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Abstract: Natural killer (NK) cells from the innate immune system are integral to overall immunity
and also in managing the tumor burden during cancer. Breast (BCa) and prostate cancer (PCa) are
the most common tumors in U.S. adults. Both BCa and PCa are frequently treated with hormone
suppression therapies that are associated with numerous adverse effects including direct effects on
the immune system. Regular exercise is recommended for cancer survivors to reduce side effects and
improve quality of life. Acute exercise is a potent stimulus for NK cells in healthy individuals with
current evidence indicating that NK mobilization in individuals with BCa and PCa is comparable.
NK cell mobilization results from elevations in shear stress and catecholamine levels. Despite a
normal NK cell response to exercise, increases in epinephrine are attenuated in BCa and PCa. The
significance of this potential discrepancy still needs to be determined. However, alterations in
adrenal hormone signaling are hypothesized to be due to chronic stress during cancer treatment.
Additional compensatory factors induced by exercise are reviewed along with recommendations on
standardized approaches to be used in exercise immunology studies involving oncology populations.
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1. Overview of Natural Killer Cells

The primary role of the immune system is to manage infections by reducing the
initial pathogen growth and the development of long-term immunity to reduce the risk or
length of future exposures. The immune response is classified into innate and adaptive
immunity [1] with innate cells providing an immediate response whereas the adaptive
immune function is slower and more prolonged. As in many physiological systems, the
immune function is age-dependent as the susceptibility to disease and infection increases
in older individuals [2]. This higher degree of immunosenescence likely contributes to
several of the common causes of death in older populations including cancers, sepsis,
influenza/pneumonia and nephritis [3].

Natural killer (NK) cells are part of the innate immune system and consist of 5–15% of
circulating lymphocytes. NK cells secrete cytotoxic proteins such as perforin and granzyme
B that lyse target cells, which include virally infected and tumor cells. Identified as CD3−

and in combination with CD56 and CD16, NK cells have inflammatory, regulatory and cy-
totoxic functions. CD56bright cells are less frequent and produce high levels of cytokines [4].
CD56dim cells have a greater cytotoxic function and are preferentially mobilized [5]. With
aging, NK cells are redistributed to favor the highly differentiated CD56dimCD57+ popula-
tion with a lower proliferation capacity [6]. However, the absolute NK cell number and
frequency are maintained in healthy older adults whereas decreased cytotoxicity coincides
with greater risks of infection and inflammation [6].
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Regular exercise stimulates increased immune cell numbers and functions. The acute
and chronic responses of immune cells (including NK cells) in healthy individuals of all
ages have been extensively reviewed elsewhere [2,7–9]. In brief, acute exercise increases
NK cell counts immediately post-exercise with cellular egress causing circulating levels
to drop (even below baseline) as cells migrate into the tissue before returning to resting
levels [10–12]. This biphasic response (see Figure 1) is affected by the exercise dose with
higher intensity [13,14] and aerobic exercise [15] producing a greater NK mobilization. The
NK cell type also impacts the response with CD56bright being less responsive to exercise
than the more cytotoxic CD56dim population [5].

Figure 1. Biphasic response to exercise that results in an increase in NK counts immediately post-
exercise followed by cellular egress below resting levels.

2. NK Cells and Hormone-Dependent Cancers

With tumor recognition amongst their primary functions, NK cells play critical roles
in preventing and controlling cancer although both conventional and unconventional T
cells also are involved in this process [16]. Collectively, these cells are important in man-
aging the risk of cancer recurrence or secondary cancers associated with treatment [17].
As exercise enhances the immune function, these effects have been investigated across
numerous oncology populations in recent years. As breast (BCa) and prostate cancer (PCa)
are the two most common tumors in women and men [18], respectively, data from these
groups are more prevalent amongst the exercise oncology and immunology literature.
Moreover, there is evidence of immune dysregulation within these patients (discussed
in Section 3) that may be improved using regular exercise [19,20]. However, exercise im-
munology in oncology populations has several areas that require additional research to
improve exercise prescription. Beneficial adaptations to the clinically relevant outcomes
(e.g., musculoskeletal, cardiovascular, metabolic function) have direct impacts on physical
function and quality of life; however, consideration for more subtle changes such as inflam-
mation and endocrine and immune function are generally understudied [20]. Additionally,
comparisons vs. that of healthy controls using an acute stimulus (i.e., exercise) provide an
important context, highlighting potential deficiencies in the response in cancer patients
that may be less evident at rest. In the following sections, a background of the side effects
of BCa and PCa with an emphasis on endocrine therapies and their effects on NK cells is
provided. The NK cell response to acute exercise is then described along with the factors
known to influence immune cell mobilization and egress. Lastly, we highlight the discor-
dance between the immune and endocrine responses to acute aerobic exercise and provide
alternative mechanisms that may compensate for the attenuated stress hormone response
in BCa and PCa.

