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Introduction: Peripheral blood stem cell (PBSC) donation is the primary
procedure used to collect hematopoietic stem and progenitor cells (HSPCs)
for hematopoietic stem cell transplantation. Single bouts of exercise transiently
enrich peripheral blood with HSPCs and cytolytic natural killer cells (CD56dim),
which are important in preventing post-transplant complications. To provide a
rationale to investigate the utility of exercise in a PBSC donation setting (≈3 h), this
study aimed to establish whether interval cycling increased peripheral blood
HSPC and CD56dim concentrations to a greater degree than continuous cycling.

Methods: In a randomised crossover study design, elevenmales (mean ± SD: age
25 ± 7 years) undertook bouts of moderate intensity continuous exercise [MICE,
30 min, 65%–70% maximum heart rate (HRmax)], high-volume high intensity
interval exercise (HV-HIIE, 4 × 4 min, 80%–85% HRmax) and low-volume HIIE
(LV-HIIE, 4 × 2 min, 90%–95% HRmax). The cumulative impact of each interval on
circulating HSPC (CD34+CD45dimSSClow) and CD56dim concentrations (cells/µL),
and the bone marrow homing potential of HSPCs (expression of CXCR-4 and
VLA-4) were determined.

Results: There was an increase in HSPC concentration after two intervals of LV-
HIIE (Rest: 1.84 ± 1.55 vs. Interval 2: 2.94 ± 1.34, P = 0.01) and three intervals of
HV-HIIE only (Rest: 2.05 ± 0.86 vs. Interval 3: 2.51 ± 1.05, P = 0.04). The
concentration of all leukocyte subsets increased after each trial, with this
greatest for CD56dim NK cells, and in HIIE vs. MICE (LV-HIIE: 4.77 ± 2.82, HV-
HIIE: 4.65 ± 2.06, MICE: 2.44 ± 0.77, P < 0.0001). These patterns were observed
for concentration, not frequency of CXCR-4+ and VLA-4+ HSPCs, which was
unaltered. There was a marginal decrease in VLA-4, but not CXCR-4 expression
on exercise-mobilised HSPCs after all trials (P < 0.0001).

Discussion: The results of the present study indicate that HIIE caused a more
marked increase in HSPC and CD56dim NK cell concentrations than MICE, with
mobilised HSPCs maintaining their bone marrow homing phenotype. LV-HIIE
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evoked an increase in HSPC concentration after just 2 × 2-minute intervals. The
feasibility and clinical utility of interval cycling in a PBSC donation context should
therefore be evaluated.

KEYWORDS

peripheral blood stem cell donation, exercise, interval cycling, HSPC, natural killer cell,
transplantation

1 Introduction

Single bouts of exercise evoke rapid increases in the
concentration of various subsets of immune cells in peripheral
blood (Walsh et al., 2011; Simpson et al., 2015). This is part of a
dynamic response that transiently enriches blood with cells that
govern skeletal muscle repair and immunosurveillance in exercise
recovery (Simpson et al., 2021). Notably, the number of effector
immune cells (e.g., cytolytic natural killer (NK) cells (CD56dim) and
cytotoxic T cells) increase between ~4 and 10-fold during exercise,
whereas pluripotent cells such as haematopoietic stem and
progenitor cells (HSPCs) increase by ~2–3 fold (Bonsignore
et al., 2010; Krüger et al., 2015). There has subsequently been an
emerging clinical interest in the potential of exercise to enrich the
immune cell fraction or “graft” during peripheral blood stem cell
(PBSC) donations (Porrata et al., 2004; Graff et al., 2018), which are
used to treat conditions such as multiple myeloma and lymphoma
(Porrata et al., 2004; Giralt et al., 2014; Carreras et al., 2018) and rare
blood, autoimmune and congenital metabolic diseases (Henig and
Zuckerman, 2014).

Exceeding the HSPC collection threshold (>2 × 106 cells/kg) is
critical for patients undergoing PBSC donations (termed
“autologous donors”) (Sezer et al., 2000). In response to standard
mobilisation therapy using granulocyte colony stimulating factor
(G-CSF), many autologous donors are classified as “poor mobilisers”
(≈40%) due to prior treatments damaging the bone marrow (e.g.,
myeloablative chemotherapy). This results in delayed and
compromised engraftment of HSPCs, repeated hospital visits,
inability to deliver further treatments and poorer health
outcomes. HSPC mobilisation failure is much less common
(≈5%) in healthy human leukocyte antigen (HLA)-matched
donors (termed “allogenic donors”). However, the collection of
effector immune cells such as CD56dim cells alongside HSPCs is
of paramount importance to reduce this risk of disease relapse in the
recipient after transplant (Maggs et al., 2017). Although the
magnitude (~4 cells/µL) of the HSPC response to exercise falls
short of the collection threshold needed to begin apheresis
(>10 cells/µL), a forward-thinking hypothesis has been that
exercise in combination with G-CSF may help to achieve the
HSPC dosing threshold required for successful engraftment and
expedite the PBSC donation process (Baker et al., 2017).
Furthermore, enrichment of the graft with CD56dim and other
effector immune cells may offset the risk of post-transplant viral
infections and graft-versus-host disease (GvHD) by priming
adaptive immune responses in the recipient (Porrata et al., 2004).

In addition to the number of harvested HSPCs, the engraftment
phenotype of these cells is critical for predicting clinical endpoints
following transplant, and some evidence indicates that exercise may
modulate this. For example, pluripotent hematopoietic stem cells

(HSCs: CD34+ CD38-) are known to predict trilineage engraftment
success following autologous transplants (Hénon et al., 2001).
Furthermore, higher expression of bone marrow homing
receptors C-X-C chemokine receptor type 4 (CXCR-4) (Felker
et al., 2022) and Very Late Antigen-4 (VLA-4) (Potocnik et al.,
2000) on HSPCs promotes their successful engraftment in animal
models and some human data indicate an association between
CXCR-4 expression and engraftment success (Asfour et al.,
2017). Exercise can mobilise CXCR-4+ HSPCs (+500 cells/mL)
(Taylor et al., 2021) and CD34+ CD38- (+3,000 cells/mL) (Baker
et al., 2017; Nederveen et al., 2020); however, this largely reflects the
typical leukocytosis associated with exercise, and the impact of
different types of exercise on the cell surface expression of these
receptors has not been reported. The complementary ligands to
these receptors C-X-C motif chemokine 12 (CXCL-12) and vascular
cellular adhesion molecule-1 (VCAM-1) increase in the circulation
immediately after exercise in humans (Brevetti et al., 2001; Schmid
et al., 2021a) and the expression of CXCL-12 is upregulated in
skeletal muscle within 15 min of exercise onset in mice (Emmons
et al., 2016a). These changes may provide chemoattractant cues for
HSPCs to egress from vascular walls or the bone marrow into
peripheral blood (Brzoska et al., 2012), thus making them
available for harvest during PBSC donations.

