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Abstract

Exercise may attenuate immunosenescence with aging that appears to be accelerated following
breast cancer treatment, although limited data on specific cell types exists and acute and chronic
exercise have been investigated independently in older adults.

Purpose: To determine the mucosal associated invariant T (MAIT) cell response to acute
exercise before (PRE) and after (POST) 16 weeks of exercise training in breast cancer survivors
(BCS) and healthy older women (CON).
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Methods: Age-matched BCS and CON performed 45 minutes of intermittent cycling at 60%
peak power output wattage. Blood samples were obtained at rest, immediately (Oh) and 1h after
exercise to determine MAIT cell counts, frequency, and intracellular cytokine expression.

Results: At PRE, MAIT cell counts were greater in CON (137%) than BCS at 0Oh (46%,
p<0.001), with increased MAIT cell frequency in CON but not BCS. TNFa* and IFNy* MAIT
cell counts increased at Oh by ~120% in CON (p<0.001), while BCS counts and frequencies were
unchanged. Similar deficits were observed in CD3* and CD3* CD8* cells. At POST, exercise-
induced mobilization and egress of MAIT cell counts and frequency showed trends towards
improvement in BCS that approached levels in CON. Independent of group, TNFa frequency
trended to improve (p=0.053).

Conclusions: MAIT mobilization in older BCS following acute exercise was attenuated;
however, exercise training may partially rescue these initial deficits, including greater sensitivity
to mitogenic stimulation. Using acute exercise before and after interventions provides a unique
approach to identify age- and cancer-related immuno-dysfunction that is less apparent at rest.

Graphical abstract

Exercise Training Partially Rescues Impaired MAIT Cell mobilization in Breast
Cancer Survivors Compared to Healthy Older Women
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1. INTRODUCTION

Breast cancer (BC) is the most commonly diagnosed cancer in women world-wide (Siegel

et al., 2020). Five year survival rates for localized disease approach 90%, with more

women surviving BC than ever before (Siegel et al., 2020). However, BC treatments may
accelerate age-related declines, including alterations in body composition, fatigue, chronic
inflammation and physical function that all contribute to reduced quality of life (Hanson and
Hurley, 2011; Nyrop et al., 2019; Schmitz et al., 2007). One side effect that has received
less attention, but pertains to both recurrence and secondary disease prevention, is immune

system dysfunction.
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Radiation and chemotherapy have detrimental effects on the immune system, including
decreased cell counts and cytokine production (e.g. TNFa and IFN-y) in T cells and NK
cells (Dusseaux et al., 2011; Verronése et al., 2016; Won et al., 2016) that may hasten
age-related immunosenescence (Simpson et al., 2012). Regenerative capacity of naive cells
is also reduced (Gustafson et al., 2020), potentially affecting tissue homeostasis, repair,
and infection control (Tao et al., 2015). Moreover, delayed recovery to pre-treatment levels
is associated with greater rates of metastatic BC (Kang et al., 2010). Exercise training
during BC has been used to target classical immune populations, with evidence of improved
function without changes in natural killer (NK), B or conventional T cell counts or
frequencies (Fairey et al., 2005; Hagstrom et al., 2016; Hutnick et al., 2005; Nieman et al.,
1995). In addition, unconventional T cells, including natural killer T (NKT) cells, gamma
delta T cells, and mucosal associated invariant T (MAIT) cells, have anti-cancer properties
and respond to acute and chronic exercise (Hanson et al., 2021).

Residing primarily in the lungs, liver, and gastrointestinal tract (Dusseaux et al., 2011; Hinks
and Zhang, 2020), MAIT cells are identified via a semi-invariant Va.7.2-Ja33/12/20 T cell
receptor and high CD161 expression (Billerbeck et al., 2010). MAIT cell function has been
well-characterized (Hinks and Zhang, 2020). Activation of these cells relies on antigen
presentation via the major histocompatibility complex class I-related (MR1) molecule and
costimulatory factors such as IL-7, tumor necrosis factor (TNF), and type | interferons (IFN)
that occurs in both T cell receptor dependent and independent mechanisms. Upon activation,
MAIT cells are involved in the host defense response to bacteria by rapidly producing Th1/
Th17 cytokines, including TNFa, IFNy and IL-17 (Dusseaux et al., 2011), but also have
been implicated in viral infections (Hinks and Zhang, 2020) and cancer as effector cells
within the tumor-infiltrating lymphocyte subsets (Sundstrém et al., 2019; Zumwalde et al.,
2018).

To our knowledge, the only studies examining MAIT cells and acute exercise are in young
healthy men. After submaximal and maximal aerobic exercise, both MAIT cell counts and
frequency increased (Hanson et al., 2019, 2017), with counts but not frequency returning to
baseline after 1h of recovery. TNFa and IFNy frequency also increased with acute exercise,
suggesting greater responsiveness to mitogenic stimulation (Hanson et al., 2019). Curiously,
MAIT cells appear resistant to chemotherapy-induced declines that plague conventional

T cells (Dusseaux et al., 2011; Won et al., 2016). This feature, in conjunction with the
enhanced cytokine response to acute exercise, makes MAIT cells an intriguing target to
mitigate cancer recurrence and immunosenescence during survivorship. However, while
regular moderate intensity exercise may enhance natural immunity (Schmidt et al., 2017)
and reduce susceptibility to cancer via enhanced immune system function (Koelwyn et al.,
2015), the ability of exercise training to alter MAIT cell counts, frequency or function
remains unknown.

