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Simple Summary: Cancer cells (CTCs) can be found in the bloodstream in men with advanced 
prostate cancer. Blood platelets, which normally help the blood to clot, may help the cancer cells to 
spread throughout the body by preventing the body’s immune system from finding and destroying 
them while they are in the bloodstream. Blood samples were taken from men with prostate cancer 
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who were involved in the ExPeCT clinical trial, some of whom were taking part in a regular exercise 
programme. The numbers of CTCs, platelets and immune system cells were counted and compared. 
Blood samples with more CTCs had higher numbers of platelets and higher numbers of some types 
of immune system cells. Some differences were also found in men involved in the exercise pro-
gramme. This study helps to show that CTCs numbers are related to platelet and immune cell num-
bers in the blood. 

Abstract: Interactions between circulating tumour cells (CTCs) and platelets are thought to inhibit 
natural killer(NK)-cell-induced lysis. We attempted to correlate CTC numbers in men with ad-
vanced prostate cancer with platelet counts and circulating lymphocyte numbers. Sixty-one ExPeCT 
trial participants, divided into overweight/obese and normal weight groups on the basis of a BMI ≥ 
25 or <25, were randomized to participate or not in a six-month exercise programme. Blood samples 
at randomization, and at three and six months, were subjected to ScreenCell filtration, circulating 
platelet counts were obtained, and flow cytometry was performed on a subset of samples (n = 29). 
CTC count positively correlated with absolute total lymphocyte count (r2 = 0.1709, p = 0.0258) and 
NK-cell count (r2 = 0.49, p < 0.0001). There was also a positive correlation between platelet count and 
CTC count (r2 = 0.094, p = 0.0001). Correlation was also demonstrated within the overweight/obese 
group (n = 123, p < 0.0001), the non-exercise group (n = 79, p = 0.001) and blood draw samples lacking 
platelet cloaking (n = 128, p < 0.0001). By flow cytometry, blood samples from the exercise group (n 
= 15) had a higher proportion of CD3+ T-lymphocytes (p = 0.0003) and lower proportions of B-lym-
phocytes (p = 0.0264) and NK-cells (p = 0.015) than the non-exercise group (n = 14). These findings 
suggest that CTCs engage in complex interactions with the coagulation cascade and innate immune 
system during intravascular transit, and they present an attractive target for directed therapy at a 
vulnerable stage in metastasis. 

Keywords: Prostate cancer; circulating tumour cells; exercise; flow cytometry; platelets; inflamma-
tion; obesity; coagulation 
 

1. Introduction 
Circulating tumour cells (CTCs) are an intermediate stage of metastasis, whereby a 

cancer can spread from a primary site to set up secondary malignant growths at anatom-
ically distant sites. CTC enumeration may have a prognostic role in advanced prostate 
cancer (PrCa). A prospective study of 231 men with castration-resistant disease found that 
more than or equal to five CTCs per 7.5 mL of blood correlated with a poor prognosis 
when assessed either before or after the initiation of a new line of chemotherapy [1]. Re-
cent studies have further emphasised the negative prognostic impact of numbers of Ep-
CAM-expressing CTCs in metastatic PrCa [2]. CTCs are a potentially useful target for ther-
apy as intravascular cells are vulnerable to the cellular and humoral processes of the in-
nate and adaptive immune systems. 

Several different systems exist for CTC enumeration. The FDA-approved system 
(CellSearch®, Menarini Silicon Biosystems, Inc., Huntingdon Valley, PA 19006, USA) for 
CTC enrichment involves CTC separation from leucocytes by virtue of their affinity for 
certain specific antibodies, for example EpCAM. The ScreenCell® system (ScreenCell®, 
Paris, France) does not rely on EpCAM expression and instead employs a microporous 
membrane filter and a vacuum tube to trap large and poorly deformable CTCs on the filter 
[3]. These can then be subjected to morphological analysis [4], immunohistochemistry [5], 
or molecular genetic studies [6]. 

