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Abstract

Acute dynamic exercise mobilizes CD34+ hematopoietic stem cells (HSCs) to the bloodstream, 

potentially serving as an economical adjuvant to boost the collection of HSCs from stem cell 

transplant donors. The mechanisms responsible for HSC mobilization with exercise are unknown 

but are likely due to hemodynamic perturbations, endogenous granulocyte-colony stimulating 

factor (G-CSF), and/or β2-adrenergic receptor (β2-AR) signaling. We characterized the temporal 

response of HSC mobilization and plasma G-CSF following exercise, and determined the impact 

of in vivo β-AR blockade on the exercise-induced mobilization of HSCs. Healthy runners (n= 15) 

completed, in balanced order, two single bouts of steady state treadmill running exercise at 

moderate (lasting 90-min) or vigorous (lasting 30-min) intensity. A separate cohort of healthy 

cyclists (n=12) completed three 30-min cycling ergometer trials at vigorous intensity after 

ingesting: (i) 10mg bisoprolol (β1-AR antagonist); (ii) 80mg nadolol (β1 + β2-AR antagonist); or 

(iii) placebo, in balanced order with a double-blind design. Blood samples collected before, during 

(runners only), immediately after, and at several points during exercise recovery were used to 

determine circulating G-CSF levels (runners only) and enumerate CD34+ HSCs by flow cytometry 

(runners and cyclists). Steady state vigorous but not moderate intensity exercise mobilized HSCs, 
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increasing the total blood CD34+ count by ~4.15±1.62 Δcells/μl (+202±92%) compared to resting 

conditions. Plasma G-CSF increased in response to moderate but not vigorous exercise. Relative to 

placebo, nadolol and bisoprolol lowered exercising heart rate and blood pressure to comparable 

levels. The number of CD34+ HSCs increased with exercise after the placebo and bisoprolol trials, 

but not the nadolol trial, suggesting β2-AR signaling mediated the mobilization of CD34+ cells 

[Placebo: 2.10±1.16 (207±69.2%), Bisoprolol 1.66±0.79 (+163±29%), Nadolol: 0.68±0.54 

(+143±36%) Δcells/μL]. We conclude that the mobilization of CD34+ HSCs with exercise is not 

dependent on circulating G-CSF and is likely due to the combined actions of β2-AR signaling and 

hemodynamic shear stress.
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1. Introduction

Allogeneic hematopoietic stem cell transplantation (alloHSCT) is the preferred treatment for 

many patients with blood cancers, genetic disorders and primary immune deficiency 

disorders (Copelan, 2006; Holtick et al., 2014; Passweg et al., 2012). Hematopoietic stem 

cells (HSCs) are preferentially collected from the peripheral blood of healthy donors 

following a period of granulocyte-colony stimulating factor (G-CSF) therapy designed to 

proliferate and mobilize CD34+ HSCs from the bone marrow (Barrett and Treleaven, 1998; 

England et al., 2016). Donors typically undergo apheresis when the blood CD34+ count 

exceeds 10 cells/μL as this increases the likelihood of collecting 4–4.5 × 106CD34+ cells/kg 

patient body weight, which is required for a successful transplant (Panch et al., 2017). 

Donors may receive G-CSF therapy over 4–5 days and undergo apheresis collection to reach 

HSC collection targets (Bonig and Papayannopoulou, 2012; Grigg et al., 1995; Hosing, 

2012). Unfortunately, the time commitment and cumbersome apheresis procedures required 

for HSC donation, as well as the uncomfortable side effects and known toxicities associated 

with G-CSF and other HSC mobilizing therapeutics (e.g. the CXCR-4 inhibitor, Plerixafor), 

have been identified as factors that may deter would be HSC donors (Bonig and 

Papayannopoulou, 2012; Treleaven and Barrett, 2009). Therefore, there is a need to find new 

methods that will facilitate HSC collections and help lower donor burden in the alloHSCT 

setting.

It is well known that a single bout of dynamic aerobic exercise elicits an almost 

instantaneous increase in the circulating leukocyte count (Simpson et al., 2015). It has also 

been shown that hematopoietic progenitor cells are mobilized with exercise, presumably to 

aid in the repair of tissue damaged from the exercise bout (Camargo et al., 2003; Palermo et 

al., 2005; Wahl et al., 2007). The progenitor cells mobilized by exercise include HSCs and 

endothelial progenitor cells, both of which may increase 1–2.5-fold above resting values 

(Bonsignore et al., 2010; Krüger et al., 2014; Mobius-Winkler et al., 2009; Thijssen et al., 

2006). While the number of HSCs mobilized by exercise is small in comparison to the major 

leukocyte subtypes (i.e. granulocytes, lymphocytes and monocytes), the therapeutic potential 
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of HSCs has led to the hypothesis that exercise may serve as a simple and economical 

adjuvant to increase their isolation from donor blood to facilitate several clinical procedures 

such as alloHSCT and regenerative medicine (Baker et al., 2017; Emmons et al., 2016; 

Riddell et al., 2015; Simpson et al., 2017).

It remains to be established if exercise can evoke a mobilization of CD34+ cells comparable 

to exogenous G-CSF therapy. Reports in the literature are equivocal; most studies indicate 

that prolonged or exhaustive exercise elicits only modest increases in the CD34+ cell count 

to the order of 2–12 cells/μL, which would be largely inferior to exogenous G-CSF therapy 

(Baker et al., 2017; Krüger et al., 2014; Mobius-Winkler et al., 2009). However, (Zaldivar et 

al., 2007) reported that high intensity exercise in young boys mobilized to the order of 150–

175 CD34+cells/μL. Moreover, the optimal mode, duration and intensity of exercise, as well 

as the underlying mechanisms responsible for HSC mobilization, remain to be determined. It 

is possible that endogenous G-CSF released during exercise evokes the mobilization of 

HSCs from the bone marrow to the blood as a means to stimulate the production of mature 

immune cells or facilitate tissue regeneration (Krüger et al., 2014; Zaldivar et al., 2007). In 

addition, the binding of catecholamines to β2-adrenergic receptors (β-AR) (Cancelas and 

Williams, 2006) and/or increases in hemodynamic shear stress that accompany sustained 

elevations in cardiac output and blood pressure might facilitate the HSC mobilization during 

exercise (Simpson et al., 2015). To the best of our knowledge, no study has established the 

effects of exercise intensity on plasma G-CSF levels or attempted to determine the time 

course relationship between endogenous G-CSF and HSC mobilization in response to acute 

exercise. Also unknown are the effects of in vivo β-AR blockade and hemodynamic 

perturbations on the exercise-induced mobilization of HSCs.