Exercise interventions in older women with BC have mostly examined only basic
immunological parameters (e.g. complete blood counts, circulating cytokines), with limited
data on specific cells or functional outcomes (Fairey et al., 2005; Khosravi et al., 2019).
Moreover, immune modulations using acute or chronic exercise have only been performed
separately (Khosravi et al., 2019). This approach fails to consider if the acute response
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changes after training. Modulations in hormone, inflammatory and immune factors play
critical roles in cancer progression (Dethlefsen et al., 2017; Khosravi et al., 2019) therefore
investigating adaptations of these parameters to acute exercise after exercise training is
critical. Finally, training studies have compared immune outcomes relative to usual care
(Fairey et al., 2005; Hagstrom et al., 2016; Hutnick et al., 2005; Nieman et al., 1994),

a logical approach although limited in its inability to make comparisons to the normal
response in older adults. Presently, it is unclear if the training approaches (e.g., volume,
intensity, duration) are insufficient or if the immune system is incapable of responding

due to persistent immune dysfunction. The use of an acute exercise stimulus before and
after exercise training may provide important insight into the magnitude of immune system
activation in a unique population of immune cells.

Therefore, the purpose of this study was to determine the effects of acute exercise in breast
cancer survivors (BCS) and healthy older women (CON) on MAIT cell counts, frequency,
and intracellular cytokine expression before and after a 16 week exercise intervention
designed to meet current exercise oncology guidelines (Campbell et al., 2019).

2. METHODOLOGY

2.1 Participants.

Participants in this trial were a sub-set from larger investigation (NCT03760536). BCS
(n=13) diagnosed with stage I-111 breast cancer who were no more than 1 year since

final treatment received, along with age-matched CON (n=13) with no cancer history were
recruited. Participants were inactive, defined as exercising <30 min at a moderate intensity
2x/week that failed to meet guidelines established by the American College of Sports
Medicine. The study was approved by the Protocol Review Committee and the Institutional
Review Board at the University of North Carolina at Chapel Hill. Participants provided
written informed consent prior to enrolling in the study.

2.2 Study Design.

Using a non-randomized, parallel groups design, BCS and CON completed 3 baseline (PRE)
testing visits over 2 weeks before starting a 16 week community-based exercise program
administered in a small group setting. At the completion of training, follow up testing
(POST) was the same as baseline (Figure 1).

2.2.1 Visit 1—Participants completed a medical history and 12-lead electrocardiogram
that was approved by the study cardiologist prior to future visits. Participants were
familiarized an electronically braked cycle ergometer and the mask used during the
cardiopulmonary exercise test (CPET). Participants cycled for 2 min with no resistance,
followed by 3 min at 20 watts, before initiating a continuous ramp cycling protocol with
wattage increasing approximately 1 Watt every 4 seconds (15 W/min protocol). Rating

of Perceived Exertion (RPE) and heart rate (Polar Electro Inc., Lake Success, NY) were
continually monitored. CPET familiarization was terminated at 75% of heart rate reserve.
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2.2.2 Visit 2—Body Composition (total fat and lean mass, % fat) was measured using
Dual X-ray Absorptiometry (Discovery W, Hologic, Inc., Bedford, MA). The machine was
calibrated prior to each use, and all scans were analyzed by the same technician at PRE

and POST. A maximal effort CPET was then used to assess cardiorespiratory function using
the same procedures as visit 1 except the test terminated at volitional exhaustion. Expired
respiratory gases were analyzed using a metabolic system (TrueMax 2400, Parvo Medics,
Salt Lake City, UT) to determine peak oxygen uptake (VOzpeax), defined as the average of
the 3 highest recordings in the final minute. Peak power output was recorded as the maximal
wattage completed in the last minute prior to test termination.

2.2.3 Visit 3—The last testing session occurred 1-7 days after visit 2. Participants
reported to the laboratory between 0700 and 1000 in a hydrated state and having refrained
from caffeine and alcohol consumption over the previous 8 and 24h, respectively. After

10 min of rest, an indwelling venous catheter was inserted into the antecubital vein of the
forearm and a resting blood sample was obtained. The catheter was periodically flushed with
0.9% sodium chloride saline.

To induce an immune response, participants completed an acute, intermittent cycling bout.
Participants completed a 1 min warm up at 0% and 30% of peak power output, followed by
10 intervals of 3 min of cycling at 60% of peak power from the CPET followed by 1.5 min
of passive recovery. This protocol has previously been well-tolerated by both breast (Evans
et al., 2015) and prostate (Hanson et al., 2020, 2018) cancer survivors. Heart rate and RPE
were determined in the last 30 s of each stage. Additional blood samples were obtained
immediately following exercise (Oh) and after 1h of seated recovery with ad /ibitum access
to water.

2.3 Exercise Training Intervention.

The 16 week exercise intervention was a community-based program that included
progressive aerobic and resistance exercise within each session. Trained exercise specialists
administered the program in small groups 3x/week for ~1h (sTable 1). Aerobic exercise

was completed first, with modality being self-selected by participants, and included cycling,
walking, jogging, elliptical, rowing, or seated stepper. For the first 2 weeks, exercise volume
and intensities started at 10-15 min of low intensity exercise (RPE of 8-11). For weeks 3-7,
exercise intensity remained constant but duration increased to 10-30 min. By week 8, the
goal was for participants to exercise for 30 min at moderate intensity (RPE of 12-14), which
was sustained over the rest of the intervention.