There is evidence that platelets support tumour metastasis by various mechanisms 
[7,8], including inhibiting CTC killing by the natural killer (NK) cells of the innate immune 
system [9]. Platelets are involved in arrest of CTCs in the vasculature and through endo-
thelial interactions enable their extravasation. Platelets also secrete various pro-oncogenic 
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factors including PDGF and VEGF, and mediate pro-survival signals in ovarian cancer 
cells [10]. The interactions between CTCs and platelets are complex, but overall tumour 
cell-induced platelet aggregation correlates with metastatic potential and may be due to 
the “cloaking” of tumour cells by adherent platelets. The interaction between CTC cloak-
ing by platelets and their killing by NK-cells is incompletely understood. Thrombocyto-
paenic mice exhibited a reduced tumour metastatic burden when tumour cells were NK-
cell sensitive, and in vitro studies demonstrated reduced NK-cell tumourilytic activity 
when platelets aggregated around tumour cells [11]. In a later mouse model, deficiency 
for Gαq, a G-protein critical for platelet activation, markedly decreased experimental and 
spontaneous metastases [12]. This effect was eliminated in NK-cell deficient mice, further 
supporting the hypothesis that adherent platelets may obstruct the direct cell-cell contact 
required for NK-cell killing. CTCs which are coated with platelets have reduced expres-
sion of ligands which bind to the NK-cell activating receptor NKG2D [13]. Release of 
TGFβ by adherent platelets, which downregulates NKG2D [14], may also inhibit NK-cell-
tumour interactions. Platelets may enable evasion of NK-cell killing by conferring a “pseu-
donormal” phenotype on CTCs through high tumour cell surface expression of normal 
MHC class I antigen [9]. The ExPeCT trial (Exercise, Prostate Cancer and Circulating Tu-
mour Cells) was designed to explore the relationships between platelet cloaking and CTCs 
in men with advanced PrCa, with particular reference to the impact of obesity and exer-
cise. Regular exercise has well-documented benefits in PrCa, both for primary prevention, 
amelioration of treatment-related side-effects, and increasingly for improved cancer-spe-
cific overall and progression-free survival (reviewed [15]). The primary endpoints of the 
ExPeCT trial have been published [16]. CTC numbers varied over time, but no significant 
differences in CTC numbers were found between non-exercise and exercise cohorts, or 
between overweight participants and those of normal weight. Platelet cloaking was iden-
tified in 29.5% of participants. CTC numbers correlated with peripheral blood white cell 
count, and CTC clusters correlated with PSA levels. 

The current study is a secondary analysis from the ExPeCT trial. Its main aim is to 
determine whether blood samples from ExPeCT trial participants demonstrate a correla-
tion between CTC numbers and platelet counts and circulating lymphocyte subsets, par-
ticularly NK-cells, as determined by flow cytometry. A secondary aim is to exploit the 
design structure of the ExPeCT trial to allow comparisons in these parameters between 
participants with elevated or normal BMI, and between those who were randomized or 
not to participate in an organised exercise programme. 

2. Materials and Methods 
2.1. ExPeCT Trial Design 

The design of the ExPeCT trial (ClinicalTrials.gov identifier NCT02453139, CTRIAL-
IE 15-21) has been described elsewhere [17]. In brief, participants with advanced PrCa 
(metastatic disease confirmed by CT/MRI or bone scan) and no history of radical prosta-
tectomy who were considered capable of safely participating in a six-month exercise pro-
gramme were recruited at hospitals in Dublin, Ireland, and London, United Kingdom, 
and randomized to an exercise group or a control group. Subgroup analysis in normal 
weight and overweight/obese groups was performed based on body mass index (BMI < 
25 or ≥25 kg/m2). The exercise group participated in a six-month exercise programme, in-
cluding a weekly group exercise class and a home-based exercise programme. The control 
group was not given specific exercise advice beyond that considered usual for medical 
care, and did not participate in the exercise programme. Blood samples were taken for 
CTC enumeration, full blood count and platelet count at the time of recruitment (T0) and 
after three (T3) and six (T6) months. 
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2.2. Preparation and Analysis of ScreenCell® Filters 
Blood samples were acquired from each participant for ScreenCell® filtration in 3 mL 

K2-EDTA tubes (Grenier Bio, Monroe NC USA) using a 23-gauge, 3/4 inch butterfly nee-
dle. Up to four tubes were acquired at each blood draw (yielding a total of up to 12 mL on 
each occasion) and processed with ScreenCell® Cyto filtration units within four hours ac-
cording to previously published protocols [16]. Filters were stained with May–-Grun-
wald–Giemsa (MGG), stored at 4 °C and examined by a pathologist (BH) using an Olym-
pus BX41 light microscope (Olympus Corporation, Tokyo, Japan) with 10× and 40× Olym-
pus Plan Fluorite objective lenses and a 20× Olympus Plan Apo objective lens. Filters were 
screened at 20× with the condenser in situ to enumerate CTCs. The presence (and number) 
of CTCs and the presence or absence of platelet cloaking were recorded per filter and per 
blood draw using a Microsoft Excel spreadsheet (Microsoft, Redmond WA USA). The 
mean number of CTCs per filter was calculated for each blood draw episode. The micros-
copist was blinded as to whether the filter was from an exercise- or control-group partic-
ipant, but not as to whether it was derived from a T0, T3 or T6 blood draw. 

As described previously [16], CTCs were defined as cells in the same plane of focus 
as filter pores whose nucleus was at least twice the diameter of a filter pore, dark blue/pur-
ple in colour, generally of uniform staining intensity and with an outline which was well-
defined around its entire circumference. Many CTCs were centred on filtration pores and 
had markedly irregular nuclear contours, but these were not considered definitional fea-
tures. The presence of cytoplasm was not required to define a CTC as many CTCs lacked 
any cytoplasm and were considered “bare nuclei”. 

Platelet cloaking of an individual CTC was defined as the presence of at least one 
platelet in direct contact with the edge of the CTC. In order to distinguish true platelet 
cloaking from procedure-related blood clot, platelet cloaking was only confirmed when a 
cloaked CTC was identified away from any areas of fibrin/platelet clot at the surface of 
the filter. Dense three-dimensional clusters of platelets were only considered to represent 
platelet cloaking if a definite CTC could be identified within. 

