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Abstract

Individuals with amnestic mild cognitive impairment (aMCI) experience cognitive declines in
learning and memory greater than expected for normal aging, and are at a high risk of dementia.
We previously reported that sedentary aMCI patients exhibited neuroinflammation that correlated
with brain amyloid beta (AB) burden, as determined by 18F-florbetapir positron emission
tomography (PET). These aMCI patients enrolled in a one-year randomized control trial
(AETMCI, ) to test the beneficial effects of 12 months of moderate-to-high intensity aerobic
exercise training (AET) or stretching/toning (ST) control intervention on neurocognitive function.
A subset of aMCI participants had PET imaging, cognitive testing, and immunophenotyping of
cerebrospinal fluid (CSF) and peripheral blood after AET or ST interventions. As adaptive
immune responses were similar between AET and ST groups, we combined AET/ST into a
general ‘physical activity’ (PA) group and compared AP burden, cognitive function, and adaptive
immune cell subsets to sedentary lifestyle before intervention. We found that PA-induced
immunomodulation of CD4* and CD8" T cells in CSF correlated with changes in AB burden in
brain regions associated with executive function. Furthermore, after PA, cognitive scores on tests
of memory, processing speed, attention, verbal fluency, and executive function were associated
with increased percent representation of circulating naive B cells and CD8* T cells. We review the
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literature on aMCl-related cognition and immune changes as they relate to exercise, and highlight
how our preliminary data suggest a complex interplay between the adaptive immune system,
physical activity, cognition, and Ap burden in aMCI.
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INTRODUCTION

Individuals with amnestic mild cognitive impairment (aMCI) experience cognitive decline
greater than expected for normal aging, and exhibit primary impairments in learning and
memory (1). More than half of patients with aMCI exhibit increased amyloid beta (Ap)
deposition in the brain and progress to dementia (2, 3). Currently, there are no approved
therapies to prevent and protect against aMCI (4), but a growing body of literature provides
evidence for the beneficial effects of exercise interventions (5). Physical activity (PA) has
been reported to reduce the incidence of aMCI, as well as improve cognitive function in
multiple domains (6), including global cognition, attention, executive functioning, verbal
fluency, and memory (7-11).

One mechanism that may explain the positive effects of PA in aMCI patients is exercise-
induced alterations within the immune system. To date, only 3 studies have investigated
whether exercise modulates inflammation in patients with MCI (12-14), primarily focusing
on post-exercise serum concentrations of cytokines, small molecules secreted by leukocytes
that impact the function and phenotype of other immune cells (12-14). While these studies
utilized different exercise training regimens, they generally conclude that exercise increases
anti-inflammatory cytokines while concomitantly reducing pro-inflammatory cytokine
serum levels in patients with MCI (12-14). The one study that examined changes in
leukocytes after exercise found circulating lymphocyte (i.e. adaptive immune cell)
populations reduced by 28 weeks of strength training in MCI patients (12). Together, these
studies suggest that exercise impacts the immune system of aMCI patients, but provide
limited information about the effect of PA on particular immune cell subsets, specifically B
and T cells, and how immune changes after PA may be related to cognitive performance.

Previously, we examined baseline data from an aMCI cohort enrolled in a one-year
randomized control trial (AETMCI, ) to test the efficacy of 12 months of moderate-to-high
intensity aerobic exercise training (AET) on cognition compared to a stretching/toning (ST)
control group. Participants underwent AET that progressively increased in intensity for 26
weeks, at which point they underwent 4-5 exercise sessions weekly with 2—-3 moderate
intensity training sessions (75-85% of maximal heart rate) and 2 high intensity sessions (85—
90% of maximal heart rate). ST cohorts received similar attention from, and interactions
with, investigators and underwent weekly bouts of stretching and toning (<50% of maximal
heart rate). We found that sedentary aMCI patients exhibited elevated immune cells in the
CSF (15) that correlated with increased AB burden in the brain, as determined by 18F-
florbetapir positron emission tomography (PET) (16). The analysis of adaptive immune cells
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within the AETMCI trial was only available during the final year of enroliment, and thus did
not include the entire aMCI patient data set. Nevertheless, we sought to elucidate whether
PA altered adaptive immune cell subsets in individuals with aMCI. Specifically, we
examined how PA affected B and T cells in the blood and CSF, and whether
immunomodulation was associated with changes in either cognitive function or brain Ap
burden. Collectively, our preliminary data suggested a complex interplay between the
adaptive immune system, cognition, and AP burden in aMCI patients and support the
hypothesis that PA could be a beneficial therapeutic intervention for patients with aMCI.

METHODS

Participant characteristics:

All subjects enrolled in this study (15-17) provided written informed consent approved by
UT Southwestern (UTSW) Medical Center and Texas Health Presbyterian Hospital of
Dallas, Texas Institutional Review Boards. Subjects enrolled in the AETMCI () clinical trial
gave additional consent for lumbar puncture, blood draw, and PET imaging. The diagnosis
of aMCI was based upon standard Petersen criteria (18), as modified from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) project (http://adni-info.org). Diagnostic criteria
included a global Clinical Dementia Rating (CDR) scale of 0.5 in the memory category,
objective memory loss as demonstrated by scores on the Logical Memory subtest of the
Wechsler Memory Scale-Revised, and a score between 24 and 30 on the Mini-Mental State
Exam (MMSE).

Participants were randomized into either a moderate to high-intensity aerobic exercise
training (AET) or active stretching/toning (ST) assignment. Exclusion criteria included a
diagnosis of AD or other types of dementia or a diagnosis of a major neurological, vascular,
or psychiatric disorder. Participants with a history of regular exercise in the last 2 years,
body mass index =35 kg/m?, sleep disorders including clinically diagnosed or self-reported
sleep apnea, uncontrolled hypertension, diabetes, and a history of smoking within the past 2
years were excluded from the study. Patients who spent >90 minutes of moderate-to-high
intensity PA, as assessed by 1 week of monitoring with an Actial accelerometer (Actical,
Philips Respironics, USA), were also excluded. Further information about the inclusion/
exclusion criteria is located at ClinicalTrials.gov: and in previous publications (16, 17).