Immediately following aerobic exercise, resistance training included 6 exercises per session
targeting the major muscle groups using body weight, bands, dumbbells or machines.
Specific exercises varied with each session but included both upper and lower body
movements and at least one core exercise performed in a circuit lasting 30 min. In the

first 2 weeks, 1 set of 15 repetitions for each exercise was performed at light to moderate
intensity (RPE 7-13). For weeks 3-5, 2 sets of 10-15 repetitions were completed. From week
6 onwards, 2 sets for 10 repetitions were completed at an RPE of 14-15. Modifications were
made for comfort and safety related to any surgery limitations.

Exp Gerontol. Author manuscript; available in PMC 2022 September 01.
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Participants were monitored and supervised at all times by training staff. Exercise adherence
was the percentage of days attended vs. days prescribed (48 total). Exercise compliance was
determined for each mode separately, with an aerobic compliant day defined as completing
>80% of the prescribed time (min, for aerobic) or volume (sets x reps, strength) at the
prescribed intensity (RPE) vs. total days prescribed.

2.4 Hematology Analysis.

Complete blood counts were performed in duplicate using an automated hematology
analyzer (Sysmex XP-300, Kobe, Japan) and averaged with a maximal white blood cell
difference of 0.1 cells/uL (Hanson et al., 2020, 2017). Hematocrit and hemoglobin were
used to estimate plasma volume shifts following exercise (Dill and Costill, 1974).

Peripheral blood mononuclear cells (PBMC) were isolated using density gradient
centrifugation as described previously (Hanson et al., 2020, 2017). PBMCs were counted
(TC-20, Bio Rad, Hercules CA) and then cryopreserved in 90% fetal bovine serum (FBS)
and 10% dimethyl sulfoxide until the end of the study.

2.5 PBMC Stimulation and Immunofluorescence.

Cryopreserved PBMCs were thawed in a 37°C water bath and washed in complete

media (10% FBS, 1% Penicillin-Streptomycin in RPMI). Cells were counted and viability
(majority >90%) was determined using an automated counter (TC-20, Bio Rad, CA, USA)
before being allowed to rest for 2 h at 37°C and 5% CO». Following the rest, cell viability
remained consistent (within 5%) and PBMCs were stimulated with 2 ng/mL phorbol
12-myristate 13-acetate (PMA) and 1 ng/mL ionomycin or vehicle controls for 4 h at

37°C and 5% CO,. Cells were then washed and resuspended in 100 pL of cell staining
buffer (BioLegend, San Diego, CA) containing the following mouse anti-human monoclonal
antibodies (BioLegend, San Diego, CA): CD3 (APC-Cy7), CD4 (Amycan), CD8 (AF700),
TCR Va7.2 (PE), and CD161 (BV605) for 15 minutes in the dark at 4°C. Next, cells were
washed twice in PBS before 200 uL of fixation and permeabilization buffer was added
(Cytofix/Cytoperm kit, BD Biosciences, San Jose, CA) in accordance with manufacturer
instructions Intracellular IFNvy (Pacific Blue) and TNFa (BV650) were stained in 100 pL of
1x perm/wash buffer at 4°C in the dark for 30 min. After washing, cells were resuspended
in 300 pL of cell staining buffer for flow cytometry analysis. Titrations were performed to
determine optimal antibody concentrations.

2.6 Flow Cytometry.

Cellular events were analyzed using a LSRII flow cytometer running FACSDiva 8.0.1
Software (BD Biosciences, CA USA). Our gating strategy has been shown elsewhere
(Hanson et al., 2017). From the CD3" population, Va 7.2 and CD161 bright cells were
determined MAIT cells, with intracellular cytokine levels. Unlabeled cells and single-color
AbC Total Antibody Compensation Beads (Thermo Fisher Scientific, Hampton, NH) were
used in addition to fluorescence minus one controls for PE as this channel was used to detect
Va7.2. Gating analyses were completed using FlowJo version 10.7 (Ashland, OR). MAIT
cell counts (cells/uL) were determined by multiplying the percentage of each population
with the hematology lymphocyte counts.

Exp Gerontol. Author manuscript; available in PMC 2022 September 01.
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2.7 Statistical Analysis.

Data were analyzed with SPSS Statistics v25.0 (SPSS, IN., Durham, NC, USA) and Jamovi
Statistics v1.2.26 (Sydney, Australia). Figures were created in GraphPad Prism v9 (La Jolla,
CA, USA). Participant characteristics at PRE were determined using independent samples
t-tests and changes with training were evaluated using a group (BCS vs. CON) x training
(PRE vs. POST) repeated-measures ANOVA with Bonferroni post-hoc analysis. All acute
immune outcomes at PRE were analyzed using a linear mixed model, with group (BCS vs.
CON) and time (Base, Oh, 1h) as fixed factors and subjects as a random effect (Hanson et
al., 2020). Group x time interactions were resolved using simple effects to examine group
responses at each time point.

For exercise training, immune analyses were performed separately for mobilization and
egress. Mobilization was calculated as the change from baseline to Oh. Egress was the
change from the Oh to 1h. Within each separate linear mixed model, the fixed factors were
group (BCS vs. CON) and training (PRE vs. POST) with subjects as a random effect. Group
X training interactions were again resolved using simple effects. Data are presented as mean
(SD) with model estimates expressed relative to baseline (time effects) or CON (group
effects) and include 95% confidence intervals. Statistical significance was p<0.05, with
borderline significant interactions (p<0.1) being examined in detail as part of a pre-planned
analyses. Effects sizes were determined using Cohen’s D (d) such that 0.2, 0.5 and 0.8
represent small, medium, and large differences, respectively.