The primary aim of this study was to determine the feasibility of using acute dynamic 

exercise as a surrogate method to G-CSF therapy for mobilizing HSCs in healthy donors. We 

compared the response of short vigorous intensity exercise with that of prolonged moderate 

intensity exercise to determine if either protocol would evoke HSC mobilization to levels 

comparable with those of exogenous G-CSF therapy that have been reported in the literature 

(Barrett and Treleaven, 1998; Hosing, 2012; Treleaven and Barrett, 2009). We also 

characterized the temporal response of HSC mobilization and endogenous G-CSF release in 

response to each exercise bout. Finally, we determined the impact of β-AR blockade in vivo 
on CD34+ and CD133+ HSC mobilization with exercise, comparing a non-preferential β1 + 

β2-AR antagonist (nadolol) to a preferential β1-AR antagonist (bisoprolol) to delineate the 

effects of β2-AR signaling from the alterations in hemodynamic shear stress that accompany 

β1-AR blockade. We hypothesized that: (i) HSC mobilization would be greatest after 

vigorous exercise compared to moderate intensity exercise but not large enough to be 

considered a surrogate for pharmaceutical mobilizing agents, and (ii) the mobilization of 

HSCs with exercise would be dependent on plasma G-CSF and/or β2-AR signaling.

2. Methods

2.1. Participants

All participants were 18–44 years of age and classified as ‘low risk’ for maximal exercise 

testing in accordance with the ACSM/AHA criteria (PAR-Q & You, American College of 
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Sports Medicine, 2013). Participants were excluded if they used tobacco products within six 

months of screening, had a high intake of alcohol (>2 drinks per day), regularly used any 

medication known to affect the immune system within the last 6-months, were pregnant, or 

had any autoimmune disease. Participants were asked to abstain from caffeine consumption 

and vigorous exercise for 24 h prior to each laboratory visit. This study was performed in 

two parts with separate groups of participants. For Part 1, participants (n=15) were required 

to regularly engage in 1-3h of vigorous exercise per week, the equivalent of running at least 

5–10 miles per week (Jackson et al., 1990). For Part 2, Participants (n=12) were required to 

be familiar with cycling exercise and screened to ensure they were free of any 

contraindications to ingesting β-blocker medication. This included an assessment of 

pulmonary function to exclude the presence of undiagnosed asthma. Both parts of this study 

were conducted by the same group of investigators in the Laboratory of Integrated 

Physiology at the University of Houston. All participants provided written informed consent 

prior to participating and the Committee for the Protection of Human Participants (CPHS) at 

the University of Houston approved both parts of this study. The physical characteristics of 

the participants enrolled in Part 1 and Part 2 of this study are shown in Table 1.

2.2. Experimental design: Part 1

Part 1 was concerned with comparing the response of short vigorous intensity exercise with 

that of prolonged moderate intensity exercise. Participants in the Part 1 cohort made three 

separate visits to the laboratory, with a period of 1–3 weeks between visits. Visit 1 required 

the participants to undergo preliminary health screening and risk stratification to ensure 

study inclusion and exclusion criteria were met. Eligible participants then completed a 

maximal graded exercise test. Visit 2 and Visit 3 required the participants to perform a single 

bout of treadmill running exercise consisting of either: (i) 30-min of steady state running at 

+15% of ventilatory threshold (VT) (vigorous); or (ii) 90-min of steady state running at −5% 

of VT (moderate). Each exercise bout was performed on separate days in random order. The 

collection of blood samples occurred at the exact same time of day between trials, subjects 

came in at the same time of day for their pre-exercise samples, although exercise for the 

vigorous intensity trial began 1h later than the moderate intensity trial so that both exercise 

bouts finished at the exact same time of day. An assessment of body composition via a 

whole body DXA (Dual-energy X-ray absorptiometry) scan (Hologic Discovery W DXA, 

Marlborough, MA, USA) was made during the same visit as the vigorous intensity trial.

2.2.1. Maximal exercise test to determine VO2 peak and ventilatory threshold 
(VT)—During the first laboratory visit, participants completed a maximal exercise protocol 

on an indoor motor driven treadmill (Woodway Desmo Treadmill, Waukesha, WI). 

Participants were fitted with a heart rate monitor (FT4, © Polar Electro, Kempele, Finland) 

and a facemask that covered their nose and mouth for the continuous measurement of heart 

rate and respiratory gases, respectively. The facemask was connected to a metabolic cart for 

real time measurement of respiratory gases (Cosmed CPET, Rome, Italy). The test began 

with the subject running at a 1% incline at a speed of 6.4km/h. The speed of the treadmill 

was increased by 0.8km/h every 2min until a respiratory exchange ratio (RER) >1.1 was 

reached, after which the incline was increased by 2% every minute until volitional 

exhaustion. VO2peak and maximum heart rate was determined from the test. The ventilatory 
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threshold (VT) was defined as the first ventilatory breakpoint and determined using the V-

slope method (Beaver et al., 1986).

2.2.2. Main Exercise Trials—Visits 2 and 3 began between 07:00 and 10:00. Prior to 

exercise, an intravenous catheter (3/4 in. BD Nexiva™ Closed IV Catheter System, BD 

vacutainers™, Franklin Lakes, NJ, USA) was inserted to an ante-cubital vein for blood 

sample collection before, during and after exercise. Blood was collected in a 3mL 

vacutainer® tube spray-coated with K2EDTA and a 10-mL tube with Silica Clot Activator, 

Polymer Gel, Silicone-Coated Interior SST™ (BD vacutainer™, Franklin Lakes, NJ, USA) 

for the separation of blood serum. The IV-catheter was flushed with 5 mL isotonic saline 

(BD PosiFlush, Franklin Lakes, NJ, USA) after each blood draw, and a 2 mL “waste” tube 

was drawn immediately prior to collecting the next blood sample to remove residual saline. 