2.3. Flow Cytometry 
Blood samples for flow cytometry were taken in K2-EDTA tubes at each timepoint 

from a subset of Dublin-based participants. The specimens were transported promptly to 
the laboratory and analysed immediately using a BD Multitest 6-color TBNK reagent (BD 
Biosciences, San Jose, CA, USA), which contains FITC-labeled CD3 (clone SK7); PE-labeled 
CD16 (clone B73.117-19); CD56 (clone NCAM16.2;20); PerCP-Cy™5.5–labeled CD45 
(clone 2D1 {HLe-1};21); PE-Cy™7–labeled CD4 (clone SK3;22-24); APC-labeled CD19 
(clone SJ25C1;25); APC-Cy7–labeled CD8 (clone SK1.22,23). A BD FACSCanto II flow cy-
tometer (BD Biosciences) was employed and data analysed using BS FACSCanto Clinical 
software (BD Biosciences). 

2.4. Statistical Methods 
GraphPad InStat Version 3.10 (GraphPad Software, Inc, San Diego, CA, USA) was 

used for statistical analysis. Contingency tables with two rows and columns were ana-
lysed using Fisher’s exact test with a two-tailed p-value. Larger contingency tables were 
examined using the Chi square test for independence, with Chi square test for trend re-
ported in cases with p < 0.05. For comparison of means between two groups the unpaired 
t-test with a two-tailed p-value was employed when the standard deviations of the groups 
were not significantly different and the data were distributed in a Gaussian fashion as 
determined by the Kolmogorov–Mirnov test. The Mann–Whitney test with a two-tailed p-
value was used for data that failed the Kolmogorov–Mirnov normality test. For a compar-
ison of means in more than two groups, the Kruskall–Wallis test (nonparametric analysis 
of variance, ANOVA) was employed when Bartlett’s test determined that there was a sig-
nificant difference between the standard deviations of the groups. When p < 0.05 by the 
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Kruskall–Wallis test, Dunn’s multiple comparison test was undertaken to determine the 
level of significance of differences between individual groups. For comparison of means 
in more than two groups with Gaussian distribution and no significant difference in 
standard deviations, a one-way analysis of variance (ANOVA) was undertaken. When the 
values in each row were matched (for example, assessment of a given variable across the 
three timepoints), repeated measures ANOVA were performed, and both the F-statistic 
and p-value were reported. This technique required the exclusion of any records that 
lacked complete data, such as a lack of blood draw at a given timepoint for an individual 
participant. For distributions not assumed to be normally distributed, or when the num-
bers of samples were low, the Friedman test (nonparametric repeated measures ANOVA) 
was employed, with reporting of the two-tailed p-value and the Friedman statistic (Fr). 

Regression analysis was employed to test for the presence of a relationship between 
a dependent continuous variable (y) and a single explanatory (x) variable (linear regres-
sion), or multiple explanatory variables (multiple regression). For simple linear regres-
sion, GraphPad was used to find the line of best fit through the data by identifying the 
regression coefficient that minimised the total error of the model. The mean square error 
was calculated by measuring the distance of the observed y-values from the predicted y-
values at each value of x, squaring each of these distances and calculating the mean of 
each of the squared distances. Goodness of fit was expressed as r2, which quantified the 
proportion of variance in the dependent variable which could be explained by variation 
in the explanatory variable. A two-tailed p-value was calculated, with p < 0.05 accepted as 
the threshold of statistical significance. 

In multiple regression analysis a model was constructed defining a single dependent 
variable as a function of several independent variables. Having checked for multicolline-
arity, regression coefficients were calculated for each parameter using the least-squares 
method, with standard errors and upper and lower 95% confidence intervals derived from 
the t ratio. A p-value was calculated for each parameter, derived from the t ratio and the 
number of degrees of freedom, expressing the probability that the observed impact of the 
corresponding variable on the model was due to chance. Variables that had parameters 
with p-values less than 0.05 were considered not to explain independently the variance in 
the dependent variable. R2 was calculated, representing the fraction of all variance in the 
dependent variable explained by the model, and adjusted R2 corrected for the number of 
explanatory variables in the model. An F-test was used to calculate an overall p value for 
the multiple regression which tested the null hypothesis that a model with no independ-
ent variables would fit the data as well as this model. Statistical significance was accepted 
as p < 0.05. 

3. Results 
3.1. CTCs Were Identified in Almost 95% of ScreenCell® Filters 

In all, 61 participants were randomized to the exercise or control group and had at 
least an initial (T0) blood sample taken for assessment. The clinical and pathological fea-
tures of the participants and their diagnostic biopsies were reported previously [16]. 
Eleven participants (18%) had a normal BMI (<25 kg/m2). The remaining 50 participants 
(82%) comprised the overweight/obese group. Several participants withdrew from the 
study or died between T0 and T3 (n = 8) or between T3 and T6 (n = 2). One further partic-
ipant was unavailable for blood sampling at T3, and two at T6. Overall 598 ScreenCell® 
filters were prepared from 162 blood draws from the 61 participants—their features are 
summarised in Table 1. The mean number of filters examined per blood draw was 3.7 
(range 1–7, median 4). Variation of CTC numbers and other features across timepoints, 
and comparison between groups, have been reported previously [16]. 
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Table 1. Categorisation of ScreenCell filters and blood draw episodes. 