3. RESULTS

3.1 Participants.

At PRE, BCS and CON were age-matched with no differences in lean mass or body fat %
(Table 1). At POST, participant characteristics were mostly unchanged except for a group x
time interaction for lean mass % (p=0.030) where there was an increase in BCS (p=0.019)
and a non-significant decrease in CON (p=0.825). Borderline significant interactions were
present for body fat % (p=0.053) and lean mass (p=0.083). BCS were mostly early-stage
(Table 2) and all underwent surgery prior to initiating secondary treatments [radiation (46%),
chemotherapy (23%) or both (31%)]. At enroliment, BCS were ~3 months since completing
primary treatments, with the majority being post-menopausal. There were no differences in
baseline measures between pre and post-menopausal women in either BCS or CON.

3.2 Exercise Testing

The physiological responses to the CPET (Visit 2) and the acute intermittent exercise trial
(Visit 3) are in Table 3. Average HR and RPE during acute exercise were not different
between groups or after training. During acute exercise, HR in BCS was at 85% of peak for
both PRE and POST while CON was at 86% and 92%, respectively.

Acute Exercise

3.3 Hematological Response.—The acute response to exercise was assessed prior to
starting the exercise intervention. There were no interactions for any variable. Leukocyte
counts increased by 42% at Oh (2x103/uL cells, 95% CI 1.4, 2.6, d=1.2, p<0.001, sTable
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2) and remained slightly elevated (9%) at 1h (0.5x103/uL cells, 95% CI -0.1, 1.0, d=0.3,
p<0.001). Exercise and recovery patterns of lymphocyte counts were largely similar to
leukocytes, except CON lymphocyte count was 42% higher (p=0.015).

3.4 MAIT Cell Counts and Frequencies.—A group x time interaction was observed
for MAIT cell counts (p<0.001, Figure 2A). At Oh, CON increased by 137% (72 cells/pL,
95% CI 55, 89; d=1.4, p<0.001) and BCS showed a tendency to increase by 46% (15
cells/uL, 95% CI -2, 33; d=0.5; p=0.086), with the increase at Oh being larger in CON (57
cells/uL, 95% CI 33, 81; p<0.001). At baseline, BCS tended to have lower MAIT cell counts
(=37%, d=0.6, p=0.057) that were more pronounced at Oh (61%, p<0.001) as a result of the
interaction.

A group x time interaction was also present for MAIT cell frequency (p<0.001, Figure 2B).
At Oh, CON proportions increased (1.7%, 95% CI 1.1, 2.4; d=0.7, p<0.001) with only a
trend for BCS (0.7%, 95% CI 1.7, 3.3, ¢=0.1 p=0.068) such that difference between groups
was 2.5% (p=0.005). At 1h, both groups were elevated above baseline (CON: 1.1%, 95%
Cl1 0.4, 1.7; p<0.001; BCS: 0.8%, 95% CI 0.2, 1.4; p=0.012) but no group differences were
observed.

3.5 MAIT Cell Cytokine Counts and Frequencies.—A group x time interaction
was present in MAIT cell TNFa counts (p=0.017, Figure 2C). At Oh, CON increased by
128% (45 cells/uL, 95% CI 29, 60; p<0.001) where BCS was unchanged with both groups
returning to baseline by 1h.

A group x time interaction was also present in MAIT cell TNFa frequency (p=0.019, Figure
2D). There were no changes initially at Oh. At 1h, BCS decreased while CON increased such
that the group difference for TNFa proportion emerged (-30.1%, 95% CI -50.2, -10.0;
p=0.005).

A group x time interaction for MAIT cell IFNy counts (p=0.002, Figure 2E) revealed that at
Oh, CON increased by 119% (42 cells/pL, 95% CI 28, 56; d=1.0, p<.001) where BCS was
unchanged. Both groups returned to baseline levels by 1h.

There was a trend of BCS tended to have lower IFNvy frequency overall (11.9%, 95% CI -
0.7, 24.4; d=0.9; p=0.055, Figure 2F). There was no interaction or time effect.

3.6 Conventional T Cell Counts and Frequencies.—Overall, CD3" cell counts
increased by 123% (36.4 x103 cells/uL, 95% CI 20.7, 52.1; p<0.001, Figure 3A) at Oh before
returning to baseline at 1h. CD3* counts were also 60% lower in BCS (38.6 x103 cells/pL,
95% CI 22.5, 54.7; p<0.001).

Across time, CD3* frequency decreased at Oh (-8.7%, 95% CI -11.7, -5.7; p<0.001) but
returned to baseline values by 1h. CD3* frequency showed a borderline significant group
x time interaction (p=0.069, Figure 3B) with CON returning to baseline by 1h while BCS
remained suppressed (-5.4%, 95% CI1 -0.6, 11.4; d=0.7).
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CD3*CD4" cell counts were 84% lower in BCS (9.7 x103 cells/uL, 95% CI 3.5, 15.8;
p=0.005, Figure 3C) with no interaction or changes over time. CD3*CD4" frequency was
reduced Oh only (-6.5%, 95% CI —10.1, —-2.8; p<0.001, Figure 3D).

