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From the Editors

EIR25 2019 contains seven articles. Fulvio Lauretani and colleagues were invited to contribute to EIR a highly relevant
article about the role of exercise and the immune system as
modulators of intestinal microbiome, including its implications for the gut-muscle axis hypothesis. The second article,
written by Sebastian Proschinger and Jens Freese from the
Sport University Cologne, represents a state-of-the-art article
about neuroimmunological and neuroenergetic aspects in
exercise-induced fatigue. Helena Batatinha (who incidentally
received an honorary mention for ECR-award at the last ISEI
meeting in Coimbra, Portugal) and colleagues contributed an
article about specific inflammatory processes during obesity
and smoke exposure, and analyzed the differences in the antiinflammatory effects of exercise training for these two conditions. Glenn Wong and his team from Singapore present a
comprehensive original study about the hallmarks of
improved immunological responses to vaccination of physically active elderly females. The group of Ann Stowe present
an interesting study about T and B cell subsets which differentially correlate with amyloid deposition and neurocognitive
function in patients with amnestic mild cognitive impairment
after one year of physical activity. A study by Michelle Curran
and colleagues analyzed the impaired mobilization of highlydifferentiated CD8+ T cells during a single bout of acute exercise in patients with type 1 diabetes. Finally, a murine study

by Almeda-Viera and colleagues presents evidence that aerobic exercise reduces asthma phenotype through the involvement of SOCS-JAK-STAT signaling.
In 2018, a total of 21 manuscripts were submitted to EIR,
which corresponds to an acceptance rate of about 30%. Officially, EIR has an impact factor of 7.105 (2017/18). For
EIR26 and the future we would prefer, again, most contributions to be topical review articles. In the case of original
research articles, we encourage the authors to embed their
new data into review articles. Please note that the submission
deadline for EIR26 is 31st July 2019. We hope you enjoy
reading the new issue, and we hope to see you at the 14th ISEI
symposium will be held in Shanghai, China, 8.-10th November 2019.
Thank you, Rickie Simpson, Neil Walsh and Jonathan Peake,
for the continuing close, trusting and friendly teamwork.
Thank you (all ISEI members), and all members of the Editorial Board for the confidence you have placed in us. Thank
you all for your ongoing support of EIR. A special thanks to
all the authors and reviewers of EIR25.
On behalf of the Editors,
Karsten Krüger
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Exercise and immune system as modulators of intestinal microbiome:
implications for the gut-muscle axis hypothesis
Andrea Ticinesi1,2,3, Fulvio Lauretani2*, Claudio Tana2, Antonio Nouvenne2,3, Erminia Ridolo1,2, Tiziana Meschi1,2,3
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ABSTRACT

Exercise is a possible modulator of intestinal microbiome
composition, since some investigations have shown that it is
associated with increased biodiversity and representation of
taxa with beneficial metabolic functions. Conversely, training
to exhaustion can be associated with dysbiosis of the intestinal microbiome, promoting inflammation and negative metabolic consequences. Gut microbiota can, in turn, influence the
pathophysiology of several distant organs, including the
skeletal muscle. A gut-muscle axis may in fact regulate muscle
protein deposition and muscle function. In older individuals,
this axis may be involved in the pathogenesis of muscle wasting disorders through multiple mechanisms, involving transduction of pro-anabolic stimuli from dietary nutrients, modulation of inflammation and insulin sensitivity. The immune
system plays a fundamental role in these processes, being
influenced by microbiome composition and at the same time
contributing to shape microbial communities. In this review,
we summarize the most recent literature acquisitions in this
field, disentangling the complex relationships between exercise, microbiome, immune system and skeletal muscle function and proposing an interpretative framework that will need
verification in future studies.

Keywords: Gut microbiota; Sarcopenia; Inflammation; Exercise immunology; Sport
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1. Introduction
1.1 The physiology of human intestinal microbiome
The human intestinal microbiome is composed of a complex
ecosystem of more than 1014 bacteria, viruses, fungi, Protozoa
and Archea that live symbiotically with the host in the gut
lumen (45,61,82). Although there is increasing interest in the
role of Protozoa, fungi (the “mycome”) and viruses (the
“virome”), most of the existing research has been focused
mainly on bacteria, thanks to the availability of high-throughput sequencing techniques of bacterial DNA (16S rRNA
microbial profiling, shotgun metagenomics) and fecal
metabolomics (52,77,93,94).
The concentration of bacteria generally increases from the
small intestine to the colon, and different bacterial populations
are harbored in different tracts of the gastrointestinal system
(123). Although recent research has shown that the fecal
microbiota composition does not completely overlap with the
intestinal mucosa-associated microbiota (134), gut microbiota
composition has been determined from fecal samples in most
studies (45,61,82,123).
It is generally agreed that the intestinal microbiome composition is shaped during early childhood, influenced by genetic
and environmental factors. These factors include geography,
delivery mode, breastfeeding, weaning, and exposure to environmental bacteria (34,54,78). The maturation of the gut microbiota towards the adult-type is reached by the age of 3 years
(128). Interestingly, this process seems to exert a great influence on the development of the immune system, promoting
immunogenic tolerance towards symbionts and immune activation against pathogens (40,50,110). Conversely, alterations in
this process may induce a shift towards unappropriated type 2
immune responses, favoring the pathogenesis of allergy or
autoimmune diseases, according to some theories (71,74).
In adulthood, the human gut microbiota composition remains
relatively stable over time, exhibiting resilience to disruptors,
such as stress, acute diseases, or antibiotic administration
(65). This means that, after a brief exposure to disruptors, the
microbiome faces a substantial, but transient, perturbation,
followed by partial or total recovery of previous taxonomic
composition (96).
The healthy microbiome includes a limited number of highly
represented taxa, such as Bacteroides and Prevotella spp., and
a large number (up to 2000 identified to date) of minor players
with low representation but high metabolic activity (42,65). In
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healthy subjects, microbiota composition shows a certain
degree of inter-individual differences, that can be again
explained by genetic (13) and environmental factors (28),
such as the place of living, cultural habits, diet, diseases, medications, and immune system function (99). Dietary factors,
and particularly carbohydrate and protein intake, are generally
considered as the main determinants of gut microbiota composition (5,76,132).
In the older age, species richness and diversity of microbiome
decline, inter-individual variability increases, and resilience to
perturbations is reduced (24,86). Thus, the microbiome composition shifts towards a higher representation of opportunistic pathogens, and is related to increasing prevalence of malnutrition, frailty, disability and multimorbidity (49,112,114).

1.2 The intestinal microbiome in human diseases
A large body of literature has demonstrated that the presence
of acute and chronic diseases, not limited only to the gastrointestinal system, is associated with alterations of the gut microbiota composition (67,99). These alterations, globally referred
to as “dysbiosis”, include reduced biodiversity, loss of commensals with possible beneficial metabolic activities and
overgrowth of opportunistic pathogens (55,60,81). Dysbiosis
implies a disruption of the mutual equilibrium between gut
bacteria and host physiology (16). As a consequence, intestinal permeability increases, allowing bacteria or bacterial toxins
and metabolites to enter into the host circulation and promote
subclinical inflammation (64). Dysbiosis also reduces
bioavailability of nutrients, affecting the microbial metabolism of several beneficial substances (73).
As a result, gut microbiota may exert a great influence on the
functionality and pathophysiology of several organs anatomically distant from the gastrointestinal tract. For example, gut
microbiota dysbiosis may be involved in the pathophysiology
of dementia (17,115), Parkinson’s disease (108) (“gut-brain
axis”), chronic kidney disease (95), nephrolithiasis (113)
(“gut-kidney axis”), asthma (73) (“gut-lung axis”) and even
osteoporosis (84) (“gut-bone axis”).
However, most of these associations linking dysbiosis with
extra-intestinal diseases have been demonstrated in studies
with a cross-sectional design. Longitudinal studies, demonstrating a causal relationship between microbiota composition
and disease onset and course, are still lacking (99). Thus, the
real clinical implications of gut microbiota dysbiosis and
interventions targeted at modifying gut microbiota composition are still poorly understood.

2. Exercise and gut microbiota: the yin and yang
2.1 Beneficial effects of exercise on gut microbiota
Exercise is considered as one of the main environmental factors possibly influencing gut microbiota composition (99).
The complex relationship between exercise and microbiome,
and its possible implications for athletic performance have
already been reviewed elsewhere (10,27,87). However,
research in this field has made substantial improvements in
the last few years, and some recent acquisitions deserve to be
mentioned and discussed.
Exercise is generally considered a positive modulator of gut
microbiota biodiversity. This concept has been supported by
investigations performed in animals (8,18,57,75), and then
confirmed in human studies.

In a case-control study, microbial diversity was much higher
in a group of professional rugby players than in age-, sex- and
body size-matched controls not performing sports (26).
Recently, shotgun metagenomics analyses of the fecal samples from the same groups highlighted that athletes had a different microbiome composition also from a functional point
of view, with increased microbial representation of genes
involved in carbohydrate and amino acid metabolism, and
short-chain fatty acid (SCFA) production (7). In another
study, the average abundance of taxa involved in energy and
carbohydrate metabolism, including Prevotella and Methanobrevibacter smithii, resulted significantly higher in professional than amateur cyclists, and was correlated with the frequency of training (89). However, these studies could not
fully disentangle the contribution of exercise and diet in determining different microbiota compositions in different groups,
since participants followed a wide range of dietary regimens.
The intensity of training is also important: light exercise programs induce only subtle modifications of gut microbiota
composition in sedentary subjects (31). Therefore, the findings of studies performed in athletes should not automatically
be transferred to all subjects undertaking non-competitive
exercise.
According to three different studies (37,38,127), fecal microbiota biodiversity is correlated with cardiorespiratory fitness
in adult subjects. However, in one of these studies, performed
in 71 premenopausal Finnish women, this relationship was
mediated by body composition (127). Another study, performed in 19 active and 21 sedentary women aged ≤40 years
old, confirmed that the microbiome abundance of several bacterial taxa was significantly correlated with the body fat or
lean mass percentage (15). Thus, the possible association
between exercise and microbiota should be further investigated, carefully taking into account possible confounders, such
as dietary habits, nutrient intake, and parameters of body composition.
The influence of body composition on microbiota was emphasized also by the findings of one intervention study, where
two groups of sedentary subjects, one lean and one obese,
underwent a 6-week structured exercise program, followed by
a 6-week washout period (2). After exercise training, both
lean and obese participants experienced a change in gut
microbiota composition, but the overall representation of
species with known anti-inflammatory properties and the
microbiome capacity of producing SCFA was higher in lean
subjects, highlighting a body mass index (BMI)-dependent
response to training. However, all the changes reversed
towards the baseline status after the washout period (2). Interestingly, in exercised healthy young males undergoing a period of forced inactivity, cessation of exercise was associated
with changes in gastrointestinal physiology (i.e. reduction of
bowel movements and increased consistency of feces) before
alterations of gut microbiota composition and function could
be detected (103,104,105). These circumstances suggest that
the microbiome is resilient to acute changes in exercise habits,
and that maintenance of exercise is needed to induce longlasting modifications of intestinal microbial ecosystem.
The modifications of intestinal microbiome composition
induced by exercise can exert beneficial effects on the whole
organism, modulating pathological processes. For example,
exercise-induced microbiota changes are able to attenuate the
EIR 25 2019
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clinical course and outcome of experimental models of
myocardial infarction or chemically-induced colitis, especially by modulating the inflammatory response (1,63). The key
mediators in these processes may be SCFA, and particularly
butyrate, whose production by gut microbiota has been shown
to increase after exercise in humans (2).

me. The effects of exercise on the intestinal microbiome may
thus depend on its intensity and timing, and future studies
should help to disentangle this relationship.
3. Can the microbiota influence muscle pathophysiology?
The gut-muscle axis hypothesis in age-related sarcopenia
Recently, several research groups have independently hypothesized that the gut microbiota composition may influence the
emergence of sarcopenia, i.e. the loss of muscle mass and
function occurring with aging (33,44,83,90,112,116). A study
performed on rat models of sarcopenia has actually demonstrated that age-related muscle mass wasting is associated
with a distinct fecal microbiota composition, with reduced
representation of several taxa with purported anti-inflammatory and pro-anabolic actions on the host tissues, including Clostridium XIVa cluster, Butyricicoccus, Sutterella, Coprococcus and Faecalibacterium (102). Sarcopenic rats also exhibited a different fecal microbiota functionality, with rearrangements in the expression of bacterial genes involved in nutrient
biosynthesis and catabolism (102).
To date, no studies have investigated the composition and
functionality of fecal microbiota in older humans with sar-

2.2 Negative effects of exercise on gut microbiota
Despite the findings of the studies discussed above, other
investigations have questioned the concept that the exerciseinduced changes in gut microbiota composition are always
favorable for the host physiology. Endurance high-intensity
exercise, especially if not proportioned to training level, may
in fact represent a huge stressor for the organism. These conditions can induce ischemic events in the gut mucosa, associated with acute gastrointestinal symptoms including abdominal pain, nausea, and diarrhea (32). From a gut microbiota
perspective, these phenomena may be associated with
increased intestinal permeability allowing several bacteria and
their toxic products to enter systemic circulation and activate
systemic inflammation (51,97). A basic mediator in these
processes is represented by microbiota-derived lipopolysaccharide (LPS) (97), exerting a wide range of pathological
actions on the host (4).
Moreover, the high-intensity exerciseinduced dysfunction of the intestinal Table 1: Overview of the possible pathophysiological mechanisms involved in the
microbiota-mediated regulation of skeletal muscle function (gut-muscle axis) and of
mucosa may promote profound and rapid
corresponding effects in case of gut microbiota dysbiosis.
changes in microbiota. For example, in a
group of soldiers, a 4-day military training
program of Arctic cross-country ski-march
resulted in deep changes in fecal microbiota composition and functionality. Namely,
there was an expansion of a large number
of taxa, including opportunistic pathogens,
at the expense of dominant taxa, such as
Bacteroides, and taxa with known production of anti-inflammatory mediators (51).
In amateur athletes, the fecal microbiome
functionality acutely changed after a halfmarathon race, exhibiting a pro-inflammatory profile with a completely different
fecal metabolome (131). Similar changes
have also been demonstrated in animal
models (129). Interestingly, the administration of probiotics or prebiotics seems to
attenuate these unfavorable changes of gut
microbiota after exercise to exhaustion
(22,48,97), although the benefits are uncertain in case of lower intensity of exercise
(118,119).
In summary, regular exercise training
seems to be associated with higher biodiversity and beneficial functions of intestinal microbiome. The microbiota may thus
represent a mediator of the exerciseinduced health benefits, although diet and
body composition may play a relevant role
in this association. On the other side, there
are also some studies supporting that exercise to exhaustion may be associated with
detrimental consequences for the microbioEIR 25 2019
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copenia (116). However, there is some indirect evidence supporting the hypothesis of a gut-muscle axis, in which the
intestinal microbiota composition can influence muscle mass
anabolism and functionality.
The physio-pathological substrates of sarcopenia are represented by reduced muscle capillarity, reduced insulin sensitivity, and increased subclinical inflammation, resulting in
altered mitochondrial biogenesis and function, and altered
anabolic/catabolic balance of muscle protein synthesis
(14,69,70). From a clinical point of view, muscle mass loss
may also be favored by several conditions that are frequently
found in geriatric patients, including malnutrition, low dietary
protein intake, intestinal malabsorption, altered digestion and
subclinical cognitive deficits (58,83).
In this context, the intestinal microbiota composition may
influence the onset of sarcopenia at multiple levels. The presence of gut microbiota dysbiosis is in fact associated with several metabolic alterations, involving protein synthesis, release
of pro-anabolic mediators, inflammation and insulin sensitivity. All these elements can modulate skeletal muscle physiology, as summarized in Table 1.
First, a dysbiotic intestinal microbiota can reduce the
bioavailability of dietary proteins (102) and particularly of
some amino acids, like tryptophan, involved in modulation of
inflammation and promotion of muscle protein synthesis
(21,36,62). Gut bacteria are also involved in the synthesis of
many vitamins, including folate, vitamin B12 and riboflavin,
exerting several beneficial and pro-anabolic effects in skeletal
muscle cells, ranging from amino acid biosynthesis to oxidative stress neutralization during exercise (59).
Moreover, a healthy intestinal microbiota can effectively
transform some dietary nutrients into metabolic mediators
that, once absorbed into systemic circulation, can exert beneficial effects on inflammation, insulin sensitivity, anabolism,
and antioxidant capacity. Conversely, a dysbiotic microbiota
may lack these functions, with some negative consequences
on muscle health. Polyphenols, including resveratrol, and
ellagitannins contained in pomegranates and berries represent
the most relevant examples of nutrients that, after microbial
metabolism, enter systemic circulation and exert beneficial
effect for the muscle (98,107). Interestingly, endurance training seems to enhance the bioavailability of dietary polyphenols, probably through its beneficial modulations of intestinal
microbiota (88).
Moreover, the age-related alterations of gut microbiota composition (24), occurring independently from the level of exercise training, can promote gut mucosa dysfunction, with
increased permeability. This phenomenon may result in the
systemic absorption of microbial byproducts and toxins,
including LPS (20). In skeletal muscle cells, circulating LPS
can contribute to activate Toll-Like Receptors (TLR) 4 and 5,
promoting NF-kB pathway activation, with reduced insulin
sensitivity, enhanced protein catabolism and inflammatory
cytokine production (72,106). In animal models, TLR4 activation determines muscle atrophy (35). In aging human beings,
TLR4 activation is associated with metabolic endotoxinemia,
decreased insulin sensitivity and reduced quadriceps muscle
strength and volume (41).
But probably the most studied mechanism involved in gut
microbiota modulation of muscle function is the bacterial production of metabolic mediators, including bile acids and

SCFA (20,25). A healthy gut microbiota can produce secondary bile acids, that are well known activators of farnesoid X
receptor stimulating myocyte anabolism (53). SCFA, and particularly butyrate, are generally synthetized by a large number
of gut bacteria, including Faecalibacterium, Butyricimonas,
and Succinivibrio, highly represented in healthy subjects but
with reduced abundance in older individuals (19). These
mediators have several beneficial metabolic activities, summarized in Table 2, ultimately influencing skeletal muscle
protein deposition through modulation of the systemic anabolic/catabolic balance (6,19). The administration of butyrate and
probiotics with similar functionality to animal models of muscle wasting resulted in massive improvements in muscle mass
(120,125). Unfortunately, human studies on this topic are still
lacking to date.
The metabolic action of gut microbiota was however confirmed in a study by Blanton and colleagues, where the transplantation of the dysbiotic fecal microbiota from malnourished African children to germ-free mice resulted in mouse
failure-to-thrive (12).
Furthermore, the administration of rifaximin to mouse models
of hepatic encephalopathy surprisingly resulted in improved
skeletal muscle mass and function (56). Rifaximin is able to
Table 2: Summary of the main physiological functions of short-chain
fatty acids (butyrate, acetate, propionate) produced by the intestinal
microbiota (6,19,118,123). The most relevant functions possibly
involved in the gut-muscle axis are shown in italics.
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Figure 1: Representation of the hypothetical conceptual framework connecting exercise, intestinal microbiome, inflammation, immune system
function and skeletal muscle pathophysiology at the current literature state of art.

selectively kill pathobionts, favoring the expansion of bacterial populations with purported beneficial activities, such as
Bifidobacteria or Lactobacilli (91). The observed effects on
mice may depend on its capacity to reduce the gut microbiota
dysbiosis associated with hepatic encephalopathy.
In summary, the results of several pre-clinical studies support
the hypothesis that gut microbiota dysbiosis may be associated with muscle wasting, especially in age-related sarcopenia.
However, confirmation of this possible gut-muscle axis in
human studies is still lacking, and the clinical relevance of
these supposed mechanisms is still uncertain.
4. Exercise and the gut-muscle axis
Although studies on humans are lacking, several preclinical
studies support the hypothesis that the intestinal microbiota
can modulate skeletal muscle physiology not only in agerelated sarcopenia, but in all ages and physiological states
(20,25). In this context, exercise may represent a strong modulator of gut microbiota composition. Thus, the gut-muscle
communication in human pathophysiology may be bidirectional (25), with gut microbiota representing a “cross-road”
among environment, lifestyle, and skeletal muscle (112).
In this scenario, some authors have hypothesized that many of
the well-known positive health effects of exercise may be
mediated by its beneficial modifications on the gut microbiota
(23,79,80). However, when there is an exercise overload,
these possible beneficial effects are overweighed by increased
intestinal permeability and oxidative stress, promoting
inflammation and a catabolic state that negatively impacts the
functionality of skeletal muscle (29). Moreover, the harmful
EIR 25 2019

effects of inactivity on the muscle and vascular system may be
at least partly mediated by negative changes of the gut microbiota towards dysbiosis (23,109).
In healthy subjects who regularly perform physical activity, a
homeostatic equilibrium between intestinal microbiota and
skeletal muscle may be present, with exercise promoting
healthy microbiota composition, and microbiota favoring
muscle health. This equilibrium may be disrupted by sedentary lifestyle or excessive exercise, resulting in dysbiosis of
the gut microbiota. Other factors promoting dysbiosis, such as
drugs or acute illnesses, may also be associated with reduced
muscle mass and function. In fact, dysbiosis influences gut
permeability, systemic inflammation, anabolism and nutrient
availability. All these mechanisms are involved in muscle
physiology and represent the substrates of the gut-muscle
axis, as depicted in Figure 1.
In summary, the gut-muscle axis may be two-way, with
microbiota influencing the muscle, and exercise contributing
to shape microbiota composition. The intensity and frequency
of exercise may have great importance in determining which
way of the axis is prevalent, and its physio-pathological consequences.
5. Immune system and the gut-muscle axis: virtuous and
vicious cycles
A healthy gut microbiota has a fundamental role in shaping
local and systemic immune response to gut bacteria through
the whole lifespan, favoring the maintenance of tolerance
towards antigens from commensals and activation against
antigens from pathogens (40). On the other side, gut micro-
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Table 3: Overview of the mechanisms involved in immune system control of gut microbiota dysbiosis favors the loss of immunologic tolerance to commensals, the impairment biota composition (47,60,68,100,128).
of epithelial barrier function and an inbalance
in the activation of anti-inflammatory Treg
lymphocytes and pro-inflammatory Th17
lymphocytes (43,60). These phenomena may
contribute to the onset of several infectious,
inflammatory and autoimmune diseases,
including inflammatory bowel diseases, type
1 diabetes and multiple sclerosis, with gut
microbiota playing an active pathogenic role
(9).
However, besides this “outside-in” relationship, there is also an important “inside-out”
control of immune system over gut microbiota (47,117). The immune system is in fact
able to influence the gut microbiota composition at multiple levels. Both innate and adaptive immunity are involved. The possible
mechanisms are synthetized in Table 3, and
include production of antimicrobial peptides
from intestinal cells, mucus secretion,
immunoglobulin A (IgA) activation, toll-like
receptor (TLR) activation, lymphocyte transfer and differentiation, presence of invariant Table 4: Summary of the main features of aging immune system involved in increased
gut mucosa permeability and in age-related gut microbiota dysbiosis (11,66,124).
natural
killer
T
cells
(iNKTC)
(47,60,68,101,130). The presence of specific
inbalances in each one of these pathways
may be associated with the emergence of gut
microbiota dysbiosis (47,68).
In fact, human beings infected with the
Human Immunodeficiency Virus (HIV)
exhibit deep changes in the structure and
functionality of the intestinal microbiome,
with increased biodiversity due to overgrowth of opportunistic pathogens and
decreased representation of taxa with antiinflammatory properties (121,122,133). Similar alterations of gut microbial community
structure have been detected also in patients
with IgA deficiency (39). These findings support the concept that the immune system
functionality influences gut microbiota composition.
Conversely, the presence of specific functionalities in the gut microbiome, related to
fatty acid metabolism, PPAR-signaling, lipid
biosynthesis and kynurenine pathway of
tryptophan metabolism, may enhance systemic immunity acti- Whatever the mediators involved, the equilibrium between
vation and promote control of HIV infection (124). Therefore, immune system and microbiome may be strongly influenced
a complex interplay between microbiome and immunity by environmental factors. Positive modulators of gut microexists, and the physio-pathological consequences depend on biota composition, including regular exercise, may induce a
the type of equilibrium reached (117).
beneficial equilibrium with the immune system, resulting in a
Some metabolic mediators, such as bile salts, may play a rele- virtuous cycle helping to maintain health (27,85). Conversely,
vant role in this equilibrium. In the gut lumen, bile salts can in factors that disrupt gut microbiota composition, such as exerfact undergo metabolic transformations into compounds with cise to exhaustion, illness and aging, may cause a perturbation
immunoregulatory and anti-inflammatory properties, particu- of the equilibrium between microbiome and immune system.
larly on Kupffer cells and intrahepatic lymphocytes (100). As a result, systemic inflammation is chronically activated,
Bile salts have also the capacity of selecting specific subpopu- sustaining further alterations of the microbiota towards dyslations of the gut microbiota that are able to metabolize them, biosis promoted by the altered immune system regulation
contributing to shape the intestinal microenvironment (100).
(30,46). So, a vicious circle arises.
EIR 25 2019
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These postulated mechanisms are highlighted in Figure 1.
A healthy gut microbiota, and a positive interaction with the
immune system, may be crucial for the gut-muscle axis, and
may influence the maintenance of muscle mass and functionality, especially in exercised subjects (29). Conversely, dysbiosis resulting from a negative interaction with the immune
system may influence muscle wasting disorders, particularly
during aging (112).
Age-related gut microbiota dysbiosis is associated with
increased gut mucosa permeability in both animal models and
humans (92,111). The reduced intestinal epithelial barrier
function is accompanied by several alterations in immune system, involving both innate and acquired immunity (Table 4)
(11,66,126). These alterations ultimately promote local and
systemic inflammation, with overproduction of the proinflammatory cytokines TNF-α, IL-1β and IL-6 (66,126).
Inflammation negatively impacts the gut-muscle axis and is
involved in the pathogenesis of several age-related conditions,
including not only sarcopenia and frailty (126), but even cancer (11). Moreover, IL-1β further stimulates intestinal epithelial tight junction permeability and promotes local dysbiosis
(3), in a vicious cycle supporting skeletal muscle wasting and
loss of function.
In summary, the relationship between intestinal microbiome
and immunity may be two-way, and the resulting equilibrium
may exert important functions on the functionality of the gutmuscle axis and on muscle health. More research is however
needed to disentangle these complex relationships, and to
reveal their actual relevance from a clinical perspective.
6. Conclusions
The relationship between exercise, immune system, gut
microbiota, and skeletal muscle pathophysiology is very complex and not completely elucidated at the current state of the
art. In Figure 1, we present a possible interpretative framework, showing that the gut microbiota is at the cross-road
between environmental stimuli and host physiology, undergoing a continuous interplay with the immune system and the
skeletal muscle.
Future studies should clarify whether gut microbiota dysbiosis
is pathophysiologically associated with muscle wasting disorders, and if exercise may positively influence this putative
gut-muscle axis. Furthermore, the influence of the microbiome-immune system interplay on skeletal muscle mass and
functionality should be investigated in both experimental
models and human beings.
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ABSTRACT
Feelings of fatigue not only occur in chronic and acute disease states, but also during prolonged strenuous exercise as a
symptom of exhaustion. The underlying mechanisms of fatigue
in diseases seem to rely on neuroinflammatory pathways.
These pathways are interesting to understand exerciseinduced fatigue regarding immune system to brain signaling
and effects of cerebral cytokines. Activation of the immune
system incurs a high-energy cost, also in the brain. In consequence immune cells have high energetic priority over other
tissues, such as neurons. A neuronal inactivation and corresponding changes in neurotransmission can also be induced
by end products of ATP metabolism and elicit feelings of
fatigue in diseases and after intensive and prolonged exercise
bouts. Since there are no existing models of exercise-induced
fatigue that specifically address interactions between neuroimmunologic mechanisms and neuroenergetics, this article
is combining scientific evidence across a broad range of disciplines in order to propose an inflammation- and energy-based
model for exercise-induced fatigue.
Keywords: exercise-induced fatigue, neuroinflammation,
neuroenergetics, adenosine, cytokines.
1. Introduction

To study exercise-induced fatigue for many years, priority was
given to muscles over the brain as a regulatory factor. Already in
1915, Alessandro Mosso postulated that both, the will (central
component) and the muscular work (peripheral component), have
to be taken into account when considering the resulting impairment of exercise performance. Mosso distinguished the diminution of the muscular force and the sensation of fatigue (1). As a
result of the upcoming knowledge of the bi- and multidirectionality of biological systems, the paradigm shifted to the inclusion of
cerebral processes in order to guarantee homeostasis in all systems during exercise by modulating athlete´s behavior (2,3).