3. Side Effects of Breast and Prostate Cancer Treatments
3.1. General Side Effects

Cancer treatments are known to be associated with a variety of physiological and
psychological side effects. Treatment side effects vary according to treatment type (e.g.,



Endocrines 2021, 2 123

surgery, chemotherapy, radiation therapy, hormonal therapy and other targeted agents)
and the mode of delivery (e.g., local vs. systemic therapy) and can be influenced by
other disease-related and patient-specific factors [21]. Common potential side effects
include cardiopulmonary system damage, decreased blood counts, gastrointestinal distress,
development or worsening of a metabolic syndrome, peripheral neuropathy, cognitive
changes, fatigue, weakness, lymphedema, pain, skin irritation and a reduced joint range
of motion [21]. As such, cancer treatments can affect multiple aspects of physical and
psychological functions thus impacting quality of life.

3.2. Endocrine Therapy Side Effects

Individuals with a history of hormone receptor positive BCa tend to experience
improved cancer-related outcomes with the use of adjuvant endocrine therapies such as
aromatase inhibitors and tamoxifen [22]. These agents are generally administered for
5–10 years and reduce the risks of cancer recurrence, development of metastases and
cancer mortality [22,23]. Their mechanisms of action involve either the suppression of
estrogen production or the inhibition of estrogen receptor activity, thereby inhibiting tumor
cell growth [24]. While aromatase inhibitors and tamoxifen do improve cancer survival
outcomes, they are also associated with a variety of short- and long-term adverse effects.
Commonly-discussed sequelae include musculoskeletal, vasomotor and cardiovascular
health concerns, sexual dysfunction, weight gain, mood swings and fatigue [22–26].

Similarly, individuals with a history of PCa tend to experience improved cancer-related
outcomes with the use of androgen deprivation therapy (ADT) [27]. Adjuvant ADT may
include gonadotropin-releasing hormone (GnRH) agonists or antagonists, anti-androgens
and adrenal gland CYP17 inhibitors [28]. Similar to aromatase inhibitors and tamoxifen,
ADT mechanisms of action involve either the suppression of circulating androgen levels
or the inhibition of androgen entry into prostate cancer cells, thereby inhibiting tumor
cell growth [28,29]. Commonly-discussed adverse effects of ADT also include muscu-
loskeletal, vasomotor and cardiometabolic health concerns and sexual dysfunction [27–31].
These sequelae, particularly those related to the musculoskeletal function (e.g., sarcopenia,
decreased bone mineral density), body composition and fatigue can negatively impact
functional independence, quality of life and adherence to these adjuvant endocrine thera-
pies [26,27].

3.3. Endocrine Therapy Helps Mediate Chemotherapy and Radiation Side Effects on Immunity

Chemotherapy and radiation therapy are associated with decreased blood counts
and the activity of several leukocyte parameters in individuals with a history of BCa
largely due to their suppressive effects on leukopoiesis, the inhibition of proliferating
lymphocytes, the suppression of antibody responses and a reduction in the activity of
selective leukocyte subpopulations [32–36]. Interestingly, several investigations have
indicated that adjuvant endocrine therapy, more specifically tamoxifen, may mitigate these
decreases in leukocyte counts and activity [32,36–38]. Bone marrow samples obtained from
individuals with BCa 24 months post-surgery and systemic therapy found that individuals
who had received tamoxifen did not display reductions in cells associated with anti-tumor
activity (e.g., activated NK cells and CD4 T lymphocytes) whereas bone marrow samples
taken from individuals who had received chemotherapy had reductions in these immune
cell numbers [32]. Compared with individuals who had received chemotherapy alone, the
addition of tamoxifen attenuated decreases in circulating total lymphocyte, T lymphocyte
and NK cell counts [37,38]. Furthermore, individuals who received adjuvant endocrine
therapy (e.g., tamoxifen or aromatase inhibitors) alone experienced increases in circulating
counts of various leukocyte subpopulations including increases in circulating total, T and
B lymphocyte and NK cell counts [36–38].