A group x time interaction was present for CD3*CD8™" counts (p<0.001, Figure 3E). At Oh,
CON increased by 2.5 fold (4.4 x103 cells/uL, 95% ClI 3.2, 5.5; ¢=1.1;p<0.001) and BCS
by 1.4-fold (1.2 x10° cells/uL, 95% Cl 89, 2,356; ¢=0.6, p=0.035) with the BCS CD3*CD8*
mobilization being 66% smaller (3.1 x102 cells/uL, 95% CI 2.1, 4.2; p=0.007). CD3*CD8*
frequency increased at Oh (5.8%, 95% CI 4.8, 6.8; p<0.001) and remained elevated at 1h
(2.5% 95% CI 1.5, 3.5; p<0.001, Figure 3F).

Exercise Training

At POST, CPET test duration increased by 8.5% (p=0.006, Table 3) for both groups.
Additionally, there was a 15% increase in peak wattage for BCS that was greater than CON
(11 watts, 95% C1 9, 13, d=2.3, p=0.05). VO, peak and peak HR did not change. Absolute
wattage for the acute exercise trial (Visit 2) increased by 9% at POST (p<0.001).

3.7 Exercise Adherence and Compliance: Of the 48 prescribed training days, BCS
adherence was 72% (19) and CON was 69% (19) with no group differences. Exercise
compliance was greater in CON for both aerobic (CON: 67% (19), BCS: 54% (21),
p=0.027) and strength training (CON: 38% (6), BCS: 29% (10), p=0.019).

3.8 Hematological Response: For all immune parameters, mobilization was defined
as the change from baseline to Oh and egress was defined as the change Oh to 1h and are
shown as change scores before (PRE) and after (POST) training for both groups. There
was no group x training interaction or main effects for lymphocyte mobilization or egress
(sFigure 1A and 1B).

3.9 MAIT Cell Count Mobilization and Egress: There was a borderline significant
group X training interaction (p=0.095, Figure 4A), with BCS demonstrating a 2-fold increase
at POST (33 cells/pL, 95% CI 27, 61; d=1.1) while CON was unchanged (8 cells/uL, 95%
Cl =13, 29; d=0.2). Overall, training increased mobilization by 46% at POST (20 cells/uL,
95% CI 6, 35; p=0.009). BCS mobilization was also 58% lower than CON (45 cells/pL,
95% CI 15,74; d=1.0; p=0.007). There was a trend for a 34% greater egress at POST (-13
cells/uL, 95% CI -26, 0; d=0.4, p=0.056, Figure 4B). BCS cell egress was 65% lower
overall (42 cells/uL, 95% CI —67, - 18; d=1.2, p=0.002).

3.10 MAIT Cell Frequency Mobilization and Egress: There was a borderline
significant interaction trend (p=0.089, Figure 4C) for mobilization, with MAIT cell
frequency increasing in BCS (1.4%, 95% CI 0.5, 2.3; d=1.0) while CON did not (0.3%,
95% CI 0.6, 1.2; d=0.2). Independent of group, mobilization increased at POST (0.9%,
95% CI 0.04, 2.3; d=0.9, p=0.011) while BCS mobilization was lower than CON (-1.0%,
95% C1 0.2, 1.9; d=0.8, p=0.028). Greater egress was observed at POST (-0.6%, 95% CI
-0.1, -0.01; d=0.6; p=0.05, Figure 4D) and between groups (-1.1%, 95% CI -1.7, -0.6;
d=1.1,p<0.001).
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MAIT Cell Intracellular Cytokine Mobilization and Egress

3.11 TNFa. Cell Counts: A borderline significant group x training interaction (p=0.094)
for TNFa cell mobilization was present where BCS increased by 75% at POST (28 cells/pL,
95% CI -58, 3; d=1.4, Figure 5A) while CON was unchanged from PRE. There was a

main effect of training, with 83% greater mobilization at POST (23 cells/uL, 95% CI 7, 38;
p=0.007). For egress, there was nearly a 2-fold improvement at POST (41 cells/uL, 95% CI
19, 63; p<.001, Figure 5B) with no group effects or interaction.

3.12 TNFa Cell Frequency: At POST, TNFa proportions mobilization tended to be
higher (12%, 95% CI 0.15, 24.4; d=1.0,; p=0.053, Figure 5C) with no other effects noted.
There were no interaction or main effects present for TNFa egress (Figure 5D).

3.13 IFNvy Cell Counts: Overall, MAIT cell IFN-y mobilization increased by 88% at
POST (21 cells/uL, 95% CI 10, 32; p<.001, Figure 5E). Independent of training, BCS
mobilization was 65% lower (33 cells/uL, 95% CI 7, 59; p=0.020). For IFN-y egress, BCS
was 70% lower (=29 cells/uL, 95% CI —47, —11; p=0.005, Figure 5F). Egress following
training revealed a borderline significant increase at POST (—14 cells/uL, 95% CI 27, -1,
a=0.5p=0.060) with no group X training interaction.

3.14 IFNy Cell Frequency: There were no interactions or main effects present for
MAIT cell IFNy mobilization (Figure 5G) or egress (Figure 5H).

4. DISCUSSION

More women are now surviving early stage BC and with a greater life expectancy, these
patients must live longer with the adverse effects of treatment that accelerate age-related
declines. Exercise training reduces many of the side effects of treatments, although less is
known on how the immune system responds to acute and chronic exercise. For the first
time, the current study examines MAIT cell counts, percentages, and intracellular cytokine
response to acute exercise in BCS relative to CON before and after 16 weeks of exercise
training. At PRE, BCS MAIT cell counts and frequency following acute exercise were
attenuated. The number, but not frequency, of cells expressing TNFa was also reduced in
BCS due to lower circulating MAIT cell levels. At POST, exercise-induced mobilization and
egress of MAIT cell counts and frequency showed trends to improve in BCS and approached
levels in CON, suggesting that the immune system of BCS may respond better to an acute
stimulus after training.