Before addressing the feasibility of translating this concept into a
clinical setting, the optimal dose of exercise to maximise HSPC and
CD56dim NK cell concentrations needs to first be established. During
exercise, HSPCs and CD56dim NK cells are rapidly mobilised from
marginal pools within the circulation and tissues by shear stress and
beta 2 (β2) adrenergic dependent mechanisms (Agha et al., 2018),
with resting cell numbers restored within 5 (Schmid et al., 2021b)
and 20 (Barra et al., 2017) min, respectively. Although many studies
have reported increases in HSPCs after bouts of steady-state exercise
lasting 30–45 min (Emmons et al., 2016a; Baker et al., 2017; Agha
et al., 2018), this duration doesn’t align with the timeline of a PBSC
donation session, which often lasts 3–4 h and often extends to
multiple days. Given the known mechanisms underpinning HSPC
mobilisation and rapid margination in response exercise, adopting
periods of rest between intervals of high intensity exercise might
therefore be a feasible approach. High intensity interval exercise
(HIIE) of both high volume (5 × 3-minute cycling intervals at 90%
peak power) and low volume (6 × 20 s “all-out” cycling sprints)
(O’Carroll et al., 2019) have been reported to increase HSPC
concentrations after the final interval relative to rest. However,
one study evaluating moderate volume HIIE (≈10 min of total
intervals at 90% of maximal heart rate) reported no change
(Nederveen et al., 2020). In contrast, there are consistent data
reporting increases in circulating CD56dim NK cell concentrations
after HIIE, ranging from 10 to 15 intervals (60–90 s) at 85%–90%
peak oxygen consumption (Turner et al., 2016; Barra et al., 2017;
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Arroyo et al., 2022). More prominent NK mobilisation compared to
HSPCs is explained by higher β2 adrenergic receptor expression on
the surface of NK cells.

Evidently, there is a complex interplay between the intensity,
duration, and total work of intervals needed to maximise circulating
HSPC concentrations, and this is not fully understood. Previous
studies typically compare changes before and after the last interval of
HIIE, rather thanmonitoring cumulative changes after each interval.
Enumerating HSPCs using guidance set out by the International
Society of Hematotherapy and Graft Engineering (ISHAGE)
(Keeney et al., 1998) would facilitate such an approach. This
single platform flow cytometric (SPFC) approach uses small
volumes of whole blood (100 µL) to enable rapid and accurate
quantification of peripheral blood HSPC concentrations. The
advantage of using the SPFC approach compared to the previous
exercise-based studies that have mostly used a double platform flow
cytometry (DPFC) approach (i.e., flow cytometry coupled with
automated haematology analysis) is that less blood is needed,
processing times are shorter and both inter- and intra- laboratory
variances are significantly less with SPFC than DPFC (Gratama
et al., 2003).

Understanding how different volumes of HIIE impact the
“quantity” and “quality” of HSPCs in peripheral blood over a
suitable time course is a clear knowledge gap that needs
addressing to evaluate the potential of exercise to work in
combination with PBSC donations. For future adoption of this
approach clinically, evaluation of HIIE protocols that are feasible
for the donor are critical. Therefore, criteria outlined for utilising
HIIE in clinical populations based on a percentage of maximal
heart rate were used to guide protocol design (Weston et al., 2014;
Taylor et al., 2019). Accordingly, the primary aim of this study
was to compare changes in peripheral blood HSPC
concentrations before and after each of four consecutive
intervals of low volume HIIE (LV-HIIE) and high-volume
HIIE (HV-HIIE) vs. a time-matched continuous cycling bout
(control). Secondary aims included quantifying changes in
CD56dim NK cell concentrations, characterising the bone
marrow homing potential of HSPCs mobilised with exercise,
and contrasting single vs. double platform quantitative
HSPC methods.

2 Materials and methods

2.1 Participants

Eleven healthy males were recruited into this study (mean ± SD:
age 25 ± 7 years; body mass index: 25.7 ± 3.0 kg/m2). Participants
underwent screening prior to enrolment and were deemed eligible if
they were 18–45 year-old, not highly active (as defined by the
General Practice Physical Activity Questionnaire (GPPAQ)
(Ahmad et al., 2015), non-smokers, not currently taking
medication, and had no previous history of cardiovascular,
metabolic, neurological, or inflammatory diseases. All participants
gave written informed consent before participating and the study
was given favourable ethical opinion by the Science, Technology,
Engineering andMathematics ethical committee at the University of
Birmingham (ERN_19-1574PA2).

2.2 Preliminary testing

Participants undertook four laboratory visits, including three
randomised cycling trials at the School of Sport, Exercise and
Rehabilitation Sciences at the University of Birmingham,
conforming to the Declaration of Helsinki. On the first visit,
participants initially rested for a period of 30 min followed by
measurements of resting blood pressure (Thuasne BP 3W1-A,
Taipei, Taiwan), height (Seca Alpha, Hamburg, Germany) and
body mass (Ohaus CD31, New Jersey, United States). Participants
then undertook a maximal power (Wattmax) ramp test on an
electromagnetically braked cycle ergometer (Excalibur, Lode,
Netherlands). After a warm-up for 5 min at 50 W, the test
started at 70 W and then 25 W increments were added every
minute until volitional exhaustion. Heart rate (HR) was
monitored continuously throughout (H10, Polar Electro, Finland).
Participants were asked to maintain a cadence of ~60 rotations/
minute (RPM). Following a 15-minute rest period, participants were
familiarised with the exercise protocols used in the three main trials.
The intensity of these trials was based on a percentage of their
maximal heart rate (HRmax).