Because we found no difference in lymphocyte populations in the blood and CSF between
patients that underwent ST and AET, ST and AET cohorts were pooled into a PA group
(Table 1). Nineteen subjects at baseline, and 18 subjects after PA, had blood draws. Fourteen
subjects at baseline, and 13 subjects after PA, had lumbar punctures. Sixteen subjects at
baseline, and 17 subjects after PA, underwent both cognitive testing and
immunophenotyping in the blood. Only 5 aMCI (2 from the ST group, 3 from the AET
group) participants had pre- and post-PA sample collection of peripheral blood, and 3
subjects (1 from the ST group, 2 from the AET group) did not have 12-month sample
collection, so 6 month samples were used. Forty-one patients underwent PET imaging at
baseline, and 12 patients had post-PA imaging.
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Aerobic Exercise Training (AET):

ST:

Exercise dose and intensity for the AET cohort was determined for each participant’s fitness
level by assessing the peak oxygen uptake (VO,) and progressively increasing exercise
intensity as individual’s adapted to previous weeks of AET. During the initiation phase of
AET, participants underwent three 25-30 minute aerobic exercise sessions per week at an
intensity of 75-85% maximal heart rate as measured during peak VO, at baseline. By week
11 of the intervention, participants had three to four 30—35 minute exercise sessions weekly.
On weeks in which participants performed 3 exercise sessions, participants also performed a
high intensity exercise session of 30 minutes of brisk uphill walking (85-90% maximal heart
rate). By week 26, participants underwent four to five 30—40 minute exercise sessions per
week, including two high intensity sessions. During each session, participants had a 5
minute warm-up and 5 minute cool-down. Any form of aerobic exercise was permitted as
long as appropriate dose and intensity of training was achieved, as assessed by heart rate
during the exercise session by a heart rate monitor watch (Polar RS400, Polar Electro,

USA). The AET protocol met the national standards for physical activity guidelines for older
adults. Our previous studies found that AET significantly improves cardiorespiratory fitness
in sedentary individuals over the age of 65 (19).

The control ST cohort underwent a stretching/toning regimen that focused on the upper arm
and lower body with the same frequency and duration as described in the AET protocol
above. At week 19, we introduced a second, more advanced set of full body stretching. At
week 26, patients began a set of low resistance Theraband exercises focusing on
strengthening the upper and lower body. Participants were required to keep their heart rate
below 50% of maximal heart rate as measured by heart monitor watch during each ST
session. By using our ST cohort as an active control group we ensured that participants
received similar attention from, and interactions with, investigators as those randomized to
the AET group.

Immune cell collection and analysis:

Biosample collections were performed through The University of Texas Southwestern
Medical Center Alzheimer’s Disease Center using established protocols (15). Collection was
generally performed during morning visits and processing within 60 minutes of collection.
Peripheral blood mononuclear cells (PBMC) and cerebrospinal fluid (CSF) immune cells
were isolated by centrifugal Ficoll-based separations previously described (16). CSF
samples tinged red were excluded from further analysis. PBMCs and CSF cells were stained
with fluorescent antibodies and data acquired via flow cytometry. Our multi-parameter
antibody panel consisted of CD45 (APC-Cy7), CD4 (PECy7), CD8 (APC), CD19
(PerCPCy5.5 or Brilliant Violet 421), CD27 (FITC-A), and CD138 (PE-A) antibodies (BD
Biosciences, San Jose, CA, USA). Five patients at baseline and 3 PA subjects (ST n=1, AET
n=2) did not have CD3 staining. No live/dead stain was used as cells were rapidly processed
after collection. Gating strategies were previously published (16). Flow cytometry data were
analyzed (Flowjo; Tree Star) and normalized to the CD45" cell gate to compare over time

Exerc Immunol Rev. Author manuscript; available in PMC 2019 September 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Poinsatte et al. Page 5

and across samples. CSF cell analysis included all cells collected, with no minimum cell
number required to perform flow cytometry.

PET imaging:
aMCI patients received a bolus of 10-mCi 18F-florbetapir 30-min prior to positioning in a
Siemens ECAT HR PET scanner for a 10-min emission and 10-min transmission scan, as
previously described in detail (16). Fifty minutes after tracer injection, a 5-min PET
emission scan and a 7-min transmission scan were acquired. Every PET image was
normalized spatially to 18F-florbetapir uptake template using SPM8 (Wellcome Trust Centre
for Neuroimaging, London, UK) and MATLAB scripts (Mathworks Inc., Natick, MA) and
inspected for quality. Standardized uptake value ratio (SUVR) was computed and compared
to mean cerebellar uptake as a brain reference. The mean cortical SUVR was the average of:
posterior and anterior cingulate, precuneus, temporal, dorso-lateral prefrontal, orbitofrontal,
parietal, and occipital SUVRs (17).

Neurocognitive tests:

aMCI diagnosis was based on Petersen criteria (18), as modified from Alzheimer’s Disease
Neuroimaging Initiative (ADNI) project (http://adniinfo.org). Cognitive testing (Table 2)
included well validated measures of attention/concentration (Digit Span Forward and
Backwards), processing speed (Trails A), memory (California Verbal Learning Test; CVLT),
Wechsler Memory Scale-Logical Memory Immediate Recall); LMIR verbal fluency (Letter
Fluency, Semantic Fluency); LMIR, and executive functioning (Trails B, Stroop Color Word
Interference Test). All tests but LMIR (raw score) and CVLT (t-score) and with all cognitive
function tests, higher scores reflect better cognitive function.

Statistical analysis:

All data are reported as mean = standard deviation, with statistical significance set a priori at
p<0.05 for all tests and trending values were defined as p<0.06. Kruskal-Wallis tests were
performed to compare immune populations between baseline, AET, and ST cohorts. Mann-
Whitney tests were performed to compare the baseline and the overall PA sample (composed
of both AET and ST groups) and to compare age, education level, CDR, and cognitive
results between groups as appropriate. Fisher’s Exact tests were performed to see if sex or
race differed between groups. Linear regressions were performed to examine the
relationships between adaptive immune populations, brain Ap burden, and cognitive
domains. Multiple comparison correction was not performed for this exploratory study and
all statistical analyses were performed using GraphPad Prism (La Jolla, CA).