Category Filters (n = 598) % of Total Blood Draws (n = 162) % of Total 
T0 220 36.8% 61 37.6% 
T3 197 32.9% 52 32.1% 
T6 181 30.3% 49 30.3% 

Exercise group 290 48.5% 78 48.1% 
Control group 308 51.5% 84 51.9% 

Exposed (BMI ≥ 25) 491 82.1% 133 82.1% 
Non-exposed (BMI < 25) 107 17.9% 29 17.9% 

CTCs absent 31 5.2% 0 0% 
CTCs present 567 94.8% 162 100% 

Platelet cloaking absent 565 94.5% 138 85.2% 
Platelet cloaking present 33 5.5% 24 14.8% 

3.2. Flow Cytometry-Derived Lymphocyte Populations 
Ten trial participants had blood drawn for flow cytometric immunophenotyping of 

circulating lymphoid subsets at each timepoint (5 exercise group, 5 control group; 8 over-
weight/obese, 2 normal BMI). One control-group, overweight/obese-group participant 
did not have blood drawn at the T3 timepoint, so the total number of blood samples sub-
jected to flow cytometry was 29. 

Across all groups and timepoints, CD3+ T-lymphocytes constituted a mean of 71.3% 
of lymphoid cells in the blood samples. CD4+ and CD8+ cells constituted means of 45.3 
and 25.5%, respectively. Smaller proportions of lymphocytes were CD19+ B-lymphocytes 
(9.9%) or CD56+/CD16+ NK-cells (17.5%). The mean absolute total lymphocyte count was 
1800.9/μL, including means of 1304.2 CD3+ T-lymphocytes, 838.5 CD4+ T-lymphocytes, 
455.6 CD8+ T-lymphocytes, 174.6 B-lymphocytes, and 300.3 NK-cells. Variation of lym-
phoid cell populations per timepoint are presented in Appendix A (including Table A1, 
Figures A1 and A2). 

3.3. Total Lymphocyte and Absolute NK-cell Counts Correlate with CTC Numbers 
The mean number of CTCs per 3 mL of blood from the 29 blood draw episodes which 

were subjected to flow cytometry analysis were compared with the absolute numbers of 
circulating lymphocytes. Linear regression analysis was employed for each variable. 
There was a significant correlation between mean CTCs per blood draw and both total 
lymphocyte count (p = 0.0258) and NK-cell count (p < 0.0001) (Table 2, Figures 1 and 2). 
The correlation was relatively weak for total lymphocytes (r2 = 0.1709) but moderate for 
NK-cells (r2 = 0.4999). 

Table 2. CTC number/absolute lymphocyte count correlations (linear regression analysis). Bold is 
used here to highlight significant values (p < 0.05). 

Category r r2 F p 
Total lymphocyte count 0.4134 0.1709 5.566 0.0258 

Absolute CD3 count 0.3122 0.09745 2.915 0.0992 
Absolute CD4 count 0.2751 0.07566 2.21 0.1487 
Absolute CD8 count 0.2372 0.05628 1.61 0.2153 
Absolute B-cell count 0.2292 0.05254 1.497 0.2317 

Absolute NK-cell count 0.707 0.4999 26.987 <0.0001 
CD4–CD8 ratio −0.00515 0.0000265 0.000715 0.9789 
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Figure 1. Correlation between absolute total lymphocyte count (per μL) and mean circulating tu-
mour cell (CTC) count per 3 mL of blood at a given blood draw (n = 29). Linear regression, r = 0.4134; 
r2 = 0.1709; p = 0.0258. 

 
Figure 2. Correlation between absolute natural killer (NK-cell) count (per μL) and mean circulating 
tumour cell (CTC) count per 3 mL of blood at a given blood draw (n = 29). Linear regression, r = 
0.707; r2 = 0.49; p < 0.0001. 

3.4. Fractional Percentages of Lymphocytes Do Not Correlate with CTC Numbers 
Analysis relating to the fractional percentage rather than absolute numbers of each 

lymphocyte subgroup was also performed. No significant correlation was evident be-
tween any lymphocyte fraction and the mean CTC count at that blood draw (Table 3). 

Table 3. CTC-number/lymphocyte fraction correlations 1. 

Lymphocyte Subset r r2 F p 
% CD3 −0.1893 0.03582 0.1587 0.6935 
% CD4 −0.1749 0.03058 0.8518 0.3642 
% CD8 0.09642 0.009296 0.2533 0.6188 
% B-cell −0.07644 0.005842 0.1587 0.6935 

% NK-cell 0.2478 0.06143 1.767 0.1949 
1 Linear regression analysis. 

3.5. Platelet Counts Weakly Correlate with CTC Numbers 
There were 150 matched blood draw CTC count and platelet count values subjected 

to analysis. There was a significant correlation between platelet count and mean CTC 
count per 3 mL of blood at a given blood draw episode (r2 = 0.09426, F = 15.403, p = 0.0001—



Cancers 2021, 13, 4690 8 of 18 
 

 

Figure 3). The low r2 value indicated that the correlation was relatively weak, and much 
of the variance in CTC count was not explained by the platelet count. 