For the vigorous exercise trial, participants were asked to run at a pace corresponding to 

+15% of the pre-determined VT velocity for 30 min. Blood samples were collected from the 

IV catheter at rest, during exercise after 15 min, immediately post exercise, and again at 1, 2, 

and 3-h post exercise. For the moderate intensity exercise trial, participants were asked to 

run at a pace corresponding to −5% of the pre-determined VT velocity for 90 min. Blood 

samples were collected from the IV catheter at rest, during exercise after 15-min and 60-

min, immediately post exercise, and again at 1, 2, and 3-h post exercise. The blood sample 

collected after 15-min of exercise in both the vigorous and moderate intensity trials allowed 

us to compare the effects of exercise intensity on HSC mobilization at the same duration of 

exercise.

2.3. Experimental design: Part 2

Part 2 investigated the impact of β-AR blockade in vivo on CD34+ and CD133+ HSC 

mobilization with exercise. Participants in the Part 2 cohort made five visits to the 

laboratory, with a period of 1–3 weeks between visits. Visit 1 required the participants to 

undergo preliminary health screening and risk stratification to ensure study inclusion and 

exclusion criteria were met. On the second visit, eligible participants completed a 

discontinuous cycling protocol on an indoor ergometer to determine the individual blood 

lactate threshold following procedures we have described previously (Bigley et al., 2014). 

Participants completed the lactate threshold test using their personal road bike mounted to an 

indoor cycling trainer (Computrainer, RacerMate, USA), or on a fixed laboratory cycling 

ergometer (Velotron, LAB Model, RacerMate Inc., Seatle WA). The main exercise trials 

were completed during visits 3–5, which required the participants to cycle for 30-min at a 

steady state power output corresponding to +10% of the individual blood lactate threshold 

(considered comparable to the vigorous intensity trial described in Part 1). The main 

exercise trials commenced 3h after the participant ingested (i) 10mg of bisoprolol (β1AR 

antagonist), (ii) 80 mg of nadolol (β1+β2-AR antagonist), or (iii) placebo in counter 

balanced order using a double-blind design.

2.3.1. Main exercise trials—Participants visited the laboratory between 07:00 and 

10:00 to provide a resting blood sample, which was collected via standard phlebotomy (BD 

Vacutainer Safety-Lok™, Franklin Lakes, NJ, USA) into the aforementioned collection tubes 

either spray-coated with K2EDTA or containing a serum gel separator. Resting blood 
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pressure and heart rate was also determined at this time. Participants then ingested the 

medication (placebo, bisoprolol or nadolol), which was transferred directly to the 

participant’s mouth from a pre-dispensed opaque vial. Participants were then asked to sit 

quietly in the laboratory for 3h, after which another blood sample was a collected and 

additional resting blood pressure and heart rate measurements were recorded. A capillary 

blood sample was collected for blood lactate determination (P-GM7 Micro-Stat Analyzer, 

Analox instruments Ltd., London, UK). Participants were then fitted with the apparatus 

required to monitor electrocardiogram activity (12-lead) and measure respiratory gas 

exchange continuously during exercise (Quark CPET, COSMED, Pavona di Albano Laziale, 

Italy). Following 10-min of easy cycling (<50% of the prescribed exercise intensity), 

participants were asked to cycle for 30-min at a steady-state power output corresponding to 

+10% of the pre-determined individual blood lactate threshold on the same cycling 

apparatus that was used during visit 2. Capillary blood samples, blood pressure and rating of 

perceived exertion was determined after 10, 20 and 30-min of exercise. Subsequent 

intravenous blood samples were collected immediately after exercise cessation and at 1h 

post exercise. The main exercise trials began 3 h after drug ingestion because peak serum 

concentrations of bisoprolol and nadolol are reached within 2–4 h after oral administration, 

with a half-life 10–12 h and of 14–24 h respectively (Kostis et al., 1984; Le Coz et al., 1991; 

Leopold et al., 1986; Schafer-Korting et al., 1984). All trials were completed at the same 

time of day and a minimum 1-week washout period was interspersed between trials to 

eliminate any carry over effects of drug ingestion.

2.4. Blood processing and analysis

All blood samples collected from the participants in Part 1 and Part 2 were processed under 

identical conditions using the same laboratory reagents and apparatus unless otherwise 

stated. Complete blood counts were determined using an automated clinical grade 

hematology analyzer (Mindray BC-2800, Shenzhen, China) for the enumeration of total 

leukocytes, granulocytes, monocytes and lymphocytes. All blood samples were analyzed in 

duplicate with a co-efficient of variation <5.5%.

2.4.1. Enumeration of CD34+ and CD133+ HSCs in peripheral blood—Whole 

blood (200μL) was labeled with an FITC conjugated anti-CD34 monoclonal antibody (mAb) 

(eBioscience, San Diego, CA, USA) and a PE conjugated anti-CD133 (AC133) mAb 

(Miltenyi Biotec, Bergisch Gladbach, Germany) and allowed to incubate in the dark at room 

temperature for 30 min. Samples were then mixed with a red blood cell lysing buffer 

(eBioscience, San Diego, CA, USA) for 20 min, and washed 3X with phosphate-buffered 

saline (PBS) before being resuspended in 200 μL of PBS for analysis. Immunophenotyping 

was performed by 2-color flow cytometry (BD Accuri C6, Ann Arbor, MI, USA). 

Lymphocytes and monocytes were identified by their light scatter properties and 

electronically gated (CFlow® software v2). We determined CD34+ and CD133+ expression 

within the electronic gate of total mononuclear cells. Fluorescent signals were collected in 

logarithmic mode using two separate detector filters for FITC and PE. For each sample, 1 × 

105 gated lymphocyte+monocyte events were acquired at a flow rate of 100 μL/minute, 

allowing for the acquisition of >100 CD34+ and CD133+ events within the total 

mononuclear cell gate. The percentage of total mononuclear cells expressing CD34 or 
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CD133 was multiplied by the combined lymphocyte and monocyte count from the 

automated hematology analyzer to determine the number of CD34+ or CD133+ cells/μl of 

whole blood.