RESULTS

Physical activity does not modulate frequency of B and T cells in aMCI patients

To determine if PA impacted adaptive immunity in the periphery and/or central nervous
system (CNS), we analyzed B and T cell subsets in the blood and CSF isolated from a subset
of aMClI patients at baseline (n=19) and subsets of aMCI patients after either AET (n=8) or
ST (n=9) intervention. Overall, CD19” B cells and CD3” T cells in the CSF (data not
graphed) and blood (Fig. 1A-B) did not differ between interventions. Furthermore, there
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was no difference in any circulating B or T cell subset, including naive B cells, memory B
cells, CD4* T cells, and CD8” T cells (Fig. 1C-D). Given no observable differences in the
distribution of B and T cells in the blood and CSF, AET and ST cohorts were pooled. After
PA, B and T cells (and their respective subsets) did not differ from baseline in either CSF or
blood (Fig. 2). Our preliminary data from this pilot sample of aMCI participants suggests
that the distribution of adaptive immune cells in the CSF and blood do not change after an
extended period of PA.

B cells were associated with hippocampal Ap burden

To understand the relationship between adaptive immunity and Ap burden, we first
examined whether PA altered AP burden in multiple regions of the brain. In aMCI patients,
we identified a significant increase in mean cortical Ap burden (p<0.05) and A deposition
in the hippocampus (p<0.05) and precuneus (p<0.05) post-PA (Fig. 3). There was also a
trending increase in AP burden in the posterior cingulate (p=0.05; Fig. 3E). Next, we sought
to determine if there were correlations between A burden and overall B cell populations in
the CSF and blood both before and after PA. For sedentary aMCI patients prior to PA, those
with higher AP burden in the hippocampus exhibited higher B cell representation in the CSF
(R2=0.62; p<0.05; n=8; Fig. 4A). This relationship persisted after PA; more B cells in the
CSF were associated with greater hippocampal Ap deposition (R2=0.48; p=0.06; Fig. 4B).
There was no correlation between hippocampal A deposition and overall B cells in the
blood at baseline (R2=0.024, p=0.69) and after PA (R?=0.025, p=0.68).

Finally, we examined correlations between AP burden and particular subsets of B cells. At
baseline and after PA, neither CSF-derived naive nor memory B cell populations were
associated with AB burden in the hippocampus (naive-R2=0.31; memory-R2=0.33).
Similarly, there were no correlations between either subset in the blood (naive-R?=0.25;
memory-R?=0.18) at baseline. After a one-year PA intervention, however, participants with
increased hippocampal AB deposition had fewer naive B cells (R2=0.37; p=0.08) and more
memory B cells in the blood (R2=0.38; p=0.08), signifying a shift, albeit non-significant, in
B cell phenotype (Fig. 4C-D). Other brain regions examined by PET (anterior and posterior
cingulate, dorsolateral prefrontal cortex, frontal cortex, orbitofrontal cortex, precuneus, and
temporal lobe) were not associated with changes in B cells or associated B cell subsets.

Peripheral B cell subsets differentially associated with cognitive test results

We examined whether there was a relationship between immune cell subsets and cognitive
function, and if this differed after PA relative to baseline. First, we examined whether PA
affected neurocognitive functioning in our pooled PA sample. Following PA, aMCI subjects
performed similarly across most tests but showed slight but statistically significant
improvements on tests of processing speed and semantic fluency (Table 2). The frequency of
overall CD19" B cells in the CSF did not correlate with any measures of cognitive function
at either baseline or after PA. Circulating CD19* B cells correlated with performance on
only one measure of processing speed (Table 3), with fewer B cells in the blood associated
with higher scores on the Trails A task (R2=0.45; p<0.01). However, the inverse was true
after PA as a higher frequency of circulating B cells correlated with better performance
(R2=0.30; p<0.05; data not graphed).
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Subset-specific relationships between naive and memory B cells and neurocognitive
functioning were also examined. First, fewer naive B cells (R2=0.48; p<0.01) and more
memory B cells (R?=0.48; p<0.01) in the CSF associated with higher scores on measures of
attention and concentration (Fig. 5A-B), as well as verbal fluency (Table 3) at baseline.
After PA, all correlation between CSF-localized B cell subsets and performance on any
neurocognitive task was lost (Fig. 5C-D). In the blood, baseline levels of circulating B cell
subsets did not correlate with any measure of cognitive function (Fig. 5 E-F; Table 3).
However, after PA, attention and concentration scores correlated with the frequency of B cell
subsets in the blood. Specifically, a higher frequency of naive B cells (R2=0.27; p<0.05) and
lower frequency of memory B cells in the blood (R2=0.25; p<0.05) associated with higher
attention and concentration scores (Fig. 5 G-H). Together, this shows that naive and memory
B cells and cognitive correlates were minimal and varied based on the tissue and time point
examined.

CSF-localized CD4™* T cells decrease with higher brain Ap deposition after physical activity

Again, we investigated both the amyloid imaging at either baseline or post-PA, as well as the
change of amyloid deposition over one year within subjects with both baseline and post-PA
PET imaging. Investigation into CSF-derived T cell subsets and PET imaging showed that at
baseline, there were no correlations with Ap burden lymphocyte profiles. After one year of
PA, however, there was a trend for higher frequencies of CD8" T cells in the CSF to be
associated with increased AB burden in the orbitofrontal cortices (R?=0.48; p=0.06; Fig.
6B). Furthermore, a greater number of CD8+ T cells in the CSF correlated with an increase
in AB burden in the orbitofrontal cortex over time (R2=0.48; p=0.06; Fig. 6C), although this
did not reach statistical significance. Peripheral CD8* T cells did not correlate with either
AP deposition or the change in deposition over the one year for the aMCI patients with pre-
post PET imaging and post-PA immunophenotyping. CSF-localized CD4* T cells were only
associated with changes in A burden over time. Specifically, decreased frequency of CD4*
T cells in the CSF correlated with the increased AP deposition in brain regions associated
with executive functioning (20), namely the frontal cortex (R2=0.49; p=0.05; n=8; Fig. 6D),
dorsolateral prefrontal cortex (R2=0.50; p<0.05; Fig. 6E), and orbitofrontal cortex (R?=0.55;
p<0.05; Fig. 6F). Peripheral circulating CD4* T cells were not associated with changes in
any of these regions. Together, this shows a CSF-specific relationship between T cell subsets
and Ap deposition, similar to our previous results at baseline (16), and confirms that PA
does not affect this relationship.