Since proinflammatory cytokines induce changes in behavior
during acute infection by provoking feelings of fatigue (4,5),
it is reasonable that the remarkable rise in circulating proinflammatory signals during prolonged strenuous exercise (6)
may also contribute to exercise-induced fatigue. In this
regard, the neuromodulatory properties of myogenic/neuronal
Interleukin 6 (IL-6) and cerebral immune cell-derived Interleukin 1 (IL-1) have recently been discussed as major factors
in exercise-induced fatigue (7,8).
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According to the selfish immune system theory (9), high synthesis rates of cytokines indicate high energy turnover of
immune cells and with that, higher energetic needs of those.
In the case of an increasing brain macrophage activity, energy
substrates may be shifted away from neurons to these immune
cells to maintain their activity (8,10). Because decreasing neuronal activity seems to induce feelings of fatigue also during
exercise, a compromised energy provision to neurons due to
increasing brain immune cell activity could account for the
decline in exercise performance (11,12).

The initially increasing neuronal and glial energy turnover
during prolonged strenuous exercise (11,12) may favor the
generation of the nucleoside adenosine (ADO) (13), which
negatively mediates exercise performance in a concentrationdependent manner by modulating dopamine neurotransmission in the basal ganglia (14,15).

Here, we propose that (neuro-)immunological mechanisms
influence neuroenergetics, with both proinflammatory signals
and end products of energy turnover inducing feelings of
fatigue during prolonged strenuous exercise and ultimately
provoking exercise termination.

2. Peripheral and central fatigue

Already in the late nineteenth century, the physiologist Angelo
Mosso postulated that “muscular fatigue also is at bottom an
exhaustion of the nervous system” (2). In the context of exercise-induced fatigue, central or supraspinal fatigue appears to
originate in regions of the brain and is defined as the inability
of the CNS to drive motor neurons efficiently during the performance of intermittent or prolonged aerobic exercise (16),
whereas peripheral or muscle fatigue is the result of biochemical changes in the exercising limb muscles (17).

2.1 Lactate accumulation
According to the lactate theory of exercise fatigue, the exercising muscles stop working due to a massive intracellular
lactate accumulation as a consequence of an insufficient supply of oxygen and the upregulation of the muscle cell´s anaerobic metabolism (17).

However recent findings challenge the correctness of the lactate theory (Robergs, 2004) and emphasize the significance of
lactate as energy substrate in other metabolic processes
(18,19). Via intracellular monocarboxylate transport proteins,
lactate is used as an additional energy substrate both by contracting and adjacent inactive muscle fibers. During strenuous
exercise, a reciprocal brain-muscle energy exchange occurs in
which the brain favors muscle-derived lactate in order to provide enough circulating glucose to type-2 muscle fibers as its
primary energy substrate (20-22).

The energetic capacity of exercising muscles does not
decrease significantly to promote peripheral fatigue, since
muscles are still capable to generate power at exhaustion (23).
Because neither lactate accumulation in exercising muscles
nor associated muscle acidification cause peripheral fatigue
(23), these findings underline the assumption of exercise termination forced by central mechanisms.

2.2 Neurotransmission
Neurotransmission of monoamines plays a crucial role in
exercise-induced fatigue. The central fatigue hypothesis postulated by Newsholme et al. (24) states that exercise-induced
synthesis of cerebral serotonin (5-HT) provokes the onset of
fatigue symptoms. Since 5-HT can not cross the blood-brain
barrier (BBB), brain cells rely on the uptake of tryptophan as
its precursor. Animal studies (25) have shown that tryptophan
injections in the cerebral ventricle of rats were associated with
the onset of exercise-induced fatigue, while inhibition of the
conversion of tryptophan to 5-HT could improve running time
to fatigue. However, others have proven a reduction in plasma
tryptophan in humans after exhaustive aerobic exercise (26),
which seems contradictory to the aforementioned findings.
Strasser et al. conclude that there is limited availability of
tryptophan for 5-HT biosynthesis in the brain after the enzymatic conversion to kynurenine in the periphery.

Recent findings provide evidence that dopaminergic neurotransmission in striatopallidal neurons increases exercise performance by maintaining motivation and motor regulation
(27,28). A blockage of central dopaminergic D1/D2 receptors
results in a significant decrease in endurance performance and
maximal oxygen uptake (29).

2.3 Cytokines
Many systemic inflammatory and neuroinflammatory disorders, i.e. chronic fatigue syndrome (CFS), depression or multiple sclerosis, are frequently accompanied by high amounts
of circulating cytokines and a persistent state of mental and
physical fatigue (30). Neuroimaging studies have suggested
the presence of neuroinflammation in the midbrain of CFS
patients (31). Furthermore, CFS patients achieve volitional
exhaustion significantly faster and consistently report a higher
rate of perceived exertion during an exercise task, assuming
that CFS, in part, is mediated centrally (32). Chronic fatigue
in athletes suffering from overtraining/athlete burnout may
also result from circulating proinflammatory cytokines and a
neuroinflammatory state (33,34).

Vargas & Marino (35) proposed a neuroinflammatory model
for acute fatigue during exercise. The authors suppose a
potential interaction between cytokine release during prolonged strenuous exercise and their effects on afferent feedback signalling to the brain that might lead to feelings of
fatigue. In particular, the extraordinary increase in plasma IL6 concentration is proposed to be a major fatigue-inducing
factor due to its receptor-mediated signal transduction in neuronal afferents and circumventricular organs (CVO).

Already in 2000, the influence of muscle-derived IL-6 was
considered to play an important role in the development of central fatigue (36). Subcutaneous administration of a low dose of
recombinant IL-6 to athletes increase their sensation of fatigue
at rest and significantly impairs athletic performance during a
10-km running time trial (37). Because of its autocrine,
paracrine or endocrine effects, muscle-derived IL-6 may also
function as an energy sensor and a hormone-like molecule that
increases energy substrate mobilization (38-40), possibly by an
intensity-dependent upregulation of cortisol (41,42). Therefore,
high IL-6 levels could represent the need for energy substrates.
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After an eccentric exercise bout, the concentration of IL-1
increases significantly in rat brain regions responsible for
movement, coordination, motivation, perception of effort, and
pain. Its levels correlate significantly with both post-exercise
delayed recovery and decreased performance in a subsequent
task (43). Further, intracerebroventricular injection of IL-1
significantly decreased wheel running activity in uphill running mice, whereas IL-1ra improved wheel running in downhill running mice (44). Another study identified perivascular
and meningeal macrophages as the major producer of brain
IL-1 during exercise (8).

There is vast evidence that microglia, another mononuclear
phagocytic cell type in the CNS and the main actor in neuroinflammation, synthesize both IL-1 and TNF in high amounts
after activation. Furthermore, the decrease in symptoms of
depression and fatigue is accompanied by a reduced TNF
secretion in the CNS through modulation of neuroinflammation (31,45,46).

3. Systemic inflammatory response during exercise –
muscle damage, leukocytosis and endotoxemia

Via the production of IL-6 and reactive oxygen species
(ROS), both exercise-induced muscle damage (47,48) and the
intensity-dependent rise in circulating T-lymphocytes and
neutrophils (49,50) significantly contribute to the exerciseinduced systemic inflammation (51,52). The rise in serum
neopterin during exhaustive aerobic exercise suggests an
increased activation of peripheral macrophages (26). However, results from Ostrowski et al. (53) reveal an increase of the
anti-inflammatory cytokines IL-10, IL-1 receptor antagonist
and soluble TNF receptors during and after strenuous exercise, possibly due to the massive increase in IL-6 (41,54).

Lymphocyte-derived extracellular heat shock proteins are
known to increase during high-load exercise and are further
proposed to promote fatigue sensation via marked influence
on motor neurons and deeper structures of the CNS (55).
These molecules also promote inflammation by acting as a
danger signal from the immune system. Bårdsen et al. (56)
suggest that the significant increase in extracellular heat shock
proteins in CFS patients might signal to the brain and contribute to the state of fatigue.

The observation that prolonged strenuous exercise favors a systemic inflammatory state was discussed by John Marshall,
assuming that the exercise-induced increase in intestinal permeability and lipopolysaccharide (LPS)-induced endotoxemia may
be the underlying cause (57). LPS is a gut-derived proinflammatory fragment of the outer membrane of gram-negative bacteria
and a pathogen-associated molecular pattern (PAMP). Pals et al.
(58) showed that the degree of the intestinal permeability
depends mainly on exercise intensity and correlates with body
core temperature. In fact, human studies show that the severity
of endotoxemia seems highly dependent on the environmental
temperature (59,60), but also on the composition of the gut
microbiota (61). In this regard, the supplementation of probiotics
over a period of 4 weeks displays a tendency to decreasing intestinal permeability and reducing LPS in the bloodstream (62).
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After an ultramarathon, 81% of the participants showed plasma LPS levels > 0.1 ng/ml (endotoxic), while 2% even had a
plasma concentration of 1 ng/ml (potentially lethal) despite
moderate environmental temperatures (20,3°C-22,3°C) (63).
Both exercise-induced functional splanchnic hypoperfusion
and translocation of LPS are damaging the protein-barrier
complex between enterocyte membranes via temperaturedependent and immune-mediated mechanisms (64-66). This
contributes to an endotoxic state.
4. Communication interfaces between periphery and
central nervous system

A systemic inflammatory response has been shown to affect
the activity of immune cells in the brain. The growing importance of the bidirectionality between the periphery and the
central nervous system (CNS) and the impact of neuroimmunomodulatory mechanisms (67) puts the interplay of
endocrine, neuronal and immunological mechanisms in the
forefront of exercise regulation (3). Due to acute or chronic
immune stressors, dysregulation at periphery-CNS interfaces,
i.e. the BBB, CVO, and afferent nerve fibres (68), is associated with pathological conditions in which fatigue is a common
feature (69). As prolonged strenuous exercise represents a
huge physiological stressor accompanied by immune activation, interface-specific cells could get regulated in order to
induce systemic adaption and maintain homeostasis in all systems during exercise (2,70).

Some cytokines use specific mechanisms to access the brain
parenchyma by bypassing its saturable transport mechanisms
(71). The serum level of the S100 calcium-binding protein
(S100) which provides information about the severity of the
BBB´s permeability, increases during strenuous exercise (72).
Both duration and intensity of an exercise bout (73) and
game-related activities or events (74) seem to determine the
rise in S100 plasma concentration. Furthermore, S100 is the
most frequently assessed biomarker in studies investigating
sport-related concussion which is known to induce BBB disruption (75). According to the severity of concussion, the
post-injury neuroinflammatory state promotes metabolic dysfunction and neuronal impairment (76), often followed by persistent feelings of fatigue, without regard of traumatic brain
injury severity (77,78). A correlation between the onset of
exercise-induced fatigue and the number or magnitude of
impacts to the head is possible, but experimental data are
lacking.

Although LPS is able to alter transport rates for many peptides
across the BBB (79), LPS acts on receptors outside the BBB
rather than directly on BBB´s structures to modulate its
integrity (80,81). Peripheral administration of subseptic doses
of LPS initiates the synthesis of IL-1 and tumor necrosis factor-alpha (TNF) messenger RNA at the CVO, but not at the
BBB (82). Since plasma LPS concentration can rise significantly during prolonged strenuous exercise (63), CVO could
play a decisive role in neuroimmunological modulation.
Recent studies show that communication between peripheral
immune cells and brain structures predominantly occurs at the
sensory CVO (83). Their unique structure enables them to
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monitor and transmit blood- and cerebrospinal fluid-derived
information from circulating substances that do not readily
cross the BBB.

During a systemic inflammatory response, concentrations of
the IL-6 receptor and the IL-6 signal transducer glycoprotein
130 are highest in the sensory CVO. The synthesis rate of
both increase significantly in accordance with circulating IL-6
(84), thereby enforcing its neuroimmunomodulatory properties. The huge rise in serum IL-6 during prolonged strenuous
exercise may increase levels of soluble IL-6 receptor and glycoprotein 130 in the sensory CVO. A systemic inflammatory
response upregulates IL-1 receptor and TLR (Toll-like receptor) 4 in the sensory CVO as well, both changing the activity
of neurons and inducing gene expression of proinflammatory
cytokines (85-87). The IL-1 receptor and TLR4 is expressed
by microglia and by brain macrophages. After a single systemic administration of LPS, microglia show increased proliferation in the sensory CVO compared with other regions of
the brain (88), presumably compensating for the lack of a protecting BBB.

Receptors for cytokines and LPS are also expressed at the terminal nerve endings of the vagus nerve, suggesting a crucial
role in immunomodulation and sickness behavior via signalling from nucleus tractus solitarius to brainstem, hypothalamus and higher brain centers (89-91). Once these receptors
become activated, the vagus nerve is stimulated in a dosedependent relationship (92,93).

Since the afferent activity of the hepatic vagus nerve seems to
contribute to the orchestration of the metabolic and hormonal
responses to exercise, cytokine-induced stimulation of the
vagus nerve could influence exercise performance in a dosedependent manner (94). Similarly, activation of glial cells in
the spinal cords of mice during eccentric exercise alters their
gene expression due to the emerging skeletal muscle inflammation (95), provoking exercise-induced muscle hyperalgesia
by IL-6 signalling on primary afferent nociceptors (96).
Enhanced glial cytokine synthesis in the spinal cord is also
shown during acute and chronic pain states and in inflammatory muscle disease (97,98) with fatigue and pain pathways
being quite similar regarding cytokine signalling (99).
5. Neuroinflammation and fatigue

Since the perception of fatigue as a hallmark of sickness
behavior seems to be cytokine-driven (4,5), fatigue is widespread in people suffering from neurodegenerative and chronic inflammatory diseases (30). Both direct and indirect measurement methods revealed an increased intestinal permeability, higher circulating LPS levels and a region-specific rise in
neuroinflammation (100-104). Therefore, a causal relationship between intestinal permeability, neuroinflammation and
the perception of fatigue is reasonable.

Rats exposed to either an immunological or a physical stressor
show symptoms of sickness behavior in a time-dependent
manner. However, when IL-1 receptor antagonist is injected
intracerebroventricularly prior to the physical stress exposure,

symptoms do not appear (105). Indeed, IL-1 and IL-6 may
function as immunological correlates of human sickness
behavior. During infection, levels of IL-1 and IL-6 spontaneously released from peripheral blood mononuclear cell cultures were consistently correlated with reported manifestations of acute sickness behavior including fever, malaise,
pain, fatigue, mood and poor concentration (106).

An animal study showed that the administration of antiinflammatory omega-3 fatty acids significantly inhibit LPSinduced neuroinflammation in the prefrontal cortex, hippocampus and hypothalamus and reverses depression-like
behavior (46). Moreover, supplementation of the omega-3
fatty acid eicosapentaenoic acid in the course of 16 weeks
promotes symptom remission and structural brain changes in
patients with CFS (107).
6. Energetic regulation – is there a selfish immune system
in the brain?

From an ecoimmunological point of view, an acute inflammatory response is metabolically extremely costly according to
its allostatic load (108). As allostasis is an evolutionarily conserved and energy-intensive response to resume local homeostasis, the allostatic load indicates the severity of the homeostatic disruption (109). Based on in vitro O2-consumption
rates (24), activated macrophages turn over ATP ten times
faster per minute compared to the inactivated state. The
favored aerobic glycolysis of activated immune cells makes
glucose their primary energy substrate (110), using strategies
to redistribute energy to themselves to keep their metabolism
running (9). New insights indicate that these characteristics
can also be observed in microglia depending on their polarization state (10,88,111).

Assuming that brain macrophages become overactive during
prolonged strenuous exercise (8), their energy needs could
reduce energy provision to neurons, thereby promoting the
occurrence of fatigue symptoms. In patients with tuberculous
meningitis, the infection with Mycobacterium tuberculosis
represents a huge allostatic load indicated (112). The infection
is accompanied by microglial activation and the allocation of
astrocytic lactate to microglia via astrocyte-microglia lactate
shuttles, thereby providing an adequate energy supply activated microglia. As a result, the allocation of lactate to neurons
decreases significantly, which leads to neuron inactivation
(10). Similarly, when lactate shuttling from astrocytes to neurons decreases during strenuous exercise, neurons are not able
to maintain their metabolism (11,113). In consequence, exercise performance declines.

Acute bouts of strenuous exercise mobilize highly differentiated T-cells from peripheral tissues into the blood stream
(49,114) referring to exercise-induced leukocyte demargination (115). Since a high differentiation level is associated with
decreased mitochondrial content and function, these immune
cells mainly rely on the glucose-consuming anaerobic metabolism (116). The trafficking rate depends on the aerobic fitness level with untrained people showing higher redistribution
of these energy consuming immune cells into the blood
EIR 25 2019

24 • Neuroimmunology of exercise
stream (117,118), potentially contributing to the earlier onset
of exercise-induced fatigue in this population.

A high energy turnover induces ATP breakdown to ADO.
ADO is secreted by ATP-depleted tissues or is extracellularly
generated from ATP, which is released from metabolically
stressed cells (119). In a Drosophila infection model, ADO
induces energy reallocation by enhancing uptake of glucose in
immune cells at the expense of other glucose-dependent tissues, including the brain (120). Consequently, ADO is considered being a signalling molecule whose effects could increase
fatigue in relation to the energetic demand of activated
immune cells (121). It is important to note that ADO regulatory and signaling network in Drosophila is similar to mammalian systems (121). Since high levels of ADO accumulate
in the brain after prolonged strenuous exercise (13), it is reasonable that there could be similar mechanisms of action.
7. Purinergic regulation of neuroinflammation and neurotransmission in the basal ganglia

New insights into mechanisms of action of purines in the CNS
with respect to neuroinflammatory processes and behavioral
regulation emphasize their neuromodulatory effects, although
most results are from animal studies (122). A rise in extracellular ADO favors neuroinflammatory signalling through
upregulation of the high-affinity A2A adenosine receptor (123).
As high amounts of extracellular ATP are considered to be
evolutionarily conserved danger-associated molecular pattern
(DAMP) (124), it initiates inflammation via stimulation of the
TLR4-dependant cytosolic inflammasome in microglia (125).
While both ADO and ATP are able to enhance the production
of IL-1 (126), IL-1 in turn promotes ATP and ADO release
from neurons (127). Experimental data in mice suggest a
potentiation of nitric oxide release by activated microglia after
interacting with the A2A adenosine receptor, thereby increasing
ROS and reactive nitrogen species (RNS) production (128130). In addition, the stimulation of the ATP-purinoceptors
P2X7R and P2X4R favors synthesis of IL-6 and TNF, what
further promotes neuroinflammation (131).

ADO directly influences behavior by decreasing dopaminergic neurotransmission through conformational changes of
D2R binding sites at a shared A2A/D2- and A2A/D2/mGlu5receptor complex on rat striatopallidal GABA neurons
(15,132,133). As dopamine is an important neurotransmitter
in exercise regulation, ADO may negatively influence exercise performance in rats (134). In contrast, the ADO antagonist caffeine delays run time to fatigue in rats by 52%, presumably by increasing dopamine release through an antagonism at the A1 and A2A adenosine receptors in the striatum, the
nucleus accumbens and the nucleus caudatus (135) or the preoptic area and the anterior hypothalamus (136). However, no
effect of caffeine on exercise performance was seen in
humans exercising in high ambient temperature (137).
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8. Neuroinflammation-induced energy reallocation during
exercise – a new paradigm?

Not only exercise-induced muscle damage, endotoxemia and
leukocytosis contribute to the systemic inflammatory
response in exhausted athletes, but also the release of
ROS/RNS and, to a lower extent, cytokine-dependent apoptosis of leukocytes and neutrophils immediately after prolonged
strenuous exercise (138,139). Although circulating lymphocytic subpopulations contain a high antioxidant capacity
(140), it is conceivable that leukocytes whose capacity has
already been exhausted during prolonged strenuous exercise
could undergo apoptosis even before exercise termination.
Cells that are not immediately phagocytosed after apoptosis
become “leaky” (secondary necrosis). They release DAMPs
and stimulate a host response by secreting more proinflammatory signals (141).

Exercise-induced rise in serum LPS concentration may induce
changes at the BBB and favors microglia proliferation at the
CVO, thereby inducing neuroinflammation (80,88). If gutderived LPS accumulates in the liver by overwhelming the
capability of the liver´s reticulo-endothelial system (63), the
resulting stimulation of Kupffer cells may force the secretion
of cytokines. Binding of LPS and IL-1 to receptors on terminal nerve endings of the hepatic vagus nerve may activate
microglia (69,142).

There is some evidence that IL-6 acts as a major factor and is
contributing to exercise-induced fatigue (7,36,37). Results
from prolonged (marathon) and highly prolonged (spartathlon) endurance exercise show a 128-fold and respectively
8000-fold increase in IL-6 plasma levels, peaking at exercise
termination and rapidly normalizing afterwards (53,143). This
outcome may support the fatigue-inducing character of IL-6
instead of being a proinflammatory cytokine in the context of
exercise. However, as energy availability declines drastically
due to the physical strain in such events, muscle-derived IL-6
may also work in its hormone-like fashion by increasing energy substrate mobilization (38-40).

Since increased neuronal metabolism alters microglia functioning, neurons can be regarded as key immune modulators
in the brain (144). As neuronal metabolism and extracellular
levels of ‘neuron-microglia signalling factors’ rise, they function as "On" signals (Fig. 1: right box, dark blue arrows) by
recruiting microglia which then support the neuron´s metabolism (Fig. 1: microglia-astrocyte-neuron lactate shuttles =
right box, purple arrow). Already before, astrocytes begin to
serve the energy needs of the neurons through cellular lactate
transfer (Fig. 1: astrocyte-neuron lactate shuttles = light blue
arrow).

The rise in extracellular ADO due to the high glial and neuronal ATP turnover may increase astrocyte proliferation and
activation (145). The significant increase in brain ADO during
strenuous exercise (13), could, therefore, aim to enhance
astrocytic lactate production to supply the cells in need (Fig.
1). Furthermore, cerebral ADO modulates BBB permeability
through stimulation of endothelial A2AR and A1R (146). An
enhanced uptake of blood lactate may be the consequence, as
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a moderately increased permeability of the BBB is regarded
as a functional mechanism during exercise by serving neuronal metabolism (27). Marked changes, however, could may
limit the individual’s capacity to perform optimally by allowing the accumulation of unwanted substances in the CNS (27).

Because almost all metabolic processes show a dose-response
relationship during stress exposure with both beneficial and
detrimental outcomes (147), exercise above a certain threshold can cause mal-adaptations as well (148). Regarding prolonged strenuous exercise, the exercise-related dose response
induces an inflammatory state (Fig. 1) and may also provoke
an acute neuroinflammatory response (8) due to the high allostatic load on brain cell metabolism. However, experimental

data are lacking to make clear conclusions about brain metabolism during exercise and its relation to neuroinflammation.
But to integrate the existing knowledge about exercise-related
dose response into the concept of neuroinflammation, we propose a model of continuum in which the astrocyte-neuron lactate shuttle expands to the microglia-astrocyte-neuron lactate
shuttle (149) when energy demand of neurons increase during
exercise (Fig. 1, right box). Both, the intensity-dependent systemic inflammatory response and brain cell-derived purines
may switch the microglial phenotype from the M2/antiinflammatory form to the M1/proinflammatory form, thereby
making them more “energy-craving”. That is followed by a
step-by-step inactivation of neurons through astrocytemicroglia lactate shuttles (10) (Fig. 1: right box, red arrow).

Figure 1: Hypothetical integrative model showing how neuroimmunological and neuroenergetic mechanisms induce feelings of fatigue during
prolonged strenuous exercise, ultimately provoking exercise termination.
Strenuous exercise favors exercise-induced muscle damage, gut-derived LPS translocation and immune cell expansion (leukocytosis) [1]. At the
same time, the exercise-induced and intensity-dependent increase in neuronal metabolism favors the release of neuronal ‘On’-signals, which
induce lactate transfer from glial cells to neurons, beginning with the astrocyte-neuron lactate shuttle [2] and extending to the microglia-astrocyte-neuron lactate shuttle in order to serve the increasing energy needs of the neurons [3]. Microglial autoactivation through microglia-derived
IL-1β and extracellular ATP may promote a switch to the M1/proinflammatory form. As strenuous exercise continues, that leads to a proinflammatory state characterized by high circulating amounts of LPS, DAMPs (e.g. HSPs), IL-6 and ROS-damaged immune cells. These proinflammatory signals act either on the BBB, CVOs and VN which then signal to the CNS or they act directly on the CNS by passing the BBB or CVOs [4].
In doing so, these signals may stimulate microglia/brain macrophages through TLR-4 and IL-1β receptors [5] which then continuously shut
down the lactate transfer from astrocytes to neurons through a yet unknown (“selfish”?) mechanism in order to benefit most from astrocytic lactate [6]. Further, the degradation of ATP and AMP through endo- and ectonucleases favor accumulation of extracellular adenosine that impairs
dopaminergic neurotransmission by acting on the A2A/D2/mGLU5 receptor complex on striatal neurons [7]. A possible contribution of IL-1β to
adenosine signalling may further enhance the down regulation of dopaminergic neurotransmission. The resulting neuronal inactivation [8] leads
to a decline in cognition, vigilance and neuromuscular activation, ultimately inducing exercise-induced fatigue [9].
A2A: adenosine A2A receptor; D2: dopamine D2 receptor; mGLU5: metabotropic glutamate receptor 5; IL-1β: interleukin 1β LPS: lipopolysaccharide; IL-6: interleukin 6; DAMP: danger-associated molecular patterns; BBB: blood-brain barrier; CVO: circumventricular organs; VN: vagus
nerve; AMP: adenosine monophosphate; ATP: adenosine triphosphate; TLR-4: toll-like receptor 4; HSP: heat shock protein; CNS: central nervous system.
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This microglial polarization is often accompanied by a shift
from oxidative phosphorylation to aerobic glycolysis for energy production due to increasing concentrations of nitric oxide
by inducible nitric oxide synthetase which reversibly inhibits
mitochondrial respiration (111). With that, ROS and RNS production is increased which, in turn, activates downstream signaling pathways resulting in the up-regulation of a variety of
proinflammatory proteins and more ROS/RNS.