To contextualize our findings, we present the limitations and strengths of this study.
Attendance was ~70% of sessions, leaving participants under physical activity guidelines
(>150 min/week) for cancer survivors (Campbell et al., 2019) but was consistent with

other supervised exercise interventions during BC (Kirkham et al., 2018; Winters-Stone et
al., 2012). Exercise compliance was higher in CON and could have contributed to group
differences, although improved mobilization and egress in BCS at POST suggest otherwise.
Time since treatment was a confounding factor, as we did not have non-exercising BCS.
However, the average time since the end of treatment was 3 months, with no correlation
between days since last treatment and MAIT cell counts and frequency at baseline (data not

Exp Gerontol. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hanson et al.

Page 11

shown). Finally, only a subset of the larger study completed the immune (day 3) trial, due to
scheduling conflicts. As such, the study was likely underpowered to detect training induced
changes, as evidenced by the multiple borderline significant group x training interactions
with large effect sizes. Our study also had numerous strengths. We used a novel approach
of combining acute and chronic exercise within the same study, whereas previously these
factors have been examined independently. We report MAIT cell counts and frequencies,
along with functional parameters and complete blood counts for comparisons with other
studies, in accordance with current recommendations (Khosravi et al., 2019). We also
included a non-cancer control group, which removed any ethical issues with randomizing
BCS to usual care, that represents a normal response in older women for comparison.

4.1 MAIT Cells and Acute Exercise

We first examined the acute response to exercise in MAIT cells from BCS and CON prior

to the 16 week intervention. While both groups demonstrated increased absolute MAIT cells
counts, the increase in CON was nearly 5-fold greater (72 vs. 15 cells/uL) and suggets

a mobilization deficit in BCS. The robust increase in MAIT cell numbers was consistent
with observations from our CD3*CD8* cytotoxic T cell counts, from which the majority of
MAIT cells are derived (Hanson et al., 2017). During recovery, MAIT cell counts returned
to resting levels but cell frequency remained elevated for both CON and BC and supports
previous work from our laboratory (Hanson et al., 2019).

As comparisons within MAIT cells and acute exercise were not possible in BC or aging
populations, other immune parameters and populations were evaluated. Although the MAIT
cell and acute exercise have only been examined in healthy young men (Hanson et al., 2019,
2017), the response in CON was remarkably consistent with this previous work despite a
number of key study differences, including an age gap of 35 years. While aging decreases
resting MAIT cells (Lee et al., 2014; Novak et al., 2014), it does not appear to impact
mobilization with exercise. The intermittent stimuli used in the current study increased
absolute and relative MAIT cell counts and fregencies similarly to submaximal and maximal
continuous exercise (Hanson et al., 2019, 2017). The attenuated MAIT cell response in
BCS is consistent with other cell types, as women with BC demonstrated ~60% lower NK
cell counts compared to healthy older women (Evans et al., 2015) that provides additional
indirect support of reduced immune cell mobilization following acute exercise.

There are several possible explanations for the discrepancies between CON and BCS with
acute exerise. Immune cell mobilization from the marginal pools results from increased

in hemodynamic shear forces and catecholamines binding to their B-adrenergic receptors
(Simpson et al., 2016). Shear stress was unlikely to contribute to group differences, as
VO,peak and peak power output were comparable and intermittent exercise was performed
using the same relative intensity. However, the exercise-induced rises in epinephrine are
attenuated in women with BC (Evans et al., 2016). As MAIT cells express adrenergic
receptors (Fergusson et al., 2014), a diminished epinepherine response may reduce
detachment from the endothelial cells to allow MAIT cells to enter circulation. Chronic,
non-resolving inflammation is commonly seen with BC treatment (Bower et al., 2011)
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and may permit enhanced tumorigenesis (Koelwyn et al., 2015) that reduces the immune
response, potentially suppressing circulating numbers which may include MAIT cells.

4.2 MAIT Cells and Exercise Training

Next, we examined the response to acute exercise after 16 weeks of training. There were
borderline significant interactions that suggests mobilization of MAIT cells improved in
BCS at POST that approached levels in CON. As such, the deficits in BCS observed at
PRE were partially rescued. Looking at the main effects, both group and time differences
are present. However, it is evident that changes from PRE to POST are driven primarily
by improvements in BCS. For MAIT cell frequency, the group X training trend suggests
preferential deployment of MAIT cells occurs in BCS only at POST and reflects the
greater number of cells in circulation. With a lack of MAIT cell changes with training
for comparison, conventional T cells were examined. In BC survivors vs. usual care, no
differences were reported after training for resting CD3*, CD4" or CD8* cells (Fairey et al.,
2005; Hutnick et al., 2005; Nieman et al., 1994), although immune cells were suppressed
compared to reference values (Hutnick et al., 2005). While it is possible that MAIT cells
respond differently than conventional T cells, the combination of an acute stressor with
chronic exercise may be an imporant consideration moving forward.