Improved cognitive function after physical activity associated with increased circulating
CD4* T cells

Given the association with CD4* and CD8" T cells with AB burden in regions associated
with executive function, we sought to examine if executive functioning, or other cognitive
domains, were affected by the frequency of T cells in the CSF and blood. At baseline, CD3*
T cells in the CSF did not associated with cognitive function. After PA, higher levels of
CSF-derived T cells associated with better scores on one measure of executive function
(Table 3), however CD3 is a pan-T cell marker and neither the CD4* nor CD8*
subpopulations in the CSF reflected this correlation (Table 3). Baseline circulating levels of
CD3™* T cells in the blood associated with higher Logical Memory scores (Table 3). After
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PA, fewer CD3* T cells in the periphery were associated with higher scores on memory
verbal fluency tasks (Table 3).

Like B cells after PA, CSF-derived CD4" and CD8" T cell subsets did not associate with
cognitive outcomes, but instead effects were limited to the circulating lymphocyte
populations. In stark contrast to the complete lack of correlation at sedentary baseline
(R2=0.009; p=0.77; Fig. 7A, Table 3), higher levels of circulating CD4* T cells associated
with improved executive function after PA (R2=0.43; p<0.05; Fig. 7B). Conversely, the
frequency of CD8* T cells, which also had no correlation with executive functioning or
processing speed at baseline (R2=0.009; Fig. 7C), declined in the blood of subjects
displaying higher executive functioning and processing speed scores (R?=0.41; p<0.05; Fig.
7D) after PA. Together, these data indicate that peripheral CD4* and CD8* T cells
differentially associate with neurocognitive functioning in aMCI patients after PA.

DISCUSSION
Defining MCI

As mentioned above, MCI is a neurocognitive disorder distinguished by a cognitive decline
greater than typically expected for normal aging. Individuals with MCI are still able to
perform all of their daily activities, but they may take longer and/or use adaptive strategies
(e.g. memory aids) to successfully complete their day-to-day tasks (21). Based on which
cognitive domains are affected, individuals with MCI will be classified as aMCI or non-
amnestic MCI (naMCl). aMCI refers to cognitive impairment solely in the domain of
learning and memory, including difficulty in the retrieval of recently stored information.
Conversely, naMCI refers to impairments in one or more cognitive domains, excluding
learning and memory. Approximately 5-10% of individuals with MCI progress to dementia
annually (22, 23). Furthermore, those with a diagnosis of naMCI are more likely to progress
toward other dementias, such as Lewy body dementia, vascular dementia, or frontotemporal
dementia, whereas patients with aMCI are at higher risk of developing AD (21, 24-26).
Known risk factors for MCI include age, male sex, presence of APOe4 allele, and family
history of cognitive impairment (27-30). Chronic conditions including hypertension, hyper-
lipidemia, coronary artery disease, stroke, osteoarthritis, chronic obstructive pulmonary
disease, depression, traumatic brain injury, and diabetes mellitus have been identified as risk
factors for MCI (31-35). Sedentary behavior, both cognitively and physically, is also a
proposed risk factor for MCI (36, 37), underscoring the importance of exercise as a potential
therapeutic intervention for MCI patients.

Immune alterations in MCI patients

A wide range of mechanisms contribute to MCI pathology. These include structural changes
in the brain, accumulation of Ap and neurofibrillary tangles, declining neuroplasticity,
dysfunctional cholinergic and serotonergic systems, and increased oxidative stress (38). In
addition to these mechanisms, recently we and others reported immune changes in the
periphery and CNS of aMCI subjects (15, 16, 39). As healthy individuals age, leukocytes
become immunosenes-cent (40-42) and B and T cell function declines (40). B and T cells
are two components of the adaptive immune system. B cells serve two primary functions:

Exerc Immunol Rev. Author manuscript; available in PMC 2019 September 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Poinsatte et al.

Page 9

secretion of antibodies and antigen presentation (43). After encountering antigens, naive B
cells become short-lived plasmablasts or memory B cells (43). Memory B cells produce very
specific antibodies upon re-exposure to a familiar antigen that induced their formation. B
cells can present antigens to other cells including CD4™ T cells (i.e. helper T cells) that
recognize antigens and secrete large quantities of cytokines (43). CD8" T cells, also known
as cytotoxic T cells, recognize particular antigens and induce apoptosis in foreign cells (43).
Naive B and T cells decline in the periphery with age, reducing antibody production and
responses to mitogen stimulation, respectively, with a simultaneous increase in anergic
memory T and B cells (40, 44). Furthermore, a low-grade systemic inflammation develops
with age, leading to greater secretion of pro-inflammatory cytokines and decreased anti-
inflammatory regulatory immune cells (42, 44). MCI patients present with greater
immunosenescence and inflammation, likely contributing to disease pathogenesis and
progression toward dementia (45).

While the data are not conclusive, there is significant evidence suggesting that pro-
inflammatory cytokines are increased in MCI (46). Some studies report higher serum/plasma
levels of inflammatory cytokines (e.g. IFN-y, TNF-a) and chemokines (46). In the CSF,
fewer cytokines and chemokines have been examined, but MCP-1 (i.e. CCL2), a chemokine
that promotes leukocyte recruitment, was increased in the CSF of MCI patients while TGF-
B, an anti-inflammatory cytokine, was downregulated in the CSF (46). Interestingly, some
inflammatory factors also associate with the progression of MCI to AD. High levels of
soluble CD40 (sCD40) at baseline correlate with the risk of progression from MCI to AD
over the course of 4-7 years (47). In both MCI-AD and control cases, higher levels of
plasma sCD40 were associated with lower MMSE scores, representing global cognitive
decline (47). sCD40 interferes with B cell-T cell interactions and can suppress the
development of memory B cells, which could contribute to the dysregulation of the ratio of
naive to memory B cells that we see in our patients (48, 49). Another promising predictor of
progression from MCI to AD is the soluble TNF-a receptor, STNFR (50). MCI patients that
progressed to AD had higher levels of STNFR1 than patients that did not progress (50).
While further research is needed, it is possible that alterations in SCD40 and sTNFR1 may
be useful immunological biomarkers to determine if an MCI patient is likely to progress to
AD, which could allow for early interventions such as exercise.