Whether there is a similar mechanism of energy reallocation
from neurons to activated microglia/brain macrophages during non-infectious stress is unknown. However, haemodynamically stressed microglia express monocarboxylate transporter-1 and -2 (150), which may enable them to utilize astrocytic glycogen-derived lactate. Since there is remarkable cerebral haemodynamic stress during prolonged strenuous exercise (151), expression of monocarboxylate transporters may
promote the uptake of astrocytic lactate in microglia or brain
macrophages.

Although the amount of LPS crossing the BBB is low (80,81),
some athletes show plasma concentration of 1 ng/ml after an
ultramarathon (63). If LPS crosses the BBB at that concentration is unknown, but conceivable since the BBB becomes
leakier during strenuous exercise. As LPS-TLR4 interactions
resemble proinflammatory pathways induced by Lipoarabinomannan, the major cell wall component of mycobacterium
tuberculosis (152,153), high amounts of LPS in the brain may
be able to induce the expression of astrocyte-microglia lactate
shuttles. Further, cerebral DAMPs may promote astrocytemicroglia lactate shuttles in a similar fashion by triggering the
microglial TLR4 (Fig. 1).

Heck et al. (55) propose that the exercise-induced increase in
circulating levels of extracellular 70-kDa heat shock proteins
from lymphocytes promote fatigue via marked influence on
motor neurons and deeper structures of the CNS. Although
specific receptors for heat shock proteins in brain tissue have
not been identified yet, their ability to induce proinflammatory signalling in TLR4/2-expressing cells is well established
(154,155).

Because lactate does not accumulate in cerebrospinal fluid
after an exhaustive exercise task (156), unlike during tuberculous meningitis (157), we do not know whether it is appropriate to think of the astrocyte-microglia lactate shuttles as a relevant mechanism in exercise-induced fatigue. Further it is
unknown whether extracellular ADO reallocates energy substrates to demanding cerebral immune cells and thereby shutting down the less relevant neuronal metabolism as shown in a
Drosophila infection model on the peripheral level. Extracellular ADO definitively compromises exercise performance in
animals due to its inhibitory effect on dopaminergic neurotransmission (134,135). To connect the potential fatigueinducing property of ADO, Hanff et al. (158) assume that it
plays an important role in the induction of sickness behavior
via the A2A/D2/mGLU5-receptor-complex (Fig. 1). In fact,
LPS-induced swim deficits is reversed by systemic administration of an A2A receptor antagonist (159). A similar receptor-ligand interaction appears to be relevant in the induction
of sleep (160). The stimulation of A2AR and mGLU5R
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inhibits the activity in vigilance-regulating brain areas by
presynaptic inhibition, postsynaptic hyperpolarization and
amplifying GABAergic projections (161,162). Increased
dopamine release in the ventral tegmental area reduces the
inhibitory activity in the nucleus accumbens and is promoting
vigilance.

Dopaminergic neurotransmission in the substantia nigra pars
compacta inhibits neuroinflammation by activating astrocytic
D2-receptors (163). Based on the assumption that IL-1 may
contribute to motivational and vigilance regulation via an
important interaction with ADO signalling in the CNS, i.e.
activation of A2A receptors in the striatum (158) (Fig. 1), the
attenuated dopamin-induced anti-inflammatory effect could
promote synthesis of IL-1. Both, inflammation- and exerciseinduced peripheral hyperammonaemia promote cerebral synthesis of ADO (164,165), which may force exercise-induced
fatigue by altering cognition (165). The increasing impairment of the fronto-striatal network down-regulates cognition
and motivation, which makes exercise termination rather a
relative than an absolute event due to the athlete´s volitional
and forced conscious decision (see Fig. 1) (3,166,167). The
impact of peripheral cytokine signalling and central
microglia/brain macrophage activation on this fronto-striatal
network should be taken into account (69).

CONCLUSION

Exercise-induced fatigue does not emerge from a single
peripheral or central mechanism, but rather result of a synergistic effect of various mechanisms involving both peripheral
and central aspects. As an evolutionary conserved protective
mechanism, neuron inactivation and the concomitant increase
in feelings of fatigue are extremely useful to maintain systemic homeostasis at all bodily levels, also during exercise. If
the immune system is even selfish in the brain,
microglia/brain macrophage-derived extracellular ADO could
mediate the metabolic switch and energy reallocation, thereby
inducing neuron inactivation, feelings of fatigue and ultimately exercise termination. Due to the impact of IL-1 on feelings
of fatigue and behavior modulation, the synthesis of IL-1
from perivascular and meningeal macrophages during strenuous exercise has to be considered when approaching the complexity of exercise-induced fatigue. Changes in cerebral
haemodynamics are not investigated in this article but should
be subject of further studies about the regulation of exercise
performance. In order to get deeper insights into the brain
metabolism during prolonged strenuous exercise and its relation to neuroinflammation, the hormesis-like dose response of
brain macrophage activation during exercise should be investigated in future studies.
As presented here, the majority of aspects concerning neuroimmune-neuroenergetic interactions in sports performance
are not very well established and need to be evaluated in the
future. Therefore, it is inevitable to improve interdisciplinary
research in this field.
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ABSTRACT

Many lifestyle-related diseases, such as obesity and cigarette
smoke-induced pulmonary morbidities, are associated with
chronic systemic inflammation, which has been shown to contribute to the disease initiation and progression, and also for
co-morbidities of these diseases. While the source of inflammation in obese subjects is suggested to be mainly the visceral
adipose tissue, smoke-induced inflammation originates in the
pulmonary system. Here, chronic cigarette smoking induces
oxidative stress, resulting in severe cellular damage. During
obesity, metabolic stress pathways in adipocytes induce
inflammatory cascades which are also accompanied by fibrotic processes and insulin resistance. In both diseases, local
inflammatory signals induce progressive immune cell infiltration, release of cytokines and a subsequent spill-over of
inflammation to the systemic circulation. Exercise training
represents an effective therapeutic and immune regulating
strategy for both obese patients, as well as for patients with
smoke induced pulmonary inflammation. While the immuneregulating impact of exercise might primarily depend on the
disease state, patients with pulmonary inflammation seem to
be less responsive to exercise therapy. The current review tries
to identify similarities and differences between inflammatory
processes, and the consequences for the immunoregulatory
effects of exercise as a therapeutic agent.

Keywords:immune system, cytokines, physical activity,
adipose tissue, cigarette smoking

1. INTRODUCTION

Many lifestyle-related diseases⎯such as diabetes type II,
coronary heart disease (CHD), cancer, obesity or chronic
obstructive pulmonary disease (COPD)⎯are associated with
chronic systemic inflammation. Beyond mutual association,
systemic inflammatory processes have been shown to contribute to the initiation and progression of these diseases (1),
and are suggested to be an important reason for their shared
comorbidities. Most of these diseases share some similarities
in their inflammatory genesis, while other related processes
are distinctly different. A combination of two or more of these
diseases has been shown to further aggravate morbidity and
mortality (2). Exercise is known to be an effective treatment
for most of these diseases, at least partly due to its immuneregulating properties (3).

In this regard, it has been shown that patients with specific
diseases, such as chronic obstructive pulmonary disease
(COPD), are less responsive to exercise therapy compared
with other diseases, such as obesity (4). However, until now,
there are few data available to prescribe different exercise
guidelines for specific disease conditions characterized by a
dysregulated immune system. In order to better understand
the inflammatory pathophysiological genesis of lifestylerelated diseases, the current review tries to compare the
inflammatory processes at work in two examples of highly
prevalent life style-related diseases: obesity and long-term
cigarette smoking. Knowing the specific cellular and molecular mechanisms of inflammation initiation and progression
will enable more precise and safe application of exercise therapy for each disease and individual case.

2. SYSTEMIC LOW-GRADE
INFLAMMATION DURING OBESITY
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Obesity is a major global health issue. The World Health
Organization (5) update (2016) showed that around 39% of
people over 18 years were overweight (BMI >25 kg/m2),
while 13% were obese (BMI >30 kg/m2). Obesity increases
the risk of mortality (6,7) through its strong association with
other comorbidities, such as Type 2 diabetes mellitus
(T2DM), cardiovascular diseases, insulin resistance, non-
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alcoholic fat liver disease (NAFLD), osteoarthritis, and
autoimmune diseases (7,8). In addition to their personal burden, these disease have deep economic and social impacts on
Western society (9).

Obesity development depends on different factors, including
genetic, epigenetic, physiological, and environmental factors
(10). The link between obesity and these associated comorbidities is, at least partly, the chronic low-grade inflammation
that represents one of the hallmarks of obesity (11). Excepting
a small subgroup of apparently metabolically healthy obese
individuals, most obese patients develop chronic low-grade
inflammation. This leads to metabolic and physiological perturbations that ultimately result in immunometabolic alterations in organs and tissues such as liver, brain, skeletal and
cardiac muscle, blood vessels, lung, kidney, gut, and immune
systems (12,13).

2.1. Sources of inflammation
The low-grade systemic inflammation in obese subjects originates in visceral adipose tissue, caused by the hypertrophy of
adipocytes and cellular stress signals. These signals dysregulate adipokine production, and increase the release of proinflammatory adipokines, cytokines, phase acute proteins, and
chemokines (14) (Figure 1).

Over the past decade, adipose tissue has been studied as an
active metabolic and endocrine organ that mainly regulates
energy expenditure and glucose homeostasis through
adipokine production. It is a complex organ, composed of
adipocytes, fibroblasts, endothelial cells, and a wide-range of
immune cells, giving it an important immune-modulator function (15).

Adiponectin and several other cytokines are released by lean
adipose tissue. These adipokines play a role in maintaining an
anti-inflammatory status. Adiponectin induces interleukin
(IL)-10 and IL-1ra in macrophages, together with polarization
of alternatively-activated macrophages (M2) (16). Moreover,
the adipokines mitigate the production of the pro-inflammatory cytokines in adipocytes and macrophages stimulated by
lipopolysaccharide (LPS) (17,18). Furthermore, lean
adipocytes release anti-inflammatory cytokines IL-4, IL-5,
IL-10, IL-1ra, IL-13, and IL-33, recruiting and polarizing
infiltrated immune cells to an anti-inflammatory phenotype
(19,20).

The increase in energy intake (usually the result of a high-fat
diet) and decrease in energy expenditure (usually the result of
a sedentary lifestyle) leads to a positive energy balance and fat
accumulation in the adipocytes, which is caused by the dysregulation of the lipolysis/lipogenesis ratio (21). This hypertrophy of the adipose tissue plays a key role in the development of obesity-induced local inflammation (10).

Hypertrophic adipocytes activate stress-sensing pathways in
response to metabolic and oxidative stress, increasing the
phosphorylation of intracellular kinases as p38MAPK, Jun Nterminal kinase (JNK), and inhibitory-κB kinase (IKK) (22).
Adipocyte size and p38MAPK, as well as JNK phosphorylation in the visceral fat of obese humans have been positively
correlated with adipose tissue inflammation and whole-body
insulin resistance (23,24). JNK and IKK phosphorylation activates activator protein-1 (AP-1) and nuclear factor kappa B
(NF-κB) transcription factors (25). This increases the gene
expression of many pro-inflammatory cytokines. The NLRP3
inflammasome also plays a key role in adipocyte-hypertro-

Figure 1: Overview about how obesity induces local and systemic inflammation and its manifestations in blood, liver, muscle, and gut. (PAMPs
= pathogen-associated molecular patterns, FFAs= free fatty acids, IKK = inhibitor of κ kinase; JNK: c-Jun N-terminal kinase; TLR4 = Toll-like
receptor-4, AP-1: activator protein-1, NF-kB= nuclear factor kappa B, LPS= lipopolysaccharide)
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phy-induced inflammation. It is activated in response to intracellular danger-associated molecular patterns (DAMPs), such
as adenosine triphosphate (ATP), uric acid, an accumulation
of palmitate, and advanced glycation end-products, which are
all known to be increased in obesity (26) (Figure 1).

After this signal processing, fat adipocytes increase the production of pro-inflammatory cytokines, as monocyte
chemoattractant protein (MCP)-1, IL-1β, IL-6, and tumor
necrosis factor (TNF)-α. This is accompanied by a reduction
of adiponectin and other anti-inflammatory cytokines. Thus,
an imbalance of the inflammatory mediators results that is tilted toward a pro-inflammatory response, recruiting and polarizing immune cells to a pro-inflammatory phenotype.

2.2. Local and systemic effects
Adipocytes express surface stress ligands that are recognized
by natural killer (NK) cells. The activation of NK cells leads
to higher production of interferon-gamma (IFN-γ), which is
essential for polarizing macrophages towards a pro-inflammatory phenotype (M1) (18). Macrophages represent up to 60%
of all immune cells in the vascular stromal portion of adipose
tissue (27). Adipose tissue macrophages are the major players
in pro-inflammatory cytokine production in obese adipose tissue (28,29). It was previously postulated that all adipose tissue macrophages were driven by circulating monocytes,
which infiltrate and differentiate to macrophages. However, in
2014, Amano and collaborators showed that macrophages
from visceral adipose tissue were able to proliferate during
obesity, and monocyte depletion had no significant impact on
the number of adipose tissue macrophages (30). They also
elucidated that macrophage proliferation was MCP-1 dependent. Interestingly, these adipose tissue macrophages express
the molecule CD11c, which is mainly known to be expressed
by dendritic cells. Wouters and his group (31) found a positive
correlation between CD11c+ adipose tissue macrophages
from visceral depots and classical monocytes numbers in the
circulation, suggesting that the classic macrophages originating from monocytes may also play a role in this obesityinduced adipose tissue macrophage phenotype.

CD11c+ adipose tissue macrophage cells play a key role in
the development of insulin resistance. Depleting these cells
from obese mice can restore insulin sensitivity and decrease
local and systemic pro-inflammatory cytokine production
(32). Moreover, recent findings indicate that numbers of
CD11c+ adipose tissue macrophages from visceral depots are
directly correlated with non-alcoholic steatohepatitis (NASH)
development. These cells appear to induce macrophage and
neutrophil accumulation in the liver (33).

CD11c+ adipose tissue macrophages accumulate in visceral
adipose tissue during obesity, forming crown-like structures
(CLS) and producing great amounts of pro-inflammatory
cytokines. They are therefore important contributors to the
metabolic syndrome development. Toll-like receptor 4 (TLR4) has been proposed to play a key role in this process. TLRs
recognize pathogen-associated molecular patterns (PAMPs)
and DAMPs, and induce a downstream signaling to activate
NF-κB (34), and then induce pro-inflammatory cytokine transcription. Furthermore, TLR-4 seems to have a direct impact
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on obesity-induced accumulation of CD11c+ adipose tissue
macrophages and adipose tissue pathology. Knockout mice
for TLR-4 showed low activation of CD11c+ adipose tissue
macrophages after a high-fat diet, followed by a decrease in
adipose tissue fibrosis (35). Moreover, wild-type mice injected with bone marrow from TLR-4 -/- mice presented low adiposity, improved glucose tolerance, and reduced accumulation
of CD11c+ adipose tissue macrophages in visceral adipose
tissue (36). This suggests that the expression of TLR-4 in
myeloid cells is necessary for monocyte recruitment and
CD11c+ adipose tissue macrophage accumulation. In addition, both TLR-4 and MyD88 full body knockout mice
showed the same adipocyte hypertrophy as wild-type animals,
however they exhibited much lower CD11c+ adipose tissue
macrophage percentages, crown-like structure formations and
fibrosis (36), indicating that the TLR-4/MyD88 pathway is
necessary for obesity-induced adipose tissue pathology.

During the past few years, it was established that saturated
fatty acids (especially palmitate) could activate TLR-4 and
then contribute to obesity-induced metabolic syndrome.
Cameron Griffin and collaborators (2018) found that obese
TLR-4 and MyD88 knockout mice generate fewer myeloid
colonies compared to wild-type mice (36). These animals also
failed to develop a palmitate or LPS-induced myeloid colony
formation. Increased numbers of myeloid progenitors are
observed in high fat diet-induced obesity and inflammatory
macrophages mostly originate from these progenitors (37). In
addition, TLR-4 expression in myeloid cells are necessary for
insulin resistance and adipose tissue inflammation during obesity (38). These findings suggest that TLR-4 is required for
diet-induced inflammation.
Other work has shown that TLR-4 knockout mice are protected from saturated fatty acid-induced inflammation (39,40). In
this regard, Lancaster’s group (41) identified that saturated
fatty acids are not TLR-4 agonists, they are not able to form a
TLR-4/MD-2 dimer and induce its downstream signaling.
They also found a protection from saturated fatty acidinduced inflammation in those mice who lack TLR-4 (41).
Finally, they discovered that saturated fatty acids cannot bind
directly to TLR-4, but they play a secondary role in activating
inflammatory signaling after an initial TLR4-dependent priming signal.

One of the most effective ways to activate TLR-4 signaling is
through LPS stimulation. LPS is present at the membrane of
gram-negative bacteria and is increased in the circulation during obesity. Intestinal permeability plays an important role in
obesity-induced endotoxaemia. Many studies have reported a
positive correlation between dietary fat consumption and plasma LPS concentration (42). Moreover, a recent investigation
with non-obese and obese patients revealed that obese people
had higher levels of markers for altered gastrointestinal barrier function in the serum, and showed a positive correlation
between intestinal permeability and inflammatory markers
(43). In addition, when the jejunum samples were challenge
with lipids, both obese and non-obese samples presented
increased intestinal permeability. However, samples obtained
from the obese group had a 2-fold higher increase in permeability than the non-obese group, and took much longer to

Exercise in obesity and smoke immunoregulation • 35
restore the barrier function. Putting this all together, these data
demonstrate that acute fat ingestion directly influences intestinal permeability, and chronic fat consumption may play a
role in increasing intestinal and systemic inflammation (43).

2.3. Effect of obesity on other organs and tissues
Free fatty acids are toxic for several organs. The first step in
the metabolism of lipids after digestion and absorption is regulated by the liver. Thus, nonalcoholic fatty liver disease
(NAFLD) has reached alarming proportion in contemporary
society (44). The trigger of NAFLD is the accumulation of triacylglycerol in hepatic parenchyma due to an imbalance
between fatty oxidation and fatty storage (45). Interestingly,
these two opposite pathways are regulated by the family of
peroxisome proliferator-activated receptors (PPARs) (46).
NAFLD can progress to NASH, cirrhosis, and hepatocellular
carcinoma. This progression is dependent on hepatic inflammation, which is caused by Kupffer cells and an enhanced
inflammatory response of hepatocytes (47). Furthermore,
Ogawa et al (2018) showed that the increase in gut-derived
endotoxin is necessary for the progression of NAFLD by
inducing fibrosis and immune cells recruitment (48).

Excess fatty acid accumulation in hepatocytes leads to intracellular stress, (oxidative and endoplasmatic reticulum (ER)
stress) inducing cell apoptosis (49). This internal signaling,
associated with extracellular-induced TLR-4 activation by
LPS, leads to a chronic and harmful inflammatory signal (50)
(Figure 1). In NAFLD, the classical pro-inflammatory
cytokines are increased (TNF-α, IL-6 and IL-1β), with an elevation of monocyte infiltration in the liver and macrophage
differentiation to the M1 subset (i.e., higher expressions of
CD11c, CD86) (51). The progression of NAFLD to NASH is
characterized by the exacerbation of chronic inflammation
and fibrosis, increasing fatty acid synthase (FAS), death
receptor 5 (TRAILR-2), and TNF receptors, and a consequent
increase in cytotoxic T lymphocytes (51).

In endothelial cells, higher levels of circulating free fatty
acids, especially palmitate, induce a decrease in nitric oxide
production, and increase the inflammatory response stimulated by LPS (52). The stressed endothelial cells increase the
synthesis of integrins and selectins, thereby promoting
immune cell infiltration in the vascular wall (53). Thus,
monocytes and lymphocytes that have infiltrated into the vascular wall potentiate the inflammatory response, releasing
pro-inflammatory cytokines (IL-1, TNF and IL-6) and
chemokines (RANTES, IL-8 and MCP-1). The atherosclerotic
plaque formation occurs when monocytes-derived
macrophages phagocytize the lipid particles and induce foam
cells (54) (Figure 1).

Skeletal muscle is a very important tissue for the maintenance
of metabolic homeostasis. Elevated consumption of high-fat
foods also induces lipid storage in the muscle, which increases diacylglycerol and ceramide accumulation inside myocytes
(55). Both responses are related to increased cellular stress,
observed by ER stress, together with enhanced unfolded protein response and mitochondria dysfunction, in turn causing
oxidative stress (56). Additionally, the PAMPs and DAMPs
that arise from lipid overload in obesity activate the TLR-4

pathway, triggering MAPK and NF-κB pathways (57). Proinflammatory cytokines and chemokines (MCP-1, IL-1β, IL-6
and TNF-α) are produced and released into circulation, leading to autocrine, paracrine, and endocrine effects (58) (Figure
1).

3. CIGARETTE SMOKE AS A BURDEN OF
INFLAMMATION AND DISEASE

Tobacco smoking is a significant cause of morbidity and mortality, with approximately 5 million deaths caused by direct
tobacco use and more than 600,000 deaths due to passive
smoking worldwide every year. While in many countries
intensified tobacco control efforts have resulted in a reduced
prevalence of smoking, in other countries the number of
smokers is steadily increasing. Cigarette smoking represents
an important risk factor for cardiac infarction, stroke, and is
the central risk factor for the development of bronchialcarcinoma, COPD, and smoking associated lung fibrosis. Smoke
associated diseases, such as COPD, are today classified as
systemic inflammatory diseases because sustained inflammatory processes seem to be main drivers of co-morbidities, such
as muscle wasting, vascular diseases, heart diseases, and
stroke (59,60).

3.1. Sources and origins of inflammation
Cigarette smoke contains a multitude of immunomodulatory
chemicals and gases, making it complex to discern a clear origin of the associated inflammation. However, it is suggested
that the repeated contact of airway cells with specific noxious
gases and particles leads to repetitive stress signals and
inflammatory insults that are followed in the long-term by a
chronic and progressive activation of the immune system
(61). Accordingly, inflammatory processes originate in the
pulmonary system, where the regular contact with toxic substances disturb the barrier function of the respiratory epithelium. Studies that have analyzed the bronchoalveolar lavage
fluid (BAL) or and breath condensate of acute or chronic
smokers proved that oxidative stress is an important factor for
tissue damage. This is indicated by an accumulation of products of lipid peroxidation and extracellular matrix proteins
(62,63). Airway epithelial cells, which represent a first line of
defense against inhaled toxicants, are an important inducer of
these inflammatory processes. In smokers, airway epithelial
cells show characteristics of cellular damage, followed by the
release of DAMPs. These molecules act in a paracrine fashion
by activating pattern recognition receptors, such as TLR4,
expressed by airway epithelial cells and other cells in the pulmonary system. In addition, the inhalation of smoke particles
might also directly activate pattern recognition receptors (64).
Consequently, TLR4 expression is significantly upregulated
on airway cells of smokers (Figure 2).

In response to TLR4 activation, a role for heat shock protein
70 (HSP70), a known TLR4 agonist, has been shown, which
is induced in airways upon smoke exposure followed by the
activation of the innate immune system through
TLR4/MyD88. Subsequently, NF-κB is translocated into the
nucleus, inducing the secretion of a variety of pro-inflammatory cytokines. Cigarette smoke exposure has also been
shown to induce ER stress in airway epithelial cells and
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Figures 2: Illustration about cigarette-induced induction of oxidative stress and inflammation in airway epithelial cells (AECs) and the characteristics of extrapulmonary manifestations of inflammatory signals from the pulmonary system to brain, muscle, and cardiac tissue (TLR4 = Toll-like
receptor-4, DAMPs= damage-associated molecular patterns, MMP=matrix metalloproteases, ROS= reactive oxygen species).

mouse lungs, which is suggested to amplify the inflammatory
processes (65). Similarly, excessive activation of the inflammasome has also been shown to play a critical role in the
innate immune response against cigarette smoke-induced noxious stimuli in the lung tissue (66). Consequently, increased
levels of various cytokines (such as IL-1β, IL-6, IL-8, MCP1), macrophage inflammatory protein (MIP) 1α, regulated on
activation normal T-cell expressed and secreted (RANTES),
TNF-α, IL-12(p40), and IL-17 can be found in the BAL of
long-term smokers (67). In addition, extracellular signal-regulated kinase signaling and increased p38MAPK in airway
epithelial cells induces the expression of a variety of metalloproteases (MMPs), such as MMP9 and MMP12, and surfactant protein D, which can be also found in higher quantities in
the lungs of long-term smokers (68,69) (Figure 2).

Cell damage, DAMP release, and the expression of
chemokines are all triggers of immune cell invasion into the
pulmonary system. Consequently, tissue resident or circulating macrophages, neutrophils, dendritic cells, and lymphocytes are activated and infiltrate the alveolar tissue. In particular, alveolar macrophages play a key role in the progression of
lung inflammation by producing cytokines and various
MMPs, such as MMP-1, MMP-2, MMP-9, MMP-12, and
MMP-14 (68,70). CD4+ and CD8+ T cells increase dramatically in the lungs of long-term smokers. Shifting toward a
type 1 profile, these cells produces large amounts of IFN-γ,
and release perforins and granzyme. In response to the massive accumulation of leukocytes, various inflammatory
cytokines, such as IL-1α, IL-5, IL-6, and IL-18, as well as the
chemokine monocyte chemotactic protein-1 and -3,
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macrophage inflammatory protein-1α, MIP-1β, MIP-1γ, MIP2, MIP-3β, macrophage defined chemokine, granulocyte
chemotactic protein-2, and interferon-γ–inducible protein-10
are increased in lung tissue of smoke-exposed mice (69,71).
As a response, the accumulation of FoxP3 T regulatory cells
in lungs is suggested to be a countermeasure to control the
inflammation. Beside this direct disturbance of the pulmonary
immune equilibrium, cell damage and the chronically activated immune system lead to a compromised immune status that
is amplified by an increased mucosal permeability (69). Consequently, opportunistic pathogens cause infections in smokers, forcing inflammatory processes. In the long run, cellular
damage leads to small airway remodeling in long-term smokers, which is characterized by mucus cell hyperplasia and
peribronchiolar fibrosis, as well as increased airway smooth
muscle mass (72).