Compared to mobilization, MAIT cell egress was notably smaller. As a result, MAIT

cells counts and frequency remained slightly elevated at 1h, although the implications

of this are not yet clear. On one hand, greater cell counts in the blood potentially

provides additional protection against infection. As MAIT cells subsist better following
chemotherapy (Dusseaux et al., 2011; Won et al., 2016), their importance in T cell immunity
is likely to rise following anthracycline treatments that suppress conventional T cells. In
contrast, tissue homing receptor proportions on MAIT cells does not changed with acute
exercise (Hanson et al., 2019). While not part of the current study, greater MAIT cell
numbers combined with constant homing receptor expression after exercise theoretically
permits more MAIT cells to traffic into the lungs, gastrointestinal track, and liver, although
the attenuated egress observed suggests otherwise.

Greater cell numbers with acute and chronic exercise is promising yet incomplete in the
absence of functional capacity. Upon MR1 activation, MAIT cells produce TNFa and
IFNy to combat bacterial and viral infections (Sundstrém et al., 2015). In the current

study, TNFa* and IFNy* MAIT cell counts at PRE increased at Oh but are likely a
function of greater MAIT cell numbers alone, as the frequency of cells expressing these
intracellular cytokines was unchanged. This contrasts our hypothesis that acute exercise
increases sensitivity to mitogenic stimulation. Interestingly, at POST there were higher
TNFa™ counts but also greater frequency, the latter being indicative of a greater response to
stimulation. As BCS and CON demonstrate higher TNFa proportions only after the exercise
intervention and trained men show a similar rise with acute exercise (Hanson et al., 2019),
we hypothesize that improved sensitivity to stimulation partly depends on training status.

MAIT cell activation occurs either via MR1 or circulating cytokines (Hinks and Zhang,
2020; Shey et al., 2018). Following vigorous skeletal muscle contractions, numerous
myokines are released in substantial quantities (Pedersen and Febbraio, 2012). Among them,
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IL-6 appears critical to the mobilization of select immune cells, with receptor blockade
diminishing the NK but not the total T cell response to acute exercise (Bay et al., 2020). Our
laboratory recently assessed IL-6 changes following acute exercise, where levels were ~33%
higher breast cancer survivors and ~60% higher in healthy women but did not differ between
groups (Bartlett et al., unpublished data). As the acute IL-6 response did not improve with
training, it seems unlikely that IL-6 directly influenced the greater MAIT cell mobilization
in BCS at POST. However, exercise training reduces pro-inflammatory biomarkers in cancer
survivors (Khosravi et al., 2019), including C-reactive protein and TNFa in women with BC
completing combined training interventions. As IL-6 attenuates endotoxin-induced TNFa
production (Starkie et al., 2003) regular exposure to myokines appears to be one means

of reducing inflammation in cancer survivors and thereby improving immune function
(Koelwyn et al., 2015). IL-7 is another myokine known for its role in T cell development and
has both direct and indirect anti-tumor functions (Lin et al., 2017; Melchionda et al., 2005;
Rosenberg et al., 2006). Additionally, IL-7 stimulates MAIT cell IL-17 production (Jiang et
al., 2018) and increases circulating MAIT cell counts and frequencies during HIV (Sortino
et al., 2018). We speculate the repeated bouts of acute exercise with concomitant IL-7
release may contribute to improved MAIT cell mobilization and sensitivity to stimulated
cytokine production that may also help boost immunity following anti-cancer therapies.

4.3 Implications

Improvements in MAIT cell numbers and function using exercise have several possible
benefits in women recovering from BC but also older adults. While the clinical relevance of
MAIT cells in BC still needs to be established, increased MAIT cells may offer a degree of
protection against secondary cancer risk following BC treatment, which included mucosal-
associated cancers (Silverman et al., 2016). For example, MAIT cells demonstrate direct
cytotoxic effects against colon cancer (Sundstrom et al., 2015), with disease progression
being related to circulating MAIT cell deficiency (Won et al., 2016). As MAIT cells have
demonstrated chemotherapy resistance (Dusseaux et al., 2011), this makes these cells an
intriguing target for improving immunity with exercise during BC, as well as other cancers
(Won et al., 2016). More generally, life-long exercise in aged individuals shows numerous
benefits to T cells (which likely includes MAIT cells), although longitudinal studies do

not consistently support these findings (Simpson et al., 2012). However, the use of acute
exercise before and after exercise interventions may provide a unique approach to identify
both age- and cancer-related immuno-dysfunction that is less apparent at rest, with the
cumulative effects of repeated exercise bouts potentially being critical to controlling BC
tumor growth (Dethlefsen et al., 2016).

4.4 Conclusions

In summary, BCS initially demonstrated an attenuated MAIT cell response to acute exercise
compared with healthy older women. Despite the exercise dose falling short of current
exercise oncology guidelines, 16 weeks of exercise training enhanced the BCS MAIT

cell response approaching the response of CON, including greater sensitivity to ex vivo
stimulation. With their resistance to chemotherapy, MAIT cells show potential to respond
to exercise and may have a greater role in immunity following BC treatment, although this
still needs to be established. Future studies should consider acute and chronic exercise in
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combination while examining additional immune populations to provide confirmation of
these findings.