In addition to cytokines, researchers examined whether leukocyte populations are altered in
MCI patients. Differences in T cell profiles in MCI patients include diminished CD3* T
cells in the blood of MCI patients relative to healthy controls (51). In the CSF, activated
CD4* T cells were increased in both patients with MCI and mild AD relative to healthy
controls, while activation of CD8* T cells was associated with parahippocampal structural
damage and cognitive deficits (52). In our sedentary cohort, we found that AB burden was
negatively associated with CSF-derived CD4* T cell populations, with fewer CD4™ T cells
correlating with greater Ap deposition over time (53). Therefore, increasing CD4* T cells in
MCI patients may be playing a beneficial role in the CNS, particularly as aMCI patients
have more anti-inflammatory regulatory T cells (Tregs) (54, 55). Unfortunately, our immune
panel did not specifically identify Tregs, but this suggests that decreases of potentially
beneficial CD4* T cells, and concomitant increases of potentially pathogenic CD8* T cells,
contribute to aMCI pathology and deterioration of cognitive functioning. Further research is
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necessary to improve our understanding of the functional role of these T cell subsets in
aMClI patients and during the progression to AD.

Less is known about how B lymphocytes affect, alter, and/or support cognition. Magaki et al.
reported that overall B cells in the periphery did not significantly differ between aMCI and
healthy controls (51). However, in our prior study we found subset-specific changes in B cell
populations in sedentary aMCI patients as naive B cells were decreased and memory B cells
were increased in APOe4 carriers with aMCI (16), who are at a significantly greater risk of
developing AD (53). Given that the switch from naive to memory phenotype is observed in
healthy elderly individuals (40), our findings suggest that aMClI-induced immune changes
are potentially a more severe form of immunosenescence that naturally occurs with aging.

AB and the adaptive immune response during MCI

One of the hallmark features used to predict the progression from MCI to AD is the
accumulation of AB in the brain (2, 3). AB deposition is believed to trigger the cascade of
events leading to brain atrophy and synaptic dysfunction characteristic of AD (2, 3). In
response to AR deposition, leukocyte function and phenotype may also be altered. Based on
our small cohort of aMCI patients, we found preliminary evidence of a significant
relationship between AP burden and different lymphocyte populations in aMCI. First, we
found that brain AR deposition increased in several brain regions over one year despite
initiation of PA. These are predictable results given that these regions have previously been
identified as sites of early Ap deposition (56). In MCI patients, greater accumulation of Af
in the posterior cingulate over the course of 2 years associated with more severe memory
impairments and higher rates of progression to AD (57, 58). It is possible, therefore, that the
AP deposition we observed in those regions was a product of the natural progression of
aMCI over time and was not impacted by PA. However, the specific hippocampal Ap
deposition we observed has been less thoroughly characterized in aMCI patients. Greater
hippocampal atrophy and hyperexcitability is associated with worse cognitive decline and
progression to AD (59) and thus hippocampal AR may be a potentially interesting
therapeutic target.

In our study, we found significant correlations between B and T cells and brain Ap burden
during aMCl. CSF-localized CD8" T cells positively correlated with AP beta burden in the
orbitofrontal cortex after PA. Conversely, CD4* T cells decreased in aMCI patients that had
greater accumulation of AP over time in the frontal cortex, dorsolateral prefrontal cortex,
and orbitofrontal cortex. This inverse relationship between CD4* and CD8* T cells in the
CSF suggests that these cell types may be playing different roles in response to Ap in the
brain. In AD patients, T cells, in particular CD8* T cells, increase in the extravascular space
in the hippocampus and midfrontal gyrus (60). Similarly, we found that there was an
increase in CD8" T cells in the CSF of MCI patients with higher AB burden in frontal
cortices, suggesting that CD8" T cells are pathogenic or elevated in response to the
pathology. Previous work found that CD8" T cell influx into the extravascular space
associated with tau pathology but not Ap burden (60), thus future studies should determine
possible mechanisms of action for cytotoxic T cells in the development of dementia.
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Our data also suggest that CD4* T cells have the opposite relationship to AB deposition
compared to CD8* T cells. We found that as AB burden declined, there were a greater
number of CD4* T cells in the CSF. In a murine model of AD, injections of AB-specific
CD4* T cells injected in the CSF migrate into the brain where they target Ap plaques in the
hippocampus and cortex, increase phagocytosis of Ap by innate immune cells, and stimulate
neurogenesis (61). Another study demonstrated that injecting Ap-specific CD4* T cells into
the blood decreases AP burden and improves behavioral function in mice (62). In patients
exhibiting cognitive impairment, higher levels of CD4" Tregs capable of producing anti-
inflammatory cytokines correlated with lower levels of amyloidopathy (63). Thus, the
recruitment of CD4* T cells with increased PA may reflect an activation of an adaptive
immune-mediated response to counter progression of the disease.

B cell response to AP burden is not as well defined as that of T cells. In aMCI sedentary
subjects, decreased overall B cells in the periphery were associated with greater Ap burden
in the precuneus (53), whereas in this study increased CSF-derived B cells were associated
with greater AP burden in the hippocampus both before and after PA. Both of these suggest
a movement from the periphery into the CSF with increased AP deposition (or conversely a
loss of amyloid clearance (64)). Memory B cells may be a particularly important B cell
subset; memory B cells isolated from the blood of mild AD patients have increased
expression of CCR5, a pro-inflammatory chemokine receptor that enhances recruitment of
lymphocytes to sites of inflammation, such as Ap plaques (65). At baseline and after PA,
increased peripheral memory B cells and decreased naive B cells associated with greater
hippocampal AP burden. We also previously found that CSF-derived memory B cells
increased as AP burden increased in sedentary aMCI patients (53). Further investigations are
required to determine the protective or pathogenic potential of B cell subsets in the
progression of Af deposition.