The observation that endocrine therapy may be associated with attenuated decreases
or even increases in immune cell numbers in BCa is interesting particularly when consid-
ering that these effects in immune cells are known for their surveillance against tumor
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cells. However, underlying mechanisms explaining the stimulant-like effect of tamoxifen
on immune cell numbers or its ability to mitigate the effects of chemotherapy are not well-
established. Although clinical outcomes from a delayed recovery of the immune system
after chemotherapy or radiation therapy for BCa are generally not life-threatening, they
may still diminish quality of life [34]. Thus, additional investigations into the impact of
endocrine therapy on the immune system function along with other biological, behavioral
and psychosocial factors that may contribute to immune recovery in individuals with BCa
should be considered [34].

3.4. Androgen Deprivation Therapy Side Effects on Immunity

While estrogen suppression provides beneficial effects on immune cell counts, ADT
to treat PCa has similar effects to that of tamoxifen that indicate the importance of both
androgens and estrogens on immune health. Prostate tissue samples from men on ADT
displayed an increased presence of T lymphocytes and NK cells [39]. One potential
mechanism is that androgen deprivation may reverse the suppressive effect of testosterone
on thymus function, thus allowing for an increased T lymphocyte proliferation [40,41].
Indeed, T lymphocyte expansion and activation has been shown to occur in benign and
malignant prostate cells within ~1 month of ADT [41,42]. ADT may also act locally to elicit T
lymphocyte infiltration and NK cell presence within prostate tissue as well as to modulate
local cytokine production to facilitate antigen-specific T lymphocyte activation [39,41,42]. In
doing so, ADT may augment the desired effects of prostate cancer-directed immunotherapies
and may prime systemic immune responses against metastases and cancer recurrence [40–42].

4. Exercise during Cancer Treatment

Exercise training is commonly prescribed to mitigate the side effects of breast and
prostate cancer treatment [43,44]. Current guidelines for exercise during hormone-dependent
cancer treatment recommend a medical history where health concerns and priorities are de-
termined followed by identifying patient capacity such that the exercise prescription aligns
with goals [45]. Combined training (aerobic and resistance) is recommended with at least
two resistance training sessions and multiple bouts of 20+ min of aerobic activity dispersed
across the week to permit adequate recovery while aiming to accumulate 150 minutes of
moderate intensity exercise. Strong evidence supports multiple expected benefits from
combined training that include reduced anxiety, depression and fatigue with an improved
physical function that leads to an enhanced quality of life [21]. However, several out-
comes contain only limited evidence supporting the potential benefits of exercise such as
chemotherapy-induced neuropathy, cardiotoxicity, falls and cognitive function while others
(e.g., inflammation, immune function) that have direct effects on the tumor control and
management are not included at this stage due to insufficient evidence. However, recent
evidence suggests that combined exercise training induces small to moderate reductions
in the pro-inflammatory cytokines C-reactive protein and tumor necrosis factor in BCa
and PCa [20]. While potentially promising for improving the tumor microenvironment
following exercise, the clinical implications of these changes remain unclear. As such,
additional high quality investigations that include standardized immune outcomes and
functional assays in oncology populations are required prior to immune and inflammation
outcomes being integrated into exercise oncology guidelines.

5. Mobilization of Natural Killer Cells during Hormone-Dependent Cancer

The mobilization of immune cells is multi-factorial. During moderate to vigorous
efforts, catecholamine levels and hemodynamic shear stress increase with the latter the
result of a greater cardiac output necessary to meet the physiological demands of exercise.
Collectively, these changes induce alterations in immune cell adhesion molecules that
causes immune cells to enter the circulation [46,47] leading to elevated cell numbers during
and immediately following exercise (see Figure 1). During recovery, NK cell numbers drop
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rapidly [12] as they move out of the circulation with levels normalizing within a few hours
except after particularly vigorous or prolonged exercise [8].