Regarding the systemic inflammation of long-term cigarette
smokers, it is hypothesized that these primarily local inflammatory processes in the pulmonary system tend to spill-over
into the systemic circulation that serves as a mode of transit
for inflammatory signals throughout the body. Thus, inflammation is suggested to be the main driver of pathophysiologic
and degenerative processes in other tissues (Figure 2). In
addition, smoke pollutants have been shown to directly cross
through the alveolus-capillary interface. The particulate phase
of cigarette smoke contains various lipophilic components,
which are able to pass the lipid bilayer of the respiratory
membranes, and therefore spread through the systemic bloodstream. Hence, these particles directly target specific organs
where they might be recognized by receptors of the innate

Exercise in obesity and smoke immunoregulation • 37
immune system that initiate inflammatory signaling cascades
through NF-κB activation (63,73).

3.2. Systemic inflammation during cigarette smoking
Acute cigarette smoking is followed by a temporary increase
of systemic markers of oxidative stress, inflammation, and
thrombosis, indicated by increased thiobarbituric acid reactive
substances (TBARS), neutrophil elastase, leukotrienes, and
leukocytes. In long-term smokers, these acute inflammatory
processes induce tissue damage and turn into chronic inflammatory processes. (74,75). Lymphocytes turn into an activated
phenotype indicated by an elevated expression of adhesion
molecules, such as ICAM-1, VCAM-1, and E-selectin, which
mediate the migration into the bronchoalveolar system or
other tissues (76). These molecules can also be found in elevated quantities in their soluble form in heavy smokers (71).
Regarding cytokines, the smoke-induced systemic low-grade
inflammation is characterized by chronically elevated levels
of markers for inﬂammation, tissue deterioration, and coagulation, such as C-reactive protein (CRP), TNF-α, von Willebrand factor, tissue inhibitor of metalloproteinases 1 (TIMP1), factor VII, and ﬁbrinogen (77).

The chronical enhancement of inflammation and oxidative
stress in the blood, as well as some soluble components of
cigarette smoke, disturb the function of endothelial cells. On
the one hand, chronic inflammatory signals reduce nitric
oxide (NO) production and vascular compliance, and are followed by aberrant interactions between endothelial and
immune cells resulting from an increased expression of adhesion molecules. On the other hand, free radical formation
from components of cigarette smoke and the activation of
endogenous sources of free radicals such as uncoupled NOS,
xanthine oxidase, and NADPH oxidase, further decrease NO
availability, increasing coagulative factors and lipid peroxidation (75). Oxidative stress and inflammation are primary
inducers of endothelial dysfunction, which represents an
early hallmark in the development of atherosclerosis. Hence,
after long-term smoking, dysfunctional endothelial cells
express lower levels of prostacyclin, thrombomodulin, and
tissue plasminogen activator (tPA), while expression levels of
endothelin-1, angiotensin II, plasminogen activator inhibitor1 (PAI-1), and von Willebrand factor (vWF) are increased
(70,78).

In vitro studies proved that cigarette smoke also induces apoptosis, autophagic cell death, and necrosis in endothelial cells.
In this regard, cigarette smoking decreases p53 and Bcl-2
expression, disrupts the vascular endothelial growth factor(VEGF) and fluid shear stress-mediated VEGFR2/phosphoinositide 3-kinase (PI3K) signaling pathway, and reduces the
cytochrome-c oxidase II expression through aberrant DNA
methylation. Further vascular damage induced by excessive
apoptosis was also shown to be initiated by a p53-independent
caspase-3 activating pathways and protein carbonylation,
which is caused by reactive oxygen species in cigarette smoking (79–81).
3.3. Effects of smoking on other organs and tissues
Toxic effects of cigarette smoke on the myocardium have
been proven experimentally as well as clinically. It was

demonstrated that smoking promotes neutrophil infiltration in
the myocardium, alters T cell function, and causes DNA
adducts in the myocardium (82) (Figure 2). Due to increased
oxidative stress, ROS-sensitive signal transduction pathways
(such as MAPKs) and various transcription factors (including
NF-κB), are activated. This results in an aberrant cytokine
profile (83,84). Gene analysis of the hearts of mice revealed
an upregulation of the xenobiotic-metabolizing enzyme
cytochrome P-450 1A1, and a downregulation of PAI-1, representing a key gene involved in fibrinolysis. These inflammatory processes are suggested to increase the risk for several
diseases of the cardiovascular system in human smokers as
well (85,86).
The muscles of smoke-exposed mice exhibited an increased
expression of inflammatory cytokines, such as TNF-α and IL1β (73). Furthermore, chronical exposure to cigarette smoke
reduces muscle capillary-to-fiber ratio (76). Oxidative stress
and inflammatory signals have been shown to activate the
ubiquitin proteasome system, inhibit mitochondrial biogenesis, and reduce activation of the anabolic signaling pathways,
such as the protein kinase B (Akt) and rapamycin (mTOR)
pathways. Consequently, protein balance turns towards an
enhanced degradation leading to muscle wasting, a reduced
percentage of type I fiber, a lower muscle fiber cross-sectional
area, and decreased muscle oxidative activity (73,87).
With regard to oxidative stress and inflammation, atherosclerosis and vascular brain lesions share similar pathological features (Figure 2). Accordingly, a higher expression of VEGF,
ICAM-1, IL-8, and nuclear factor (erythroid-derived 2)-like 2
(Nrf2) was also observed in cultured brain endothelial cells in
response to smoke exposure (88). Cigarette smoke extracts
induced heme oxygenase-1 (HO-1) expression mediated by
the phosphatidolcholine phosopholipase C (PC-PLC)/protein
kinase Cδ (PKCδ)/NADPH oxidase-dependent pathway and
the
platelet-derived
growth
factor
receptor
(PDGFR)/PI3K/Akt pathway (70). In rat brains exposed to
cigarette smoke, endothelin-1 levels decreased, which is suggested an effect on hemodynamic responses (89). Since oxidative stress is known to play an important role in the pathogenesis of ischemic brain injury, cigarette smoking is associated
with various cerebrovascular-related diseases, in particular,
smoking is a risk factor for stroke (90).

Moreover, cigarette smoke negatively affected endothelial
tight junctions, which was proved in animal experiments, and
negatively affects the viability of the blood-brain-barrier.
Smoke-induced neuroinflammation was confirmed by various
in vivo studies using mouse and rat models. Mice exposed to
cigarette smoke showed higher levels of ROS, induction of
lipid peroxidation, activation of the transcription factors NFκB and AP-1, as well as activation of MAPK, including JNK,
ERK, p38, and COX -2 in various regions of the brain (90). In
parallel, cigarette smoke altered enzymatic antioxidant
defenses by reducing superoxide dismutase (SOD) as well as
catalase and increasing glutathione S-transferase (GST) activity in rat brains. These alterations favor the proteolytic degradation of αII-spectrin through caspase-3 and the dephosphorylation of phosphoproteins enriched in astrocytes-15 (PEA-15),
both indicating apoptotic cell death (91).
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4. DIFFERENCES IN SMOKEINDUCED INFLAMMATION AND
INFLAMMATION DURING OBESITY

Both cigarette smoke and obesity-induced inflammation initiate a local inflammatory response, culminating in the recruitment of immune cells to the tissue in a feedback response trying to decrease this initial inflammation and avoid an exacerbation (77,92). While the source of inflammation in obese
subjects seems to mainly be the visceral adipose tissue,
inflammation after cigarette smoking originates in the pulmonary system. Accordingly, both inflammatory conditions
represent risk factors for partly overlapping sets of diseases
such as cardiovascular diseases, rheumatoid arthritis, hypertension, muscle wasting, and depressive disorders. However,
there is a difference in other specific comorbidities (Figure 3).
Regarding lung cancer, the proportion of cases attributable to
smoking is estimated to about 90 percent in countries with a
history of tobacco smoking. Similarly, smoking accounts for
at least eight of ten COPD-related deaths (93), and the prevalence of tobacco use in idiopathic pulmonary fibrosis (IPF) is
estimated in ranges from 41-83% (94). However, there are
several other smoke-related diseases, such as coronary heart
disease (CHD) or stroke, which at least partly progress due to
the distribution of small particles and noxious gases throughout the body, directly triggering inflammatory processes. In
contrast, obesity represents a specific risk factor for dyslipidemia, diabetes mellitus type II, various liver diseases (such
as NAFLD), and certain cancers (such as colorectal and
prostate cancer in men and endometrial, breast, and gallbladder cancer in women). However, both inflammatory conditions (i.e., obesity and long-term cigarette smoking) are characterized by a vicious cycle of local signals of cellular stress,
inflammation, progressive immune cell infiltration, and the

release of inflammatory cytokines and chemokines, leading to
a spill-over into the circulation system. Subsequently, inflammatory processes target other tissues, which might account for
various comorbidities. Obese smokers who combine both
inflammatory disorders have been shown to have increased
morbidity and mortality (73,92).

In the long-run, both obesity-induced inflammation and cigarette smoke-induced inflammation, are suggested to impair
immune competence against invading pathogens. This condition of chronic immunosuppression seems to be much more
pronounced in smokers due to significant impairment of the
pulmonary barrier function (95). In obese patients, Neidich
and collaborators (96) reported an increased risk of influenza
among vaccinated adults who are obese, suggesting dysfunctional immunity. For both inflammatory conditions, it is suggested that chronic immune activation is a driver of
immunosenescence. Accordingly, systemic inflammation was
demonstrated to be a key element of the immune risk profile
during aging, because chronic activation promotes the accumulation of senescent T cells that show a reduced reactivity
against new invading pathogens (97).
While the pathogenesis of both inflammatory disorders have
several features in common, there are also distinct differences
in their development, extent, and the progression of immune
activation (Figure 3). During cigarette smoking, the chronic
exposure to toxic substances and inhaled particles seem to be
important effectors of oxidative stress (75). Resulting severe
cellular damage affects the function and integrity of airway
epithelial cells (63). Subsequently, an important concomitant
effect of cigarette smoke-induced inflammation is the significant increase of proteolytic peptidases, such as MMPs, which

Figure 3: Specific inflammatory characteristics of cigarette smoke-induced inflammation (left), obesity-associated inflammation (right), and
inflammatory characteristics both have in common (middle).
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indicate progressive tissue deterioration and degradation. The
resulting repair and remodeling processes induce fibrosis and
the formation of excess fibrous connective tissue (68,69).
Obesity is also accompanied by fibrotic process that occur in
subcutaneous adipose tissue. The increase in collagen and
extracellular matrix components induce an early insulin resistance and worsen the inflammation and cellular stress by
reducing the adipocytes hypertrophy capacity (98). Adipose
tissue fibrosis is strongly correlated with other obesity-associated comorbidities. Higher levels of fibrosis are found in a
genetic model of lipodystrophy. These mice showed the same
imbalance regarding insulin sensitivity, inflammation, and
macrophage infiltration as found in obesity (99).

Another important feature of cigarette smoking is an
enhanced platelet reactivity and increased blood coagulation,
indicating an increased risk for thrombosis, peripheral artery
occlusive disease (PAOD), and cardiovascular diseases (100).
Since inflammatory processes in COPD patients often
progress even after the cessation of smoking, and a combined
accumulation of Th17 cells is observed in such cases, there
are ongoing discussions concerning autoimmunity processes
as potential drivers of disease progression in these cases
(101).

An additional salient dissimilarity between cigarette smoking
and obesity is that obesity is primarily characterized by metabolic disturbances. The greater accumulation of fatty acids
within adipocytes changes the cell metabolic profile, increasing lipolysis and free fatty acids, which activate stress signals,
inflammatory processes, and the production of inflammatory
mediators by metabolic cells with secondary chemoattraction
of immune cell infiltration (102).

An important pathway involved in this process is TLR4 signaling, since it is strongly activated by LPS and is required for
free fatty acid-induced inflammation, which are both
increased in obese subjects. The NRLP3 inflammasome also
plays an important role in obesity-induced inflammation.
Both TLR4, as well as NRLP3, can impair mitochondrial
function in white adipose tissue adipocytes (103) and increase
pro-inflammatory cytokine release. TLR4 activation in
immune cells drives the cells to a pro-inflammatory phenotype exacerbating the tissue inflammation. Moreover, in the
cross-talk between adipocytes and infiltrating immune cells,
TLR4 upregulates MMP-1 expression in adipose tissue by
increasing its expression in immune cells. This may contribute to the pathogenesis of obesity-induced inflammation
(104). Similarly, cigarette smoke condensate has been shown
to induce a macrophage pro-inflammatory response in vitro,
which was dependent on MyD88, IL-1R1, and TLR4 signaling (105). In contrast to obesity, this pathway is not attributable to LPS. Instead, heat shock protein 70, which is also a
TLR4 agonist, induces immune processes in the airways upon
smoke exposure, which probably activates the innate immune
system through TLR4/MyD88, resulting in airway inflammation (105).

Regarding molecular signaling, both smoke- and obesityinduced inflammation involve increased ER stress, followed
by the activation of the innate immune response, which main-

ly affects adipocytes during obesity and airway epithelial cells
in smokers (65,106). Similarly, both conditions are characterized by the activation of the NLRP3 inflammasome that is
suggested to be an important driver of the pathogenesis of the
specific diseases (66).

5. ANTI-INFLAMMATORY EFFECTS OF
EXERCISE

It is well established that an active lifestyle can mitigate or
counter the development of many metabolic and inflammatory diseases. For both obese patients and patients with pulmonary diseases, exercise training is an effective non-pharmacological treatment strategy. Exercise therapy increases
strength, endurance capacity, and various quality of life
scores. Recent studies provided evidence that regular and
moderate exercise exerts protective effects due to its immuneregulating properties. In this regard, observational and interventional studies have shown that regular exercise training is
able to reduce circulating inflammatory markers in healthy
and diseased individuals (107). Due to the differences in the
inflammatory pathogenesis of both diseases, the immune-regulating effects of exercise may differ between them. These
differences might at least have implications for the type,
impact, and success of exercise as a treatment strategy for
these chronic inflammatory diseases.

5.1. Immune-regulatory effects of exercise during obesity
Since obesity is a metabolic disease caused by exacerbated fat
accumulation, alterations in metabolic pathways, and activation of inflammatory pathways, strategies to increase fat oxidation, restore metabolism homeostasis, and decrease inflammation have achieved success in obesity treatment.

Several studies, in humans and rodents, provide evidence that
regular exercise can decrease fat mass accumulation (77),
even after high fat-diet feeding. The exercise-induced loss of
body fat is associated with the improvement of many obesityrelated disorders, such as insulin resistance, cardiovascular
disease, and NASH (46).
The metabolic improvement in obese subjects resulting from
exercise could be explained on the one hand by increases in
fatty acid mobilization in adipose tissue, leading to a reduction in cellular stress. These fatty acids are, therefore, oxidized by skeletal muscle to produce energy, which decreases
the “toxic” free fatty acids in circulation.

Exercise training has also been shown to reduce adipose tissue
inflammation. Three months of an aerobic exercise program
decreased IL-6 and TNF-α protein expression in the subcutaneous adipose tissue of diabetic and non-diabetic obese
patients (108). The main mechanisms behind this anti-inflammatory role of exercise include a reduction in immune cell
infiltration and a shift in the pro-inflammatory profile (found
in obese adipose tissue) to an anti-inflammatory one (found in
lean adipose tissue). Human studies have found that exercise
training can decrease M1 markers in circulating monocytes
and increase M2 expression. Eight weeks of low-intensity
exercise training was sufficient to increase CD14 and AMAC1 (M2 markers) gene expression and decrease CXCL2 in the
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peripheral blood mononuclear cells of sedentary individuals
(109). A short-term period (two weeks) of moderate-intensity
continuous training reduced CCR2 and CXCR2 mRNA in circulating monocytes from obese adults, while high-intensity
interval training increased CCR5 expression (110), suggesting
that moderate exercise provides anti-inflammatory effects on
monocytes.

Furthermore, the aerobic training is able to modify adaptive
immune responses (111). The subsets of lymphocytes are
altered by acute or chronic exercise, and these alterations
depend on the intensity and duration of exercise, pre-exercise
status of training and energetic substrate availability. Athletes
who exercise at higher intensity and for long durations (e.g.,
marathoners, triathletes and cyclists) showed increased in
Treg lymphocytes in the systemic circulation (112). Moreover, CD4+ T cells positive to TGF-β and IL-10 were
increased in marathon runners (113).

In studies with animals, Kawanishi and collaborators (114)
found that twelve weeks of treadmill exercise in obese mice
reduced adipose tissue TNF-α and IL-6 gene expression, followed by a reduction in the percentage and the number of
macrophages and CD8 T cells in the stromal vascular fraction
(SVF). These macrophages also presented a decreased CD11c
surface expression, which represents a marker of M1
macrophages (114). Similarly, four months of exercise training reduced adipose tissue inflammation, macrophage infiltration, and increased gene expression of CD163 – a marker for
M2 macrophages (115). This suggests that exercise can
decrease a macrophage inflammatory phenotype, as well as
decrease macrophage infiltration, which restored the obesityinduced adipose tissue inflammation. In a recent paper, our
group demonstrated that 8 weeks of treadmill training (60 min
at 60% of maximal velocity, 5 days a week) was able to
induce the M2 phenotype in macrophages from subcutaneous
adipose tissue, even in those mice lacking PPARγ in the
myeloid cell lineage (116). PPARγ is one of the main regulatory nuclear transcription factors for M2 cells. In this study,
we also observed an increase in IL-10 production by stimulated peritoneal macrophages from trained mice (116). These
findings indicate that exercise can induce an anti-inflammatory response in macrophages by mechanisms independent of
PPARγ.

Studies on animals fed a high-fat diet showed that endurance
exercise training decreased expression of TLR-4 in monocytes, adipose tissue, and bone-marrow-derived macrophages,
followed by a reduced TLR-4/MyD88 interaction (117).
Humans studies revealed that obese people submitted to an
exercise program showed low levels of TLR-4 in peripheralblood mononuclear cells (117). A short-term program (two
weeks) of both intense and moderate exercise decreased
TLR4 expression in the circulating leucocytes of sedentary
adults (118).

Targeting TLR-4 is an important step to control NF-κB activation and pro-inflammatory cytokine transcription, which represents an important pathway for obesity-induced insulin
resistance. Several studies have reported that different types
of exercise can inhibit the activation of the NF-κB pathway,
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followed by decreased inflammation and restored insulin signaling (119). Moreover, exercise training decreases endotoxaemia by improving gut barrier function (120). LPS is the
most potent TLR-4 ligand, decreasing the LPS concentration
in the serum implies an inhibition of TLR-4 signaling, thus
decreasing NF-κB activation.

These alterations in immune cells induced by exercise can be,
in part, modulated by muscle mass contraction. Pedersen and
collaborators (121) showed that during exercise muscle mass
increases the capacity to produce cytokines, indicating that
muscle is an important immune-modulator organ. IL-6 is elevated in serum after an acute bout of aerobic exercise. Muscle-derived IL-6, together with IL-10 and IL-1ra expression
by leukocytes, represent important anti-inflammatory
cytokines that inhibit IL-1 and TNF-a signaling and improve
insulin sensitivity. Moreover, IL-6 has been shown to enhance
lipolysis and fatty acid oxidation in the muscle and adipose
tissue, as well as increase glucose uptake in an AMPK-dependent manner (3).

IL-15, which is upregulated in the skeletal muscle of trained
people (122), may also play a role in reducing fat mass. It
reduced visceral fat in mice (123). Plasma levels of IL-15 are
inversely correlated with visceral fat amount in obese people
(123). Furthermore, IL-15 induces different NK and T cell
subtype differentiation, and inhibits cell apoptosis (124,125).

5.2. Anti-inflammatory effects of exercise after smoke
exposure
Despite the ever increasing number of patients suffering from
smoke-induced diseases such as COPD, current treatments
can only decelerate, not prevent, the progression of the diseases (126). Often, these patients are limited in their ability to
perform exercises. However, after some weeks of exercise
training, they benefit by improving their strength, cardiopulmonary fitness, and quality of life. In response to regular
physical activity, some human and murine studies also proved
immune-regulating effects. In humans, a reduction of systemic CRP and IL-6 levels in response to physical activity has
been shown (127). In smoke-exposed mice, regular treadmill
running was followed by lower levels of inflammatory,
chemoattractive, and coagulative proteins in the blood (73).
Regarding blood coagulation, a reduction of von Willebrand
factor and Factor VII has been shown. Similarly, a reduced
surface expression of adhesion molecules on circulating lymphocytes such as VCAM-1, ICAM-1 and CD62L, has been
shown after regular treadmill running. In parallel, several
inflammatory cytokines such as IL-1α, MCP-3, MIP1β, MIP1α, and CD40L decreased after exercise in plasma. Exercise
also decreased the rate of leucine appearance, suggesting an
attenuation of accelerated whole-body protein breakdown in
patients with COPD (128).

Physical training does not improve lung function in patients
with COPD. Accordingly, increased cardiorespiratory fitness
is mainly attributed to improvements of muscle and cardiac
function. Animal studies suggest that regular exercise training
is able to at least partly reduce lung inflammation and decelerate the remodeling of lung tissue. Indeed, exercise increased
Th1 responses and suppressed Th2 cytokine levels in the
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lungs of mice after smoke exposure (129). These immune-regulating effects might be due to an increased antioxidant
defense after training, which was demonstrated by a reduction
of oxidative stress markers (130). Prior exercise training has
been shown to alleviate markers of lung inflammation and
lung remodeling induced by subsequent exposure to environmental cigarette smoke. Accordingly, a significant reduction
of inflammatory cell infiltration, cytokines, chemokines,
adhesion molecules, activation of NF-κB was demonstrated,
accompanied by a reduced bronchoalveolar-capillary permeability and epithelial thickening (131).

There are only limited data available about the effects of exercise on the endothelium in smokers. In mice it was shown that
exercise is able to reverse peripheral endothelial dysfunction
after smoke exposure by increasing maximal endotheliumdependent dilation. In parallel, protein expression of phosphorylated eNOS was increased in the aorta of trained mice (132).
Endothelial dysfunction and cardiac dysfunction are strongly
connected. Accordingly, it is assumed that the protective
effects of exercise towards the endothelium might also be cardioprotective (133,134). Bowen et al. (132) proved that right
ventricular dysfunction after smoke exposure can be reversed
by exercise training, while the underlying mechanisms are not
known. Exercise training has been shown to reverse various
aspects of muscle wasting after long-term smoking. In the
muscle of smoke-exposed mice, a decrease in inflammatory
signals such as TNF-α and IL-1β on RNA level has been
reported after training (73). The anti-inflammatory effects are
suggested to involve blunting of the activation of catabolic
pathways, such as the ubiquitin proteasome system. In this

context, exercise decreased FoxO1 phosphorylation, reduced
the expression of atrogin-1 and MuRF-1, and abrogated the
expression of protein catabolic E3 ligases in muscle, which
are considered key factors in myofibrillar protein breakdown
via the ubiquitin proteasome system. Similarly, exercise
increases anabolic signaling after smoke exposure by increasing IGF-1 signaling and activation of the Akt–mTOR–pathway in muscle tissue. Exercise stimulates the metabolic
capacities of muscles after smoke exposure. Thus, an
increased expression of genes involved in fatty acid transport
into the mitochondrial matrix and an increase of glucose
uptake was observed in smoke exposed of mice after training
(73).

6. DIFFERENTIAL IMMUNOLOGIC
REGULATION OF EXERCISE DURING
OBESITY AND AFTER SMOKE EXPOSURE

The impact of exercise training as a therapeutic strategy for
obese patients excluded this patients or for patients with pulmonary diseases might at first be strongly dependent on the
progression or pathologic stage of the disease. However, in
the wide array of smoke-induced pulmonary diseases the
effects of therapeutic training are limited. On the one hand,
COPD patients at least patients in stage III or IV⎯are only
able to take part in effective types of exercise training programs in a limited fashion (135). On the other hand, exercise
has neither the potential to regenerate lung tissue nor to
improve lung function significantly (129). Instead, regular
exercise training mainly alters the function of peripheral tissues such as cardiac function or muscles. Some studies have

Figure 4: Specific effects of regular exercise training on cigarette smoke-induced inflammation (left side) and obesity associated inflammation
(right side) and common effects (middle).
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demonstrated muscular dysfunction, indicated by anabolic
resistance, in response to training (136). However, this
process might depend on the progress of the disease, because
there is also some evidence for a reduction of inflammation
and oxidative stress followed by increased activation of anabolic signals, decrease of catabolic pathways, strength, and
endurance capacity (73). Regarding tissue degradation, it is
suggested that the immune-regulating effects of exercise
mainly decelerate or stabilize the level progression of cellular
damage and fibrosis (73,92) (Figure 4).

During obesity, however, exercise appears to have a much
more pronounced effect. Since obesity is characterized by
strong metabolic alterations in adipose tissue and other organs,
many pathways are involved in obesity-induced inflammation,
thus exercise can act in different ways to restore body homeostasis and reduce inflammatory responses. Exercise training
induces fatty acid oxidation, which reduces free fatty acids.
Moreover, trained human and rodents presented lower LPS
concentration in the serum (137,138). Combining these factors
culminates in a decrease of TLR4 and NLRP3 activation,
which reduces immune cell infiltration into the adipose tissue,
inhibits the pro-inflammatory phenotype and decreases local
and systemic inflammation (139). Furthermore, exercise can
restore glucose homeostasis and insulin sensitivity in many
different organs and tissues. Recent work reported that adipose-specific insulin resistance increases MCP-1 expression
and M1 macrophage infiltration into the adipose tissue (140).
Therefore, restoring insulin signaling is an important pathway
to decreasing obesity-induced inflammation (Figure 4).

Several studies have reported that the effects of exercise on
obesity are independent of an alterations in fat mass index or
high-fat diet consumption (114,115,141). In many studies,
there is no nutritional intervention; they only add exercise to
the routine, and the effects include reduced inflammation,
restored glucose and insulin signaling, and decreased obesityassociated comorbidities (46,141). So, many years of research
in the obesity field lead us to believe that the problem facing
Western society is not the high consumption of fat by itself,
but the combination of this with a sedentary lifestyle
(142,143). In contrast, smoke-induced inflammation develops
independently of a sedentary lifestyle. There is no consistent
association between physical inactivity and pulmonary function in adult smokers (144). Accordingly, regular smoking is
suggested to represent an inflammatory trigger that cannot be
completely compensated for by regular exercise. Consequently, smoking history and smoking cessation should be given
special attention in prevention and therapeutic strategies.