Cognition and adaptive immune responses

In addition to the accumulation of AP and learning and memory deficits, individuals with
aMCI may exhibit deficits in other cognitive domains. Inflammation in the CNS and
periphery is associated with worse cognition in healthy individuals, particularly in the areas
of learning, memory and attention, while elevated peripheral cytokine levels in the blood are
related to impaired cognitive performance (66). Additionally, lymphocyte subsets have been
associated with neurocognitive functioning (67). In healthy elderly, better cognitive function
is associated with lower numbers of CD4* T cells and higher numbers of naive CD8" T cells
and B cells. Even when variables such as age, mood, and length of education were
controlled for, lower levels of circulating effector CD4* T cells and higher levels of B cells
correlated with better performance on measures of executive function and memory (67).

Previously it has been shown in patients with MCI that T cells were associated with changes
in cognitive functioning (52). In particular, CSF-localized, activated CD8* T cells were
negatively associated with learning and visuospatial skills, but did not correlate with global
cognition, verbal memory, confrontation naming, verbal fluency or executive functioning
(52). We also found evidence suggesting that CD8* T cells were related to cognitive
functioning. After PA, the frequency of CD8* T cells in the blood decreased, which was
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associated with higher scores on tests of processing speed and executive function, though a
movement into the CSF from the periphery was not reflected in our data set and may be
limited by the small sample size. Lueg et al. reported that activated CD4* T cells in the CSF
and blood were not associated with impairments in any cognitive domain in MCI patients
(52). However, we found that after PA, increased CD4* T cells correlated with better
executive functioning, suggesting that PA may drive relationships between the peripheral
immune response and cognition not identified in prior studies.

Currently, little is known about B cells and cognition in individuals with aMCI. At baseline,
we found predominantly changes in CSF-derived naive and memory B cells in sedentary
aMClI patients. Fewer naive B cells and more memory B cells in the CSF were associated
with improved attention and concentration and verbal fluency. After PA, however, cognition
was only associated with changes in B cell subsets in the periphery. As peripheral naive B
cells increased and memory B cells decreased, individuals with aMCI had higher scores on
measures of attention and concentration, and executive function. This recapitulates studies
examining B cell subsets and global cognition in AD; naive B cells in the blood were
positively correlated with global cognition scores, while memory B cells were negatively
correlated with global cognition scores (65).

Overall, our findings indicate that prior to PA in sedentary aMCI patients, correlations
between B cell subsets and cognition are limited to the CSF while T cell correlations are
limited to the blood. However, after PA, correlations between cognition and both B cells and
T cells were found exclusively in the periphery. We also found that increased naive B cells
and CD4* T cells, and decreased memory B cells and CD8* T cells, were associated with
better neurocognitive performance. This replicates our findings that identified increased
naive B cell and decreased memory B cell populations in the blood associated with less Af
deposition in the hippocampus. Furthermore, our findings suggest that T cell subsets may be
particularly associated with aspects of executive functioning. Specifically, decreased CD4* T
cells and increased CD8* T cells in the CSF were associated with increased A in the frontal
cortex, dorsolateral prefrontal cortex, and the orbitofrontal cortex, all regions associated with
executive function. Interestingly, although naive and memory B cells were associated with
changes in Ap deposition in the hippocampus, none of the memory tasks showed significant
associations between overall B cells and B cell subsets. On the other hand, T cell subsets
were correlated with both Ap burden in cortical regions associated with executive function
and clinical measures of executive function, suggesting a closer association between
executive functioning and T cell subsets. This highlights the need to look at long-term
cognitive decline and these adaptive immune cell subsets, with additional pre-clinical
mechanistic studies to understand the complex neuro-immune response.

Exercise interventions in MCI patients

Exercise is a lifestyle factor that can improve cognition in normal subjects, but more
recently, exercise and PA have also been examined in individuals with MCI. Several
systematic reviews and meta-analyses look at observational studies and randomized control
trials in MCI and provide evidence suggesting an exercise benefit for incidence of MCI (6).
A large multi-national epidemiological study examined the frequency of MCI in individuals
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that met the weekly PA recommendation (i.e. 150 minutes of moderate-to-vigorous PA),
compared to those that did not, and found that failing to meet the weekly PA
recommendation was associated with increased risk of MCI (68). Similarly, another study
found that any frequency of moderate exercise, as opposed to light or vigorous exercise,
significantly reduced the odds of developing MCI (37). Several studies report improvements
in global cognition after PA for aMCI patients (7, 9, 10, 69), including an association
between physically active individuals and better scores on a global screening measure (70).
Some also show evidence for improvements in attention (7), executive functioning (7, 10),
verbal fluency (11), and memory (7, 9, 10). It should also be noted that some of these results
do not reflect clinically meaningful changes in cognition (11), and/or inconclusive results
(71).

The aforementioned studies relied on self-reported exercise data, though some used
actigraphy data to categorize the frequency and intensity of exercise for aMCI patients.
Healthy older individuals with low levels of daily PA (as measured by actigraphy) had more
than a 2-fold risk of developing AD relative to physically active individuals (72). Another
actigraph study found that increased levels of PA were associated with higher cognitive
scores, but only in subjects who were cognitively normal, while one MCI investigation did
not find any association between PA and improved cognitive performance (73). Falck et al.
suggested this may be due to elevated rates of sedentary behavior in the MCI cohort (73)
that may also influence the magnitude of effects of any PA on these patients, be it vigorous
(i.e. AET) or mild (i.e. ST) interventions.

Overview of exercise-induced alterations to adaptive immunity

During and immediately after acute exercise, lymphocytes are mobilized in the blood
(lymphocytosis) in an intensity-dependent manner (74, 75). Several mechanisms have been
proposed to explain lymphocytosis following exercise. Exercise increases sympathetic
activity, leading to greater concentrations of epinephrine and norepinephrine, which in turn
stimulate lymphocyte proliferation, differentiation, and cytokine secretion (74). Increased
catecholamine release acutely following exercise mobilizes adaptive immune cells through
interactions with B-adrenoceptors expressed on lymphocyte surface (75). The largest
changes occur in CD8" T cells, which have high B2-adrenergic receptor expression on their
surface, leading to preferential mobilization (75). However, CD4* T cells and B cells also
express B2-adrenergic receptors and undergo lymphocytosis after exercise, albeit to a lesser
extent. Exercise preferentially mobilizes subsets of T cells, including a subset of anti-
inflammatory Tregs (76—78). There are also subset-specific changes in B cells during
exercise, with the greatest increase in immature B cells, followed by memory B cells, and
then naive B cells (77). These data indicate that lymphocyte subpopulations are differentially
impacted during exercise and thus may play different roles in post-exercise immune
function.