 
Figure 3. Correlation between platelet count (×109/L) and mean circulating tumour cell (CTC) count 
per 3mL of blood at a given blood draw (n = 150). Linear regression, r = 0.3070; r2 = 0.09426; p = 
0.0001. 

3.6. Absolute NK-Cell and Platelet Count Correlations with CTCs Are Independent of  
Each Other 

Multiple regression analyses were performed to determine the relationships between 
CTC numbers and the flow-cytometry-derived lymphocyte subsets and platelet counts. 
There were 27 complete sets of data subjected to analysis. The absolute number of CD4+ 
T-lymphocytes (p = 0.0246), NK-cells (p = 0.0015) and platelets (p = 0.047) all independently 
correlated with the mean CTC count per blood draw. The CD8+ T-lymphocyte count and 
B-lymphocyte count did not (Table 4). CD3 expression was not included in the model due 
to multicollinearity, CD4+ and CD8+ cells being largely mutually exclusive subsets of the 
overall CD3+ T-cell population. Total lymphocytes were not included for the same reason. 
The adjusted R2 of the model with 21 degrees of freedom was 0.5526, indicating that more 
than half of the variation in CTC numbers could be predicted by the explanatory variables. 

Table 4. Multiple regression analysis of mean circulating tumour cell (CTC) count per blood draw 
against absolute lymphocyte and platelet counts. CI: confidence interval. SE: standard error. Bold 
highlights signficant values (p < 0.05). 

Variable Coefficient SE 1 95% CI 2 Lower 95% CI 2 Upper t Ratio p= 
(constant) −26.445 12.256 −51.937 −0.9525 2.158 0.0427 

CD4 −0.02426 0.01002 −0.0451 −0.003425 2.422 0.0246 
CD8 0.00635 0.01089 −0.0163 0.029 0.583 0.5661 
B-cell 0.03094 0.03044 −0.03237 0.09424 1.016 0.321 

NK-cell 0.09942 0.02726 0.04273 0.1561 3.648 0.0015 
Platelets 0.1555 0.07365 0.002259 0.3086 2.111 0.047 

R squared = 0.6386, adjusted R squared = 0.5526, Multiple R = 0.7992, F = 7.4229 
Degrees of freedom = 21 

p = 0.0004 
1 SE: Standard error. 2 CI: Confidence interval. 
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3.7. Subgroup Analysis of CTC/Platelet Count Correlations 
3.7.1. Platelet Counts Weakly Correlate with CTC Numbers in the Control Group, but 
Not the Exercise Group 

The CTC/platelet count correlation described in Section 3.5 persisted when the 79 
measurements from the control group were analysed, although the correlation remained 
weak (r = 0.3642, r2 = 0.1326, F = 11.776, p = 0.001—Figure 4). There was a trend towards a 
correlation in the 71 measurements from the exercise group, but the finding did not reach 
statistical significance (r = 0.2166, F = 3.397, p = 0.0696). 

 
Figure 4. Correlation between platelet count (×109/L) and mean circulating tumour cell (CTC) count 
per 3 mL of blood at a given blood draw in control group (n = 79). Linear regression, r = 0.3642; r2 = 
0.1326; p = 0.001. 

3.7.2. Platelet Counts Weakly Correlate with CTC Numbers in the Overweight/Obese 
Group, but Not the Normal Weight Group 

A similar weak correlation was identified between platelet count and mean CTC 
count at a given blood draw episode within the 123 data pairs in the overweight/obese 
group (r = 0.3474, r2 = 0.1207, F = 16.611, p < 0.0001). There was no such identifiable corre-
lation in the 27 data pairs of the normal weight group (r = 0.05369, F = 0.07226, p = 0.7903). 

3.7.3. Platelet Counts Weakly Correlate with CTC Numbers in Blood Draws Which 
Lacked Platelet Cloaking 

When the presence of platelet cloaking on any filter from a given blood draw was 
used to define subgroups, a weak correlation was present in the absence of platelet cloak-
ing (r = 0.3528, r2 = 0.1245, F = 17.916, p < 0.0001, 128 data points—refer to Figure 5). The 
correlation was absent in the 22 blood draws in which platelet cloaking had been identi-
fied (r = −0.03812, F = 0.02911, p = 0.8662). 
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Figure 5. Correlation between platelet count (×109/L) and mean circulating tumour cell (CTC) count 
per 3 mL of blood at a given blood draw which lacked platelet-cloaking (n = 128). Linear regression, 
r = 0.3528; r2 = 0.1245; p < 0.0001. 

3.8. Subgroup Analysis of Flow Cytometry-Derived Lymphocyte Populations 
3.8.1. BMI Does Not Predict Differences in Circulating NK-Cell Numbers 

When subgroups were considered, there was no significant difference in the percent-
age of circulating NK-cell numbers between the overweight/obese (17.65%) and normal 
weight (17%) groups (p = 0.7743, unpaired t-test). Comparison of absolute NK-cell num-
bers also did not demonstrate a significant difference (overweight/obese 299.7/μL, normal 
weight 302.5/μL, p = 0.5536, Mann–Whitney test). 

