cell population acted as independent
predictors of early treatment failure upon multivariable logistic
regression models and that this cell population when sorted and
identified comprised an essentially homogenous population of
large immature platelets, representing o0.1% of total circulating
platelets. These results raise the intriguing possibility that these
cells may serve as surrogate markers of micrometastatic disease in
the localised prostate cancer setting before treatment intervention,
as it is very likely that the cohort of early cancer recurrers were in
affected patients whose cancers had already disseminated and
seeded before surgery.
There is considerable experimental evidence that platelets

contribute intimately to tumour metastasis. A number of
platelet-expressed proteins have been demonstrated to be critical
for tumour metastasis in experimental animal models with in
particular LPA and beta-3 integrins shown to be necessary to
support bone metastasis (Bakewell et al, 2003; Boucharaba et al,
2004). Platelets are also intimately involved with the processes
driving tumour angiogenesis, through the release of many

Table 1 Clinical and pathological characteristics of the radical
prostatectomy cohort of 164 patients for CEC and CEP analyses

n 164 (100%)
Clinical stage
1b 2 (1.2%)
1c 115 (70.1%)
2a 10 (6.1%)
2b 24 (14.6%)
2c 4 (2.4%)
3a 4 (2.4%)
3b 2 (1.2%)
Incomplete 3 (1.8%)

Biopsy grade
Gleason p6 45 (27.4%)
Gleason 7 87 (53%)
Gleason 8–10 28 (17.1%)
Incomplete 4 (2.4%)

Preoperative PSA (ngml� 1)
Median 6.1
IQR 4.3–8.95

Pathological stage
2 108 (65.9%)
3 56 (34.1%)

Extracapsular extension
Present 53 (32.3%)
Absent 111 (67.7%)

Seminal vesicle invasion
Present 11 (6.7%)
Absent 153 (93.3%)

Prostatectomy gleason score
6 13 (7.9%)
7 135 (82.3%)
8–10 16 (9.8%)

Early biochemical recurrence (n¼ 149)
Yes 12 (8.1%)
No 137 (91.9%)

Abbreviations: CEC¼ circulating endothelial cells; CEP¼ circulating endothelial
progenitor; IQR¼ interquartile range; PSA¼ prostate-specific antigen.
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proangiogenic factors (Coppinger et al, 2004; Smyth et al, 2009)
from activated platelets in the tumour microenvironment and
enhanced levels of activated platelets have been reported in a
variety of tumour types including prostate cancer (Sierko and
Wojtukiewicz, 2007). Platelets also appear to have a vital role in
supporting circulating tumour cell survival and eventual extra-
vasation in the marginal environment of the bloodstream.
Depletion of platelets inhibits metastasis (Gasic et al, 1968;
Camerer et al, 2004), whereas platelet reconstitution restores
experimental metastasis (Karpatkin et al, 1988). Nuclear factor
erythroid-derived 2 (NFE2) knockout mice are devoid of circulat-
ing platelets and these mice are essentially refractory to experi-
mental metastasis (Camerer et al, 2004). Additional evidence
linking the key platelet proteins PAR4 and fibrinogen from
knockout mice models have unambiguously demonstrated that
activated platelets have an essential role in haematogenous
spreading of tumours (Camerer et al, 2004). Given that platelets
have been reported to adhere to circulating tumour cells, where
they can protect the CTCs from NK cell induced lysis (Nieswandt
et al, 1999), it is possible that we are measuring heterocellular
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Table 2 Multivariable logistic regression analysis including previously
established predictors of treatment failure including preoperative PSA,
clinical stage and biopsy Gleason score

ORs 95% CIs P

Clinical stage 0.95 0.25–3.54 0.94
Biopsy Gleason score 2.69 0.66–11.04 0.17
PSA (10 ngml� 1) 2.11 1.31–3.41 0.002
CD31þCD45� (10 cells per microl) 1.43 1.1–1.87 0.01