2.3 Experimental sessions

The three main cycling trials were separated by at least 1 week
and carried out at the same time of day (8:00–9.00 a.m. start time)
and under stable climatic conditions (temperature: 19°C–20°C,
humidity: 30%–55% and Barometric pressure: 1,000–1,050 hPa).
Prior to each laboratory visit, participants were asked to undertake
an overnight fast, refrain from vigorous exercise, and the
consumption of caffeine and alcohol for 48 h. In the morning of
each trial, participants were asked to drink 0.5 L of water within 4 h
and 0.25 L within 15 min of commencing the trial. Questionnaires
evaluating state and trait anxiety (Spielberger et al., 2017) and sleep
efficiency (percentage of time asleep relative to the amount of time
spent in bed) (Carney et al., 2012) were completed during a 30-
minute period of rest where blood pressure and body mass were also
measured. Following this a catheter (Becton, Dickson & Company,
Oxford, United Kingdom) was inserted into the antecubital vein of
the forearm and a baseline blood sample was taken (Rest). The
catheter was kept patent through regular flushes with saline (0.9%
NaCl, Becton, Dickson & Company, Oxford, United Kingdom). Each
trial commenced with a 5-min warm-up at 50 W and then one of
three randomised 30 min trials: 1) Moderate intensity continuous
exercise (MICE) consisting of 30-minutes of cycling at 65%–70%
HRmax, 2) High volume-high intensity interval exercise (HV-HIIE)
consisting of 4 × 4-minute cycling intervals at 80%–85%HRmax with
3 min of passive rest between each interval or 3) Low volume-high
intensity interval exercise (LV-HIIE), consisting of 4 × 2-minute
interval at 90%–95% HRmax with 5 min of passive rest between each
interval. HR was monitored continuously alongside ratings of
perceived exertion (RPE) (Robert and Brown, 1982) and the
affective response using the Feeling Scale (Hardy and Rejeski,
2016) every minute. Total energy expenditure from each trial was
estimated from power output using an equation proposed by Ettema
and Lorås (2009). Six further blood samples were taken during each
trial, one after each of the four intervals (andmatched timepoints for
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MICE), and two samples in recovery (5–10 min following cycling
completion). The seven samples were therefore named: Rest,
Interval 1 (9 min), Interval 2 (16 min), Interval 3 (23 min),
Interval 4 (30 min), Recovery 1 (35 min) and Recovery 2
(40 min). No fluid intake was permitted throughout the trials so
as not to influence blood volume independent of the exercise itself;
however, corrections were made (outlined below). A total of 35 mL
of blood was taken during each trial, including 7 × 1-mL containing
potassium ethylene-diamine-tetra-acetic acid (K2EDTA)
vacutainers (Greiner Bio-One, Frickenhausen, Germany) for whole
blood HSPC and complete blood counts (Yumizen H500, Horiba,
Kyoto, Japan) at every timepoint. At Rest and after Interval 4
(30 min) only, 15-mL of blood was collected in K2EDTA
vacutainers (Becton, Dickson & Company, Oxford,

United Kingdom) for complete blood counts and then plasma
and peripheral blood mononuclear cell (PBMC) isolation
(Figure 1). The complete blood count was used to determine
total white blood cell, neutrophil, monocyte, and lymphocyte
concentrations (cells/µL), with haematocrit (L/L) and
haemoglobin concentration (g/dL) also determined.

2.4 Blood processing

Plasma was obtained through centrifugation of 4 mL K2EDTA
blood for 10 min at 1,525 × g at 4°C and stored at −80°C. PBMCs
were isolated by gradient density centrifugation by first diluting
10 mL of whole blood with Dulbecco’s phosphate-buffered saline

FIGURE 1
Study design illustrating a time axis of the warmup, intervals/steady state, and recovery cycling periods for the four laboratory visits and three
randomised trials: MICE, Moderate intensity continuous exercise; HV-HIIE, High volume-high intensity interval exercise; LV-HIIE, Low volume-high
intensity interval exercise. Blood sampling is indicated with small droplets (1mL) for whole blood analysis, and large droplets (15mL) for PBMC and plasma
analyses. Created with BioRender.com.
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(D-PBS, Thermo Fisher Scientific, Massachusetts, United States) in a
1:1 ratio. Diluted blood was gently layered on the top of Histopaque-
1077 separating medium (Sigma Aldrich, Missouri, United States)
and centrifuged for 40 min, at 300 × g (break off) and 21°C. PBMCs
were harvested by removing the PBMC interphase and washing
three times with D-PBS before counting on a Cellometer 2,000 dual
fluorescence cell counter (Nexcelom Bioscience, Massachusetts,
United States). PBMCs were cryopreserved in freezing medium
[RPMI (Roswell Park Memorial Institute) supplemented with
20% FBS (Fetal bovine serum) and 10% Dimethylsulfoxide] and
stored in liquid nitrogen at the Human Biomaterials and Resource
Centre at the University of Birmingham until analysis.

2.5 Flow cytometry data acquisition
and analysis

Four colour flow cytometry analyses were undertaken using a
CytoFlex-S flow cytometer (Beckman Coulter, California,
United States): Analyses included determining: 1) concentration
(cells/µL) of HSPCs in whole blood, 2) frequency of HSPCs, CD3+,
CD56dim, and CD56bright NK cells in the PBMC fraction and 3)
frequency (%) and cell surface expression (Geometric Mean
Fluorescence Intensity) of bone marrow homing receptor positive
HSPCs (CXCR-4 and VLA-4) in the purified PBMC fraction. All
antibodies used were purchased from BioLegend (San Diego, CA) or
R&D Systems (Minneapolis, United States) and data were analysed
with CytExpert v2.5 Software (Beckman Coulter, California,
United States). Presentation of gating strategies was carried out
using FlowJo™ v10.9 Software (Becton, Dickson & Company,
Ashland, United States). Gates were formed using fluorescence
minus one (FMO) controls, and compensation was applied for
each trial/participant using single stained controls. Dead cells
were excluded using a viability exclusion dye.

2.5.1 Single platform flow cytometry
A SPFC method validated by the International Society of

Hematotherapy and Graft Engineering (ISHAGE) was used to
identify HSPCs (defined as CD34+CD45dimSSClow) in whole
blood. Whole blood (100 µL) was stained with anti-human
CD34-PE (clone 581), anti-human CD45-FITC (clone 2D1),
CD38-BV421 (clone HB-7), and a viability exclusion dye (7-
amino-actinomycin D, 7-AAD) at room temperature, in the dark,
for 30 min and then 2 mL of red blood cell lysis buffer added for
10 min. All samples were analysed within 1 h. HSPCs were
enumerated using a Boolean gating strategy based on three key
criteria: positive expression of CD34, moderate expression of
CD45 and low side scatter (Figure 2). A minimum of 100 HSPC
events were acquired in the final gate in accordance with ISHAGE
guidelines and data expressed as the concentration of HSPCs in
whole blood (cells/µL), fold change or total area under the curve
(AUC), calculating using the trapezoid method (Gagnon and
Peterson, 1998). The frequency of HSPCs expressing CD38 was
also calculated.

2.5.2 Double platform flow cytometry
Cryopreserved PBMCs were thawed by submerging half of the

vials containing approximately ≈20 million cells for 1 min and then

gently pouring the cells into sterile 15-mL falcon tubes. Cells were
washed 3 times with RPMI supplemented with 20% FBS, 100 U/mL
Pen-Strep, and 2 mM Glutamine. PBMCs (2 × 106) were stained
with anti-human CD45-FITC (clone 2D1), anti-human CD34-PE
(clone 581), anti-human CXCR4-APC (clone 12G5), anti-human
VLA4-AF (clone Hu114), anti-human CD3-FITC (clone UCHT1),
anti-human CD56-PE (clone 5.1H11) and anti-human CD16-APC
(clone 3G8) and 7-AAD on ice, in the dark for 30 min. These cells
were then washed three times in FACS buffer (500 mL of D-PBS,
2mMEDTA, 0.1% SodiumAzide, and 1mMFBS) for 5min at 500 ×
g and 4°C before data acquisition.