3.8.2. Exercise and Control Group Participants Had Significant Differences in Subsets of 
Circulating Lymphocytes 

When the exercise and control groups were compared across all timepoints, the ex-
ercise group had significantly higher mean proportions of CD3+ T-lymphocytes (75.4 vs. 
67%) and significantly lower proportions of B-lymphocytes (8 vs. 11.9%) and NK-cells 
(15.5 vs. 19.7%) than the control group, respectively, (see Table 5, Figure 6). There were 
significantly higher absolute counts in the exercise than control group (Figure 7) in total 
lymphocytes and all lymphocyte subgroups except for B-lymphocytes and NK-cells, 
which exhibited a strong trend towards significance: p = 0.0521. 

Table 5. Comparison of mean lymphocyte counts between exercise and control groups. Bold high-
lights significant values (p < 0.05). 

Lymphocyte subset Control Exercise p= Test 
% CD3 67% 75.4% 0.0003 Unpaired t 
% CD4 43.5% 47.1% 0.2747 Mann–Whitney 
% CD8 22.9% 27.9% 0.1401 Unpaired t 
% B-cell 11.9% 8% 0.0264 Mann–Whitney 

% NK-cell 19.7% 15.5% 0.015 Unpaired t 
Absolute 1 CD3 987.6 1599.7 0.0013 Mann–Whitney 
Absolute CD4 680 986.4 0.0094 Mann–Whitney 
Absolute CD8 293.7 606.7 0.002 Mann–Whitney 
Absolute B-cell 182.4 167.3 0.6625 Mann–Whitney 

Absolute NK-cell 280.7 318.5 0.0521 Mann–Whitney 
Total lymphocytes 1468.1 2111.5 0.0027 Mann–Whitney 

CD4:CD8 ratio 2.272 2.075 0.6467 Mann–Whitney 
1 Absolute lymphocyte counts per mL. 
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Figure 6. Comparison of lymphocyte subset percentages between control (white box plots) and ex-
ercise groups (shaded box plots). Maximum, minimum, quartiles and median are illustrated for each 
distribution. The p values are for unpaired t-tests (CD3, CD8, NK-cell) and Mann–Whitney tests 
(CD4, B-cell) depending on whether the data passed or failed a normality test. 

 
Figure 7. Comparison of absolute lymphocyte counts per μL between exercise (white box plots) and 
control groups (shaded box plots). Maximum, minimum, quartiles and median are illustrated for 
each distribution. The p values are for Mann–Whitney tests. 

4. Discussion 
This study demonstrated positive correlations between CTC numbers (as defined by 

morphological criteria) and platelet count, total lymphocyte count and NK-cell count, in 
men with advanced PrCa who participated in the ExPeCT trial. By multiple regression 
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analysis CD4+ T-cells, NK-cells and platelets independently correlated with CTC num-
bers. Correlation was strongest with absolute numbers of circulating NK-cells, and 
weaker with platelets and total lymphocytes. These findings suggested close interactions 
between the immune system and platelets relating to their responses to CTCs. A second-
ary finding identified differences in circulating lymphocyte subsets between ExPeCT par-
ticipants who were randomized to an organized exercise programme, and those who were 
not. 