In laboratory-controlled settings in BCa and PCa, NK cell mobilization is relatively con-
sistent with studies demonstrating robust increases in the absolute number (cells/µL) and
cell frequency (relative to total lymphocytes) immediately following exercise. With inter-
mittent cycling at 60% of VO2peak, CD3−CD16+CD56+ NK cells increased by 103 cells/µL
compared with a 178 cells/µL change in non-cancer controls that led to a difference in
counts being reported at 0 h [10]. In contrast, the NK cell frequency increased from 9.3%
to 18.1% and was similar between groups, indicating that higher NK cell counts at 0 h
were due to higher total lymphocytes in the controls. With 67% of the BCa cohort receiving
chemotherapy, this treatment may have contributed to the group differences. Chemother-
apy reduces the total lymphocyte numbers during BCa with particularly detrimental effects
on conventional T cells [48] although NK cells appear to be less affected [49,50]. Using a
similar cycling protocol as BCa but a higher exercise intensity, PCa receiving ADT demon-
strated increases in CD3−CD56+ NK cell absolute counts of 306 cells/µL and 230 cells/µL
in non-cancer controls that were similar between groups [11]. NK cell frequency increased
from 8.6% to 15.8% and was comparable between groups and also with the changes seen in
BCa [10]. The greater mobilization of absolute cell numbers in PCa is likely attributed to a
greater exercise intensity (60% of peak power output (~80% of VO2peak) vs. BCa) with
exercise intensity having a large impact on the immune cell mobilization [14].

Using a real-world exercise stimulus, participation in a half marathon had substantial
impacts on immune cell frequency [51]. Both non-cancer controls and BCa had NK fre-
quencies of ~18% that decreased to ~10% when acquired 15 minutes after the run. As NK
cell egress begins immediately following exercise cessation with counts falling to ~40% of
post-exercise levels within 10 minutes [12], the timing of the sample is the likely and logical
explanation. However, NK frequencies also remained suppressed at 24 h [51], which is
contrary to the laboratory-based work [10,11]. There are several possible explanations
regarding this finding. A half marathon completion time exceeds that of the intermittent
cycling protocols and may have also been at a higher relative effort, with the authors de-
scribing this bout as “long-lasting and exhaustive endurance exercise”. Vigorous exercise
has been shown to suppress NK cell counts for up to a week [52] and may account for the
lower frequency at 24 h although recovery strategies that include sleep and post-exercise
nutrition are additional factors [8]. As neither the half marathon duration nor the intensity
were reported [51], the classification of exhaustive exercise remains somewhat speculative.
Importantly, BCa and the controls demonstrated consistent responses in terms of NK cells
but also other lymphocyte subpopulations. This suggests that a longer duration or more
intense acute exercise does not increase the risk to cancer survivors with normal immune
cell frequency distribution. Subsequent exercise prescription should take into account the
potential need for an extended recovery from more substantial acute exercise bouts as well
as the need to replicate these findings using larger sample sizes.

5.1. Attenuated Catecholamine Response

One mechanism that contributes to NK cell mobilization is catecholamine secretion.
Catecholamine release into the circulation is both intensity- and duration-dependent [53]
with higher levels leading to greater NK cell mobilization [14] that is diminished in the
presence of a β2 adrenergic receptor blockade [54]. BCa treatment has previously been
shown to alter carbohydrate and lipid metabolism [55,56] with the mechanisms leading
to lower lactate concentrations and higher fat oxidation being unknown. As such, the
metabolic effects of the adrenal hormones during acute cycling were examined. Cortisol
and norepinephrine demonstrated similar post-exercise responses between BCa and non-
cancer controls whereas increases in epinephrine were attenuated in BCa [57]. With
norepinephrine being primarily derived from sympathetic neurons, this finding suggests a
greater chronic adrenal stress reactivity in BCa. In support of this finding, men with PCa
also demonstrated suppressed exercise-induced rises in epinephrine only [58] that also



Endocrines 2021, 2 126

occurred independently of hormone therapy. These findings are intriguing for multiple
reasons. Despite different exercise intensities, cancer types and sex of the participants, the
slower rise in epinephrine was consistently ~50% lower in both BCa and PCa. While cancer
treatment is associated with increased stress [59], adrenal hormone differences were not
detectable at rest and only in response to a physical stress. Lastly, epinephrine contributes
to the mobilization of NK cells in both humans [14] and mice [60] yet the attenuated
response did not affect the NK cell count or frequency. Moreover, no correlations were
observed between NK cell counts and changes in epinephrine [11]. This then begs the
questions, if attenuated catecholamine levels are not affecting NK mobilization, is this
suppressed level meaningful? Is there another mechanism that is compensating?