Abbreviations: CI¼ confidence interval; OR¼ odds ratio; PSA¼ prostate-specific
antigen.
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aggregates of platelets within the CD31þCD45� cell population
via flow cytometry and this is a point warranting future analysis.
Platelets are highly labile cells derived from the structural

disintegration of bone marrow megakaryocytes. Platelets can be

activated typically by adhesion to subendothelial layers of the
vasculature or via distinct stimuli such as arachidonate, ADP,
thrombus or prostanoids. Upon such stimulation platelets undergo
morphological change to expose functional surface receptors
aggregate and release the content of their cytosolic granules.
Very little is known concerning whether there might exist

specific subtypes of platelets; however, a specific subfraction of
large platelets has been identified as being more haemostatically
active raising much interest in the haematological sphere (Rinder
et al, 1998).Immature platelets are relatively rich in megakaryocyte
RNA and are also enlarged compared with more mature platelets.
Recent measures of both the absolute numbers and fraction of
these immature platelets suggest their clinical utility in paediatric
blood disorders (Strauss et al, 2011).
Our identification of an increase in a specific subset of these

platelets in patients with micrometastatic disease raises the
intriguing possibility of tumour-orchestrated mobilisation of these
immature platelets from the bone marrow, where they might aid
in tumour cell survival and extravasation through direct contact
with disseminated tumour cells as postulated by very recent
work, showing that platelet adherence to circulating tumour cells
provokes epithelial mesenchymal-like transition in the epithelial
cells and ultimately invasive and aggressive phenotypes in
experimental metastasis models (Labelle et al, 2011). These results
strongly imply that secreted factors released from the distinct
platelet reticular and granular system could directly enhance
disseminated tumour cell survival extravasation and distant
proliferation in micrometastatic niches.
In this regard it is of great interest that distinct subtypes of

granules and OCS have very recently been identified using EM
tomography and 3D reconstruction (van Nispen tot Pannerden
et al, 2010) of resting platelets, suggesting that previously
unknown multiple distinct subclasses of platelets may exist.
It cannot be inferred from our results that CECs or CEPs do not

have a role in tumour prognostication or as treatment response
markers. Numerous positive studies attest to the potential of this
biomarker, particularly as a treatment response marker in the
advanced cancer setting following systemic drug treatment (Dome
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Table 3 Clinical and pathological characteristics of the radical
prostatectomy cohort of 364 patients for total platelets analysis

n 364
Age (years)
Median 61.8
IQR 57.4–65.8

PSA (ngml� 1)
Median 6.6
IQR 5.1–8.7

Pathological stage
pT2a 2 (1.2%)
pT2b 115 (70.1%)
pT2c 10 (6.1%)
pT3a 24 (14.6%)
pT3b 4 (2.4%)
3a 4 (2.4%)

Gleason score
5 2 (1.2%)
6 3 (1.8%)
7 45 (27.4%)
8 87 (53%)
9 28 (17.1%)

Total tumour volume (cc)
Median 2.3
IQR 1.1–4.6

Platelets (� 109 per l)
Median 245
IQR 212–286

Abbreviations: IQR¼ interquartile range; PSA¼ prostate-specific antigen.
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et al, 2006; Mancuso et al, 2006; Goon et al, 2009; Bertolini et al, 2011).
However, it is interesting to speculate to what degree levels of CECs
reported in studies may include other cell types other
than ‘pure’ CECs. Our study was specifically designed to analyse the
predictive potential of circulating cells as biomarkers of subclinical,
micrometastatic disease in the early prostate cancer setting for which
we have surprisingly discovered that a specific subset of circulating
platelets namely, large immature platelets are markedly elevated in this
setting. Given the very recent findings of a distinctive role for platelets
in tumour cell dissemination and extravasation (Gay and Felding-
Habermann, 2011), these results raise the possibility that these large
immature platelets may not only serve as biomarkers of disease status
but may be intimately involved in the prostate cancer metastatic

process, potentially opening novel avenues of targeted antimetastatic
therapies in the future.
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