A moderate correlation between CTC numbers and circulating NK-cells was detected 
in this study. A significant correlation was evident with absolute concentrations of lym-
phocytes, but not with percentages. The percentage of NK-cells in a given blood draw 
varied from 9 to 28% in the current study, but the interquartile range was only 16–22%. 
As such, 29 data points may not have provided sufficient statistical power to detect a true 
relationship over such a narrow range of percentages. There are few published studies 
describing correlations between lymphocyte subsets and CTCs. One study in inflamma-
tory breast cancer found no correlation between CTC numbers and total lymphocyte 
count, but did find that patients with more CTCs “had significantly lower percentages of 
CD3+ T cells and TCR-activated CD8+ T cells that synthesized TNF-α and IFN-γ, and a 
higher percentage of T-regulatory lymphocytes” [18]. A study of 83 late-stage non-small 
cell lung cancer patients, which employed an antibody-dependent FISH methodology for 
enumerating CTCs, found that the percentages of CD3+, CD4+ and NK-cells were lower 
in CTC-positive than in CTC-negative patients [19]. Unlike in the current study, correla-
tions with absolute numbers of the various lymphoid subpopulations were not reported. 
In treatment-naïve triple-negative breast cancer patients, there was a positive correlation 
between CTC status and peripheral NK-cell ratio, and in fact the combination of CTC 
count and NK-cell enumeration could predict progression free survival [20]. The correla-
tion in the current study between CTC count and total lymphocytes was weak (R squared 
= 0.1709), whereas that with the NK-cell subset was stronger (R squared = 0.49). While 
absolute NK-cell numbers and percentages generally appear to be increased in advanced 
cancer, the functional ability of circulating NK-cells to lyse CTCs may be impaired. Using 
a chromium-51 percent specific lysis assay patients with breast cancer were found to have 
significantly decreased responses by their immune cells when they had more than 5 CTCs 
identified per 7.5mL of blood by the CellSearch® system [21]. A study involving patients 
with breast, colorectal and PrCa found higher proportions of circulating NK-cells in the 
peripheral blood compared to healthy controls, and also that patients with high numbers 
of CellSearch® -detected CTCs had impaired cytolytic activity compared to controls [22]. 
Functional NK-cell subsets can be defined through relative surface expression of CD56 
and CD16, the receptor for FcγRIII. NK-cell subsets with less anticancer activity, particu-
larly CD56highCD16+ and CD56lowCD16− subsets, are increased in patients with advanced 
breast cancer [23]. Whether this is linked to the impairment of NK-cell function by plate-
lets previously reported remains to be elucidated [11–14]. The flow cytometry assay em-
ployed in the current study detected but did not distinguish between populations of 
CD56highCD16+, CD56highCD16− and CD56lowCD16+ NK-cells, and so it is unclear whether 
the increased NK-cell numbers associated with increased CTC counts in PrCa have a sim-
ilar reduction in anticancer activity to those in advanced breast cancer. Further analysis of 
functional NK-cell subsets in PrCa would be of benefit in this regard. In the current study 
a positive (but relatively weak) correlation was identified between platelet count and 
mean CTC numbers per filter at a given blood draw. Previously, a study from Tibet com-
pared platelet counts in CTC-positive and CTC-negative patients with lung cancer, and 
found significantly higher platelet counts in CTC-positive participants [24]. A study of 
oesophageal squamous cell carcinoma patients using both the ISET system (similar to 
ScreenCell®) and CellSearch®, had similar findings [25]. Although CTC enumeration was 
performed in the Li study for ISET/CellSearch® comparison purposes, correlation between 
platelet counts and CTC numbers as a continuous variable was not available in these stud-
ies. To our knowledge, the current study is the first to establish a relationship between 
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CTC numbers and platelet counts in patients with PrCa. There is no reason to assume that 
such a relationship would not exist in epithelial malignancies other than gastric and pros-
tatic adenocarcinoma, but further research is required in this regard. When subgroups 
were analysed, the CTC-platelet correlation persisted in the control group and the group 
that was overweight at randomization, and there was a non-significant trend towards the 
correlation in the exercise group. However there was no demonstrable correlation in the 
group that had normal weight at randomization. This may be due to lack of statistical 
power because only 27 data pairs were available for assessment. If, however, there truly 
were no correlation in this group, it would suggest that whatever mechanism drove the 
relationship between the platelets and CTC numbers was attenuated among the (minor-
ity) subpopulation of patients of normal weight. The platelet/CTC correlation was demon-
strated in those blood draws where platelet cloaking had not been identified, but not in 
the blood draws where at least one cloaked CTC was observed. This may have been be-
cause overweight men have greater numbers of circulating platelets and consequently a 
greater tendency for platelets to cloak their CTCs. While it was difficult for technical rea-
sons to demonstrate and measure platelet cloaking directly, the presence and absence of 
a direct correlation between CTCs and circulating platelet numbers in men who were 
overweight and of normal weight, respectively, did provide supportive evidence indicat-
ing a central role in obesity in platelet-CTC interactions, which merits further investiga-
tion. 

Several clinical inflammation-based indicators, known to be associated with worse 
outcomes in many carcinomas, include an assessment of platelet counts. For example 
Zheng et al. [26] found significant correlations between the systemic immune-inflamma-
tion index and CTC count, and between the platelet–lymphocyte ratio and CTC count in 
gastric cancer patients. The use of these systemic inflammation-based composite indica-
tors is attractive as we hypothesise that platelet-CTC interactions are intimately associated 
with and dependent upon systemic inflammation, which can, in turn, be driven by the 
metabolic abnormalities found in obesity. A clinical trial attempting to assess the change 
in CTC numbers in breast cancer patients through the inhibition of platelet function with 
clopidogrel and aspirin was unsuccessful [27]. This trial was impaired by the low baseline 
level of CTCs in the trial participants, and might have been more successful with a cohort 
of patients in whom CTCs were abundant, such as those in the ExPeCT trial. 