2.4.2. Determination of serum G-CSF, epinephrine, norepinephrine and 
cortisol levels—Serum was separated from whole blood and stored at −80 °C until 

analysis. G-CSF was determined in serum for the participants in the Part 1 cohort, and 

epinephrine, norepinephrine and cortisol was determined in serum for the participants in the 

Part 2 cohort. All serum samples were analyzed in duplicate using commercially available 

high sensitivity ELISA kits in accordance with manufacture’s instruction (Human G-CSF 

Quantikine High Sensitivity ELISA, R&D Systems, Minneapolis, MN, USA; 2-CAT ELISA 

Fast Track, LDN, Nordhorn, Germany; Cortisol ELISA, LDN, Nordhorn, Germany).

2.5. Statistical analysis—Data is presented as means±standard deviation. All statistical 

analyses were completed using SPSS (v. 22.0; Chicago, IL). To ensure that subjects had 

similar physical characteristics and fitness status between Parts 1 and 2, one-way ANOVAs 

and Fisher’s exact test were used to compare the groups. To determine physiological 

differences between trials for each study, one-way ANOVAs were used with Bonforroni post 

hoc to determine differences between placebo and β-blocker trials. Maximum likelihood, 

linear mixed models (LMM) were used to analyze all immune cell counts. For Part 1, the 

model included main effects for exercise time (pre-exercise, during-exercise: +15-min 

(vigorous)/+1 h (moderate), immediately post exercise, recovery: 1 h, 2 h and 3 h post 

exercise), exercise duration/intensity (moderate and vigorous) and serum G-CSF levels 

(continuous) for all dependent variables (numbers of immune cells and immune cell 

subpopulations in whole blood). For Part 2, the model included the main effects for trial 

(placebo, bisoprolol and nadolol) and exercise time (pre-drug, pre-exercise, post-exercise, 

and 1h-post exercise). Additionally, we modeled interaction effects between the main 

effects. Significance was set at p<.05.

3. Results

All participants successfully completed all exercise protocols. No significant differences 

(p>.05) in physical characteristics were seen between participants recruited for Part 1 or Part 
2 (Table 1). For Part 1; 15 subjects were recruited (7 female) (age: 28.3±7.8 yrs, height: 

172.7±9.2 cm, body mass: 73.1±12.9 kg). For Part 2; 12 subjects were recruited (2 females) 

(age: 30.6±6.4 yrs, height: 175.3±6.3 cm, body mass: 80.5±13.3 kg). In the Part 1 cohort, 

running velocity (km/hr) (12.3±1.9 vs 10.3±1.6), rating of perceived exertion (RPE) 

(16.1±2.5 vs 14.1±1.5), and average heart rate (bpm) (177.8±7.7 vs 168.0±10.6) was 

significantly higher in the vigorous compared to the moderate intensity trial (p<.05) (Table 

2). In the Part 2 cohort, exercising heart rate (HR) and systolic blood pressure (SBP) was 

lower in both the nadolol [HR (bpm): 117.7±8.9 vs 158.2±9.2; SBP (mmHg): 135.5±12.6 vs 

157.9±11.4] and bisoprolol (HR(bpm): 123.3±7.8 vs 158.2±9.2; SBP (mmHg): 140.8±11.2 

vs 157.9±11.4] trials compared to placebo (p<.05), but no significant differences were found 

for exercising heart rate or systolic blood pressure between the nadolol and bisoprolol trials 

(p>.05). Borg rating of perceived exertion (RPE) (Borg, 1998) was higher during the final 20 

min of exercise in the nadolol (15.8±2.1 vs 14±1.5), but not bisoprolol (15.4±2.6 vs 14±1.5) 
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trials when compared to placebo (p>.05). Blood lactate was higher during the final 20 min of 

exercise in the bisoprolol (3.8±1.2 vs 3.0±1.0) but not in the nadolol (2.9±0.7 vs 3.0±1.0) 

trial when compared to placebo (p>.05). Serum levels of cortisol were higher post exercise 

in the nadolol (25.5±6.4 vs 19.7±5.5) but not bisoprolol (23.4±5.8 vs 19.7±5.5) trial when 

compared to placebo, but no differences were found for epinephrine or norepinephrine 

between drug trials (Table 3). For the Part 1 cohort, main effects of sex (male or female) 

were found for total lymphocytes, monocytes and serum G-CSF levels (p<.05), with females 

having higher levels than males (data not shown). However, changes in these variables in 

response to the exercise bouts did not differ between males and females (p>.05; data not 

shown). We did not determine sex differences in the Part 2 cohort as only 2/12 participants 

were female.

3.1. Short duration vigorous intensity exercise mobilizes greater numbers of CD34+ and 
CD133+ HSCs than long duration moderate intensity exercise

The effects of vigorous and moderate intensity running exercise on the mobilization of 

CD34+ and CD133+ HSCs and their kinetic response are depicted in Fig. 1. Changes in 

circulating leukocyte, lymphocyte and monocyte counts in response to vigorous and 

moderate intensity exercise are shown in Table 4. There was a significant main effect of 

exercise time [F (6, 167.029)=11.377, p<.001], exercise trial [F (1,167.029) = 14.120, p<.

001] and a significant interaction effect [F (1,167.028)=4.080, p<.001] between exercise 

time x exercise trial for circulating CD34+ HSCs cells/μL. This was driven by a significant 

(p<.05) increase in the number of CD34+ HSCs at +15-min of vigorous vs +1h moderate 

intensity (4.2±1.42 vs 3.25±1.43; p<.001) and immediately post-exercise for vigorous vs 

moderate intensity (4.40±1.37 vs 2.78±1.15;p<.001). We also compared the effects of 

exercise intensity independently of exercise duration by comparing the +15-min sample 

obtained from the vigorous and moderate intensity trials. The number of CD34+ HSCs was a 

significantly higher after +15-min of vigorous compared to +15-min of moderate intensity 

exercise (4.20±1.42 vs 3.06±1.35, p<.01).