7. CONCLUSION

Inflammation during obesity or after cigarette smoking has
several aspects in common, but there are also distinct differences in their pathogenesis. Accordingly, it is reasonable to
talk about an obesity-type of chronic low-grade inflammation
and a cigarette smoke-type of systemic inflammation. Disease-specific severity, localization, and tissue-specific
immunologic signaling pathways reflect some of the main differences between both inflammatory diseases. Downstream,
smoking and obesity share some hallmarks of inflammation
EIR 25 2019

that affect the risk for various inflammatory comorbidities,
such as cardiovascular disease and rheumatoid arthritis (2). It
is worth mentioning that there is a proportion of patients who
combine obesity and smoking, and the interaction between
both resulting inflammatory processes increases the overall
risk for morbidity and mortality. Regarding the immune-regulating effects of exercise, it is important the note that exercise
training represents a holistic therapeutic approach that affects
both local as well as systemic inflammatory processes in
obese patients and long-term cigarette smokers. However, in
cases of advanced pulmonary damage after long-term cigarette smoking, the immunological effects of therapeutic exercise are limited, which makes it important to start therapeutic
training as soon as possible.
Accordingly, exercise training represents an integrated therapeutic approach with only limited negative side effects (145).
But due to the distinctive differences between obesity and cigarette smoking, future studies should consider investigating
the immune-regulating exercise strategies that more specifically target disease-specific inflammation.
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ABSTRACT

Physical inactivity is one of the leading contributors to worldwide morbidity and mortality. The elderly are particularly
susceptible since the features of physical inactivity overlap
with the outcomes of natural aging – including the propensity
to develop cardiovascular diseases, cancer, diabetes mellitus,
sarcopenia and cognitive impairment. The age-dependent loss
of immune function, or immunosenescence, refers to the progressive depletion of primary immune resources and is linked
to the development of many of these conditions. Immunosenescence is primarily driven by chronic immune activation
and physical activity interventions have demonstrated the
potential to reduce the risk of complications in the elderly by
modulating inflammation and augmenting the immune system.
Since poor vaccination outcome is a hallmark of immunosenescence, the assessment of vaccine efficacy provides a window to study the immunological effects of regular physical
activity. Using an accelerator-based study, we demonstrate in
a Singaporean Chinese cohort that elderly women (n=56)
who walk more after vaccination display greater post-vaccination expansion of monocytes and plasmablasts in peripheral blood. Active elderly female participants also demonstrated
lower baseline levels of IP-10 and Eotaxin, and the upregulation of genes associated with monocyte/macrophage phagocytosis. We further describe postive correlations between the
monocyte response and the post-vaccination H1N1 HAI titres
of participants. Finally, active elderly women reveal a higher
induction of antibodies against Flu B in their 18-month second vaccination follow-up. Altogether, our data are consistent
with better immunological outcomes in those who are more
physically active and highlight the pertinent contribution of
monocyte activity.
Keywords: Aging, Physical Activity, Influenza, Vaccination,
Immunosenescence
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1. Introduction

Physical inactivity has been cited by the WHO as the fourth
leading risk factor for global mortality (6% of deaths globally)
– preceded only by high blood pressure (13%), tobacco use
(9%), and high blood glucose (6%) (80). Physical activity,
defined as bodily movement directed by the skeletal muscles
and resulting in energy expenditure, differs from exercise as
the latter refers to planned, structured, and repetitive programmes that are designed to maintain and improve physical
fitness (10). Both physical activity and exercise are positively
associated with beneficial outcomes in cardiorespiratory
(CHD, CVD, stroke, hypertension), muscular (muscle mass,
strength and power), metabolic (diabetes, metabolic syndrome), mental (depression) and immunological (immune
activation levels, vaccination efficacy and immunosenescence) health (28, 29, 32, 33, 46, 60, 67, 74). Since the elderly
are susceptible to a decline in all these faculties, physical
activity becomes an attractive prospect of a low-cost intervention, particularly since pharmacological interventions have
led to more controversial or limited efficacy in delaying the
acquisition of age-related morbidities (6).

The world is aging rapidly and the population of elderly over
the age of 65 is expected to approach 1.5 billion by the year
2050 (79). In alleviating the growing demands on healthcare
that accompany the aging phenomenon – the elderly impose
a disproportionate reliance on these resources – governments
must introduce policies that keep the elderly robust. While
the benefits of physical activity are relevant throughout lifespan, there is a growing body of literature that describe more
pertinent benefits of physical activity in the elderly (14, 75).
The age-related loss of immune function is particularly well
documented as a driver of age-related causes of morbidity
and mortality; the former is widely attributed to the concomitant loss of hematopoietic resources and naïve lymphocytes as well as an overrepresentation of late-stage memory
lymphocytes – altogether constituting an immune system
that is less poised to respond to both old and new antigens
(39). Although this scenario results in poor vaccination outcomes in the elderly, there is compelling evidence that physical activity levels can compensate for these deficiencies (14,
59, 75).

Differences in population demographics or the nature of physical activity have however, contributed to heterogeneous
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observations among studies that investigate the modulatory
effect of physical activity on vaccination outcomes. Perhaps
due to age or uniformed high levels of vaccine-responsiveness, a study on young college students demonstrated that neither physical fitness nor physical activity improved antibody
responses after influenza vaccination (70). A separate study
found that the antibody response of elite swimmers (aged 1723) to pneumococcal vaccination encompassed more antibody
subtypes than their sedentary counterparts (29). Nevertheless,
the impact of physical activity or exercise on vaccination
responses in the elderly has generally been described as positive. In the elderly, the augmentation of immune responses by
physical activity has been demonstrated in the contexts of
pneumococcal, meningococcal and influenza vaccinations
(35, 36, 60, 69). The latter may be linked to better immunosenescent profiles in the elderly, since independent studies have
revealed reduced frequencies of senescent naïve and memory
T-cells as well as a reduced inflammatory signature in those
who exercise regularly (46, 52, 73). Unfortunately, studies
linking physical activity to advantageous influenza vaccination responses rarely investigate beyond HAI titres. Without
the elaborate characterisation of post-vaccination immunity, it
is a challenge to determine the nature of physical activity that
is required to optimise these benefits.

In summary, while there is a strong case for promoting physical activity as a fundamental component to healthy aging, the
results of these studies display a heavy reliance on self-reported physical activity or organised exercise regimes – which
may be challenging to interpret and implement on a national
or global level (60, 74). Moreover, the specific mechanisms
responsible for generating these effects remain elusive, for
example, it is unclear whether the enhancement of post-vaccination immunity results from changes in the innate or adaptive immune systems. In this study, we aim to study the value
and impact of physical activity on post-vaccination immunity
using a more comprehensive and multi-dimensional approach;
we also validate the application of an accelerometer in achieving these aims. Using data from an accelerometer-based study
of an elderly Singaporean Chinese cohort, we demonstrate
that elderly women who walk more display greater post-vaccination expansion of monocytes and plasmablasts in peripheral blood compared with sedentary women. Through the
transcriptomic analysis of PBMC-derived mRNA, we further
reveal the upregulation of genes associated with
monocyte/macrophage phagocytosis in active elderly women.
Importantly, we found significant correlations between the
post-vaccination expansion of monocytes and H1N1 HAI
titres. Finally, active elderly women who walk more mount a
stronger antibody response against Flu B in their 18-month
second vaccination follow-up. Altogether, our data are consistent with enhanced vaccination outcomes in physically active
females, mediated by both the innate and adaptive immune
system.

2. Materials and Methods

Study participants
The National Healthcare Group (NHG) Domain Specific
Institutional Review Board (DSRB) approved a phase IV clinical trial of Sanofi Pasteur’s Vaxigrip© influenza vaccine,

which is registered at clinicaltrials.gov under the registration
number NCT03266237. We recruited older adults above 65
years of age for participation in an epidemiological study of a
second cohort from the Singapore Longitudinal Aging Study
(SLAS-2) (51). Participants were community dwellers from
eight different housing precincts across Singapore. Volunteers
were excluded if they had received an influenza vaccination in
the past 6-months. Those with suspected congenital or
acquired immunodeficiency as well as those receiving
immunosuppressive or long-term corticosteroid therapy were
also excluded. All volunteers provided written informed consent for the reception of Vaxigrip©.

Influenza vaccination
Two commercially available inactivated trivalent Vaxigrip©
(2013-14) seasonal influenza vaccines were used in this trial.
In the first vaccination, vaccine consisted of split virions from
three prevalent strains: A/California/07/2009 (H1N1),
A/Texas/50/2012 (H3N2) and B/Massachusetts/02/2012. For
the second vaccination at the 20-month follow-up, this was
updated to A/California/07/2009 (H1N1), A/Switzerland/97/2013 (H3N2) and B/Phuket/3073/2013. Virions were
grown in embryonated chicken eggs, inactivated by formaldehyde treatment, and split via anionic detergent. The first vaccine was administered to elderly study participants between
January and August 2014. Venous blood specimens were collected from the participants immediately prior to vaccination
(Day 0) and on Days 2, 7 and 28 after vaccination. For the
second vaccination, blood specimens were collected immediately prior to vaccination and 28-days post-vaccination. Participants with HAI titres >40 (1/dil) were considered seroprotected.

Actigraphy data collection
On the day of vaccination, participants were given a wristworn device, Actical© (Phillips, Amsterdam, Netherlands),
which they agreed to wear on their wrist for a 14-day period
that commenced immediately after vaccination. The device
does not interfere with any of the participant’s daily activities
and participants were not instructed to modify their daily routine and behaviour. The device was used to monitor gross
motor activity and collected data were analysed by the software Actical© v3.1 (Philips Electronics, Amsterdam, Netherlands), which in addition to the number of steps completed,
provides percentage data on the participant’s sedentary period. Although 183 participants consented to actigraphy data
collection, we divided participants into quartiles based on
their number of steps completed. Participants who belonged
to the highest and lowest quartiles were included in the analyses described in this study (Females, n=56; Males, n=34).

Determination of Frailty Status
At the time of recruitment, demographic, medical, psychosocial, behavioural, and neurocognitive variables were collected
from study participants by clinical personnel through interviews and on-site clinical assessment. Data specific to the
Instrumental Activities of Daily Living (IADL), Short-from
Health Survey (SF-12), Mini Mental State Examination
(MMSE), Geriatric Depression Scale (GDS), Geriatric Anxiety Inventory (GAI) and Montreal Cognitive Assessment
(MOCA) were collected as described in validated studies (40,
EIR 25 2019
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48, 58, 59, 77, 82). In addition, participants self-reported
answers to questions related to their occupational, socio-economic, medical history, exercise and nutritional habits, which
were presented in the form of a questionnaire. Physical frailty
was defined according to Fried’s assessment of five criteria,
including unintentional weight loss, slowness, weakness,
exhaustion, and low physical activity (25), and scaled to Asian
populations as described previously (51).

Characterisation of Sarcopenic Status
Total and regional lean body mass was measured by dual
energy X-ray absorptiometry (DXA) scan with a Hologic®
densitometer. The participant laid in a supine position on the
DXA table with limbs close to the body. DXA scans were performed in the Department of Diagnostic Radiology, National
University Hospital (NUH) of Singapore. Appendicular muscle mass was calculated as described by Heymsfield et. al.
(31). Lower limb strength was assessed using the methods
described by Lord et. al., and body mass index (BMI) values
were calculated by averaging triplicate measurements (45).
Participants were required to complete the 6-meter gait speed
test as described by Nelson et al., duplicate measurements
were averaged for the determination of gait speed in
meters/second (50). In accordance to recommendations by the
Asian Working Group for Sarcopenia (AWGS), sarcopenic
status was determined using measures of appendicular lean
mass, lower leg limb strength and gait speed (11). The appendicular skeletal muscle index (ASMI) was calculated as the
ratio between appendicular muscle mass and height2. Low
ASMI refers to values below 7.0 kg/m2 and 5.4 kg/m2 for men
and women respectively. Cut-off values for low lower limb
strength are as indicated: ≤ 18 kg for men and ≤ 16 kg for
women. Low gait speed was defined as an average speed of 2
trials ≤ 0.8 m/s. Finally, a participant was categorized as sarcopenic if they had low ASMI and low lower limb strength
and/or gait speed.

Vaccine-specific (HAI) antibody titres
Vaccine-specific antibodies were measured using sera collected at Days 0 and 28 after both vaccinations using the Hemagglutination inhibition (HAI) assay. Two independent assays
were concluded for the determination of HAI titres. Samples
were first heat inactivated and pre-treated with neuraminidase
to eliminate non-specific inhibitors and anti-turkey red blood
cell (anti-TRBC) hemagglutinins, which may interfere with
the test results. Treated sera were then serially titrated, starting
at a 1/10 dilution, and incubated with 4 hemagglutinating
units/25 µl of the virus. After incubation at 37°C for 1 h, a
0.5% TRBC suspension was added to the plates and was incubated for one hour at ambient temperature. Plates were then
read using the tilt method, and the HAI titre was assigned as
the reciprocal of the highest serum dilution that exhibited
complete inhibition of hemagglutination. The geometric mean
titre of both independent runs was used to determine the final
titre.

Cytokine Measurements by Luminex
The Milliplex © human cytokine/chemokine panel (Cat:
EPX090-12187-901; Merck Millipore, Massachusetts, USA)
was used to measure the levels of IFNƴ-inducible protein 10
(IP-10) in plasma samples from participants that were collectEIR 25 2019

ed at baseline and Days 2, 7 and 28 post-vaccination. Eotaxin
and high sensitivity C-reactive protein (hs-CRP) were only
measured at baseline. Samples and standards were incubated
with fluorescent-coded magnetic beads which had been precoated with the respective capture antibodies. After overnight
incubation at 4°C with shaking, plates were washed twice
with wash buffer. Biotinylated detection antibodies were incubated with the complex for 1 hour and Streptavidin-PE was
subsequently added for another 30 mins incubation. Plates
were washed twice before beads were re-suspended in sheath
fluid and read using PCR plates by the Luminex analyser,
FLEXMAP© 3D (Merck Millipore, Massachusetts, USA).
Data were acquired using the xPONENT© 4.0 (Luminex©,
Texas, USA) acquisition software and analysed with a BioPlex Manager 6.1.1© (Bio-Rad, California, USA). Standard
curves were generated, and a 5-parameter logistic algorithm
were used for the estimation of MFI and concentration values.
Immunophenotyping by flow cytometry
Percentages of immune cell subsets were determined using
cryopreserved peripheral blood mononuclear cells (PBMCs).
Cryopreserved PBMCs were quick-thawed at 37˚C and resuspended in warm RPMI. After a second wash, PBMCs were
counted and plated into 96-well plates for subsequent stain-

Table I: T-cell Antibody Panel
Target
Vd1
Vd2
CD4
CD31
CTLA4
CXCR5
PD1
CD3
CD8
CD27
CD28
CD45RO
CD95
KLRG1

Company
Abcam
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
eBioscience
BD
BD
BD
BD
BD
BD
BD

Clone
TS8.2
B6
OKT4
WM59
L3D10
J252D4
eBioJ105
UCHT1
RPA-T8
L128
CD28.2
UCHL1
DX2
2F1/KLRG1

Dye
FITC
PerCP
PE-Cy5
BV605
PE-Cy7
PE
APC-eF780
AF700
BV711
BV650
BUV737
BUV 395
PE-CF594
APC

Catalog
ab171097
331410
317412
303122
349914
356904
47-2799-42
557943
563677
563228
564438
564291
562395
561620

Clone
HI10a
HIB19
B-ly4
ML5
L128
HIT2
HI30
MI15
IA6-2
MHM-88
2H7
5C3
J252D4
L243

Dye
PE-CF594
AF700
PE-Cy5
BV421
BV650
APC
PerCP/Cy5.5
BV605
FITC
APC-Cy7
BV570
PE-Cy7
PE
BV785

Catalog
562396
557921
551064
562789
563228
555462
564105
563294
555778
314520
302332
334322
356904
307642

Table II: B-cell Antibody Panel
Target
CD10
CD19
CD21
CD24
CD27
CD38
CD45
CD138
IgD
IgM
CD20
CD40
CXCR5
HLA-DR

Company
BD
BD
BD
BD
BD
BD
BD
BD
BD
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
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ing. 0.5, 0.75 and 1.5 million cells were used for T-cell, B-cell
and Myeloid phenotyping panels respectively (Tables I, II and
III respectively); antibodies were procured from eBioscience
(California, USA), Biolegend (California, USA), BD Biosciences (California, USA) and Miltenyi Biotec (Bergisch
Gladback, Germany). All panels contain a Thermo Fisher
Live/Dead© fixable dye (Cat: L-34957; Thermo Fisher, Massachusetts, USA) to distinguish between live and dead cells.
Antibody cocktails were added to aliquoted cells and incubated for 20 minutes in the dark at 4˚C. The cells were then
washed twice before resuspension in staining buffer and
analysed on the LSR II (BD Biosciences, California, USA)
cytometer. Data generated by flow cytometry was analysed
with the Flowjo© software (Tree Star, Inc., USA). Events
were gated by forward and side scatter followed by subsetspecific marker expression.
For deriving absolute counts, the numbers of monocytes, B
cells, plasmablasts, CD4 and CD8 T cells, NK cells, and conventional and plasmacytoid dendritic cells were determined
using freshly collected whole blood samples. 100 μL of whole
blood was stained with antibody cocktail (Table IV) in BD
Trucount© Absolute Counting Tubes (Cat: 340334; BD Biosciences, California, USA) for 15 minutes at room tempera-

Table III: Myeloid Antibody Panel
Target
CD3 (Lin)
CD19 (Lin)
CD20 (Lin)
CD56 (Lin)
CD2
CD11c
CD15
CD16
CD33
CD45
CD80
CD1c
CD11b
CD14
CD123
CD141
HLA DR
SLAN

Company
BD
BD
Biolegend
Biolegend
BD
BD
BD
BD
BD
BD
BD
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Miltenyi

Clone
UCHT1
H1B19
2H7
HCD56
RPA-2.10
BLy6
HI98
3G8
WM53
HI30
L307.4
L161
ICRF44
HCD14
6H6
M80
L243
DD-1

Dye
AF700
AF700
AF700
AF700
APC H7
FITC
BUV395
BUV 737
BV421
PerCP-Cy5.5
BV650
PE-Cy7
BV711
PE-Dazzle 594
BV510
APC
BV605
PE

Catalog
557943
557921
302322
318316
562638
561355
563872
564434
562854
564105
564158
331516
301344
325634
306022
344106
307640
130-093-029

Dye
BV786
APC
PE/cy7
BV510
PerCP
A700
PE
PB
APC/cy7
FITC
BV605
PE TR
PE/cy5.5
BV650

Catalog
563325
555462
317334
317444
301824
302026
356406
304029
304814
305104
307640
61-0088-42
35-0567-42
95-1239-42

Table IV: Trucount Antibody Panel
Target
CD19
CD38
CD3
CD4
CD14
CD16
CD27
CD45
CD62L
CD66b
HLA-DR
CD8
CD56
CD123

Company
BD
BD
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
eBioscience
eBioscience
eBioscience

Clone
SJ25C1
HIT2
OKT3
OKT4
M5E2
3G8
M-T271
HI30
DREG-56
G10F5
L243
RPA-T8
CMSSB
6H6

ture. 900 μL of 1X BD FACS Lysing solution (Cat: 349202;
BD Biosciences, California, USA) was then added to the tube
and incubated for 15 minutes before acquisition on the LSR II
Fortessa (BD Biosciences, California, USA) flow cytometer.

Determination of Vaccine Specific B-cells by ELISpot
PBMCs were thawed and counted as described in the
immunophenotyping section. PBMCs were plated into 4 wells
at 0.1 million PBMCs per well, incubated with IL-21, and
separately treated with the following conditions: unstimulated, vaccine-stimulated (0.3 µg/mL of trivalent vaccine) in
duplicates and positive control as stimulated by both antiCD40 (Cat: MAB6321; RnD Systems, Minnesota, USA) and
CpG oligonucleotides (CpG ODN 2006, Cat: tlrl-2006;
Invivogen, California, USA). PBMCs were stimulated for 22
hours in a humidified 37˚C CO2 incubator. Vaccine-specific
IgG-secreting B-cells were detected using the Human IgG
ELISpot kit© (Cat: 3850-2H; Mabtech, Nacka Strand, Sweden) by adhering to the manufacturer’s protocol. ELISpot
plates were read using an ImmunoSpot S5 Versa Analyser
(Cellular Technology Limited, Ohio, USA). The enumeration
of vaccine-specific IgG-secreting B-cells was performed by
averaging the number of spots detected from duplicate vaccine-stimulated wells.

Microarray, Differentially Expressed Genes (DEGs) and
Ingenuity Pathway Analysis (IPA)
Total ribonucleic acid (RNA) were isolated from PBMCs
using the mirVana© miRNA isolation kit (Cat: AM1560; Thermo Fisher Scientific, California, USA). Complementary DNA
(cDNA) were generated and purified using the cDNA synthesis kit (Cat: K2561; Thermo Fisher Scientific, California,
USA). Gene expression was analysed by microarray using the
Illumina human HT-12 V4.0 bead chip platform, TargetAmp©-Nano-g Biotin-aRNA Labeling Kit for Illumina (Cat:
TAN07908; Epicenter, Wisconsin, USA). The raw gene
expression data output from Illumina Genome Studio© (Illumina, California, USA) were exported in batches of 96 samples (21). Quality control (QC) and pre-processing of data
were completed using Bioconductor© packages for the R software. The data were log2 transformed and normalized using
the Robust Spline Normalization (RSN) method available in
the Lumi package (Bioconductor) (17). Only probes which
passed a detection p-value of 0.05 in 90% of the subjects were
retained. Differential gene expression analysis between sedentary and active individuals was performed using the Limma
package (Bioconductor) with age included as a cofactor within the linear model (68). Differentially expressed genes
(DEGs) were selected based on a nominal p-value < 0.05. The
list of DEGs along with expression fold changes and p-values
were loaded into Ingenuity Pathway Analysis software (IPA®;
Qiagen Bioinformatics, California, USA). A standard core
analysis was performed in IPA to identify pathways enriched
with the DEGs (38). The microarray data is available on Gene
Expression Omnibus (NCBI) under the accession number
GSE107990 (13).
Statistical Methods
Demographic parameters were compared between sedentary
and active individuals by single-factor ANOVA for numerical
and Fisher’s exact test for categorical data, respectively. PerEIR 25 2019
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Table 1: Participation Demographics and Serology

centages of immune cell subsets measured by
flow cytometry were compared between sedentary and active individuals using an ANCOVA
(analysis of covariance) test with age listed as a
covariate. Comparisons across multiple time
points within the same set of individuals were
performed using the paired Mann-WhitneyWilcoxon U test. HAI titres and blood counts of
immune cells were log2 transformed. Pearson’s
correlation coefficient between these measurements was calculated across both sedentary and
active subjects. P-values of correlation were
computed using Pearson's product moment correlation coefficient test in R statistical language
using the function cor.test.

3. RESULTS

_____________
_________
_______________
_________
______
________
_______
__________
_________
____________
_______
_________
_______
Demographic parameters were compared between sedentary and active females (n=56) and males
(n=34) by single-factor ANOVA and Fisheƌ͛ƐĞǆĂĐƚƚĞƐƚĨŽƌ numerical and categorical data respectively.

Table 2. DEXA indices of active and sedentary participants

_________
_______________
_________
______
________
_______
__________
_________
____________
_______
_________
_ ____
__
_____________
Demographic parameters were compared between sedentary and active individuals males (n= 34) and
OVA
females (n=56) by single-factor ANOVA.
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3.1 Participant demographics and cohort
description
A cohort of 183 elderly participants agreed to
carry an Actical© (Phillips) device on their nondominant wrists for a period of 14 days following vaccination with Vaxigrip © . The device
records both actigraphy data as well as the number of steps completed by each participant. We
divided elderly participants into quartiles based
on the number of steps they completed (Females
(n=112): LQ <10927 steps/day (n=28), HQ
>18509 steps/day (n=28); Males (n=70): LQ
<7174 steps/day (n=17), HQ >14770 steps/day
(n=17) to group participants into either sedentary or physically active subgroups for further
analysis. As the age difference between high and
low activity groups was significant across both
genders, we adjusted for age in all subsequent
analyses. Although the initial plan was to compare individuals from the lowest (sedentary) and
highest quartiles (active) in a gender-independent manner, we found that elderly females generally completed more steps than their male
counterparts (Figure 1A). Furthermore, the distribution of steps completed among individuals
in the highest quartile was more continuous for
females than for males. In addition, stratification
by sarcopenic status revealed a difference
between high activity and low activity males
(Table 1). Concordantly, as revealed by Dualenergy X-ray absorptiometry (DEXA) results,
active males were more physically robust than
their more sedentary counterparts – the most significant differences between active and sedentary males and females are listed in Table 2. Elderly males who walked more had higher bone
mineral density (BMD) and content (BMC) in
their arms, legs, pelvis and ribs; and lower fat
content in their leg and gynoid regions.
Although active females displayed trends of
higher BMD and BMC, as well as lower fat
composition, these differences were statistically
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tection rates in our cohort of community dwelling elderly subjects (>
96% for females; > 82% in males).
We observed no differences in the
presence of comorbidities (high
blood pressure, high cholesterol,
diabetic status, arthritis) between
active and sedentary participants.
As reflected by their mini mental
state examination (MMSE) scores,
cognitive functionality was
improved for elderly who were
Figure 1. Baseline demographics of active and sedentary elderly participants. (A) Distribution of more physically active (p = 0.05
steps for all male (blue) and female (red) participants in the actigraphy study (n=183). Lines demarcate for females; p = 0.032 for males),
the boundaries of the interquartile range. (B) Correlation between percentage of sedentary time and although this difference was not
the number of steps completed per day for all participants (n=183).
statistically significant when participants were evaluated by their
significant only for arm BMD (P < 0.02). The number of steps Montreal cognitive assessment (MoCA) scores. Due to fewer
completed by all participants (n=183) was also well correlated male participants (n=34), the lack of a distinct population of
to the sedentary period for each subject (Figure 1B), suggesting highly active male individuals and the large number of conthat both parameters are closely linked in this study (r = 0.85, P founder variables between sedentary and active groups for
< 0.0001).
males, we focused on female participants (n=56) to identify
differences in the post-vaccination immunology of active and
Possibly related to differences in ethnicity and infection histo- sedentary participants in our subsequent analyse.
ry, we achieved relatively high post-vaccination seroprotec-

Figure 2. Pre- and Post-Vaccination Immunological Responses in active and sedentary elderly
females. (A) Percentages of total monocytes, CD14+ and CD16+ monocytes in active (n=28) and
sedentary females (n=28) at D0 and D2. (B) Levels of plasma IP-10 (D0, D2, D7 and D28), Eotaxin (D0)
and CRP (D0) in active and sedentary females. (C) Pre- and D7 post-vaccination percentages of Bcells and plasmablasts, as well as the number of vaccine-specific B-cells in active and sedentary
females. Percentages of immune cell subsets measured by flow cytometry were compared between
sedentary and active individuals using an ANCOVA (analysis of covariance) test with age listed as a
covariate. Comparisons across multiple time points within the same set of individuals were performed
using the paired Mann-Whitney-Wilcoxon U test. P-values are only indicated where there is a statistically significant difference.