5.2. Other Potential Mechanisms

We hypothesized that normal NK cell mobilization observed in BCa and PCa, despite
an attenuated catecholamine response, may be attributed to (i) increased shear stress during
exercise, (ii) myokines released during muscle contractions that include IL-6 and/or (iii)
chronic stress exposure (see Figure 2). A brief investigation into each of these potential
mechanistic factors is provided. However, it is important to consider that these pathways
are not functioning independently. It may be that all three (or others) are contributing to the
normal NK cell mobilization to counteract the lower catecholamine response to exercise.

Figure 2. Hypothesized mechanisms that compensate for the attenuated stress hormone response
following acute exercise that permits normal NK mobilization in breast (BCa) and prostate cancer
(PCa) patients.

5.2.1. Shear Stress

Blood flow across the endothelial surface of the blood vessel creates shear stress [61]
that may influence immune cell adhesion to the vascular wall. Endothelial cells may be
altered by shear stress, thereby facilitating immune cell mobilization via decreased adhesion
molecules on endothelial cells and less oxidative stress [62]. For example, nitric oxide
(NO) produced following shear stress decreased neutrophil adhesion that was reversed
using NO inhibitors [63]. The balance between oxidative and anti-oxidative molecules
that is altered with acute exercise influences cellular adhesion to the vascular wall [47].
Additionally, exercise-induced NK cell mobilization has been reported, potentially due
to an improved endothelial function via an inhibition of the integrin-mediated adhesion
to blood vessels [64–67]. In addition to the immune cell mobilization, shear stress may
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directly affect the cancer cell apoptosis and proliferation, thereby reducing the invasion and
metastasis of circulating tumor cells [68]. An in vitro shear stress equivalent to strenuous
exercise demonstrated a poor viability across several tumor cell lines [69] while continuous
shear stress levels induced 1.6-fold increases in colon cancer cells that became arrested in
the G1 phase of the cell cycle [70]. While it is unclear if shear stress is able to compensate
for a reduced catecholamine secretion, exercise improves vascular function [71,72] and
therefore has the potential to permit a greater release of NK cells into the circulation
following stress-induced shear stress [73]. In addition, the direct effects on tumor cell
viability from an elevated laminar flow provide a compelling argument for the use of
regular bouts of acute exercise to help manage cancer recurrence and metastases.

5.2.2. Myokines

Contracting skeletal muscles release myokines into the circulation [74]; amongst them
is IL-6, which influences NK cell mobilization [60,75]. In mouse models, both exercise
and epinephrine infusion contributed to increased NK mobilization and tumor infiltration
while reducing the overall tumor volume with an IL-6 blockade reducing the benefits of
exercise training [60]. In humans, a chronic inhibition of IL-6 receptor signaling abrogated
increases in CD56dim but not CD56bright NK cells during exercise while also increasing the
epinephrine release [75]. This latter finding suggests an inverse relationship between IL-6
and epinephrine. IL-6 levels are elevated in BCa and PCa in untreated individuals [76],
with radiation [77] or tamoxifen [76] but not ADT [78], indicating this pathway is disrupted
by cancer or cancer treatment and may be partially responsible for the attenuated rise in
epinephrine during exercise. IL-6 release during exercise also plays a vital role in promoting
NK cell proliferation, differentiation and maturation [79]. Furthermore, the redistribution
of NK cells following exercise may contribute to the control of tumor growth [60] although
it is unclear if IL-6 contributes to tumor suppression/cancer prevention in humans [75].
However, serum from BCa following acute exercise reduced in vitro breast tumor cell
viability [80] with increased IL-6, IL-8, TNF and lactate concentrations being reported.
Other myokines may also contribute to the regulation of NK cell mobilization and activation
following exercise including IL-7 and IL-15 [73,81]. Myokine release during exercise
contributes to the immune cell mobilization and immunosurveillance of cancer although
how this response may be impacted by aging in cancer survivors remains unknown [81].