There was a significant main effect of exercise time [F (1,179.027)= 3.932, p=0.001], but no 

main effect of exercise trial for the number of circulating CD133+ HSCs (p>.05). There was 

also a significant interaction effect [F (5, 179.029)=2.327, p=.045) between exercise time x 

exercise trial for circulating CD133+ HSCs. This was driven by a significant (p<.05) 

increase in the number of CD133+ HSCs at post-exercise (p<.05) for the vigorous intensity 

but not the moderate intensity trial. When comparing the effects of exercise intensity on 

circulating CD133+ HSCs at the +15-min time point, there was no statistical difference (p>.

05) between the vigorous and moderate intensity trials (2.36±2.36 vs 2.46 vs 0.79; p>.05).

3.2. The mobilization of CD34+ and CD133+ HSCs is independent of circulating G-CSF 
levels

The kinetic response of circulating G-CSF levels in response to vigorous and moderate 

intensity running exercise is shown in Fig. 2. A main effect of exercise trial was observed, 

driven by higher levels of circulating G-CSF (pg/ml) in the moderate intensity trial 

compared to the vigorous intensity trial [F (1, 180)=44.017, p<.001]. Circulating levels of G-

CSF did not change significantly during or after the vigorous intensity trial (p>.05). 
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Differences in G-CSF were seen in the moderate trial +1h during (p = .036), post (p = .005), 

1h-post (p<.001), 2h-post (p = .011) and 3h-post (p = .027) when compared to pre-exercise. 

Differences between trials occurred at post-exercise (p = .004), 1h- post (p<.001), 2h-post 

(p<.001) and 3h-post (p =.017). When controlling for G-CSF levels as a covariate in the 

LMM, the exercise time effect seen with CD34+ and CD133+ HSCs did not change, 

indicating that the mobilization of HSCs is independent of circulating G-CSF levels [F 

(1,167.029)= 14.120, p<.001].

3.3. The mobilization of CD34+ HSCs with exercise is dependent on β2-AR signaling

The effects of exercise on the numbers of CD34+ and CD133+ HSCs in peripheral blood in 

response to the bisoprolol, nadolol and placebo trials are shown in Fig. 3, panel A. Changes 

in circulating leukocyte, lymphocyte and monocyte counts in response to these trials are 

described in Table 5. A main effect of time [F (3, 121)= 19.224, p<.001] and trial [F (2, 121) 

= 7.008, p =.001] was observed for CD34+ HSCs. Specifically, the CD34+ cell count (cells/

μL) increased immediately after exercise in both the placebo and bisoprolol trials (p<.001), 

but not in the nadolol trial (p = 1.00). A main effect of time [F (3132)=7.967, p = .001] was 

observed for CD133 cells/μL Specifically, the CD133+ cell count (cells/μL) increased 

immediately after exercise in the placebo trial (p=.004), but not in the bisoprolol (p=.104) or 

nadolol (p=.648) trials.

We also compared the absolute number of HSCs mobilized in response to exercise under the 

placebo, bisoprolol and nadolol conditions (post-exercise HSCs – pre-exercise HSCs; Δ 

cells/μl) (Fig. 3, panel B). We did this due to low numbers of HSCs in peripheral blood and 

were also concerned that the within-subject variation observed across the three drug trials 

that would potentially affect the power of the LMM to detect meaningful differences across 

the three trials when all four exercise time points were included. A main effect of trial [F 

(2,22)=13.283, p<.001) was observed for CD34+ HSCs. The absolute number of CD34+ 

HSCs mobilized under the nadolol trial was lower than the placebo trial (p<.001) and the 

bisoprolol trial (p=.007). There were no differences in the number of cells mobilized 

between the placebo and bisoprolol trials (p=.378). No main effect for trial was observed for 

the absolute number of CD133+ HSCs mobilized in response to exercise (p>.05).

4. Discussion

Acute dynamic exercise has been purported as a potential adjuvant to boost the collection of 

CD34+ HSCs from the peripheral blood of healthy donors for alloHSCT (Baker et al., 2017; 

Emmons et al., 2016; Niemiro et al., 2017; Simpson et al., 2017). This study compared the 

effects of vigorous to moderate intensity exercise on the mobilization of CD34+ and 

CD133+ HSCs to the bloodstream in healthy volunteers, and examined the temporal 

response of HSC mobilization and plasma G-CSF levels both during and after exercise. We 

also determined, for the first time, the effects of in vivo β1+β2-AR blockade on HSC 

mobilization during exercise while controlling for simultaneous β1-AR mediated alterations 

in hemodynamic shear stress. We report here that the mobilization of HSCs is dependent on 

exercise intensity and β2-AR signaling and occurs even when plasma G-CSF levels are 

unaffected by exercise. Blocking β1+β2-AR signaling with nadolol was found to lower 
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exercising blood pressure, heart rate and the mobilization of HSC to the blood. In contrast, 

bisoprolol, which blocks signaling through the β1-AR while leaving β2-AR signaling intact 

(Lipworth et al., 1991), similarly lowered exercising blood pressure and heart rate, but failed 

to block HSC mobilization with exercise. We conclude that β2-AR signaling plays a pivotal 

role in the mobilization of CD34+ HSCs with exercise.

It is now evident that acute dynamic exercise reliably mobilizes CD34+ and CD133+ HSCs 

to the bloodstream (Baker et al., 2017; Bonsignore et al., 2010; Emmons et al., 2016; Krüger 

et al., 2014; Mobius-Winkler et al., 2009; Niemiro et al., 2017; Zaldivar et al., 2007). This 

has resulted in exercise being touted as a potential clinical adjuvant to boost the collection of 

HSCs from healthy doors, potentially eliminating the need for expensive and toxic 

pharmaceutical agents to mobilize HSCs to the bloodstream from the bone marrow 

(Emmons et al., 2016; Niemiro et al., 2017; Simpson et al., 2017). We found that the 

mobilization of HSCs with exercise is rapid and dependent on the intensity of the bout, as 

greater numbers of CD34+ HSCs were found in blood after just 15-min of vigorous 

compared to 15-min of moderate intensity exercise. Increasing the duration of the moderate 

intensity exercise bout, despite elevating circulating G-CSF levels, did not further the 

mobilization of CD34+ HSCs. Our findings are corroborated by a recent study showing that 

CD34+ HSCs are mobilized with exercise in an intensity dependent manner. Baker et al. 