In the current study, flow cytometry demonstrated significantly more circulating to-
tal lymphocytes in the exercise group, driven predominantly by a proportionate increase 
in CD4+ and CD8+ T-lymphocytes. The absence of a significant corresponding increase in 
B-lymphocytes and NK-cells caused the proportions of these populations relative to T-
lymphocytes to appear lower. In the acute setting, it is well recognised that strenuous 
exercise in healthy subjects produces transient lymphocytosis [28,29], including increased 
absolute numbers of CD4+ and CD8+ T-lymphocytes as well as B-lymphocytes and NK-
cells [30]. In acute exercise, NK-cell numbers in the blood increase rapidly (within two 
minutes), reach a maximum within 30 min, and remain elevated during exercise for up to 
three hours [31]. In the current study, blood samples were taken at clinic visits rather than 
during or after exercise episodes, so any acute increases in circulating NK-cell numbers 
would be expected to have returned to normal by the time of sample acquisition. None-
theless, given the established role of NK-cell mediated cytotoxicity in cancers, it is attrac-
tive to consider evidence of NK-cell recruitment as a likely mechanism whereby exercise 
can improve cancer outcomes. In a mouse model, exercise with associated IL6-mediated 
NK-cell recruitment is associated with reduced tumour growth [32]. In clinical studies 
NK-cell numbers increased post-exercise in breast cancer survivors although to a lesser 
extent than in healthy controls [33]. In chronic exercise, many studies of healthy young 
controls showed increased cytotoxic activity of circulating NK-cells [34], but generally no 
change in absolute numbers. The effect of increased cytotoxicity in older adults is less 
pronounced [35]. No change in numbers of lymphocyte subsets was demonstrated over 
the “chronic” timescale of the exercise intervention in the current study. 
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There are some limitations associated with this study. The morphological criteria for 
CTC identification, while widely used [36,37], are not entirely specific and no other vali-
datory assay was available. Platelet cloaking of CTCs proved difficult to assess in practice, 
as many CTCs were present on the ScreenCell® filters as bare nuclei lacking cytoplasm—
a feature which may be due to shear forces experienced by the CTCs during vacuum-
induced filter preparation. 

5. Conclusions 
Independent correlations were demonstrated in advanced PrCa between CTC num-

bers and NK-cell counts and platelet count. The demonstration of a relationship to the 
platelet count is the first such report in men with PrCa. Although correlation does not 
imply causation it is clear from the literature that CTCs interact with platelets in various 
ways to enhance their metastatic potential, and our findings provide further evidence of 
an association between the two. In PrCa patients, as in most cancers (with the exception 
of brain tumours and critically located head and neck carcinomas), metastatic disease is 
the most frequent cause of cancer-related death. The therapeutic implications are pro-
found as if there were a way to break the partnership between the villainous CTC and its 
nefarious platelet sidekick, then there would be potential for a new type of anticancer 
drug specifically targeted at this crucial step in the metastatic cascade. The correlations 
with various lymphocyte subsets are also interesting and emphasise the complex nature 
of interactions between CTCs and the innate and adaptive immune systems. Overall this 
study provides useful support for the hypothesis that metastasis, platelet function, sys-
temic inflammation and hypercoagulability are closely linked in advanced cancer, and it 
elucidates several potentially valuable directions for future research. 
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Appendix A 
The flow-cytometry-derived lymphoid cell numbers were subjected to ANOVA anal-

ysis to compare levels across timepoints for the nine participants for whom T0, T3 and T6 
samples were available. No significant variance was identified between the T0, T3 and T6 
samples in total lymphocytes (p = 0.9712, Friedman test), absolute CD56+ (NK-cell) count 
(p = 0.898, ordinary ANOVA) or any other lymphocyte group (Table A1, Figures A1 and 
A2). 

Table A1. ANOVA of flow-cytometry derived lymphocyte counts per timepoint. 

Lymphocyte subsets p= 
F= 

(Fr=) 
Effective Matching, 

p= 
Matching 

F= 
Test 

% CD3 0.9131 0.182 (Fr) 0.0003 7.504 Friedman test 

% CD4 0.8485 0.166 <0.0001 19.483 
Repeated measures 

ANOVA 

% CD8 0.1814 1.903 <0.0001 1.903 
Repeated measures 

ANOVA 

% B-cell 0.5109 0.7005 <0.0001 10.51 
Repeated measures 

ANOVA 

% NK-cell 0.9466 0.05503 0.0137 3.62 
Repeated measures 

ANOVA 
Absolute CD3 0.569 1.556 (Fr)   Friedman test 

Absolute CD4 0.6801 0.395 <0.0001 16.104 
Repeated measures 

ANOVA 
Absolute CD8 0.6854 0.889 (Fr)   Friedman test 

Absolute B-cell 0.8716 0.1386 0.0269 3.068 
Repeated measures 

ANOVA 
Absolute NK-cell 0.898    Ordinary ANOVA 

Total lymphocytes 0.9712 0.222 (Fr)   Friedman test 

CD4–CD8 ratio 0.4481 0.8443 <0.0001 77.735 
Repeated measures 

ANOVA 
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Figure A1. Comparison of mean lymphocyte subset percentages at each timepoint (T0, T3, T6) in 
participants for whom full data were available (n = 9). CD3 p = 0.9131 (Friedman test). CD4 p = 0.8485; 
CD8 p = 0.1814; B-cell p = 0.5109; NK-cell p = 0.9466 (Repeated measures ANOVA). 

 
Figure A2. Comparison of mean absolute lymphocyte counts per μL at each timepoint (T0, T3, T6) 
in participants for whom full data were available (n = 9). CD3 p = 0.569 (Friedman test). CD4 p = 
0.6801 (Repeated measures ANOVA). CD8 p = 0.6854 (Friedman test). B-Cell p = 0.8716 (Repeated 
measures ANOVA). NK-Cell p = 0.898 (Ordinary ANOVA). Total lymphocytes p = 0.9712 (Friedman 
test). 
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