5.2.3. Chronic Stress Exposure

Cancer diagnosis, treatment and survivorship may result in chronic psychologi-
cal stress in addition to the physiological stress of fighting the disease [82,83]. Psy-
chological stresses are associated with the hypersecretion of adrenal hormones such as
epinephrine [84]. We hypothesize that BCa and PCa have chronically low-grade increases in
circulating epinephrine [85] potentially due to a stress-induced overactivated hypothalamic-
pituitary-adrenal axis [86]. Therefore, exercise may not elicit the expected epinephrine
secretion with several possible explanations. First, the epinephrine responses in BCa and
PCa are normal but are bound to β2 adrenergic receptors that gives the appearance of
reduced circulating levels. Alternatively, a more vigorous physical stressor is required for a
normal response. We speculate that chronic stress exposure may desensitize epinephrine
secretion but individuals with chronic stress have elevated stress levels that over time
decrease immune cell adrenergic sensitivity [87], which would require greater (not lower)
epinephrine responses. It is worth noting that elevated stress and plasma catecholamines
have repeatedly been shown to be associated with tumor progression [88] so the lower cat-
echolamine response to acute exercise in BCa [57] and PCa [58] could actually be beneficial.
Lastly, cancer treatments (e.g., immune checkpoint and/or tyrosine kinase inhibitors) are
associated with adrenal insufficiency [89] but this is rarely reported in BCa and PCa [90],
making this unlikely. On the surface, chronic stress exposure appears plausible yet evidence
to support this hypothesis is quite limited. As such, explanations for a normal NK response
despite an attenuated stress hormone remain speculative.
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5.3. Interaction between Acute and Chronic Exercise

The focus of this review has been on the acute response to exercise with little regard to
exercise training. The effects of exercise training on immune outcomes in cancer survivors
have been reviewed elsewhere [19,20,91]. Briefly, using resistance, aerobic or combined
training, NK cell counts and frequency in BCa were unchanged [91–94] with a few [94,95]
but not all [93] studies reporting greater NK cell cytotoxicity in the trained state. While
acute exercise is a potent stimulus for mobilizing NK (and other immune) cells, it is
unclear if this response changes with training as this approach is rarely used. To our
knowledge, only two studies combined acute and regular training in the same study [96,97]
but neither examined NK cells. One benefit of this approach is an increased ability to
identify deficiencies in the immune function that are less apparent in the resting state.
Indeed, our group recently demonstrated that conventional and unconventional T cells [98]
and also neutrophils [99] from BCa were mobilized to a lesser extent than healthy controls
that were partially rescued by 16 weeks of community-based exercise training. While
these data also do not specifically examine NK cells, they do highlight deficiencies within
aspects of innate immunity that appear to improve following training. While promising,
this preliminary work requires replication and further investigations to establish if these
findings extend to other immune cells (including NK cells).

6. Implications and Future Directions

The number of studies that examine acute exercise, NK cells and stress hormone re-
sponses in cancer are limited, which affected our ability to interpret these data. Instead, the
key conflict that is identified in this review is the normal mobilization of NK cells following
exercise in BCa and PCa despite an attenuated stress hormone response. One possibility is
the altered activity within the HPA axis from the chronic stress of BCa and PCa [82,83] with
chronic sympathetic nervous system activity linked to cancer progression [100]. As such,
the additional stress from physical activity could compound existing psychological stress
and is most likely to occur in patients undergoing active treatment. However, a single bout
of aerobic or resistance exercise during chemotherapy has demonstrated beneficial effects
on stress, energy and nausea [101], which argues against this possibility. Moreover, how
the acute response may vary over longer timeframes (e.g., one microcycle) is unknown
as well as how mobilization of other immune cells beyond NK cells may be affected by
attenuated increases in epinephrine. Other compensatory factors have been proposed as
mechanisms to maintain a normal immune response but need to be tested before more
definite conclusions are possible. Finally, the standardized reporting of immune outcomes
(e.g., counts, frequencies, lytic activity) would allow for a better consolidation of the exist-
ing literature [20] and to examine if different immune populations have a normal response
to acute exercise.
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