A DPFC approach was used to calculate the concentration of
HSPCs, CD3+ T cells, CD56dim and CD56bright NK cells in peripheral
blood by coupling their frequency in the PBMC fraction determined
by flow cytometry to a whole blood lymphocyte count from the same
sample using an automated haematology analyser (Yumizen H500,
Horiba, Kyoto, Japan). Lymphocytes were identified by forward
scatter (FSC) vs. side scatter (SSC), and then CD3+ events used to
enumerate T cells. In the CD3- gate, a bivariate plot between
CD16 and CD56 was used to define cytolytic (CD16+ CD56dim)
and regulatory (CD16- CD56bright) natural killer (NK) cells. A
minimum of 1 × 106 lymphocyte events were acquired, resulting
in approximately 1 × 103, 1 × 106, 5 × 104, and 1 × 103 events in the
HSPC, CD3+, CD56dim and CD56bright gates, respectively. Data were
expressed as concentration in peripheral blood (cells/µL) or fold
change. Within the HSPC gate, the frequency (%) of CXCR-4+ and
VLA-4+ HSPCs were calculated and used to determine a peripheral
blood concentration (cells/µL) for each cell type. The cell surface
expression of CXCR-4 and VLA-4 on gated HSPCs was then
determined using the Geometric Mean Fluorescence
Intensity (GeoMean).

2.6 Correction of cell concentrations for
changes in blood volume

Changes in cell concentrations vs. rest measured using DPFC
(T cells, NK cell subsets, HSPCs, CXCR-4+ HSPCs and VLA-4+

HSPCs), automated haematology analysis (total white blood cells,
neutrophils, lymphocytes, monocyte), and SPFC (HSPCs) were
adjusted for changes in blood volume using the formula
proposed by Matomäki et al., 2000 (Matomäki et al., 2018).

2.7 Enzyme-linked immunosorbent assays

The concentration of soluble adhesion molecules CXCL-12/
SDF-1 (stromal cell-derived factor-1) and VCAM-1 (Vascular cell
adhesion molecule-1) were determined in plasma using enzyme-
linked immunosorbent assay (ELISA) kits purchased from Bio-
techne (Minneapolis, United States, assay sensitivity, CXCL-12:
18 pg/mL and VCAM-1: 0.6 ng/mL). All samples were analysed
in duplicate and concentrations were obtained from a standard
curve of known CXCL-12 and VCAM-1 concentrations and
adjusted for changes in plasma volume (Dill and Costill, 1974).
The manufacturer reported intra- (CXCL-12: 3.6% and VCAM-1:
0.6%) and inter-assay (CXCL-12: 10.3% and VCAM-1: 7.0%)
variability that aligned with our laboratory.
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2.8 Statistical analysis

Statistical analyses were performed using GraphPad Prism
10.0.3 analysis software (San Diego, CA). Data at all timepoints
were checked for normal distribution using the Shapiro-Wilk test.
Normally distributed variables were analysed over time (Rest, End of
intervals 1–4, 5-minute and 10-minute post exercise) and across
Trials (MICE, HV-HIIE, and LV-HIIE) by mixed-effects two-way
analysis of variance (Two-way ANOVA). Data that weren’t
normally distributed were analysed using Wilcoxon or Kruskal-
Wallis’s test. Post hoc analyses of any interaction effects (Time ×
Trial) were performed by a test of multiple comparisons, with either
Tukey or Dunn’s test, depending on variable normality. All values
are presented as means ± standard deviation (SD). Statistical
significance was accepted at the P < 0.05 level. Effect sizes were
calculated where appropriate by dividing the difference between the
means by the pooled standard deviations. An effect size of 0.2 was
considered the minimal value for a meaningful difference, 0.5 for
moderate and 0.8 for large (Cohen, 1988). The relationship between
HSPC concentrations determined by SPFC and DPFC methods was
evaluated by calculating a Pearson correlation coefficient and
agreement of these methods by formulating a Bland-Altman plot.
For the latter, mean concentrations of both methods (x-axis) were
plotted against the difference between these values (SPFC–DPFC,
y-axis). This enabled identification of systemic differences between
these two quantitative methods, including degree of bias and

outliers. The limits of agreement [“lower limit” = mean
difference – (1.96 × standard deviation of difference) and “upper
limit” = mean difference + (1.96 × standard deviation of difference)]
were calculated according to 95% confidence intervals.

3 Results

3.1 Physiological responses and subjective
perceptions during experimental trials

There were no significant differences in resting HR [F (2, 30) =
0.09, P = 0.91] and participants weight remained stable across all
three experimental trials [F (2, 30) = 0.01, P < 0.99]. There was no
difference between anxiety and sleep quality between the three
experimental trials (Supplementary Table S2). These variables
were therefore not used as covariates in subsequent
ANOVA analyses.

By design, average power output [F (2, 30) = 46.54, P < 0.0001],
peak HR (HRpeak) [F (2, 30) = 115.50, P < 0.0001], HRmax [F (2, 30) =
354.00, P< 0.0001] and average RPE [F (2, 30) = 25.08, P< 0.0001] were
greater throughout LV-HIIE > HV-HIIE > MICE (Table 1) and
estimated total energy expenditure was greater in MICE >
HV-HIIE > LV-HIIE [F (2, 30) = 25.48, P < 0.0001]. A repeated
measures ANOVA indicated significant differences in average HR after
each interval (Time × Trial Interaction: F (6, 90) = 2.60, P = 0.02). Post-

FIGURE 2
A Boolean gating strategy was used to enumerate HSPCs following guidelines validated by the International Society of Hematotherapy and Graft
Engineering (ISHAGE) using whole blood (single platform, presented herein) or PBMCs (double platform). CD34+ cells were first identified by sequential
gating of viable cells using 7-AAD exclusion (A), CD45+ events (B) and then CD34+ events (C). A gate on plot B defining viable cells with low to moderate
(dim) expression of CD45 and low side scatter properties was combined with CD34+ cells using Boolean gating (D). Finally, debris was removed and
viable HSPCs defined as CD34+CD45dimSSClow on a FSC vs. SSC plot (E).
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hoc analysis revealed that heart rate peaked after the second interval
during HV-HIIE (155.60 ± 7.78, P < 0.0001), the third interval during
LV-HIIE (171.90 ± 6.43, P < 0.0001) and remained stable above rest
duringMICE (125.18 ± 5.33, P > 0.99). Within each trial, power output
and RPE remained consistent over the 30-minute trial or between
intervals (Time × Trial Interaction: P > 0.05). There was no significant
difference in the affective response between the three trials measured by
the feeling scale [F (2, 30) = 1.21, P = 0.31] (Table 1).