3.2 Kinetics of immune cells and
pro-inflammatory cytokines
In active and sedentary females
(n=56), we specifically compared
the percentages of inflammatory
monocytes, classical and non-classical monocytes, eosinophils, neutrophils, dendritic cell subsets and
natural killer (NK) cells to identify
differences in innate immunity
between both populations. Here,
the quantity of immune cell subsets
as measured by flow cytometry
were compared between sedentary
and active individuals using an
ANCOVA (analysis of covariance)
test with age listed as a covariate.
The most salient difference was a
greater post-vaccination induction
of total monocytes (p = 0.039)
between active and sedentary elderly females on Day 2 (Figure 2A);
this was more statistically significant for non-classical CD16+CD14lo
monocytes (ncMono; p = 0.040),
although the representation of
CD14+CD16- classical monocytes
(cMono) was also substantially
increased (p = 0.064). We did not
observe any changes in the distribution of CD16+CD14+ inflammatory monocytes between active and
sedentary elderly women (not
shown). In the measurement of
pro-inflammatory molecules in
EIR 25 2019
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active than in sedentary elderly
females. As determined by
ELISpot, we also observed an
increase in vaccine-specific IgGsecreting B-cells (p = 0.015) within
PBMCs that were collected from
active females on Day 7 post-vaccination (Figure 2C).

3.3 Post Vaccination HAI Titres
Elderly participants were vaccinated twice in this study, with the second vaccination set at 20 months
after receiving the first vaccination. As Vaxigrip® is a trivalent
vaccine comprising split virions
from three different influenza
strains, we investigated HAI titres
for each of these strains. Although
we did not observe any differences
in Day 28 (D28) HAI antibody
titres between active and sedentary
participants for all three strains in
the first vaccination, higher D28
Flu B antibody titres were
observed in active females after the
second vaccination (Figure 3A;
leftmost panel). Subsequently, we
assessed whether the post-vaccination numbers of innate and adaptive immune subsets correlated
with post-vaccination HAI titres
using Pearson’s Correlation.
Although all three strains were
Figure 3. HAI response in active and sedentary elderly females during influenza vaccination. (A)
Comparison of strain specific HAI titres between sedentary (green) and active (red) elderly females studied (presented as a heat map in
during the primary (Vac 1) and secondary (Vac 2) vaccination from Baseline (D0) and Day 28 post-vac- Figure 3B), positive correlations
cination sera (D28). Results for Flu B Massachusetts, H3N1 California and H3N2 Texas are shown. (B) between the numbers of immune
Heatmap corresponding to P-values in the tested correlation between post-vaccination immune cell
cell subsets and D28 HAI were
numbers and D28 HAI titres for all three strains after the first vaccination. P-values of correlation were
computed using Pearson's product moment correlation coefficient test in R statistical language using only observed for the H1N1 strain
the function cor.test (*P<0.05; **P<0.01). (C) Correlation plots and coefficients for (i) D2 CD14+ mono- after the first vaccination (middle
cyte, (ii) D28 CD4 T-cell and (iii) D7 B-cell cell counts versus D28 H1N1 HAI titres. HAI titres and blood panel; Figure 3B). For active eldercounts of immune cells were log2 transformed. Pearson’s correlation coefficient between these measly females, the numbers of classiurements was calculated across both sedentary and active subject and displayed individually for
cal CD14+ monocytes (p < 0.05)
sedentary (green) and active (red) elderly females.
and CD4 T-cells (P < 0.05) at Day
2 (D2) and D28 post-vaccination,
plasma, there was no statistically significant difference in the respectively, were specifically correlated with D28 HAI titres
levels of high sensitivity C-reactive protein (hsCRP) between against the H1N1 strain. The correlation between these
sedentary and active elderly females. However, lower levels immune subsets and H1N1 HAI titres after the first vaccinaof the monocyte-derived chemokine, IP-10 (p = 0.022), and tion are resolved in greater detail in Figure 3C, where individeotaxin (p= 0.025) were detected in active elderly females at ual datapoints and r values are individually shown for sedenbaseline (Figure 2B).
tary (green) and active (red) elderly females (Figures 3C (i)
for D2 monocytes and 3C (ii) for D28 CD4 T-cells).
For adaptive immune cells, we analysed baseline distributions
of CD4 and CD8 T-cells and found no statistically significant 3.4 Transcriptomic Analysis
differences in the numbers of CD4 and CD8 T-cells as well as Finally, we conducted transcriptomic analysis on PBMCs that
CD4:CD8 ratios in active and sedentary groups (Table 1). For were collected at baseline to identify differences in gene
B-cells, the difference in pre-vaccination percentages of B- expression between active and sedentary elderly females. In
cells and plasmablasts (Figure 2C) was not statistically signif- our microarray analysis, we looked for genes that were differicant between active and sedentary elderly females. However, entially regulated between active and sedentary elderly
the Day 7 post-vaccination expansion of B-cells (p = 0.044) females (Figure 4A). Using a nominal cut off value of P <
and plasmablasts (p = 0.006) was significantly greater in 0.05, we identified 505 DEGs that were further studied using
EIR 25 2019
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the Ingenuity Pathway Analysis (34). Here, genetic pathways
related to phagocytosis in macrophages/monocytes were highly upregulated in active elderly females relative to their sedentary counterparts (Figure 4B).

4. DISCUSSION

4.1 Summary of Findings and Study Limitations
Opinions on the impact of acute physical activity on the
immune system are diverse although many have inferred a

state of temporal immunosuppression after acute exercise
(76). In addition to lower levels of circulating lymphocytes
and antibodies following acute vigorous physical activity,
studies have also shown that acute vigorous exercise can
increase the risk of infection (8, 53, 54, 60, 76). Although
acute physical activity diminishes the frequency of peripheral
immune cells, it contributes to the mobilisation of senescent
or late differentiated lymphocytes into the periphery (7, 71,
72). Conversely, there is a consensus that frequent physical
activity and exercise drives immune competency. Investigations into the relationship between physical activity and
improved immunity typically fall
into two categories – cross-sectional studies that stratify participants
by physical activity level/cardiorespiratory fitness or longitudinal studies that compare immune
function after a regular period of
physical-activity based interventions. Altogether, these studies
describe better responsiveness to
mitogen-induced T-cell proliferation, reduced frequencies of senescent cells, higher serum antibody
titres following vaccination and
cytotoxic activity of NK-cells and
neutrophil/monocyte phagocytic
function (22, 28, 55, 57, 60, 61).

Figure 4. IPA analysis revealing DEGs at baseline in active and sedentary elderly females. (A) 505
DEGs were observed between active and sedentary elderly females using a nominal p value of 0.05 as
the cut-off point. (B) Ingenuity Pathway Analysis revealed that genes involved in the regulation of
phagocytosis in monocytes and macrophage were most differentially regulated between active and
sedentary elderly female participants.

Overall, our findings are consistent
with previous literature in describing an augmentation of the postvaccination immune response in
individuals who sustain higher levels of physical activity over extended periods of time. In physically
active elderly females, we demonstrate improvements in both arms
of the immune response. In addition to a greater post-vaccination
expansion of monocytes, we further
observed the upregulation of genes
related to phagocytic function of
monocytes and macrophages, altogether suggesting an enhanced
post-vaccination monocyte presence in active elderly females. Furthermore, we describe a stronger
post-vaccination plasmablast and
vaccine-specific B-cell response in
active elderly females as compared
to their sedentary counterparts. In
active elderly females, the magnitude of the post-vaccination monocyte (D2) and CD4 T-cell (D28)
was also found to correlate positively to H1N1 HAI titres, suggesting that the robustness of both
innate and adaptive responses is
related to the potency of the fluspecific antibody response.
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56 • Improved Vaccination Responses in Physically Active Elderly Females
A limitation of this study is that physical activity was only
monitored for 14 days after vaccination, however, the design
of this study was planned to ensure minimal deviation from
their usual routine so that behaviour in these 14 days could be
indicative of a prolonged lifestyle in terms of physical activity. Moreover, the generally higher BMC and BMD indices in
active females – albeit not statistically significant – suggest
long-term differences in physical activity levels between these
groups. Thus, it is reasonable to assume that the number of
steps completed by each participant are representative of
behaviour beyond this 14-day window period. Nevertheless,
our study design cannot discriminate whether behavioural history or the amount of physical activity completed within the
vaccination window, is responsible for the observed differences in immune activity between active and sedentary elderly women. Since our conclusions are extensively derived from
the post-vaccination observation of immune parameters in
elderly females, a further limitation is that the improved postvaccination outcomes influenza vaccination may not be generalisable to males or younger participants.

4.2 Physical Activity and the Immune Response to Influenza Vaccinations
Specific to influenza vaccination, Kohut et. al. showed that
tri-weekly attendance at a supervised aerobics class contributed to higher antibody titres against H1N1 and H3N2
strains in the elderly (37). While not affecting peak HAI titres,
Woods et. al. demonstrated that a 10-month cardiovascular
exercise-based intervention also benefited the elderly in prolonging the influenza seroprotection period (78). These findings translate poorly to a single bout of cardiovascular exercise, as participation in a brisk walk or a single set of resistance exercise immediately prior to influenza vaccination did
not act as an adjuvant to influenza vaccination (20, 44).
Although we did not observe any differences in post-vaccination HAI titres between active and sedentary elderly females;
the peripheral expansion of monocytes, B-cells, plasmablasts,
and vaccine-specific B-cells was more significant in participants who were more active in the immediate post-vaccination period. Curiously, this robust post-vaccination mobilisation of immune subsets was most closely associated with the
H1N1 HAI response. A similar strain-specific response has
been observed in an earlier trivalent vaccine study, which
noted that elderly females mounted stronger antibody
responses towards H1N1 when acute exercise was implemented as an adjuvant prior to vaccination (64). In our study, the
increased levels of physical activity could contribute to
detectable benefits in the immune response against H1N1 as
participants had the lowest baseline HAI and seroprotection
rates against H1N1.

The lack of convergence with earlier studies, with respect to
improvements in post-vaccination HAI titres, could likewise
be a result of the high levels of pre-vaccination seroprotection
rates and HAI titres against Flu B and H3N2 (>50%) across
both active and sedentary groups (36). Since most elderly subjects in our study responded robustly to influenza vaccination
and seroconverted, it was less likely for differences in HAI
titres between active and sedentary females to be detected. An
alternative explanation may relate to the intensity or regularity
of physical activity required to boost post-vaccination antiEIR 25 2019

body titres, as participants were not subjected to any organised or specific intervention programmes. Unlike earlier studies that grouped donors based on intervention arms or physical activity levels prior to vaccination, donor stratification
was based on post-vaccination physical activity levels in this
study (15, 36, 37, 69, 78). Nevertheless, we introduce many
important perspectives to the link between physical activity
and post-vaccination immunity. We demonstrate firstly that
the augmentation of post-vaccination HAI titres by physical
activity may be closely related to changes in innate immunity
– or more specifically monocyte trafficking and phagocytosis.
Consistent with the upregulation of genes associated with
macrophage and monocyte phagocytosis in PBMCs from
active elderly females, many studies have revealed that physical activity enhances the phagocytic potential of these innate
immune cells (22, 57). Since phagocytosis is fundamental to
antigen-processing and presentation, improvements in the former are likely to directly benefit the generation of antigenspecific T- and B-cell immune responses (22). Serving as a
potential cellular reservoir for subsequent differentiation
towards specialised antigen-presenting macrophages and dendritic cells, the greater post-vaccination expansion of the
monocyte pool is also likely to have contributed to the
increased post-vaccination frequencies of plasmablasts and
vaccine-specific B-cells in the active elderly female group.

As participants were administered two rounds of Vaxigrip©
vaccination in our study – the second after a 20-month interval
– we were able to assess the influence of physical activity on
repeated immunisations. That the physically active elderly
female group could mount a superior antibody response to Flu
B after the second vaccination suggests that they possess better
preservation and persistence of memory B-cell plasticity and
function. The higher pre-vaccination proportions of B-cells
and plasmablasts – and generation of vaccine specific B-cells
– during the first vaccination are consistent with this hypothesis and may further reflect improvements in hematopoietic
potential in active elderly females. Although not statistically
significant, we observed higher HAI titres against Flu B and
H1N1 immediately prior to the second vaccination, suggesting
that active elderly females may accommodate better antibody
persistence in the 20-month post-vaccination period as compared to sedentary participants. The present literature is supportive of the above interpretations. Although the mechanisms
are unclear, regular exercise promotes haematopoiesis and
contributes to higher numbers of hematopoietic stem cells in
the bone marrow and peripheral blood (3, 5). Moreover,
cyclists have been reported to possess higher levels of the
hematopoietic cytokine, IL-7, and frequencies of recent
thymic emigrants in their blood (19). Specific to the B-cell
response, de Araújo et. al. had also observed more potent and
durable antibody responses to influenza vaccination in elderly
men with a moderate or intense training lifestyle (15). Finally,
reports have highlighted that those who exercise have higher
circulating antibody titres (IgM and class-switched isotypes)
suggesting that regular physical activity is important for memory B-cell/plasmablast function (49, 56).

4.3 Physical Activity in the Alleviation of ‘Inflammaging’
Aging is associated with the persistence of low-grade chronic
inflammation – otherwise known as “inflammaging”; this is
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characterised by increased levels of pro-inflammatory molecules (IL-6, CRP, IL-1β, IL-15 and TNF-α) and levels of systemic inflammation have shown close association with the
development of comorbidities in the elderly – including cardiovascular diseases, type-2 diabetes, Alzheimer’s disease,
osteoporosis and multiple cancer types (23, 24, 27). Moreover, elevated systemic levels of IL-6 and CRP have been
shown to predict mortality in longitudinal studies that include
nonagenarians (4, 26, 34). Since immune activation is a key
driver of immunosenescence and loss of lymphocyte function,
we may well speculate that the lower levels of systemic
inflammation (characterised by IP-10 and eotaxin levels) have
a critical role to play in driving the higher immune responses
observed in active elderly females from our influenza vaccine
study. Other studies have highlighted the negative relationships between regular physical activity and systemic IL-6,
CRP and TNF-α levels in the elderly (29, 34). Although we
did not observe any differences in CRP levels between sedentary and active elderly females, lower levels of pro-inflammatory IFN-γ-induced protein precursors (IP-10 or CXCL-10)
and eotaxin were detected in more active females. IP-10 is a
potent monocyte- or dendritic cell-derived chemoattractant
that recruits activated T-cells to secondary lymphoid tissues
and inflammatory sites of action (18). While a decrease in
eotaxin levels following a 12-week exercise intervention period has been illustrated with a cohort of Korean women, the
relationship between physical activity and IP-10 levels has not
been previously described (12).

Since IP-10 is a pro-inflammatory marker that is associated
with susceptibility towards infectious diseases, autoimmunity
and cancer – lower baseline levels of IP-10 may protect
against these pathologies (1, 42, 43). In our study, we further
observed that active elderly females achieved better post-vaccination resolution of IP-10 levels – noticeable as early as 7
days post-vaccination in a trend that persists even at 28 days
post-vaccination. As we monitored walking activity in the
period immediately following vaccination, the swift resolution of IP-10 could be directly related to the levels of physical
activity attained by elderly female participants during the
period of vaccination. It is important to note that the lower
baseline levels of IP-10 in active elderly females do not imply
an impaired capacity to secrete IP-10, as active elderly
females equally upregulated plasma IP-10 levels on Day 2
post-vaccination. The induction of interferon-induced genes,
particularly IP-10 in the first days of vaccination, has been
shown to be a critical component of the predictive signature of
influenza, yellow fever and Ebola vaccine efficacy (2, 16, 47,
63, 66). In an investigation of the influenza vaccination
response, Athale and colleagues also found that vaccine efficacy was highly related to the rapid in vitro secretion of type 1
IFN and IP-10 by innate immune cells (2).

4.4 Improving Health in the Elderly through Physical
Activity
While physical activity may have a significant role in lowering the risk of many age-related diseases (10, 75), we did not
observe many differences in the frequency of co-morbidities
between active and sedentary elderly individuals in our community dwelling cohort. For example, in addition to diabetic
and arthritic status, blood pressure and cholesterol levels

were not statistically different between active and sedentary
elderly individuals in this study. Nevertheless, we observed
that sarcopenic status greatly differed between active and
sedentary elderly males. While a multitude of cross-sectional
and cohort studies have shown that regular physical activity
reduces the risk of developing sarcopenia, the cross-sectional
nature of our study makes it difficult to determine the directional relationship between sarcopenic status and levels of
physical activity among our male participants. Recent evidence, however, indicates that by delaying the decay of skeletal muscle mass and function and improving muscular
strength and power, physical activity and exercise are effective intervention strategies that prevent the development of
sarcopenia (32, 74). A comparison of DEXA measurements
between sedentary and active elderly individuals in our study
reveals trends that support this relationship between physical
activity and the development of sarcopenia. More specifically, indices related to muscular and skeletal health were
strengthened in active elderly participants relative to their
sedentary counterparts.

In terms of monitoring the impact of physical activity on vaccination outcomes, our study is the first to describe improved
cell-mediated responses using an accelerometer-based study
that records physical activity levels in the immediate postvaccination period. While there is a strong case for promoting
physical activity as a fundamental component to healthy
aging, the results of previous studies display a heavy reliance
on self-reported physical activity or interventions featuring
organised exercise regimes. The complexity and type of exercise training (cardiovascular, aerobic training, resistance training, power training) also contribute to contrasting observations, and it is therefore challenging to interpret the value of
organised interventions or implement them on a national level
(30, 60). The rapidly growing proportion of elderly individuals (aged 65 years or older) worldwide, however, create a
pressing need for institutionalised interventions that delay the
acquisition of age-related co-morbidities. For the elderly, the
WHO has suggested that a weekly recommendation of at least
150 minutes of moderate-intensity aerobic activity or 75 minutes of vigorous-intensity aerobic activity is necessary to
achieve the health benefits associated with physical activity
(81). Here, the use of pedometers and accelerometers provide
practical and reliable methods for tracking and incentivising
physical activity among the elderly.

As part of a national initiative to promote physical activity,
the Singapore Health Promotion Board has organised a
National Steps Challenge, which awards modest financial
rewards to motivate participants to become more physically
active and has seen 690,000 sign-ups in 2018 alone. Although
its impact on national health has not been studied, the high
participation rate suggests the feasibility of implementing a
pedometer-based programme to boost national health. It could
be critical for other countries to implement similar policies to
reverse the high prevalence rates of insufficient physical
activity (80, 81). Overall, our demonstration of the benefits of
physical activity on immune responses to influenza vaccination in elderly women suggest that exercise can be a safe and
valuable adjunct to interventions that aim to promote immune
robustness in older individuals.
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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 (Aβ) burden, as determined by 18F-florbetapir positron emission tomography (PET). These aMCI
patients enrolled in a one-year randomized control trial
(AETMCI, NCT01146717) 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 Aβ burden,
cognitive function, and adaptive immune cell subsets to
sedentary lifestyle before intervention. We found that PAinduced immunomodulation of CD4+ and CD8+ T cells in
CSF correlated with changes in Aβ 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 naïve B
cells and CD8+ T cells. We review the literature on aMCIrelated 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 Aβ 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 (Aβ) 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,
NCT01146717) to test the efficacy of 12 months of moderateto-high intensity aerobic exercise training (AET) on cognition
compared to a stretching/toning (ST) control group. Partici-
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pants 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 Aβ burden in the brain, as determined by 18F-florbetapir positron emission
tomography (PET) (16). The analysis of
adaptive immune cells within the AETMCI
trial was only available during the final
year of enrollment, 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 Aβ burden. Collectively, our preliminary data suggested
a complex interplay between the adaptive immune system,
cognition, and Aβ 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 (NCT01146717)
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 MiniMental State Exam (MMSE).

Participants were randomized into either a moderate to highintensity 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/m2, 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: NCT01146717 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 12month sample collection, so 6 month samples were used.
Forty-one patients underwent PET imaging at baseline, and
12 patients had post-PA imaging.

Aerobic Exercise Training (AET): Exercise dose and intensity for the AET cohort was determined for each participant’s
fitness level by assessing the peak oxygen uptake (VO2) 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 VO2 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).
ST: 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
EIR 25 2019
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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 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 18Fflorbetapir 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, dorsolateral 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.

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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Table 2. Summary of cognitive scores by group

Pre-PA group
(n=16)
Mean
SD

Post-PA group
(n=17)
Mean
SD

Cognitive tests by domain
Attention and Concentration
Digit Span Forward
8.07
2.58
8.35
2.37
Digit Span Backwards
6.2
2.51
6.65
2.45
Processing Speed
Trails A
11.94
2.14
13.38
1.85
WAIS-R Coding
11.5
2.42
12.06
2.32
Memory
Logical Memory Immediate Recall
11.88
1.36
12.76
2.44
CVLT Total (t-score)
49.19
9.88
49.35
12.48
Verbal Fluency
Letter Fluency
10.25
1.92
12.13
3.56
Semantic Fluency
9.88
3.42
12.73
3.52
Executive Function
Trails B
11.69
2.06
12.06
2.25
Color Word Interference Test
10.47
1.88
11.13
2.42
CVLT, California Verbal Learning Test; *p<0.05 with significant values bolded

Mann-Whitney
(p value)
0.786
0.565

0.019*
0.579
0.266
0.715

0.145
0.043*
0.672
0.238

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 Aβ 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 Aβ in the (D)
orbital frontal and (E) posterior cingulate cortices. *p<0.05 vs Baseline.

Figure 4. Higher levels of CSF-localized B cells and circulating memory B cells associate with increased hippocampal Aβ deposition.
Standardized 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 naïve B cells
and (D) increased circulating memory B cells after PA.
EIR 25 2019

Adaptive immunity after physical activity in aMCI patients • 67

Figure 5. Shifts from naïve 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 naïve 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) naïve 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) naïve and (F) memory B cell populations. However, post-PA groups exhibit (G)
higher naïve B cells and (H) lower circulating memory B cells with improved attention and concentration.

Figure 6. Higher levels of CSF-localized CD8 T cells, and lower CD4 T cells associate with increased Aβ 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 Aβ deposition. (D-F) There were concomitant
decreases for CD4 T cells in (D) frontal, (E) dorsolateral prefrontal, and (F) orbitofrontal cortices with increased Aβ deposition when comparing
baseline and post-PA PET imaging.
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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. KruskalWallis 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 Aβ 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
aMCI 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 was no difference in any circulating B or T cell subset, including naïve 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 Aβ burden
To understand the relationship between adaptive immunity
and Aβ burden, we first examined whether PA altered Aβ burden in multiple regions of the brain. In aMCI patients, we
identified a significant increase in mean cortical Aβ burden
(p<0.05) and Aβ deposition in the hippocampus (p<0.05) and
precuneus (p<0.05) post-PA (Fig. 3). There was also a trending increase in Aβ burden in the posterior cingulate (p=0.05;
Fig. 3E). Next, we sought to determine if there were correlations between Aβ 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 Aβ 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 Aβ deposition (R2=0.48; p=0.06; Fig. 4B). There
was no correlation between hippocampal Aβ deposition and
overall B cells in the blood at baseline (R2=0.024, p=0.69)
and after PA (R2=0.025, p=0.68).

Finally, we examined correlations between Aβ burden and
particular subsets of B cells. At baseline and after PA, neither
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CSF-derived naïve nor memory B cell populations were associated with Aβ burden in the hippocampus (naïve-R2=0.31;
memory-R2=0.33). Similarly, there were no correlations
between either subset in the blood (naïve-R2=0.25; memoryR2=0.18) at baseline. After a one-year PA intervention, however, participants with increased hippocampal Aβ deposition
had fewer naïve 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).

Subset-specific relationships between naïve and memory B
cells and neurocognitive functioning were also examined.
First, fewer naïve B cells (R2=0.48; p<0.01) and more memory B cells (R2=0.48; p<0.01) in the CSF associated with higher scores on measures of attention and concentration (Fig. 5AB), 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 naïve 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 naïve 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 Aβ
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 postPA PET imaging. Investigation into CSF-derived T cell subsets and PET imaging showed that at baseline, there were no
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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.

EIR 25 2019

70 • Adaptive immunity after physical activity in aMCI patients
correlations with Aβ 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 Aβ
burden in the orbitofrontal cortices (R2=0.48; p=0.06; Fig.
6B). Furthermore, a greater number of CD8+ T cells in the
CSF correlated with an increase in Aβ 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 Aβ 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 Aβ burden over time. Specifically, decreased frequency of CD4+ T cells in the CSF correlated with the
increased Aβ 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
(R 2 =0.50; p<0.05; Fig. 6E), and orbitofrontal cortex
(R2=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 Aβ 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 Aβ
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 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 (R2=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.
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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 (naMCI). 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 APOε4 allele, and family history of cognitive impairment
(27-30). Chronic conditions including hypertension, hyperlipidemia, 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 Aβ 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 immunosenescent (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: secretion of antibodies
and antigen presentation (43). After encountering antigens,
naïve 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). Naïve 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 proinflammatory cytokines and decreased anti-inflammatory
regulatory immune cells (42, 44). MCI patients present with
greater immunosenescence and inflammation, likely con-
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tributing 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-γ,
TNF-α) 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-β, an antiinflammatory 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 naïve 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-α 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 Aβ burden was negatively
associated with CSF-derived CD4+ T cell populations, with
fewer CD4+ T cells correlating with greater Aβ 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 necessary to improve our
understanding of the functional role of these T cell subsets in
aMCI 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 naïve B cells were decreased and memory B
cells were increased in APOε4 carriers with aMCI (16), who

are at a significantly greater risk of developing AD (53).
Given that the switch from naïve to memory phenotype is
observed in healthy elderly individuals (40), our findings suggest that aMCI-induced immune changes are potentially a
more severe form of immunosenescence that naturally occurs
with aging.

Aβ 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 Aβ in the brain (2, 3).
Aβ deposition is believed to trigger the cascade of events
leading to brain atrophy and synaptic dysfunction characteristic of AD (2, 3). In response to Aβ 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 Aβ burden and different lymphocyte populations in aMCI. First, we found that brain Aβ
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 Aβ deposition (56). In MCI patients, greater accumulation of Aβ 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 Aβ 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 Aβ
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 Aβ may be
a potentially interesting therapeutic target.

In our study, we found significant correlations between B and
T cells and brain Aβ burden during aMCI. CSF-localized
CD8+ T cells positively correlated with Aβ beta burden in the
orbitofrontal cortex after PA. Conversely, CD4+ T cells
decreased in aMCI patients that had greater accumulation of
Aβ 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
Aβ 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 Aβ 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 Aβ burden
(60), thus future studies should determine possible mechanisms of action for cytotoxic T cells in the development of
dementia.
Our data also suggest that CD4+ T cells have the opposite
relationship to Aβ deposition compared to CD8+ T cells. We
found that as Aβ burden declined, there were a greater number
of CD4+ T cells in the CSF. In a murine model of AD, injections of Aβ-specific CD4+ T cells injected in the CSF migrate
into the brain where they target Aβ plaques in the hippocampus and cortex, increase phagocytosis of Aβ by innate
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immune cells, and stimulate neurogenesis (61). Another study
demonstrated that injecting Aβ-specific CD4+ T cells into the
blood decreases Aβ 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 Aβ 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 Aβ burden in the
precuneus (53), whereas in this study increased CSF-derived
B cells were associated with greater Aβ burden in the hippocampus both before and after PA. Both of these suggest a
movement from the periphery into the CSF with increased Aβ
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 Aβ plaques (65). At baseline
and after PA, increased peripheral memory B cells and
decreased naïve B cells associated with greater hippocampal
Aβ burden. We also previously found that CSF-derived memory B cells increased as Aβ 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 Aβ deposition.