Supplementary Material
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HIGHLIGHTS
. MAIT cell mobilization is attenuated in breast cancer survivors with acute
exercise
. Following training, MAIT cell mobilization is partially rescued
. After training, higher TNF levels suggests greater sensitivity to stimulation
. Combining acute and chronic exercise provides a unique way to study MAIT
cells
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Baseline Testing (PRE)

Visit 1 . Visit 2 | Visit 3
Familiarization "| VO, Peak Test | Acute Exercise
16 Weeks Exercise Training
Frequency: 3x per week Intensity: Moderate
Time: 60-minutes; Type: Aerobic & Resistance Training

Follow Up Testing (POST)

Figure 1.
Study overview showing the 3 baseline (PRE) and 3 follow up (POST) testing sessions

completed before and after 16 weeks of combined exercise training.
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Figure 2.
The response to acute exercise before (PRE) exercise training for A) MAIT cell counts

and B) proportions; MAIT cell TNFa* C) cell counts and D) proportions; and MAIT cell
IFNy* E) counts and F) proportions. Data are mean (SD). Abbreviations: Base, baseline;
Oh immediately following exercise; 1h: 1 hour after exercise; BCS, breast cancer survivor;
CON, healthy control.

*P<0.05 and ** P<0.01 vs. CON

T P<0.05 and 1 P<0.01 vs. Base
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Figure 3.
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Conventional T cell response to acute exercise for CD3* A) counts and B) proportions,
CD3*CD4* C) counts and D) proportions, and CD3*CD8* E) counts and F) proportions.
Data are mean (SD). Abbreviations: BCS, breast cancer survivor; CON, healthy control.

*P<0.05 and ** P<0.01 vs. CON
T P<0.05 and F P<0.01 vs. Base
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MAIT cell A) mobilization and B) egress for absolute cell count and C) mobilization and D)
egress for relative frequency before (PRE) and after (POST) exercise training. Mobilization
was the change from baseline to Oh. Egress was the change from the Oh to 1h. Data are mean

(SD). Abbreviations: BCS, breast cancer survivor, CON, healthy control.

*P<0.05 and ** P<0.01 vs. CON
# P<0.05 and ## P<0.01 vs. PRE
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frequency for C) mobilization and D) egress and intracellular IFNy E) mobilization and

F) egress and TNFa frequency for G) mobilization and H) egress before (PRE) and after
(POST) exercise training. Mobilization was the change from baseline to Oh. Egress was the
change from the Oh to 1h. Data are mean (SD). Abbreviations: BCS, breast cancer survivor,

CON, healthy control.
*P<0.05 and ** P<0.01 vs. CON
# P<0.05 and ## P<0.01 vs. Pre
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Table 1.

Participant characteristics before (PRE) and after (POST) exercise training.

BCS (n=13) CON (n=13) P values

PRE POST PRE POST GxT Group Time
Age (y) 57 (9) 58 (7) 0.658
Height (cm) 164.5 (9.0) 162.7 (5.5) 0.724
Body Mass (kg) 69.8 (8.6)  70.0(8.3) 72.3(19.5) 727(208) 0737 0751  0.549
Lean Mass (kg) 38.7(3.7) 40.0(3.0) 41.2(9.4) 40.7(106) 0083 0680 0.388
Body Fat (%)  40.9(7.2) 39.2(6.4) 39.2(44) 404(52) 0053 0949 0546
Lean Mass (%) 55.9(6.8) 57.7(6.0) 57.6(39) 565(47) 0030 0947 0.625
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Data reported as mean (SD). Abbreviations: BCS, Breast Cancer Survivor; CON, Healthy Control; PRE, Pre-Training; POST, Post-Training; G X

T, group X time interaction
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Table 2.

Clinical characteristics of breast cancer survivors (BCS).

BCS (n=13)

Time from last treatment (d)
Time from surgery (d)
Time from radiation (d)
Time from chemotherapy (d)
Stage
1 (%)
11 (%)
11 (%)
Tumor Status
ER* Positive (%)
PR* Positive (%)
HER2* Positive (%)
ER/PR/HER2™ (%)
Pre-Menopausal (%)

Post-Menopausal (%)

82 (90)
224 (115)
62 (78)
152 (100)

5 (38)
6 (46)
2 (15)

12 (92)
12 (92)
4 (31)
1(8)

5 (38)
8 (62)
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Data are mean (SD) or (%). Abbreviations: BCS, Breast Cancer Survivor; ER, Estrogen-Receptor; PR, Progesterone-Receptor; HER2, Human
Epidermal Growth Factor Receptor 2.
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Physiological responses to VO, Peak Test and acute, intermittent exercise before and after training

Table 3.

BCS (n=13) CON (n=13) P values

PRE POST PRE POST GxT Group Time
CPET
VO,Peak (mL/kg/min) 21.4 (6.6) 22.3(5.6) 22.5(2.8) 23.6 (4.5) 0.860 0.523 0.164
Peak HR (bpm) 160 (18) 160 (17) 157 (10) 158 (12) 0.830 0.709  0.910
Peak Power Output (W) 119 (34) 137 (40) 129 (21) 136 (24) 0050 0713  <0.001
Duration (min:sec) 9:56 (2:07) 11:09 (2:22) 10:17 (1:25) 10:47 (2:34) 0.236  0.928 0.006
Acute Exercise Trial
Resistance (W) 74 (20) 83 (24) 77 (16) 82 (82) 0.194 0.848  <0.001
Average RPE 14 (3) 13 (1) 13 (1) 14 (1) 0.070 0709  0.588
Average HR (bpm) 136 (8) 136 (7) 135 (8) 145 (9) 0.139 0.166  0.149
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Data are mean (SD). Abbreviations: BCS, Breast Cancer Survivor; CON, Healthy Control; PRE, Pre-Training; POST, Post-Training; CPET,
cardiopulmonary exercise test; VO2peak, peak oxygen uptake; G X T, group x time interaction
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