3.2 SPFC to determine peripheral blood
HSPC concentrations

Changes in peripheral blood HSPC concentrations in response to
trials determined by SPFC are shown in Figure 3. A Time × Trial
interaction effect was observed [F (12, 180) = 2.31, P = 0.01], indicating
no change in HSPC concentration during MICE and a significant
increase after two intervals of LV-HIIE (Rest: 1.84 ± 1.55 vs. Interval 2:
2.94 ± 1.34, P = 0.005), and three intervals of HV-HIIE (Rest: 2.05 ±
0.86 vs. Interval 3: 2.51 ± 1.05, P = 0.04), although this was only
sustained through to the end of Interval 4 during LV-HIIE. A
cumulative increase was observed during LV-HIIE only, with HSPC
concentration significantly greater following Interval 4 (3.21 ± 2.00)
than Interval 1 (2.32 ± 1.73, P = 0.03). A post hoc analysis comparing
peak HSPC concentrations at Interval 4 (30 min) demonstrated a
significant difference between LV-HIIE vs.MICE (LV-HIIE: 3.21 ± 2 vs.
MICE: 1.76 ± 0.82, P = 0.02). In all trials, HSPC concentrations
decreased to resting levels within 5 min of cycling cessation.
Analysis of changes in HSPC concentrations over time by
calculating AUC revealed no statistically significant differences
between trials (LV-HIIE: 138 ± 79.71, HV-HIIE: 117.90 ± 60.46,
MICE: 105.90 ± 36.23) (Figure 3B). The Cohen’s d effect size for
MICE vs. LV-HIIE was 0.3, whereas comparisons between other trials
were <0.2. The majority of circulating HSPCs were CD38+ (95.23% ±
10.91) and the frequency of both CD38+ and CD38- HSPCs did not
change throughout MICE, HV-HIIE or LV-HIIE (P > 0.05, see
Supplementary Figures S1C, D). The concentration of CD38+

HSPCs increased after LV-HIIE only (Rest: 1.66 ± 1.51 vs. Interval
4: 2.82 ± 2.04, P < 0.0001), with no changes in CD38- HSPCs observed
(Supplementary Figures S1A, B).

3.3 DPFC to determine peripheral blood
HSPC concentrations

Changes in peripheral blood HSPC concentrations in response
to trials determined by DPFC are shown in Figure 7B. A repeated
measures ANOVA revealed a significant Time × Trial interaction
effect [F (2, 30) = 10.27, P = 0.0004]. Post-hoc analyses illustrated an
increase in HSPC concentration after Interval 4 of LV-HIIE relative
to rest (Rest: 2.45 ± 1.09 vs. Interval 4: 3.72 ± 1.20, P < 0.0001) and
HV-HIIE (Rest: 2.20 ± 0.88 vs. Interval 4: 3.26 ± 1.28, P < 0.0001),
but not after MICE (Rest: 2.43 ± 0.85 vs. Interval 4: 2.57 ± 1.10, P >
0.99). There were significant differences in post-exercise HSPC
concentrations between LV-HIIE and MICE (P = 0.04), but not
HV-HIIE vs. MICE (P = 0.41) or LV-HIIE vs. HV-HIIE (P = 0.97).

3.4 Immune cell subsets

Data obtained from automated haematology analysis and
further phenotyping using flow cytometry indicated Time × Trial
Interactions for peripheral blood concentrations of all immune
cell subsets (full details and statistical output in Supplementary
Table S1). A comparison between Rest and Interval 4 (30 min)
only indicated that the concentration of white blood cells was not
significantly different across trials, but analysis of daughter
populations revealed that monocyte, lymphocyte, and CD56dim

NK cell concentrations were greater immediately after LV-HIIE
compared to MICE. The concentration of CD56dim NK cells was
greater after HV-HIIE > MICE, and for monocytes, was greater
after LV-HIIE > HV-HIIE. Following adjustment of all cell
concentrations for changes in blood volume, all Time effects
remained significant, but there were no Time × Trial interaction

TABLE 1 Physiological responses during each experimental trial.

Cycling trial

Parameter MICE HV-HIIE LV-HIIE P-value

Average power output (W) 132 ± 20a,b 215 ± 32a,c 271 ± 45b,c <0.0001

Relative maximal power (%) 42 ± 5a,b 69 ± 3a,c 87 ± 3b,c <0.0001

HRpeak (bpm) 131 ± 7a,b 162 ± 7a,c 175 ± 7b,c <0.0001

HRmax (%) 70 ± 2a,b 84 ± 3a,c 95 ± 2b,c <0.0001

Estimated energy expenditure (kcal) 221 ± 43a,b 152 ± 46a,c 87 ± 45b,c <0.01

Average RPE 11.5 ± 0.6a,b 14.6 ± 0.9a,c 16.7 ± 1.0b,c <0.0001

Average feeling scale 3.0 ± 1.5 2.4 ± 1.7 1.7 ± 2.4 >0.05

Data displayed as mean ± SD.

Abbreviations: MICE, moderate intensity continuous exercise; HV-HIIE, high volume-high intensity interval exercise; LV-HIIE, low volume-high intensity interval exercise; HRpeak, peak heart

rate; RPE, rating of perceived exertion.
aSignificant difference between MICE and HV-HIIE (P < 0.05).
bSignificant difference between MICE and LV-HIIE (P < 0.05).
cSignificant difference between HV-HIIE and LV-HIIE (P < 0.05).
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effects noted for blood volume adjusted neutrophil, monocyte,
and T cell concentrations. For visualisation of these changes
across all immune cell subsets and trials, fold changes between
Rest and Interval 4 (30 min) are depicted in Figure 4, and a
comparison of the magnitude of change between cell subsets
detailed in Supplementary Figures S2A–C. Fold change of HSPCs
was not greater than any other subset and mirrored the general
leukocyte pattern across all trials. In contrast, fold change of
CD56dim NK cells was mostly greater than every subset across all
trials (all P < 0.01), whereas fold change of CD56bright NK cells
was significantly greater than neutrophils and T cells after LV-
HIIE and HV-HIIE only (all P < 0.01). Finally, fold change of
lymphocytes was greater than neutrophils after LV-HIIE and
HV-HIIE only (all P < 0.01), and greater than monocytes after
HV-HIIE only (P < 0.01).

3.5 Bonemarrow homing potential of HSPCs

Changes in the peripheral blood concentration (cells/µL, Figures
5A, B) and frequency (Figures 5C, D) of CXCR-4+ and VLA-4+

HSPCs after each trial are reported in Figure 5. The cell surface
expression of CXCR-4 and VLA-4 on gated HSPCs are depicted by a
representative histogram (Figures 5E, F) and the average GeoMean
data reported (Figures 5G, H).

A repeated measures ANOVA revealed a significant Time ×
Trial interaction for CXCR-4+ [F (2, 30) = 8.17, P = 0.002] and VLA-
4+ HSPC concentrations [F (2, 30) = 7.46, P = 0.002]. Post-hoc
analyses revealed that compared with rest, CXCR-4+ and VLA-4+

HSPC concentrations increased after LV-HIIE (both P < 0.0001)
and HV-HIIE (both < P = 0.001), but not MICE (both P > 0.05).
Within the HSPC population, there were no differences in the
frequency of CXCR-4+ or VLA-4+ HSPCs in response to the
trials (P < 0.05). When comparing changes in the cell surface
expression levels of these receptors, there was a significant

decrease in VLA-4 (Time Effect: P < 0.0001), but no change in
CXCR-4 after all trials (Time Effect: P = 0.66).