(2017) reported that CD34+ cells in blood increased ~2.5-fold after an exhaustive bout of 

cycling at 70% of peak work rate, but observed no change after an exhaustive bout of 

cycling at 30% of peak work rate (Baker et al., 2017). While we saw no differences in the 

mobilization of CD133+ HSCs between our vigorous and moderate intensity trials, 

Bonsignore et al. (2010) found greater CD133+ HSC mobilization after 1.5km field race but 

no changes after a marathon. Although there is some dubiety in the literature regarding the 

absolute number of HSCs that can feasibly be mobilized with exercise (Baker et al., 2017; 

Krüger et al., 2014; Mobius-Winkler et al., 2009; Niemiro et al., 2017; Zaldivar et al., 2007), 

our results are consistent with those of Krüger et al. (2014) in that exercise typically 

mobilizes 3–4 CD34+ cells/μL, which, similar to other studies, is equivalent to a 2–3-fold 

increase above resting levels (Baker et al., 2017; Bonsignore et al., 2010; Krüger et al., 

2014; Niemiro et al., 2017). The equivocal findings reported in the literature could be due to 

different methodologies used for the isolation and enumeration of CD34+ HSCs (Baker et 

al., 2017; Bonsignore et al., 2010; Krüger et al., 2014; Mobius-Winkler et al., 2009; Riddell 

et al., 2015; Zaldivar et al., 2007).

The mobilization of several lymphocyte and monocyte subtypes with exercise are known to 

be dependent on the actions of catecholamines signaling through the β2-AR, which is 

expressed at high levels on the exercise-responsive cell types (Simpson et al., 2015). 

Because the β2-AR could be a viable pharmaceutical target for HSC mobilization in healthy 

donors, we sought to determine if the β2-AR subtype was responsible for HSC mobilization 

during exercise. We found that administration of the non-selective β1+β2-AR antagonist, 

nadolol, blunted the mobilization of HSCs in response to vigorous exercise. However, 

nadolol also alters hemodynamic shear forces and reduces systolic blood pressure and heart 

rate, due mostly to its β1-AR antagonist activity (Wheeldon et al., 1994). Therefore, we also 

administered bisoprolol, the most preferential β1-AR antagonist clinically available, as a 

control to account for potential effects of β1-AR and/or hemodynamic perturbations on HSC 
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mobilization with exercise. Importantly, exercising heart rate and blood pressure responses 

did not differ between the nadolol and bisoprolol trials, indicating that both drugs caused 

similar perturbations in hemodynamic shear forces with exercise. However, only nadolol, not 

bisoprolol or placebo, blunted the mobilization of CD34+ HSCs during exercise. These 

results clearly implicate β2-AR signaling as responsible for the mobilization of CD34+ 

HSCs seen with exercise. In contrast, a recent study by Riddell et al. (2015) showed that 

direct infusion with a synthetic non-preferential β-AR agonist (isoproterenol) failed to 

mobilize HSCs into the bloodstream, despite finding that HSCs were mobilized to the 

bloodstream in response to an acute psychological stress task. Although our findings and 

those of Riddell et al. (2015) may at first seem contradictory, it must be recalled that the 

endogenous β-AR agonists, epinephrine and norepinephrine also activate contractile α-ARs 

on blood vessels. We hypothesize that in addition to β2-AR activation, increased vascular 

forces are also required to physically mobilize CD34+. Supporting this hypothesis is that 

while both the isoproterenol infusion and the acute psychological stress task in the study by 

Riddell et al. (2015) elevated heart rate to similar extents (~80 bpm), systolic blood pressure 

was markedly lower during the infusion trial (~120 mmHg) compared to the stress task 

(~140 mmHg). In the current study, despite bisoprolol and nadolol lowering exercising blood 

pressure and heart rate, the levels of vascular shear stress during the two drug trials were still 

elevated as exercising heart rate and systolic blood pressure was ~120 bpm and ~140 mmHg, 

respectively, during both drug trials. Moreover, exercise performed during β-AR blockade 

results in substantial elevations in cardiac stroke volume to maintain the required levels of 

cardiac output to complete the exercise task (Van Baak, 1988) which may have also further 

increased the levels of shear stress in the blood vessels and tissues in close proximity to the 

heart (Silke et al., 1995). Taken together, these data suggest that CD34+ HSCs are likely 

mobilized with exercise due to the combined effects of epinephrine acting on β2-ARs 

expressed by the mobilized cells, and on α-ARs within the vasculature that cause profound 

increases in hemodynamic forces.

As exercise is known to increase circulating G-CSF levels (Emmons et al., 2016; Krüger et 

al., 2014; Zaldivar et al., 2007), we hypothesized that elevations in plasma G-CSF would 

precede HSC mobilization with exercise, and that peak HSC numbers would occur during 

the recovery phase of exercise. Contrary to this, we found peak HSC mobilization to occur 

during vigorous intensity exercise even when G-CSF levels did not change. Conversely, long 

duration moderate-intensity exercise elevated plasma G-CSF levels but did not evoke the 

mobilization of HSCs. Taken together, these findings indicate that elevations in circulating 

G-CSF are not responsible for HSC mobilization during exercise. Moreover, the rapid 

mobilization of HSCs (~15-min) in response to exercise suggests they do not originate 

directly from the bone marrow, as it can take up to several days for the numbers of bone-

marrow derived HSCs to increase in blood following G-CSF therapy (Greenbaum and Link, 

2011). Rather, HSCs are likely mobilized from marginal pools within the vasculature under 

the influence of β2-AR signaling and hemodynamic forces that accompany sustained 

elevations in cardiac output and blood flow during steady state dynamic exercise (Simpson 

et al., 2017). It is possible, however, that G-CSF released during long duration moderate-

intensity exercise caused a ‘delayed’ mobilization of HSCs from the bone marrow. For-

instance, bone marrow-derived neutrophils have been shown to reach peak numbers in the 
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bloodstream hours after very prolonged exercise bouts such as marathon running (Kakanis et 

al., 2010; Nieman et al., 1995). Unfortunately, we did not examine the temporal response of 

circulating G-CSF and HSC mobilization beyond 3h of exercise recovery. While other 

growth factors might be involved in the mobilization of HSCs by exercise, Niemiro et al. 