Cognition and adaptive immune responses
In addition to the accumulation of Aβ 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 naïve 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 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
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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 naïve and memory B cells in sedentary aMCI patients. Fewer naïve 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 naïve 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; naïve 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 naïve 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
naïve B cell and decreased memory B cell populations in the
blood associated with less Aβ 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 Aβ in the
frontal cortex, dorsolateral prefrontal cortex, and the
orbitofrontal cortex, all regions associated with executive
function. Interestingly, although naïve and memory B cells
were associated with changes in Aβ 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 Aβ 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 preclinical mechanistic studies to understand the complex neuroimmune 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
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multi-national epidemiological study examined the frequency
of MCI in individuals 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 β-adrenoceptors expressed on lymphocyte
surface (75). The largest changes occur in CD8+ T cells,
which have high β2-adrenergic receptor expression on their
surface, leading to preferential mobilization (75). However,
CD4+ T cells and B cells also express β2-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 naïve B cells (77). These data indicate that lymphocyte subpopulations are differentially impacted during exercise and thus may play different roles in postexercise 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
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 interleukin (IL)-10+ and TGF-β+ 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 antiinflammatory 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
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pro-inflammatory cytokines, TNF- α and IL-6 (13, 86). IL-6,
which functions as both a cytokine and myokine (musclederived 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 IL6 levels at rest (13, 14). Sixteen weeks of multimodal training
for MCI patients found that declining levels of IL-6 and TNFα, as well as an increased BDNF, was associated with
improved cognition (13).

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 Aβ 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 PAinduced immunomodulation of adaptive immune cell subsets
were associated with Aβ 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 Aβ 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 Aβ 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 Aβ burden after PA in patients suffering
from aMCI, and may underestimate or overestimate the true
effect of PA on immunity, cognition, and Aβ burden. Our conclusions should be interpreted with caution and future studies
should confirm our findings in larger cohorts of aMCI
patients.
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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 Aβ 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 Aβ in
aMCI. First, increased Aβ load in the hippocampus was associated with fewer naïve 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 naïve B cells were associated with lower attention
and concentration scores. Second, CSF-derived CD4+ T cells
decreased, and CD8+ T cells increased, with more Aβ 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 Aβ and associated changes
in neurocognitive functioning. Finally, we found that after PA,
there was an inverse relationship between memory/naïve B
cells and CD4+/CD8+ T cells. Overall, increased peripheral
naïve 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 Aβ 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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Type 1 diabetes impairs the mobilisation of highly-differentiated CD8+ T cells
during a single bout of acute exercise
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ABSTRACT
Type 1 diabetes (T1D) is a T cell mediated autoimmune disease that targets and destroys insulin-secreting pancreatic
beta cells. Beta cell specific T cells are highly differentiated
and show evidence of previous antigen exposure. Exerciseinduced mobilisation of highly-differentiated CD8+ T cells
facilitates immune surveillance and regulation. We aimed to
explore exercise-induced T cell mobilisation in T1D. In this
study, we compared the effects of a single bout of vigorous
intensity exercise on T cell mobilisation in T1D and control
participants. N=12 T1D (mean age 33.2yrs, predicted VO2
max 32.2 mL/(kg·min), BMI 25.3Kg/m2) and N=12 control
(mean age 29.4yrs, predicted VO2 max 38.5mL(kg.min), BMI
23.7Kg/m2) male participants completed a 30-minute bout of
cycling at 80% predicted VO2 max in a fasted state. Peripheral blood was collected at baseline, immediately post-exercise,
and 1 hour post-exercise. Exercise-induced mobilisation was
observed for T cells in both T1D and control groups. Total
CD8+ T cells mobilised to a similar extent in T1D (42.7%;
p=0.016) and controls (39.7%; p=0.001). CD8 effector memory CD45RA+ (EMRA) subset were the only T cell lineage
subset to be significantly mobilised in both groups though the
percentage increase of CD8+ EMRA was blunted in T1D
(T1D (26.5%) p=0.004, control (66.1%) p=0.010). Further
phenotyping of these subsets revealed that the blunting was
most evident in CD8 + EMRA that expressed adhesion
(CD11b: T1D 37.70%, Control 91.48%) and activation markers (CD69: T1D 29.87%, Control 161.43%), and appeared to
be the most differentiated (CD27-CD28-: T1D 7.12%, Control
113.76%). CD4+ T cells mobilised during vigorous intensity
exercise in controls (p=0.001), but not in T1D. The blunted
mobilisation response of particular T cell subsets was not due
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to CMV serostatus or apparent differences in exertion during
the exercise bout as defined by heart rate and RPE. Predicted
VO2 max showed a trend to be lower in the T1D group than
the control group but is unlikely to contribute to this blunted
response. We postulate the reasons for a blunted mobilisation
of differentiated CD8+ EMRA cells includes differences in
blood glucose, adrenaline receptor density, and sequestration
of T cells in the pancreas of T1D participants. In conclusion,
mobilisation of CD8+ EMRA and CD4+ subsets T cells is
decreased in people with T1D during acute exercise.
Key words: Exercise, Physical activity, Type 1 Diabetes,
Immunity, T cells

INTRODUCTION

Type 1 Diabetes (T1D) is an autoimmune disorder characterised by T cell mediated destruction of insulin secreting pancreatic beta cells. Peripheral T cells are mobilised by acute
exercise in healthy individuals, and exercise may also modulate the number and function of these cells. We therefore
wanted to explore the effect of exercise on T cell mobilisation
in people with autoimmune T1D.

T cells in T1D
Beta cell specific T cell subsets are mainly comprised of late
differentiated memory T cells that show evidence of previous
antigen exposure [1-3]. Indeed, circulating islet specific CD8+
T cells have been detected at similar frequencies in both T1D
and non-diabetic cohorts [4]. However, antigen-experienced
islet reactive CD8+ T cells (ZnT8186–194 multimer+) were found
sequestered in the pancreas of T1D donors, but not non-diabetic donors [4]. Islet resident CD8+ T cells in the human pancreas also express CD11b, CD69, and CD103, which are
markers of tissue resident memory cells [5-7]. In particular,
elevated highly differentiated CD8+ effector memory T cells
re-expressing CD45RA (EMRA) have been found in T1D [1,
2, 8].
T cell differentiation
Towards the beginning of the linear differentiation pathway,
CD8+ T cells are released into the circulation as naïve T cells
which are characterised by their cell surface co-expression of
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CD45RA, CCR7, CD27 and CD28 [9-14]. CD45, the leukocyte common antigen, has multiple isoforms which are differentially expressed based on maturation status [15]. Central
memory (CM) cells are formed (CD45RA-CCR7+) following
antigen experience and loss of CD45RA [11, 14]. Memory
cells lose the expression of the high molecular weight
CD45RA isoform and gain expression of the low molecular
CD45RO isoform following activation [16]. Following antigen presentation, CM T cells can rapidly differentiate into T
cells with effector functions [13]. CCR7 is down-regulated as
CM T cells become specialised, antigen specific effector T
cells. CM T cells progress to effector memory (EM) T cells
through three progressively differentiated subpopulations
defined based on their expression of CD27 and CD28: early
differentiated (ED) (CD27+CD28+), early-like differentiated
(ELD) (CD27-CD28+), and intermediate differentiated (ID)
(CD27+CD28-). CD27 and CD28 diminish in a stepwise fashion following successive rounds of differentiation in response
to antigen stimulus, corresponding with an increase in cytotoxic functions [17-19]. Following the loss of both CD27 and
CD28, ID T cells become fully differentiated EM T cells
(CD27-CD28-) [19, 20].
Re-expression of CD45RA on fully differentiated effector
memory (EM) T cells (EMRA) is the final stage of T cell differentiation in the T cell lineage pathway [21] (Figure 1),
which gives rise to a range of phenotypically and functionally
diverse T cell subsets. This re-expression of CD45RA leads to
a fixed resting memory T cell pool that can respond to recall
antigens [22, 23]. Differentiation status of EMRA subsets can
be identified in a number of ways; cell surface expression of
markers such as CD26, CD57, and killer cell lectin-like receptor subfamily G member 1 (KLRG1) [1, 2, 8]; lack of CD27

and CD28 expression [17, 18]; and evidence of shortened
telomeres indicative of successive rounds of cell division [2,
8]. Although conventionally EMRA are CD27-CD28-, there is
evidence of further subdivisions of differentiation based on
the differential expression of these markers [24]. Pedro
Romero et al., 2007 identified small subpopulations of CD27CD28 + and CD27 + CD28 - EMRA [24]. Nonetheless,
CD27+CD28+ and CD27-CD28- EMRA make up the larger
proportion of EMRA subpopulations [24, 25].

Amidst these earlier stages of differentiation exists a dynamic
population CD8+ T cells which have recently been implicated
in T1D [2, 3]. Stem cell like memory T cells (T SCM )
(CD27+CD45RO-CD95+CCR7+) express naïve surface markers (CD45RA, CCR7) and are capable of extensive proliferation and self-renewal, similar to hematopoietic stem cells [2628]. However, TSCM also have the ability to rapidly acquire
effector functions upon stimulation and respond to recall antigens, analogous to effector memory subsets [28, 29]. Beta cell
specific T cell populations in the peripheral blood have been
identified with this phenotype in T1D, indicating a role for
TSCM in the pathogenesis of the disease [2, 3].

In addition to progressive differentiation of CD8+ T cell lineage subsets, CD4+ T cells are characterised in a similar manner (Figure 1). However, in addition to this phenotypic
approach, CD4+ T cells are also defined based on their differentiation into T-helper (Th) (CD45RO+CD127hiCD25low) and
T-Regulatory (TRegs) (CD4+CD127lowCD25+) subsets [10,
30]. The T-helper subpopulations are distinguished by
chemokine receptor expression and cytokine secretion patterns [10, 31-33]. These include type 1 helper (Th1) cells [10,
34, 35], type 2 helper (Th2) [10, 34], Th9 [36], Th17 [10, 37-

Figure 1 Linear T cell differentiation pathway
The progressive linear differentiation pathway of CD4+ and CD8+ T cell subsets; naïve T cells --> Stem cell like memory T cells (TSCM) --> Central Memory (CM) --> Effector Memory (EM) --> Early Differentiated (ED) --> Early-like Differentiated (ELD) --> Intermediately differentiated (ID) -> Effector Memory Re-expressing CD45RA (EMRA). Brackets indicate additional markers that can be used for phenotypic characterisation to T
cell subsets.
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39], and Th22 cells [36]. CD4+ TReg subpopulations consist
of naïve (naTRegs) and memory TRegs (mTRegs). As
described for lineage T cell subsets, naTRegs express
CD45RA whereas mTRegs lose CD45RA and acquire
CD45RO upon antigen exposure [11, 40]. mTRegs are an
activated antigen primed subset of CD4+ TRegs [41, 42].
mTREGs express TIGIT, a coinhibitory molecule [43], which
supress pro-inflammatory Th1 and Th17 cells, but promote
Th2 cell responses and therefore support an anti-inflammatory
environment [43]. In T1D, there is strong evidence to suggest
that the balance between T-helper and TRegs is disrupted.
CD4+ Th differentiation is skewed towards increased proinflammatory Th1 and Th17 cells [44, 45]. Whereas CD4+
TReg function, and potentially TReg frequency, are compromised in T1D [46]. This increases immune dysregulation
already upheld by memory CD8+ T cell subsets.

Acute exercise and T cell mobilisation
To date, the effects of acute exercise on T cells, including
those implicated in T1D pathogenesis, outlined above, have
not been investigated in T1D. In healthy individuals, acute
exercise induces a significant increase in the T cell frequency,
proportional to exercise intensity, in the peripheral blood
immediately following exercise [47].

The largest mobilisation within T cells is seen among CD8+ T
cells, with minimal CD4 + T cell mobilisation [48-51].
Although mobilisation of CD4+ T cells is minimal, there is
evidence to support that exercise induces a shift from Th1 to
Th2 polarization, reducing pro-inflammatory CD4+ T cell
phenotypes [6, 7, 79-81]. Within the CD8+ T cell compartment, CD8+ T cells with a highly differentiated memory phenotype are preferentially mobilised following exercise [5156]. CD8+ EMRA have been reported to increase by 450%
following vigorous exercise compared to naïve CD8+ T cells
which increased by 84% [52]. Further studies show that CD8+
effector memory (EM) and EMRA that exhibited the largest
increase following exercise were fully differentiated (CD27CD28-) [53] and expressed markers of terminal differentiation
and senescence (killer cell lectin-like receptor subfamily G
member 1 (KLRG1)+CD57+) [54]. Whilst the cells detectable
in the T1D pancreas express markers of differentiation, memory and residency [4-7], the effects of acute exercise on the
mobilisation of these T cell subsets in T1D is yet to be
explored.

Investigating the effects of exercise on T cell subsets in T1D
may have importance for the understanding and treatment of
this disease. Lymphocytosis is followed by intensity-dependent lymphopenia in the period that follows a bout of exercise
[48-50, 57-59]. Following the dramatic increase in CD8+ EM
and EMRA frequency following exercise, it is these same subsets which exhibit the largest egress from the peripheral blood
during the recovery period [53, 54]. This flux may play a role
in immune regulation. Tissue redistribution of lymphocytes is
one cause of exercise-induced lymphopenia [59]. Krüger et al.
2007 demonstrated using fluorescent cell tracking in mice that
T cells were released from the spleen and accumulated in the
lungs, bone marrow, and Peyer's patches of the mice following acute exercise [60]. Such movement of immune cells may
support immune surveillance. Post-exercise lymphopenia is
EIR 25 2019

also thought to result partially from lymphocyte apoptosis
[61-63]. Acute exercise, particularly of vigorous intensity (i.e.
above 70% VO2 max), mobilises CD95+ memory T cells [61,
64]. It has been postulated that CD95 expression may indicate
an apoptotic fate and subsequently create “immunological
space” [65, 66]. The percentage of apoptotic lymphocytes as
well as CD95+ T cells increases following exhaustive exercise
(80% VO2 max) in healthy participants. [61, 63, 64]. Furthermore, mice subjected to a strenuous 90-minute treadmill running protocol showed a decrease in CD8+ T cells 24 hours following exercise, and apoptosis of intestinal CD8+ T cells was
higher 24 hours after exercise [62]. It is hypothesised that this
vacant immune space following exercise can be taken up by
newly generated immature cells, creating the opportunity to
reprogram immune memory. In support of this, vigorous acute
exercise increases hematopoietic stem and progenitor cells
(HSPC) post-exercise as well as stimulates haematopoiesis
[67, 68].
Exploring the effects of acute exercise on T cells in T1D
Given that acute exercise mobilises CD8+ T cells with a highly differentiated phenotype that express markers of tissue residency, and that CD8+ T cells with this phenotype are thought
to sustain beta cell destruction in T1D, it is important to
explore the impact of acute exercise on these T cell subsets in
T1D. A limited amount of research has been conducted in
exercise training in T1D. Exercise training in streptozotocininduced T1D mice significantly increased insulin content and
insulin secretion compared to sedentary mice [69]. Furthermore, exercise training in non-obese diabetic (NOD) mice
reduced immune cell infiltration into the pancreas and subsequently the insulitis index. This is the only exercise study in a
model of T1D to demonstrate the modulatory effects of exercise on islet immunity [70]. We therefore aimed to provide a
comprehensive phenotypic characterisation of exerciseinduced mobilisation of potentially pathogenic T cell subsets
in T1D, and compare this response to that observed in healthy
participants.

METHODS

Participants
Ethical approval was granted by the Preston Research Ethics
Committee (REC) for this study. Twelve controls and twelve
T1D participants were recruited. All participants were male
and between 16-65 years of age. Male only participants were
chosen to minimise differences immune cell phenotypic and
functional capacity evident in females due to higher oestrogen
levels [71-73]. Participant baseline characteristics are reported
in table 1. T1D participants had a clinical diagnosis of T1D,
were on basal bolus insulin regime or insulin pump therapy,
competent in carbohydrate content estimation of meals, were
willing to test glucose through capillary testing, and were able
to recognise hypoglycaemic symptoms before blood glucose
fell to 3.9mmol/L. Participants did not have a history of cardiac disease or other significant illness that would prevent
attendance at the study sit. All T1D participants did not have
active proliferative diabetic retinopathy, autonomic neuropathy, or history of severe hypoglycaemia requiring third party
assistance within the last 3 months prior to the study.
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Age (years)

Weight (Kg)
Height (cm)

BMI (kg/m2)

Waist circumference (cm)
Hip circumference (cm)

Chest Circumference (cm)
Waist-hip ratio
Body fat (%)

VO2 Max (mL/(kg·min))
CMV index

Glucose (mmol)

Heart Rate (bpm)

Systolic BP (mmHg)

Dystolic BP (mmHg)

Number of cigarettes (per wk)#
Alcohol intake (units per wk)#

1Control

2T1D

28.8±4.6

33.2±9.7

mean± SD
74.5±8.7
156±55
24±2
86±7
90±7
94±4

0.95±0.03
16.6±4.8
38.5±5.4

0.42±0.47
5.24±0.48
68±8

123±8
72±11

House Maintenance (min/wk)

Sport and Leisure PA (min/wk)
Light PA (min/wk)

Moderate PA (min/wk)
Vigorous PA (min/wk)
Time sitting (hrs/wk)

178±7
25±4

90±12

95±8.6
99±12

0.94±0.06
21.1±6.2
32.2±9.3
0.51±0.5

8.91±3.15
74±14

129±19
79±11
11

0 2

3

6-10 4

1

11-20 1
Transportation PA (min/wk)

80.8±15.6

0 10

1-5 2
1-5 3

Job related PA (min/wk)

mean± SD

21-40 2

325±470
313±237
129±122
140±86
43±45

7.5±19
90±97
48±18

1
4
3
0

557±1221
240±190
136±129
286±282
81±91

65±132
140±12
40±12

Stress score (1 year)

4±3

5±4

Stress score (visit 1)

7±10

6±9

Stress score (1 month)
Stress score (visit 2)

10±8
4±3

12±10
4±5

Table 1 Baseline Characteristics of T1D and control participants
Mean and standard deviation values for baseline characteristics in
control and T1D participants.
N
Note: # number of participants
1 controls n=12
2 T1D n=12

Experimental design
Participants had one enrolment visit, where baseline demographics and anthropometric assessment was carried out
(table 1). During the enrolment visit, each participant completed a non-fasted incremental sub-maximal (85% HRmax)
cycle ergometer test to calculate their predicted VO2 max.
This was used to calculate workload and heart rate for the subsequent exercise visit adjusted to individual fitness [74]. The
enrolment visit and exercise visit were separated by one week.
Participants were asked to abstain for vigorous exercise 24
hours prior to the exercise visit. Participants were also
required to record a food diary for the 24 hours prior to the
exercise visit. Participants were advised to use these diaries to
ensure that the same foods were consumed in the 24 hours
prior to each exercise bout. The exercise visit started at
8.30am for all participants and consisted of a thirty-minute

bout of cycling at 80% predicted VO2 max. An initial fasting
blood sample was taken for each participant once the cannula
was inserted. The participant was then allowed to rest for a
further 20 minutes before preparing for the acute exercise
bout. Fasting blood samples were collected intravenously at
immediately pre-exercise, immediately post-exercise, and 1
hour post-exercise. Pre- and post-exercise samples were
taken whilst the participant was sitting on the cycle ergometer
and sampling was strictly timed using a stopwatch. Timing for
the immediately post-exercise sample was crucial because
lymphocytes egress from peripheral blood within in minutes
of exercise cessation [75]. All participants completed an international physical activity questionnaire (IPAQ) [76] and perceived stress questionnaires; the life scale events questionnaire [77], perceived stress scale [78], the undergraduate
stress questionnaire [79], self-perceived health status [80],
and the Pittsburgh sleep quality index [81].

Sample processing
All blood samples were processed under identical conditions
using the same laboratory reagents and apparatus. Blood samples for immunophenotyping analysis were taken in lithium
heparin vacuette tubes (95057-405, Greiner Bio-one GmbH,
Frickenhausen, Germany) and placed on roller at room temperature to ensure constant mixing of the blood sample until
processing. All sample processing was initiated within 2 hours
of blood-draw. Haematological measures were conducted on
25μl of whole blood using an automated coulter counter
(ABX Micros ES 60, HORIBA Medical). Relative cell number (cells/μl) of T cell subsets was then calculated from this.

Whole blood staining
The whole blood staining protocol was optimised prior to the
start of the study. The protocol was adapted from the Clinical
Immunology Service, University of Birmingham. Red blood
cells were lysed by preparing whole blood in 4ml aliquots and
washed with 16mls Ammonium Chloride lysis buffer (16g
Ammonium Chloride (326372, Sigma-Aldrich, Dorset, UK),
2g sodium hydrogen carbonate (S/4240/60, Fisher scientific
Ltd, Loughborough, UK), 0.2g EDTA (E5134, SigmaAldrich, Dorset, UK), and 2L ddH2O). The sample was centrifuged at 1000g for 5 minutes. Pelleted cells were resuspended in 10mls RPMI-1640 (R0833, Sigma-Aldrich, Dorset,
UK) (supplemented with 2% FBS) and centrifuged at 1000g
for 5 minutes. Cells were then counted and resuspended to a
concentration of 1x106 cells/ml. Cells were stained with
appropriate antibodies and incubated in dark at 4°C for
20minutes. Stained cells were lysed and fixed with 500µl 1X
BD FACS lysing solution (containing 14% formaldehyde)
(349202, BD Biosciences, Wokingham, UK) and incubated in
dark at 4°C for a further 15minutes. Fixed cells were washed
(centrifuged at 1000g for 5 minutes) in 2mls phosphatebuffered saline (PBS). Pelleted cells were resuspended in
500µl PBS and stored at 4°C until flow cytometry analysis.
The stability of fixed stains was assessed and confirmed that
cells could be stored up to 24hours at 4°C before flow cytometry analysis. All samples were analysed using BD LSR
Fortessa X-20. Parent populations (i.e. lymphocytes) were
selected based on their size on FSC/SSC dot plots. Doublets
were omitted by selecting the linear population shown on
FSC-A/FSC-H dot plots prior to recording. Events to record
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Figure 2 CD8+ EMRA during vigorous intensity exercise in T1D
and control participants
Flow cytometry was used to determine the frequency (cells/µl) of
CD8+ EMRA populations in control and T1D participants during vigorous intensity exercise. Error bars represent SEM.
Note:
Δ percentage change
* p ≤ 0.05
** p ≤ 0.01
*** p ≤ 0.001

were set to 100,000 within the parent population gate. Compensation was carried out monthly using compensation beads
and single stained cells. The most recent compensation set up
was linked to each experiment. A negative control (unstained
whole blood) was run for each experiment.

T cell subset analysis
Individual T cell phenotypes along the linear differentiation
pathway of CD4+ and CD8+ T cells (Figure 1), as well as
CD4+ T-helper (Th) and T-Regulatory (TReg) subsets following an acute bout of vigorous intensity exercise (80% predicted VO2 max) were measured in T1D and healthy participants.
Two multi-colour flow cytometry panels were designed to
phenotype lineage T cell subsets (panel 1) and CD4 Thelper/T-Regulatory subsets (panel 2) using the following
anti-human monoclonal antibodies (mAbs) obtained from BD
Biosciences (Wokingham, UK) (unless stated otherwise):

Panel 1 anti-CD3 PE-Cy7 (UCHT1), anti-CD4 APC-R700
(RPA-T4), anti-CD8 APC-H7 (SK1), anti-CD11b PE-CF594
(ICRF44), anti-CD27 BB515 (M-T271), anti-CD28 BV510
(CD28.2), anti-CD45RA BV786 (HI100), anti-CD69 BV650
(FN50), anti-CD95 BV421 (DX2), anti-CD127 AF647 (HIL7R-M21), anti-CCR7 PE (3D12), anti-7-AAD PerCP-Cy5.5.
Panel 2 anti-CD3 PE-Cy7 (UCHT1), anti-CD4 APC-R700
(RPA-T4), anti-CD25 PE (M-A251), anti-CD45RO BV786
(UCHL1), anti-CD127 AF647 (HIL-7R-M21), anti-CXCR3
PE-CF594 (1C6), anti-CCR4 BV421 (1G1), anti-CCR6
BV711 (11A9), anti-IL-6R FITC (AS12), anti-TIGIT PerCPCy5.5 (MBSA43) (eBioscience, San Diego, CA, US), and
Live/Dead-Fixable Viability Stain 780.

Data analysis
Flowjo version 10 (FlowJo LLC, Oregon) was used to analyse
flow cytometry data. Doublets were removed using FSC-A
versus FSH-H dot plots. Dead cells positive for 7-AAD viability stain were removed, and lymphocytes were selected
based on size on SSC-A versus FSC-A dot plots. Total T cells
were selected as CD3+, and further selected as separate CD4+
and CD8+ populations. Spider gates were used within CD4+
and CD8+ populations to define distinct progressively differentiated subsets as outlined in supplementary Figure 1; naïve
(CD45RA+CCR7+), TSCM (CD45RA+CCR7+CD95+CD127+),
central memory (CM: CD45RA-CCR7+), effector memory
(EM: CD45RA-CCR7-), early differentiated (ED: CD45RACCR7 - CD27 + CD28 + ), early-like differentiated (ELD:
CD45RA- CCR7- CD27-CD28+) and intermediately differentiated (ID: CD45RA - CCR7-CD27+CD28-), and effector
memory re-expressing CD45RA (EMRA: CD45RA+CCR7-).
The gating strategy for TSCM is displayed in supplementary
Figure 2. Single cell surface expression of CD69, CD11b,
CD127, and CD95 was gated on CD4 and CD8 naïve, CM,
EM, and EMRA T cell subsets.
CD4+ T cells were further divided into T-helper (supplementary Figure 3) and T-Regulatory (supplementary Figure 4)

Figure 3 T-Regulatory cell subsets during vigorous intensity exercise in T1D and control participants
Flow cytometry was used to determine the frequency (cells/µl) of CD4+ TReg, mTReg, and nTReg subsets in control and T1D participants during vigorous intensity exercise. (a) The frequency of CD4+ TReg cells (b) CD4+ mTReg cells and (c) CD4+ naTReg cells during vigorous intensity exercise. Error bars represent SEM.
Note:
Δ percentage change
* p ≤ 0.05
** p ≤ 0.01
*** p ≤ 0.001
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Table 2 CD8+ lineage subsets following vigorous intensity exercise
Mean, standard deviation, and statistical analysis of CD8+ sub populations for control and T1D subjects during vigorous intensity exercise. Significant results highlighted in bold changes over time were statistically significant for both groups independently i.e. p values <0.05 were considered significant, and the percentage increase was considerably blunted in the T1D (<50 Δ% compared to control highlighted
in red). Note: a Δ% Percentage change from baseline (T1) to immediately post exercise (T2) or 1 hour post exercise (T3). b Results were analysed using multiple regression analysis in control and T1D groups
independently. c Contrast displays changes from baseline (T1) to immediately post exercise (T2) and 1 hour post exercise (T3).d Results were analysed using multiple regression analysis in control and T1D
groups combined.1Controls n=11, 2T1D n=9
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Table 3 CD8+ lineage subset surface markers following vigorous intensity exercise
Mean, standard deviation, and statistical analysis of CD69+, CD11b+, CD127+, and CD95+ on CD8+ naïve, CM, EM, and EMRA populations for control and T1D participants following
vigorous intensity exercise. Significant results highlighted in bold where changes over time were statistically significant for both groups independently i.e. p values <0.05 were considered significant, and the percentage increase was considerably blunted in the T1D (<50 Δ% compared to control highlighted in red)
Note:
a Δ% Percentage change from baseline (T1) to immediately post exercise (T2) or 1 hour post exercise (T3).
b Results were analysed using multiple regression analysis in control and T1D groups independently.
c Contrast displays changes from baseline (T1) to immediately post exercise (T2) and 1 hour post exercise (T3).
d Results were analysed using multiple regression analysis in control and T1D groups combined.
1 Controls n=11,
2 T1D n =9
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subsets; CD4+ T-Regulatory (CD127loCD25hi), naïve T-Reg
(CD45RO - CD127 lo CD25 hi ), memory T-Reg (CD45RO CD127loCD25hi), T-helper (Th: CD127+CD25-CD45RO+),
Th1 (CXCR3+CCR6+CCR4-), Th2 (CXCR3-CCR6-CCR4+),
and Th17 (CXCR3-CCR6+CCR4+).