Within 1-2 hours post-exercise, however, there is a transient decline in circulating adaptive
immune cells (lymphopenia) in the blood. Lymphopenia can be attributed to two major
factors: apoptosis and lymphocyte redistribution (79). High catecholamine levels and greater
oxidative stress induce lymphocyte apoptosis, though this mechanism accounts for less than
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10% of lymphopenia observed after exercise (79). Lymphopenia is predominantly secondary
to a redistribution of lymphocytes, particularly T cells, throughout the body. A study using
cell fluorescent trafficking in mice found that CD3* T cells preferentially move from the
spleen to lymphoid and nonlymphoid organs, including Peyer’s patch, lungs, and bone
marrow after exercise (74). Exercise also increased memory CD8" T cells expressing
receptors that promote trafficking to peripheral organs, and these cells exhibit strong effector
functions (80). However, outside of the aforementioned study showing a preferential
increase in circulating immature B cells, little is known about B cell trafficking or apoptosis
after exercise, making them a promising subject for future research. Thus, exercise may
enhance immune function by promoting the redistribution of adaptive immune cells to detect
antigens in remote tissues to perform secondary effector functions.

In healthy elderly adults, lifelong exercise alters baseline levels of circulating adaptive
immune cells. Duggal et al. recently compared immune profiles in the blood of healthy
sedentary young adults, sedentary older adults (55-79 years), and older lifelong cyclists to
determine how T and B cell levels change in the blood of older individuals (81). Physically
inactive older individuals had fewer T cells in their blood. However, in master cyclists,
circulating T cell levels were comparable to young healthy donors. Researchers also found
that sedentary older adults had more unswitched memory B cells in the blood not found in
master cyclists. Together, these data suggest that age affects B and T cell profiles, but a
lifetime of physical activity can preserve a “young” immune phenotype in the blood (81).

Finally, it should also be noted that an excess of anti-inflammatory regulatory immune cells
can lead to immunosuppression after strenuous exercise and/or prolonged training.
Marathon-trained runners had a higher percentage of inter-leukin (IL)-10" and TGF-B*
CD4* T cells in the blood than untrained controls (82). Furthermore, high intensity
exhaustive exercise results in prolonged lymphopenia, impairs T cell function, and decreases
production of secretory IgA, an antibody produced by B cells (83). While this
immunosuppression increases the risk of upper respiratory infections in elite athletes, the
immunosuppressive effect of exercise could also counteract the systemic inflammation that
naturally occurs in aging MCI patients (84, 85).

Exercise interventions and adaptive immune responses in MCI patients

Alterations to immunity may be one mechanism by which exercise interventions benefit
MCI patients. Several studies examined the effect of exercise training on immunity,
particularly cytokines, in MCI patients. Serum levels of the anti-inflammatory cytokine,
IL-10 and the neuroprotective growth factor, brain derived growth factor (BDNF), increase
after 28 weeks of strength training and 16 weeks of multimodal physical training,
respectively (12, 13). As shown by Stigger et al. in a recent meta-analysis, PA also
significantly decreases the pro-inflammatory cytokines, TNF- a and IL-6 (13, 86). IL-6,
which functions as both a cytokine and myokine (muscle-derived cytokine), increases
immediately after a high bout of intense cycling. Multimodal physical training reduced
serum levels of IL-6 and high intensity exercise training reduced IL-6 levels at rest (13, 14).
Sixteen weeks of multimodal training for MCI patients found that declining levels of IL-6
and TNF-a, as well as an increased BDNF, was associated with improved cognition (13).
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Only one MCI study examined changes in overall immune cell populations, with findings
indicating that strength training reduced leukocyte and lymphocyte populations compared to
baseline levels, but this study did not specifically examine either B or T cell subsets (12).
Chupel et al. also showed that 28 weeks of strength training reduced leukocyte counts,
particularly lymphocytes, relative to baseline in MCI patients, but not healthy controls (12).
We did not see an effect in overall lymphocyte populations after 1-year of AET compared to
ST interventions in our aMCI sample. Instead, we found that increased PA in previously
sedentary individuals altered the adaptive immune responses to AP deposition in the brain
and cognitive function, though the complexity of the responses suggest several mechanisms
working in synergy during aMCI.

Study limitations

While our study provides preliminary data suggesting PA-induced immunomodulation of
adaptive immune cell subsets were associated with AP deposition and subtle changes in
cognition, only a small subset of participants in the clinical trial completed
immunophenotyping, PET imaging, and cognitive testing. For example, only 5 subjects had
both pre- and post-PA blood and CSF collection, so we could not analyze adaptive immune
changes utilizing a within-subject design. This limited our analysis to two different groups
of subjects, those at sedentary baseline and those that had post-PA blood draws and lumbar
punctures. Future studies should examine immunomodulation by PA in a within-subject
manner to look at how immune populations change within a particular individual to
determine if baseline levels of lymphocytes impact the effect of PA on the immune system,
as well as neurocognitive functioning and AP deposition. Because we observed no
differences in the immunophenotypes in our smaller cohorts of participants, we concluded
that AET and ST groups could be pooled into one larger PA cohort. We utilized this larger
PA cohort when assessing the relationship between immunity and cognition, as well as
immunity and AB deposition. We cannot exclude the possibility that by combining these
cohorts, we could be obscuring the true relationship between cognition and adaptive
immunity. Thus, our results only provide preliminary evidence of immune-mediated changes
in neurocognitive functioning and AR burden after PA in patients suffering from aMCl, and
may underestimate or overestimate the true effect of PA on immunity, cognition, and A
burden. Our conclusions should be interpreted with caution and future studies should
confirm our findings in larger cohorts of aMCI patients.