(2017) recently showed that HSC mobilization was unrelated to exercise-induced changes in 

plasma levels of CXC chemokine ligand 12 (CXCL12) or stem cell factor (SCF). They did 

find, however, that HSC mobilization was positively correlated with circulating endothelial 

cells (marker of endothelial damage) (Niemiro et al., 2017), which is consistent with our 

notion that hemodynamic shear stress within the vasculature, in combination with β2-AR 

activation, are required to mobilize HSCs during exercise.

We found that the mobilization of HSCs with exercise is relatively modest compared to 

pharmaceutical interventions such as G-CSF and/or the CXCR4 antagonist/CXCR7 agonist, 

Plerixafor. The receptor for G-CSF is expressed on many hematopoietic progenitor cells and 

these cells will increase their proliferation rate in response to G-CSF (Panopoulos and 

Watowich, 2008). G-CSF also disrupts the CLCX4/SDF-1 matrix and releases stem cells 

from their bone marrow niche (within 4–24 h) (Panopoulos and Watowich, 2008), indicating 

that the immediate HSC response seen with exercise is likely not due to increases in 

systemic G-CSF. Rather, increases in G-CSF post-exercise may be causing a delayed 

proliferation/elevation of CD34+ HSCs to repair/replace damaged cells and tissues caused 

by exercise hours after exercise cessation. The mobilization of ~4 CD34+cells/μl in response 

to even vigorous exercise reported here pales in comparison to the 10–20 CD34+cells/μl that 

are mobilized in response to just a few days of exogenous G-CSF therapy (Vaughn and 

Waller, 2012b) or the ~40 CD34+ cells/μl achieved after G-CSF therapy with the addition of 

Plerixafor (Cashen et al., 2008). Moreover, G-CSF therapy elicits sustained elevations in the 

circulating CD34+ count, whereas exercise only transiently increases HSC numbers in 

blood. However, a limitation of using G-CSF mobilized HSCs is the increased risk of GvHD 

(Anasetti et al., 2012), which could result in exercise-mobilized HSCs being preferred if 

they are found to cause fewer complications after transplant. It is also possible that exercise 

performed either during G-CSF administration followed by apheresis, or during apheresis 

(after G-CSF administration) will facilitate HSC collections from G-CSF treated donors due 

to its effects on increasing hemodynamic shear stress and activating the β2-AR. Indeed, the 

β2-AR has been shown to play a role in HSC mobilization from the bone marrow in 

combination with G-CSF infusions (Cancelas and Williams, 2006; Katayama et al., 2006), 

suggesting that exercise performed during the G-CSF treatment phase could facilitate HSC 

mobilization prior to apheresis. The effects of acute exercise on the mobilization of HSCs 

may also help reduce the duration of apheresis required to reach target HSC numbers 

required for transplant especially for situations when there is a large discrepancy between 

donor and recipient weights. These potential benefits of exercise could lead to lower doses 

of G-CSF, potentially reducing the severity of the side effects and prevent the need for 

further pharmaceutical interventions (i.e. Plerixafor) (Pantin et al., 2017; Schroeder et al., 

2017). Future studies should determine if exercise performed during G-CSF administration 

followed by apheresis will increase HSC yields and lower the burden placed on alloHSCT 

donors. It will also be important to show that these effects can be reproduced in actual HSCT 

donors, who are likely to have lower fitness levels than the participants in this study.
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A notable limitation of our study is that we did not further phenotype the CD34+ and 

CD133+ cells to differentiate HSCs from endothelial progenitor cells (EPCs) or 

mesenchymal stem cells (MSCs). We rather focused our attention on the total number of 

CD34+ and CD133+ cells, as this is often the criterion used when isolating HSCs from 

healthy donors for allogeneic HSCT (Barrett and Treleaven, 1998; Bonig and 

Papayannopoulou, 2012; Hosing, 2012; Vaughn and Waller, 2012a). However, other 

researchers reported that 1h of running at 70% VO2peak mobilized CD34+, CD34 + 

CD45dim, and CD34+CD45dimCD38- HSCs, whereas the number of CD34+CD45-CD31+ 

and CD45-CD31+ EPCs and CD34-CD45-CD31-CD105+ and CD34+CD45-CD31-CD105+ 

MSCs did not change (Niemiro et al., 2017). Therefore, it is very likely that the progenitor 

cells mobilized by exercise in the present study are predominantly HSCs and not EPCs or 

MSCs. There are several available β-AR antagonists we could have used for the β-AR 

blockade experiments in this study. We selected bisoprolol because of its high affinity for the 

β1-AR and nadolol because of its greater affinity for the β2-AR (Baker, 2005; Schnabel et 

al., 2000). We considered using a ‘selective’ β2-AR antagonist, but drugs such as 

butaxamine are not commercially available and have α-AR agonistic activity that would 

increase vascular shear stress and confound our results (Arnold et al., 1985; Reid, 1986). 

Furthermore, the experimental ‘selective’ β2-AR antagonist ICI 118,551, despite now being 

considered unsafe for human use (Salpeter et al., 2004; Yang et al., 2013), only marginally 

lowers exercising blood pressure and heart rate compared to ‘selective’ β1-AR blockers such 

as atenolol (Arnold et al., 1985; Gullestad et al., 1991) and this would have prevented us 

from comparing the effects of ‘selective’ β1-AR blockade with ‘selective’ β2-AR blockade 

on HSC mobilization under similar conditions of hemodynamic shear stress.