3.6 Chemokine CXCL-12 and VCAM-1
concentrations

Changes in plasma volume adjusted chemokine concentrations
in response to each trial are presented in Figure 6. A repeated
measures ANOVA revealed a significant effect of Time for CXCL-12
concentration [F (1, 29) = 10.18, P = 0.003], but no interaction effect
(P = 0.11). There were no changes in plasma VCAM-1 (P = 0.80)
concentration in response to all cycling trials. There were no
associations between changes in plasma chemokine and HSPC
concentrations across any of the trials (Supplementary
Figures S3A, B).

3.7 Comparison of flow cytometric methods
to determine HSPC concentrations

A Pearson’s correlation indicated that there was a significantly
positive relationship (Figure 7C) between SPFC and DPFC methods
(R = 0.60, P < 0.0001). Furthermore, Bland-Altman analysis revealed
no systemic differences between SPFC and DPFC methods.
Figure 7D indicated that most differences (63 of
66 measurements) between SPFC and DPFC fell within the
“lower” (−2.721) and “upper” (1.647) limits of agreement. The
mean difference was −0.537 cells/µL between data pairs. A linear
regression analysis between the mean of the data pairs vs. mean
difference indicated no significant difference betweenmethods [F (1,
64) = 1.28, P = 0.26]. Moreover, main effects and post hoc analyses
comparing HSPC concentration between Rest and Interval 4 across
all three experimental trials revealed similar results from
both methods.

FIGURE 3
Changes in peripheral blood HSPC concentrations (A) and total area under the curveHSPC response (B) across seven timepoints of MICE (blue bars),
HV-HIIE (grey bars) and LV-HIIE (red bars) enumerated by SPFC. Values aremeans ± SD. * and # indicate significant differences between timepoints in LV-
HIIE and HV-HIIE respectively: *P < 0.05, **P < 0.01, #P < 0.05.
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4 Discussion

The results of the current study indicate that brief cycling
intervals of high intensity (LV-HIIE and HV-HIIE), but not
moderate intensity continuous cycling (MICE) mobilised
HSPCs into peripheral blood of healthy young males. HSPC
concentrations determined by SPFC were elevated above rest
after just two intervals of LV-HIIE (4 min) and three intervals of
HV-HIIE (12 min). However, immediately following completion
of Interval 4, HSPC concentration was only elevated above rest
during LV-HIIE, returning to resting concentration within 5 min.
These responses were exclusive to CD38+ HSPCs, with no
changes in the CD38- fraction observed. The frequency of
HSPCs expressing bone marrow homing receptors CXCR-4
and VLA-4 were unaltered, but the cell surface expression of
VLA-4 decreased after all cycling trials, indicating marginally
altered bone marrow homing propensity of exercise-mobilised
HSPCs. Accompanying these changes, both HIIE trials evoked
more marked increases in the peripheral blood concentration of
cytolytic CD56dim NK cells compared to MICE. Taken together,

these data indicate that just 4–12 min of high intensity cycling
intervals can enrich peripheral blood with more HSPCs and
CD56dim NK cells compared to 30 min of moderate intensity
continuous cycling. Given the importance of these cells in context
of HSPC transplantation, and the low volume of cycling needed
to evoke these changes, these findings provide a rationale to
investigate the impact of interval cycling after prior G-CSF
treatment to examine HSPC collection efficacy.

Previous studies have reported increases in peripheral blood
HSPC concentrations after bouts of steady state exercise (Schmid
et al., 2021b) and HIIE (Krüger et al., 2015; O’Carroll et al., 2019).
Data supports “intensity” to be a more prominent driver of HSPC
mobilisation than “duration” of a steady state exercise bout (Agha
et al., 2018); however, the relationship between these variables when
comparing bouts of HIIE is unclear. Whereas “all-out” HIIE over a
cumulative total of 120 s has been reported to increase HSPC
concentration (O’Carroll et al., 2019), 15 min of intervals at a
lower intensity (5 × 3 min at 90% of peak power) were needed
to evoke a similar change (Krüger et al., 2015), with 10 min not
sufficient (10 × 1 min at 90% of maximal heart rate) (Nederveen

FIGURE 4
Fold change in immune cell subset concentrations (WBC, neutrophils, lymphocytes, monocytes, T cells, CD56dim NK cells, CD56bright NK cells and
HSPCs) after Interval 4 (30 min) relative to rest in MICE (blue bars), HV-HIIE (grey bars) and LV-HIIE (red bars). * and # indicate significant differences
between LV-HIIE vs. MICE and HV-HIIE vs. MICE respectively: **P < 0.01, ***P < 0.0001, ##P < 0.01, ###P < 0.0001.
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FIGURE 5
Changes in the peripheral blood concentration (A,B), frequency (C,D) and cell surface expression (G,H) of CXCR-4 and VLA-4 on gatedHSPCs between rest
and Interval 4 (30min) in MICE (blue bars), HV-HIIE (grey bars) and LV-HIIE (red bars). All data was obtained using DPFC and automated hematology analysis. The
cell surface expression of CXCR-4 and VLA-4 on HSPCs at rest (black histogram) and Interval 4 (30 min) or ‘Post-Ex’ (red histogram) were established by
determining thepositivepopulationwith afluorescenceminusone (FMO)control (bluehistogram) and thencalculating theGeometricmean (E,F). Values are
means ± SD. * indicates significant differences between Pre- and Post-Ex, representing pairwise comparisons in each trial (A,B) and in all trials (C,D,G,H): ***P <
0.001, ****P <0.0001. Ns indicates no significant differences between timepoints or trials: P >0.05. The “Interval 4 (30min)” timepoint is represented as “Post-Ex.”
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et al., 2020). Differences in participant demographics, timing
between intervals, and criteria used to define exercise “intensity”
may partly explain some of the discrepancies noted between these
studies. Moreover, studies to date have not directly compared how
different volumes of HIIE impact HSPC mobilisation, which was a
primary purpose of the current study. Given the potential
translation of HIIE into a PBSC setting, the present study
compared cycling protocols that aligned with criteria used to
define clinical HIIE (Weston et al., 2014; Taylor et al., 2019). We
adopted the lower (85%) and upper intensity (95%) limits of these
criteria for maximal heart rate to design HV-HIIE and LV-HIIE
protocols respectively. A further novel element of the study was
employing serial blood sampling to evaluate changes after each
interval of HIIE and time-matched samples during MICE. This
approach enabled us to determine that just 4 min of LV-HIIE and
12 min of HV-HIIE significantly increased HSPC concentrations
compared to rest. Comparatively, no changes were observed across
seven timepoints over 30 min of moderate intensity continuous
exercise (MICE), although total AUC between trials was not
statistically different. Despite no statistically significant
differences between LV-HIIE and HV-HIIE, HSPC
concentrations were only greater after Interval 4 (30 min) of
LV-HIIE vs. MICE and not HV-HIIE vs. MICE. Moreover, the
lower volume of total work performed in LV-HIIE compared to
HV-HIIE (Table 1) and more rapid initial increase in HSPCs

indicate that the “intensity” of HIIE is a more prominent
determinant of HSPC mobilisation than “duration.” The
approximate 2-fold increase in HSPC concentration observed
after LV-HIIE aligns with concentrations reported from previous
studies evaluating intervals and steady state exercise of much longer
duration (Baker et al., 2017; Niemiro et al., 2017; Agha et al., 2018).
Although maximal intensity cycling intervals can evoke HSPC
mobilisation to this degree (O’Carroll et al., 2019), our data
indicate that low volume cycling at a more manageable intensity
elicits a comparable increase.