CONCLUSION

Our study is unique in that it is the first to relate changes in B cell and T cell subsets to
neurocognitive function and A deposition in the aMCI brain after one year of PA.
Preliminary data from our small cohort of aMCI patients suggest several key ways that PA
may impact cognitive functioning and Ap in aMCI. First, increased Ap load in the
hippocampus was associated with fewer naive B cells and more memory B cells in the
blood. However, there was no relationship between performance on memory tasks and B cell
subsets in either the blood or CSF after PA. Instead, increased memory B cells and
diminished naive B cells were associated with lower attention and concentration scores.
Second, CSF-derived CD4* T cells decreased, and CD8* T cells increased, with more Ap

Exerc Immunol Rev. Author manuscript; available in PMC 2019 September 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Poinsatte et al.

Page 16

deposition in brain regions associated with executive function (20). Furthermore, our data
showed that aMCI patients with lower executive function scores had fewer CD4* T cells and
more CD8™ T cells in the blood. This suggests that PA-induced global alterations in T cell
subsets may be associated with both the harmful accumulation of AB and associated changes
in neurocognitive functioning. Finally, we found that after PA, there was an inverse
relationship between memory/naive B cells and CD4*/CD8* T cells. Overall, increased
peripheral naive B cells and CD4* T cells are associated with better cognitive function in
aMCI patients, while memory B cells and CD8* T cells are associated with greater
pathology. Our findings suggest a complex interplay between physical activity, cognition,
brain Ap burden, and adaptive immunity. Larger clinical studies should aim to validate our
findings and determine what mechanisms underlie PA-induced immunomodulation and its
impact on clinical outcomes in MCI patients.
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Figure 1. Aerobic exercise training and stretching/toning exert minimal effects on adaptive

immune cell populations in aMCI patients.

General (A) B cell (CD19%) and (B) T cell (CD3+) populations in the blood do not differ
between sedentary baseline (squares; n=19) and individuals in the stretching/toning (ST;

circles; n=9) and aerobic exercise training (AET; triangles;

n=8) interventions. There is also

no difference for circulating (C) B cell subsets (baseline, n=19; ST, n=9; AET, n=8) and (D)
T cell subsets in the blood. 3 individuals were excluded from overall T cell and T cell subset

quantification due to insufficient CD3™ staining.
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Figure 2. Physical activity does not alter adaptive immune profiles in aMCI patients.
General T cell (CD3*) and B cell (CD19%) populations in (A) blood or (B) cerebrospinal

fluid (CSF) do not differ between sedentary baseline (squares) and physical activity (PA)
groups, including individuals in the stretching/toning (closed circles) and aerobic exercise
training (open circles) interventions. There is also no difference for B cell subsets in the (C)
blood and (D) CSF, as well as T cell subsets in the (E) blood and (F) CSF..
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Figure 3. Overall amyloid burden increased between sedentary baseline and after 6-12 month of

physical activity.

Standardized uptake value ratio (SUVR) for PET imaging of 18F-florbetapir (amyloid
burden) demonstrated a significant increase in Ap load for (A) total brain, (B) hippocampus,
and (C) precuneous cortices between sedentary baseline (squares; n=41) and physical
activity (PA) groups, including individuals in the ST (closed circles; n=5) and aerobic
exercise training (open circle; n=7) interventions. There were also trends for increased A in
the (D) orbital frontal and (E) posterior cingulate cortices. *p<0.05 vs Baseline.
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Figure 4. Higher levels of CSF-localized B cells and circulating memory B cells associate with

increased hippocampal AP deposition.

Standard ized uptake value ratio (SUVR) for PET imaging of 18F-florbetapir (amyloid
burden) in the hippocampus associated with higher CD19* B cells in the cerebrospinal fluid
(CSF) for both (A) sedentary baseline (squares; n=8) and (B) physical activity (PA) groups,
including individuals in the ST(closed circles; n=4) and AET (open circle; n=4)
interventions. There were concomitant trends for (C) decreased circulating naive B cells and
(D) increased circulating memory B cells after PA.
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Figure 5. Shifts from naive to memory B cell populations reflect neurocognitive function.
(A-D) Sedentary baseline (squares; n=15) aMCI subjects with better attention and

concentrations (i.e. higher numbers, digital span forward test) exhibit (A) lower naive B
cells and (B) more memory B cells in the cerebrospinal fluid (CSF). This relationship in the
CSF is lost in post-physical activity (PA) groups for (C) naive and (D) memory B cells.
Individuals in the ST (closed circles; n=9) and AET (open circles; n=4) interventions are
identified. (E-H) Circulating B cell populations in the same subjects show no correlation at
baseline for (E) naive and (F) memory B cell populations. However, post-PA groups exhibit
(G) higher naive B cells and (H) lower circulating memory B cells with improved attention
and concentration.
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Figure 6. Higher levels of CSF-localized CD8 T cells, and lower CD4 T cells associate with

increased AP deposition after physical activity.

(A-C) Standardized uptake value ratio (SUVR) for PET imaging of 18F-florbetapir (amyloid
burden) associated higher CD8* T cells in the cerebrospinal fluid (CSF) in both (A) frontal
and (B) orbitofrontal cortices after PA. Individuals in the ST (closed circles; n=4) and AET
(open circles; n=4) interventions are identified. (C) Increased CD8 T cells also associated
with increased AP deposition. (D-F) There were concomitant decreases for CD4 T cells in
(D) frontal, (E) dorsolateral prefrontal, and (F) orbitofrontal cortices with increased Ap

deposition when comparing baseline and post-PA PET imaging.
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Figure 7. Circulating T cell populations reflect neurocognitive function after long-term physical

activity.

(A) Sedentary baseline (squares; n=12) aMCI subjects with better executive function (i.e.
higher numbers = better cognitive function, Trails B) exhibit no trend for either circulating
(A) CD4* T cells or (C) CD8* T cells. Physical activity (PA) group, including individuals in
the stretching/toning (closed circles; n=7) and aerobic exercise training (open circles; n=5)
interventions exhibit opposite patterns for T cell subsets in the circulation, with improved
executive function associated with more (B) CD4" T cells and fewer (D) CD8* T cells in the

blood.
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