In summary, we report that steady state vigorous but not moderate intensity exercise 

mobilizes CD34+ and CD133+ HSCs to the peripheral blood compartment in healthy 

participants. We are the first to report that CD34+ HSCs mobilized to the blood during 

exercise are done so via a β2-AR mediated pathway, independently of circulating G-CSF 

levels. Our findings, in conjunction with those reported by Riddell et al. (2015) that β-AR 

agonist infusions alone fail to mobilize CD34+ HSCs, would indicate that a combination of 

β2-AR activation and α-AR-induced increases in hemodynamic forces are required to 

mobilize CD34+ HSCs into the main axial flow of the bloodstream during exercise. We 

conclude that CD34+ HSC mobilization with exercise is transient and insufficient to 

completely replace exogenous G-CSF therapy as a clinical adjuvant for mobilizing HSCs in 

the healthy alloHSCT donor population. However, exercise may facilitate HSC mobilization 

during G-CSF treatment and/or increase HSC collections if performed during apheresis. 

Future studies are needed to determine the feasibility of exercising during G-CSF treatment 

and HSC collections, and the impact this may have on reducing donor burden in the 

alloHSCT setting.
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Fig. 1. 
The effects of exercise intensity (Vigorous or Moderate) on (i) CD34+ and (ii) CD133+ 

HSCs (cells/μL) in the Part 1 cohort. Values are mean±SD. Differences from pre-exercise 

indicated by *, between trials indicated by #, p<.05.
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Fig. 2. 
The effects of exercise intensity (Vigorous or Moderate) on serum granulocyte colony 

stimulating factor (G-CSF) (pg/mL) in the Part 1 cohort. During-exercise measures were 

obtained at +15-min for the vigorous trial and +60-min for the moderate trial. Values are 

mean±SD. Differences from baseline and exercise trials (Vigorous and Moderate) indicated 

by * and #, respectively, p<.05.
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Fig. 3. 
The effects on nadolol and bisoprolol administration relative to placebo on the mobilization 

of CD34+ and CD133+ HSCs with exercise. Panel A shows the effects of exercise under 

placebo, bisoprolol and nadolol trials on (i) CD34+ and (ii) CD133+ HSCs (cells/μL) in the 

Part 2 cohort. Values are mean±SD. Differences from pre-exercise were found for placebo 

(*) and bisoprolol (^), but not for nadolol, p<.05. Differences from the placebo condition 

were found for CD34+ HSCs at post-exercise for nadolol (#), p < .05. Panel B shows the 

absolute number of CD34+ (i) and CD133+ (ii) HSCs mobilized by exercise (Post-Ex – Pre-

Ex; Δ) in the placebo, bisoprolol and nadolol trials in the Part 2 cohort. Values are mean

±SD. Differences from the placebo and bisoprolol conditions are noted by * and ±, 

respectively, p<.05.
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Table 1

Physical characteristics of the participants in Part 1 (n=15) and Part 2 (n= 12). Data are mean±SD. P values for 

group main effects are reported. ND: not determined.

Part 1
n=15

Part 2
n=12

p
value

% Female 47% 17% 0.202

Age (yrs) 28.3±7.8 30.6±6.4 0.525

Height (cm) 172.7±9.2 175.3±6.3 0.251

Mass (kg) 73.1±12.9 80.5±13.3 0.908

Resting Blood Pressure (mmHg)

Systolic 113.8±9.0 116.9±8.4 0.742

Diastolic 75.3±5.0 76.2±6.6 0.506

Resting Glucose (mg/dL) 88.8±8.6 89.8±9.6 0.667

Resting Total Cholesterol (mg/dL) 121.6±17.3 139.1±26.4 0.190

Relative Body Fat (%) 25.1±7.0% ND ND

BMD (g/cm2) 1.2±0.1 ND ND

Running velocity at first ventilatory threshold (km/hr) 11.1±1.7 ND ND

Cycling power output at blood lactate threshold ND 157.5±24.2 ND
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Table 2

Exercise measures of the participants in Part 1 (n=15). Data are mean±SD. P values for group main effect are 

reported.

(Mean±SD) Vigorous Moderate p value

Velocity (km/h) 12.3±1.9 10.3±1.6 <0.001

Rating of Perceived Exertion (RPE) 16.1±2.5 14.1±1.5 0.016

Average Heart Rate (beats per minute) 177.8±7.7 168.0±10.6 0.001

%Heart Rate Max 92.7±4.7% 87.5±4.9% 0.004
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Table 3

Exercise measures of the participants in Part 2 (n= 12). All participants completed all 3 trials. Heart rate, blood 

pressure, RPE and blood lactate were averaged during the last 20-min of exercise. Epinephrine, norepinephrine 

and cortisol data were obtained from serum samples collected at pre-exercise and immediately post exercise in 

a subset of participants (n=8). Data are mean±SD. Main effects for trials are reported. Statistical differences 

from placebo and nadolol are indicated by * and #, respectively, p<.05.

Exercise Measures Placebo Bisoprolol Nadalol
Trial p
value

Heart Rate (beats per minute) 158.2±9.2 123.3±7.8* 117.7±8.9* <0.001

Cycling Power (Watts) 157.5±24.2 157.5±24.2 157.5±24.2 0.999

Blood pressure (mmHg)

Systolic 157.9±11.4 140.8±11.2* 135.5±12.6* <0.001

Diastolic 76.7±6.2 75.5±12.1 73.4±5.3 0.124

Rating of Perceived Exertion (RPE) 14±1.5 15.4±2.6 15.8±2.1* 0.020

Blood Lactate (mM) 3.0±1.0 3.8±1.2*# 2.9±0.7 0.013

Epinephrine (ng/mL)

Pre-Exercise 0.04±0.03 0.06±0.04 0.06±0.03 0.113

Post Exercise 0.14±0.13 0.16±0.12 0.41±0.39 0.156

Norepinephrine (ng/mL)

Pre-Exercise 0.8±0.3 0.9±0.3 0.9±0.3 0.475

Post Exercise 1.6±0.6 1.8±0.7 1.5±0.6 0.567

Cortisol (ng/mL)

Pre-Exercise 13.1±2.3 19.0±5.66 16.1±5.9 0.172

Post Exercise 19.7±5.5 23.4±5.8 25.5±6.4* 0.011
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