In the present study, higher average power output, subjective
exertion and HRpeak (Table 1) in LV- HIIE > HV-HIIE > MICE
reflected greater physiological exertion that would likely elicit
greater increases in systemic adrenaline concentration (Simpson
et al., 2021) and therefore HSPC mobilisation, corroborating
previous work (Agha et al., 2018). The observed intensity-
dependent changes in HSPCs were also observed across other
immune cells subsets (Supplemental Table S1). Notably, the
increased concentrations of lymphocytes and CD56dim NK cells
were greater in response to LV-HIIE vs. MICE. The increased
concentration of monocytes was greatest in LV-HIIE vs. HV-
HIIE and MICE; however, this was driven by greater
reductions in blood volume during LV-HIIE rather than greater
cell mobilisation. It is well established that single bouts of exercise
elicit non-uniform mobilisation of immune cells into
peripheral blood, which is intensity dependent (Baker et al.,
2017). Cells with high effector functions (e.g., non-classical
monocytes, effector memory T cells and CD56dim NK cells are
preferentially mobilised relative to naïve subsets under the
actions of β2 adrenergic (Graff et al., 2018) and cytokine
signalling (Bay et al., 2020). Although extensive phenotyping was
not carried out in the present study, CD56dim NK cells had markedly
higher ingress than any other cell subset (Figure 4), illustrating
preferential mobilisation of potent cytolytic cells, particularly
during HIIE.

4.1 Perspectives and clinical considerations

The concept of implementing exercise in a PBSC setting has
been proposed previously (Emmons et al., 2016b; Simpson et al.,
2017), and yet practical steps to facilitate this have not been taken.
This first begins with providing empirical data to support an
appropriate type of exercise for a broad range of autologous
and allogeneic donors, before evaluating its clinical utility. The
present study reports that HIIE can enrich peripheral blood with
higher numbers of multiple immune cell subsets to a greater
degree than MICE, most notably HSPCs and CD56dim NK cells.
However, in line with previous studies (Schmid et al., 2021b), the
increase in HSPC concentration observed was transient, with
resting concentration restored within 5 min. PBSC collections
take approximately 3–4-hour and the peak HSPC concentration of
3.2 ± 2.0 cells/µL during LV-HIIE (Figure 3A) reported herein falls
short of the minimum collection threshold of 10 cells/µL following
G-CSF treatment (Stroncek et al., 1997). Furthermore, when
expressing HSPC data relative to body mass, despite a
significant increase after LV-HIIE in the absence of G-CSF,
HSPC dose after the trial was approximately 10-fold short of

FIGURE 6
Changes in the plasma concentration of CXCL-12 (A) and VCAM-
1 (B) between Rest and Interval 4 (30min) of MICE (blue bars), HV-HIIE
(grey bars) and LV-HIIE (red bars). Values are means ± SD. * indicates a
significant effect of Time: **p < 0.01. The “Interval 4 (30 min)”
timepoint is represented as “Post-Ex.”
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the 2 × 106 HSPCs/kg collection threshold required for successful
engraftment after autologous transplantation (data not shown)
(Baker et al., 2017). Therefore, bouts of exercise in isolation are
insufficient to evoke clinically meaningful changes in HSPCs.
Furthermore, CD38+, but not CD38- HSPC concentrations
increased after LV-HIIE in the present study (Supplementary
Figures S1A, B). Although engraftment success is predicted clinically
by CD34+ count alone (Duggan et al., 2000; Allan et al., 2002; Basquiera
et al., 2006), a higher number and frequency of pluripotent CD38- HSCs
are mobilised from the bone marrow following G-CSF therapy (Bonig
and Papayannopoulou, 2012) and predict more favourable engraftment
success vs. CD38+ HSPCs (Astori et al., 2001). It is noteworthy that the
majority of circulating HSPCs in the present study were progenitor cells
(≈95% at rest and after exercise, Supplementary Figures S1C, D).
Enrichment of peripheral blood with CD38- HSPCs after G-CSF
treatment results in a proportion of HSPCs residing in marginal
pools of the circulation, thus not available for collection (Simpson
et al., 2017). Presently, it is unclear whether exercise could dislodge

marginalised CD38+ or CD38- HSPCs into the blood compartment
during apheresis.

Beyond the importance of the harvested cell number, the
engraftment potential of HSPCs and other collected cells are
important. In the present study, engraftment potential of HSPCs
was evaluated by quantifying cell surface expression of CXCR-4 and
VLA-4. Although expression is known to be variable across
individuals, our data aligned with mean CXCR-4+ (≈40%)
(Taylor et al., 2021) and VLA-4+ (≈68.5%) (Bellucci et al., 1999)
HSPC frequencies in the absence of prior G-CSF treatment reported
in other studies. The concentration, but not frequency of HSPCs
expressing bone marrow homing receptors CXCR-4 and VLA-4
were increased after HIIE, but not MICE (Figures 5A–D). Previous
studies support these findings, reporting an increase in the
concentration, but not frequency of peripheral blood CXCR-4+

HSPCs (Taylor et al., 2021), and VLA-4+ T, B, NK cells (Miles
et al., 1998) after steady state incline walking and resistance exercise
respectively. Therefore, CXCR-4+ and VLA-4+ HSPC mobilisation

FIGURE 7
Changes in peripheral blood HSPC concentrations determined by SPFC (A) and DPFC (B) between Rest and Interval 4 (30 min) in MICE (blue bars),
HV-HIIE (grey bars) and LV-HIIE (red bars). The agreement between SPFC and DPFC was established by determining a Pearson correlation coefficient (C)
and Bland-Altman plot (D). Values are means ± SD. * indicates significant differences between Pre- and Post-Ex: ****p < 0.0001. The “Interval 4 (30min)”
timepoint is represented as “Post-Ex.”

Frontiers in Physiology frontiersin.org12

Pradana et al. 10.3389/fphys.2024.1327269

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1327269


during HIIE likely reflects non-specific demargination of these cells
from marginal pools along with all leukocytes (Adams et al., 2011).
Additionally, we observed a decrease in the cell surface expression of
VLA-4, but not CXCR-4 after all cycling trials (Figures 5G–H). The
cell surface expression of CXCR-4 has been reported to be
augmented on circulating T (Okutsu et al., 2005) and NK cells
(Okutsu et al., 2014) after steady state exercise and associated with
elevated tissue homing and subsequent lymphocytopenia.
Expression changes of CXCR-4 and VLA-4 after bouts of
exercise are evidently specific to each cell type and dependent on
their microenvironment, notably chemokine cues. We observed no
relationship between the expression of these receptors with systemic
changes in CXCL-12 and VCAM-1 concentrations, which displayed
the reverse pattern (Figures 6A, B) (Niemiro et al., 2017), and thus
local tissue chemokine cues might explain the decrease in VLA-4
expression on HSPCs. The latter implies that the bone marrow
homing propensity of HSPCs was impaired after exercise relative to
circulating HSPCs at rest; however, its impact on engraftment
potential is presently unclear. Engraftment potential is also
impacted by immune composition, notably CD56dim NK cells,
which were ≈4-fold higher after HIIE vs. MICE (Figure 4).
Higher numbers of CD56dim NK cells have been reported to
lower the risk of several clinical endpoints (e.g., post-transplant
viral infections and GvHD) following allogenic HSPC
transplantation by enhancing the recipient’s adaptive immune
responses (Porrata et al., 2004).

Collectively, repeated intervals of LV-HIIE incrementally
increased the concentration of peripheral blood HSPCs, albeit
with a modulated bone marrow phenotype, to a greater degree
than moderate intensity steady state cycling. These changes were
accompanied by an increase in clinically relevant CD56dim NK cells
in peripheral blood at the end of interval 4.

4.2 Comparison of SPFC and DPFC methods

A secondary aim of the present study was to evaluate the
relationship and systemic bias between SPFC and DPFC methods
for enumerating HSPCs in peripheral blood before and after bouts of
cycling. DPFC is more commonplace in studies evaluating changes
in HSPC concentration after exercise, but high variability has been
reported in some multi-site studies (Gratama et al., 2003) whereas
SPFC is the clinically accepted method used during PBSC
collections, established by ISHAGE (Sutherland et al., 1996). The
same general pattern of response was observed between methods
(Figures 7A, B), with the exception that post-exercise HSPC
concentrations were significantly greater than rest after LV-HIIE
and HV-HIIE vs. MICE using DPFC (Figure 7B), whereas this trend
was only significant for LV-HIIE using SPFC (Figure 7A). A
significant moderate correlation was observed between methods
(Figure 7C), and there was no significant systemic bias between
methods (Figure 7D). Whereas both quantitative methods appear
acceptable depending on logistics of a research study design, a mean
difference of −0.537 cells/µL might be considered clinically
meaningful given that the collection threshold for initiating
apheresis is >10 cells/µL (Panch et al., 2017). Regardless of
method, these data collectively indicate that HIIE evoked greater
mobilisation of HSPCs than MICE.

4.3 Strengths, limitations and future
perspectives

Using a randomised crossover design and serial blood sampling,
this study employed internationally validated guidelines to
enumerate peripheral blood HSPC concentrations after bouts of
interval vs. continuous cycling; however, this study was not
without limitations. A low recruitment rate following easing of
COVID-19 restrictions resulted in our study population including
only male participants, thus not biologically, socially or clinically
representative. From a physiological perspective, our data indicate
that just 4 min of LV-HIIE elicited an increase in peripheral blood
HSPCs greater than 30 min steady state cycling, but at present, the
translation of these findings are limited. It is evident that clinical trials
are required to evaluate whether cycling during apheresis (with prior
G-CSF) can improve HSPC collection efficacy. These trials should be
preceded by studies first examining whether cycling throughout a
PBSC collection procedure (≈3 h) sustains HSPC concentrations and
the effect on immune composition. Beyond the physiological
potential of exercise to maximise the number of these cells, future
work is required to evaluate the feasibility and acceptability of such
an approach for allogeneic and autologous donors undergoing
G-CSF treatment. Cycling protocols such as LV-HIIE and HV-
HIIE could be unfavourable for allogenic donors in the general
population who do not exercise regularly and not recommended
for autologous donors suffering with immunosuppressive disorders
(Baumann et al., 2011). Despite the physiological strain during LV-
HIIE being markedly greater than MICE, the enjoyment level was
equal across all exercise trials (Table 1). This provides some basic
subjective data to support the use of these protocols in healthy young
males, but implementation of these intervals over 3 h in different
population groups, albeit with longer rest periods, warrants
investigation.

5 Conclusion

In conclusion, the present study revealed that 2 × 2-minute
bouts of LV-HIIE and 3 × 4-minute bouts of HV-HIIE were
sufficient to increase peripheral blood CD38+ HSPC
concentrations above rest, but not in response to 30 min of
continuous cycling at moderate intensity. At the end of the trials,
HSPC concentration was only elevated above rest in the LV-HIIE
trial. Furthermore, peripheral blood was enriched with higher
numbers of CD56dim NK cells after bouts of HIIE vs. MICE.
Collectively, these data indicate that exercise intensity was a
more prominent factor than duration in driving the mobilisation
of immune cells with relevance to HSPC transplantation. With only
4 min of high intensity cycling intervals eliciting these changes,
future studies should evaluate the clinical effectiveness of HIIE
within a PBSC donation setting.
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Glossary

PBSC Peripheral blood stem cell

HSPC Haematopoietic stem and progenitor cell

HIIE High intensity interval exercise

MICE Moderate intensity continuous exercise

HV-HIIE High volume-high intensity interval exercise

LV-HIIE Low volume-high intensity interval exercise

HRmax Maximum heart rate

CXCR-4 C-X-C chemokine receptor 4

VLA-4 Very Late antigen 4

NK cell Natural killer cell

G-CSF Granulocyte colony stimulating factor

HLA Human leukocyte antigen

GvHD Graft-versus-host disease

CXCL-12 C-X-C motif chemokine 12

VCAM-1 Vascular cellular adhesion molecule 1

β2 Beta 2

ISHAGE The International Society of Hematotherapy and Graft Engineering

SPFC Single platform flow cytometry

DPFC Double platform flow cytometry

GPPAQ General practice physical activity questionnaire

HR Heart rate

RPM Rotations/minute

Wattmax Maximal power

RPE Ratings of perceived exertion

K2EDTA Potassium ethylene-diamine-tetra-acetic acid

PBMC Peripheral blood mononuclear cell

D-PBS Dulbecco’s phosphate-buffered saline

RPMI Roswell park memorial institute

FBS Fetal bovine serum

FMO Fluorescence minus one

7-AAD 7-amino-actinomycin

EDTA Ethylene-diamine-tetra-acetic acid

ANOVA Analysis of variance

SD Standard deviation

AUC Area under the curve

WBC White blood cell
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