Statistical analysis
Statistical analysis was performed using SPSS version 24
(IBM, Chicago) and GraphPad Prism version 7 (GraphPad
Software, California). Firstly, normality tests were performed
on all data using Q-Q plots in SPSS. Data which was not normally distributed was logged and normality tests were repeated, confirming all subsets have normal distribution. Multiple
regression analysis was used to analyse within subject’s effect
(time) and between subject’s effects over time (time*group).
Main effects of exercise are described as changes over time.
Changes immediately post-exercise and 1 hours post-exercise
are compared to baseline values and are reported in tables for
each group under the heading “contrast”. P values were
reported as sphericity assumed however where mauchly’s test
of sphericity was violated i.e. p ≤0.05, Greenhouse-Geisser
corrected value was used. Student T-tests were performed on
baseline characteristics. The p values, F values, and degrees of
freedom (df) are reported in tables as [F = (df, df error) value,
p-value]. Variation in n numbers is a result of a participant
having no data for 1 hour post-exercise time-point. Data are
presented in tables as mean ± standard deviation (SD) unless
otherwise stated. P values ≤0.05 were considered significant.
Significantly mobilised subsets in control and T1D groups,
however demonstrate a blunted egress immediately post exercise in T1D group, are highlighted in the results tables in bold.

RESULTS

Participants anthropometric and physiological characteristics
are shown in table 1. No statistically significant differences
between groups were found for anthropometric and physiologic characteristics. The results obtained for CD8+ lineage
subpopulations are summarized in tables 2-3. CD4+ T-Regulatory and T-helper subpopulations are summarized in table 4.
Extensive T cell subpopulations analysis is included in supplementary tables 1-3.

The mobilisation CD8+ EMRA T cells is blunted in T1D
during vigorous intensity exercise
Lymphocytosis and CD8+ T cell mobilisation occurs in both
T1D and control groups as summarized in supplementary
table 1. However, the most dramatic changes were observed
within the CD8+ lineage subsets (depicted in Figure 1) during
vigorous intensity exercise in T1D and control participants.
The results for CD8+ lineage subsets are displayed in table 2.
As anticipated, within the CD8+ T cell populations, less differentiated cells such as naïve, TSCM, and CM subsets did not
significantly change with exercise in either group. As expected, significant changes were however observed in the more
differentiated subsets such as CD8+ ED, ELD, ID, EM, and
EMRA subsets during vigorous exercise. Therefore, the
increase in CD8+ T cells is driven by mobilisation of later differentiated CD8+ T cell subsets, and these changes were most
significant in the CD8+ EMRA subsets for each group.
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Although statistically significant changes in CD8+ TSCM were
not observed during vigorous intensity exercise in either
group, increases in the number CD8+ TSCM immediately postexercise were suggested in both control and T1D participants
(table 3). However, during vigorous intensity exercise a blunted response is noted in the T1D group. CD8+ TSCM decreased
following vigorous exercise by 90.97% in the T1D group but
increased dramatically by 1898.69% in the control group. It is
worth noting that the total cell numbers for CD8+ TSCM subsets
were very small.

Within the later differentiated subsets, CD8+ ED significantly
changed during vigorous intensity exercise overall only
(p=0.040), but this was not seen in either T1D or control
groups independently. There was an overall change in CD8+
ELD during vigorous intensity exercise (p<0.001), with a
non-significant trend to change in the T1D group (p=0.054)
but not in the control group. This change was driven by an
increase in CD8+ ELD post-exercise followed by a significant
decrease below baseline in CD8+ ELD 1 hour post vigorous
exercise in the T1D group only (p=0.029). CD8+ ID significantly changed over time with vigorous exercise (p<0.001)
but not in either T1D or control groups independently. CD8+
ID significantly decreased below baseline 1 hour post vigorous exercise in the control group only (p=0.027). CD8+ EM
showed a trend to mobilise during vigorous exercise
(p=0.067), driven by a trend to increase post-exercise, with a
decrease below baseline at 1 hour post-exercise (p=0.040) in
the T1D group. No significant changes were observed for
CD8+ EM in the control group.
Finally, CD8+ EMRA cell frequency significantly changed
overall during vigorous intensity exercise (p=0.001). CD8+
EMRA were significantly mobilised by vigorous intensity
exercise, driven by a trend to increase post-exercise, in T1D
(p=0.004) and control groups (p=0.010). There was a significant decrease 1 hour post-exercise in both T1D (p=0.019) and
control groups (p=0.004). In summary, CD8+ EMRA were the
only CD8+ T cells subset mobilised by vigorous intensity
exercise in both the T1D and control group. However, the percentage increase post vigorous intensity exercise is much
lower in the T1D group (control: 66.67%, T1D: 26.45%) suggesting a blunted egress of CD8+ EMRA during exercise in
T1D (Figure 2); however, no significant time*group differences were observed.

Vigorous intensity exercise mobilises fully differentiated
CD8+ EMRA T cells expressing markers of activation and
adhesion in T1D and control participants, with evidence of
a blunted response in T1D
A number of cell surface markers were measured on CD8+ T
cells to define the homing propensity and function of circulating CD8+ populations in T1D and control participants. These
were examined on naïve, CM, EM, and EMRA CD8+ T cell
subsets. These markers included CD69 (a marker of activation
and tissue-resident populations), CD11b (an adhesion marker
involved in lymphocyte migration), CD127 (IL-7Rα, necessary for memory CD8 + T cell maintenance), and CD95
(expressed on memory subsets and a marker of apoptosis).
The combination of CD27 and CD28 expression was used to
define the differentiation status of CD8+ EMRA subsets. Con-

Table 4 CD4+ T-helper and T-Regulatory subsets following vigorous intensity exercise
Mean, standard deviation, and statistical analysis of CD4+ T-helper and T-Regulatory populations for control and T1D participants following vigorous intensity exercise. Significant results highlighted in bold
where changes over time were statistically significant in at least one group independently i.e. p values <0.05 were considered significant.
Note: a Δ% Percentage change from baseline (T1) to immediately post exercise (T2). b Results were analysed using multiple regression analysis in control and T1D groups independently.
c Contrast displays changes from baseline (T1) to immediately post exercise (T2) and 1 hour post exercise (T3). d Results were analysed using multiple regression analysis in control and T1D groups combined.
1 controls n=8, 2 T1D n=9
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ventionally EMRA are defined as CD27-CD28-. However, more
recently further subdivisions of EMRA differentiation based on
the differential expression of CD27 and CD28 have been
described and also shown in this study herein [24, 25].

As described earlier, CD8+ EMRA are the only subsets which
are significantly mobilised in both T1D and control participants.
Interestingly, the percentage increase of CD8+ EMRA T cells is
blunted in T1D. Further phenotyping of CD8+ EMRA T cell subsets using the surface markers described above show that CD8+
EMRA expressing markers of activation and tissue residency
(CD69), homing propensity (CD11b), and are the most differentiated (CD27-CD28-) are significantly mobilised by acute vigorous intensity exercise in both groups. Again, the percentage
increase of these CD8+ EMRA T cell subsets is blunted in T1D
compared to control participants. No significant mobilisation
was observed for CD8+ EMRA expressing CD127 or CD95 in
either group independently. The results for the above cell surface
markers on CD8+ lineage subsets during vigorous intensity exercise in T1D and control participants are displayed in table 3 and
described below.

Vigorous intensity exercise significantly mobilised all but naïve
subsets expressing CD69. The most profound effect was
observed CD8+ EMRA T cells expressing CD69. Vigorous
intensity exercise resulted in the mobilisation of CD8+CD69+
EMRA T cells in T1D (p=0.002) and control groups (p=0.003),
with a significant increase immediately post-exercise observed
in the control group only (p=0.010). The percentage increase
was blunted in the T1D group following vigorous (T1D:
29.87%, Control: 161.43%) intensity exercise (table 3).

Likewise, the most profound effect on CD8+ T cell subsets
expressing CD11b was observed for the EMRA. Vigorous intensity exercise significantly mobilised CD8 + EMRA T cells
expressing CD11b in T1D (p=0.007) and control groups
(p=0.001), with no significant changes in CD8+CD11b+ naïve,
CM, or EM subsets during vigorous exercise in either group.
There was a significant increase immediately post-exercise in
the control group only (p=0.010). However, in the T1D group,
this subset significantly decreased below baseline 1 hour post
vigorous exercise (p=0.006). The percentage increase of
CD8+CD11b+ EMRA was blunted in the T1D group following
vigorous intensity exercise (T1D: 37.70%, Control: 91.48%)
(table 3).

Lastly, fully differentiated CD8+ EMRA (CD27-CD28-) were the
only subset of EMRA to significantly mobilise both the T1D
(p=0.050) and control group (p=0.037) independently. The percentage increase post vigorous exercise was considerably blunted in the T1D group (T1D: -7.02%, control: 113.76%). There
was a significant decrease below baseline 1 hour post vigorous
intensity exercise in the T1D group only (p=0.005).

Vigorous intensity exercise mobilises CD4+ T-Regulatory
cells, mainly comprised of memory T-Regulatory cells, in
control but not T1D participants
Vigorous intensity exercise mobilises CD4+ T cells in control
but not T1D participants (supplementary table 1). A similar pattern was observed for CD4+ lineage subsets (supplementary
table 2-3). Significant mobilisation patterns were also observed
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within the CD4+ T-Regulatory and T-helper subsets, and is
described below.

Total CD4+ T-Regulatory cells (CD127loCD25hi), and the naïve
(CD45RO - CD127 lo CD25 hi ) and memory (CD45RO CD127loCD25hi) compartment, were measured during vigorous
intensity exercise in T1D and control participants. The results
are displayed in table 4. CD4+ TReg subsets were significantly
mobilised by vigorous intensity exercise overall (p=0.010) and
in control (p=0.009) but not T1D participants. There was a significant decrease below baseline 1 hour post-exercise overall
(p=0.038), but this was not seen in either T1D or control groups
independently (Figure 3a). The percentage change following
exercise was much lower in the T1D compared to the control
group (T1D: 23.74%, Control: 47.65%). Further delineation of
CD4+ TRegs revealed that memory TReg subsets were significantly mobilised by vigorous intensity exercise overall
(p=0.004) and in the control group (p=0.006) (Figure 3b). There
was a significant decrease below baseline overall 1 hour postexercise (p=0.042), but this was not seen in either T1D or control group independently. Naïve TReg subsets did not significantly mobilise (Figure 3c).

Th1 (CXCR3+CCR6+CCR4-), Th2 (CXCR3-CCR6-CCR4+),
and Th17 (CXCR3-CCR6+CCR4+) cells were measured during
vigorous intensity exercise in T1D and control participants. The
results are displayed in table 4. Vigorous intensity exercise
mobilised CD4+ Th2 cells in control but not T1D participants.
However, neither CD4 + Th1 or Th17 cells significantly
mobilised in either control or T1D groups independently. In
summary, CD4+ T-helper subsets do not significantly mobilise in
T1D participants. However, some mobilisation of Th2 subsets
were observed in control participants, shifting the Th1/Th2 ratio
towards anti-inflammatory subsets. Th2 subsets significantly
mobilised during vigorous intensity exercise in control
(p=0.042) but not T1D participants, with a significant increase
post-exercise in the control group (p=0.039).

DISCUSSION

This study has, for the first time, characterised the effects of acute
exercise on the mobilisation of T cell subsets in people with T1D.
The use of surface markers to define T cell function and fate
improves understanding of the specific subpopulations mobilised
during exercise in a T cell mediated autoimmune disease.

Acute exercise causes an intensity-dependent lymphocytosis in
people with T1D. Total lymphocytes, including CD3+ T cells are
mobilised in both T1D and control participants. This agrees with
previous studies where vigorous exercise induces a significant
rise in peripheral blood lymphocytes, followed by lymphopenia,
in healthy cohorts [49, 57-59, 82]. Within the T cell compartment, CD4+ T cells mobilised during vigorous exercise in the
control group, but not the T1D group. This had a downstream
effect on CD4+ T cell subsets in T1D participants because no
significant mobilisation of differentiated CD4+ T cell lineage
subsets was observed during exercise. In agreement with previous studies, the changes seen during exercise within the CD4+
compartment were minimal compared to changes seen within
the CD8+ compartment [51, 52].
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Vigorous intensity exercise significantly mobilised CD8+ T cells
in both T1D and control participants. CD8+ T cells increased to
the same extent after vigorous intensity exercise in both the T1D
and control group. As reported in previous studies, CD8+ EMRA
were the most sensitive T cell subset to mobilisation, and are
shown to mobilise by vigorous exercise in this study herein and
others [51-53]. However, the percentage increase of CD8+ EMRA
in the T1D group following vigorous intensity exercise was blunted. Further phenotyping of CD8+ EMRA populations revealed
that the mobilised subsets mainly comprised of fully differentiated (CD27-CD28-), recently activated tissue-resident (CD69+)
EMRA with migratory capacity (CD11b+). Again, the percentage
increase of these CD8+ EMRA subsets following vigorous exercise was blunted in the T1D group. To the best of our knowledge,
this is the first time this effect has been described in T1D.

Furthermore, the effects of exercise on TSCM subsets have not
been previously examined. This is the first time this has been
investigated in T1D and healthy cohorts. Although no significant
changes over time for either CD4+ or CD8+ TSCM were found, a
trend to increase following vigorous intensity exercise as shown
by percentage increase was observed in healthy participants.
Furthermore, an impaired response in T1D was noted for CD4+
and CD8+ TSCM subsets, with both subsets decreasing following
vigorous intensity exercise.

In this study, we used additional cell surface markers to define
the function and fate of CD4+ and CD8+ T cell lineage subsets.
Increases in both CD69 and CD11b on CD4+ and CD8+ lymphocytes have been reported following exercise previously, but not
on specific T cell subsets as demonstrated in this study herein
[58, 83-91]. An increase in CD4+ and CD8+ T cell lineage subsets expressing CD69 is evident in both groups, with a larger
percentage increase post-exercise observed in healthy participants. CD4+ and CD8+ T cell lineage subsets expressing CD11b
is also noted following exercise in both groups. However, the
percentage increase post-exercise in the T1D participants is
smaller. CD95+ memory T cells are known to mobilise following
vigorous intensity exercise in healthy participants [61, 64]. In
our study, CD95+ EM and EMRA T cells from both the CD4+
and CD8+ compartments increased immediately post-exercise,
however this increase did not reach statistical significance.
Again, it is evident that this response is blunted in T1D as the
percentage increase following vigorous intensity exercise is
much lower than that of the control group.

There are a number of potential reasons for this blunted response
in T1D. Firstly, blood glucose levels are elevated in people with
T1D (above 5mM) during and following. High glucose conditions affect the mobilisation of several cell types and therefore
may affect lymphocytosis. Elevated plasma glucose in T1D and
T2D rodent models have been reported to impair CD34+ HSPC,
CD45+, and fibroblast cell migration [92, 93]. Furthermore,
fewer lymphocytes were found in the wound site of streptozotocin-induced diabetic mice compared to control, suggesting
lower migration of lymphocytes in T1D [94]. Therefore, high
glucose levels in T1D may have an effect on T cell migration
during exercise.
Secondly, the T cell subsets which exhibit blunted lymphocytosis during vigorous exercise in T1D are those which typically

exhibit a high level of beta-adrenergic receptor expression. It is
recognised that catecholamine responses can be blunted in T1D.
Natural killer (NK) cells and cytotoxic T lymphocytes express
much higher levels of beta-adrenergic receptors than other
mononuclear cells, causing their dramatic mobilisation during
exercise [95-98]. Alterations in these receptors in T1D would
alter the stress response to exercise. Reduced beta-adrenergic
sensitivity of lymphocytes in T1D has been reported, resulting in
a dampened adrenaline response [99-101]. During acute exercise, increased beta-adrenoceptor density and sensitivity of lymphocytes is noted in healthy participants. However, patients with
congestive heart failure (CHF) exhibited a blunted increase in
beta-adrenoceptor density and no increase in sensitivity [102]. A
similar effect may be seen in T1D and may impact exerciseinduced lymphocytosis. A limitation to our study is that we did
not measure plasma epinephrine, norepinephrine or cortisol
which would offer insight into the adrenaline response following
acute exercise in people with T1D.
Lastly, the T cell subsets exhibiting blunted lymphocytosis during vigorous exercise share characteristics with those
sequestered in the T1D pancreas [6, 7, 103, 104]. These include
CD8+CD69+ T cells [103, 105], CD8+CD11b+ T cells [6, 7], and
highly differentiated memory T cells [2, 4, 8]. The proportion of
CD8+CD69+ T cells was higher in the pancreas than salivary
glands taken from NOD mice [103]. CD8+CD11b+ T cells have
also been found within NOD islets [6, 7] and found to be higher
in the islets of NOD mice compared to peripheral blood [104].
Furthermore, antigen-experienced islet reactive CD8+ T cells
were found sequestered in the pancreas of T1D donors [4]. Islet
reactive CD8+ T cells have been shown to exhibit a highly differentiated memory phenotype [2, 8], similar to the CD8+ EMRA T
cell phenotype. More recently, islet specific CD8+ T cells were
shown to display a TSCM phenotype. In our study, lymphocytosis
of highly differentiated CD8+ EMRA that express CD69 and
CD11b was blunted immediately following vigorous exercise in
T1D. Both CD4+ and CD8+ TSCM also displayed a blunted percentage increase following vigorous exercise compared to the
control group. It therefore is possible to postulate that the blunted increase following exercise in these CD8+ T cell subsets is
due to their sequestration in the pancreas in T1D.
The results of our study have a number of implications for T1D.
Firstly, this study provides imperative evidence of the effects of
acute exercise on immunity in people with T1D. Importantly,
this provides a platform for future investigations of exercise in
T1D, allowing for new avenues to be explored to increase the
initial honeymoon phase following diagnosis [106], reduce disease severity, and ultimately for the treatment of T1D. Acute
exercise has the potential to regulate immunity in T1D through
increased immunosurveillance, deletion of islet reactive T cells
and thereby creation of immune space. Lymphocyte trafficking
and tissue redistribution is essential for immunosurveillance
and regulation [59, 60]. The deletion of exercise sensitive EM
and EMRA CD8+ T cells following acute exercise has the
potential to regulate immunity through the creation of
“immunological space” in people with T1D [61-66]. This
immune space following exercise could be taken up by newly
generated HSPC and reprogram immune memory [67, 68],
thereby reducing aggressive memory T cell phenotypes and
ultimately modulating beta cell autoimmunity in T1D.
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Furthermore, acute exercise could be used in combination
with current trial immunotherapies, and possibly boost the
response to immunotherapeutic agents, which to date have
been lacking for treatment of T1D. Some immunotherapeutic
approaches to modulate beta cell autoimmunity in T1D aim to
reduce aggressive memory phenotypes and promote the generation of new naïve cells in T1D. This has been achieved previously with both acute exercise and exercise training in
healthy cohorts. Therefore, exercise in T1D may be used as an
adjunct for other immunotherapeutic agents. One such
immunotherapy, teplizumab, a nonactivating anti-CD3 monoclonal antibody, aims to reduce effector memory subsets, and
increase naïve and early memory subsets. This could potentially also be achieved solely by an acute exercise bout or used
to boost target T cell populations by administering the treatment directly after an acute exercise bout. Anti-CD3 mAbs
that are non-Fc receptor (FcR) binding, like teplizumab, selectively induce apoptosis of antigen-activated T cell phenotypes
such as those with memory/pathogenic phenotypes but not
naïve T cells [107]. Teplizumab treatment resulted in maintained or improved beta cell function for at least 2 years post
treatment in recent-onset T1D patients [108-111]. Evidence
for beta cell preservation was also reported in long standing
T1D patients up to 1 year post clinical diagnosis [112]. One
study identified a group of responders who had higher activated CD8+ terminally differentiated effector and CD8+ EM in T
cells at baseline [113]. This is consistent with increased CD8+
terminally differentiated EM T cells following acute exercise.
Therefore, frequent bouts of acute exercise could create an
environment in which T1D participants respond better to
treatment.
The reduced T cell mobilisation seen in T1D may also contribute to the three-fold increased susceptibility to infection
associated with this condition [114]. Mobilisation is an important aspect of surveillance for infection and a reduced ability
for T cells to mobilise could potentially contribute to a poorer
handling of bacterial infections.

Preliminary data from this study herein also provides a basis
to investigate exercise training (as opposed to a single bout of
exercise) in T1D. Chronic exercise reduces senescent T cells
in the blood [115]. In an ageing study, physically fit age
matched controls had a lower proportion of peripheral blood
memory T cells (KLRG1+CD57+, KLRG1+CD28-) compared
to those with a lower VO2 max [66, 116]. Naïve-memory T
cell balance is disrupted in the ageing population and a similar
observation has been found in T1D [117]. Therefore, reduced
senescent memory T cell populations may also occur from
exercise training in T1D.
The mechanisms by which exercise training could preserve
beta cells in T1D have yet to be explored. Evidence of
immunomodulation by exercise training in T1D is limited.
Two studies to date have examined exercise training in T1D
mouse models. The first study showed that 6 weeks of exercise training in streptozotocin-induced T1D mice significantly
improved insulin content and insulin secretion in islets compared to sedentary mice, suggesting a protective effect against
the destruction of the remaining beta cells or the generation of
new beta cells [69]. A more recent study has examined the
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effects of exercise training on immune parameters in T1D
[70]. Twenty weeks of training in non-obese diabetic (NOD)
mice resulted in reduced immune cell infiltration into the pancreas and subsequently the insulitis index. This is the only
exercise study in a model of T1D to demonstrate the modulatory effects of exercise on islet immunity [70].

Although not well studied in T1D, exercise training has been
demonstrated to modulate immunity in other T cell mediated
autoimmune disorders [118]. Mice with EAE, a model for
multiple sclerosis (MS), underwent 6 weeks exercise training.
T cells taken from lymph nodes had an inhibited immune
response to autoantigen whilst sustaining an increased
immune response to non-specific stimulus such as concanavalin A [118]. This suggests the generation of new naïve
and early memory T cells with exercise training as the recall
response to autoantigen is reduced. Another study showed
improved immune modulation by exercise in EAE models
resulting in delayed onset of disease and increased T cells
with a regulatory phenotype [119]. However, other autoimmune disorders such as rheumatoid arthritis (RA) and systemic lupus (SLE) have different responses to exercise, where
CD8+ T cells are reduced following exercise and CD4+ T cells
are reduced at peak exercise but increased after cessation
[120]. It is unclear if exercise training (as opposed to a single
bout of exercise) would result in responses to exercise that are
comparable to healthy participants.

In conclusion, we show for the first time that acute exercise
preferentially mobilises differentiated and antigen experienced CD8+ T cells in T1D, but to a lesser extent than in
healthy individuals. A contributing factor to the relatively
reduced mobilisation pattern in T1D was attributable to a
blunted response among highly differentiated CD8+ T cells,
which may indicate sequestering of CD8+ T cells in the pancreas. These findings need to be extended and investigated in
an exercise training programme, and the functional implications of this effect on beta cell function explored in a formal
clinical trial.
We have previously hypothesised that an exercise training
programme has the potential to modulate beta cell loss in people newly diagnosed with T1D [121]. We have tested this
hypothesis in a pilot randomised controlled trial [122, 123].
This study showed that beta cell function, when corrected for
the changes in insulin sensitivity that accompany physical
exercise, appears to be preserved in people with T1D. The
results of this most recent work exploring the effect of a single
bout of exercise on T cell mobilisation provides mechanistic
insight into how exercise may bring about a benefit to beta
cell health in people newly diagnosed with T1D. Further evaluation of the immunomodulatory effects of acute exercise on
autoreactive memory T cells in T1D is warranted to ascertain
impact on disease prognosis. These findings need to be validated in an exercise training study.
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Supplementary Figure 1 CD4 and CD8 T cell sub populations gating strategy shown by representative flow plots.
Representative flow cytometry plots showing following parent gate for CD3+ T cell populations (shown in figure 2) (1) CD3+CD4+ T cells gate (2)
CD3+CD8+ T cells gate (3) Quadrant gating for naïve (CD45RA+ CCR7+), central memory (CM: CD45RA- CCR7+), effector memory (EM:
CD45RA- CCR7-), and EMRA (CD45RA- CCR7-) (4) CD45RA- CCR7- selected to gate on early differentiated (ED; CD45RA- CCR7CD27+CD28+), early-like differentiated (ELD: CD45RA- CCR7- CD27-CD28+) and intermediately differentiated (ID; CD45RA- CCR7CD27+CD28-) populations.

Supplementary Figure 2 TSCM gating strategy shown by representative flow plots
Representative flow cytometry plots showing following parent gate for CD3+, CD4+ and CD8+ T cell populations (shown in figure 2 and 3) (1)
CD45RA+ CCR7+ T cell gate (2) CD45RA+ CCR7+CD95+ T cell gate (3) TSCM selection (CD45RA+ CCR7+ CD95+ CD127+).
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Supplementary Figure 3 CD4 T-helper cell gating strategy shown by representative flow plots.
Representative flow cytometry plots showing following parent gate for CD3+CD4+ T-helper populations (shown in figure 1) (1) CD127+CD25non-TReg gate (2) CD45RO+ T-helper cell gate (3) CXCR3+ gate for Th1 subsets, CXCR3- gate for Th2/Th17 subsets (4) CXCR3+CCR6- Th1
cells (5) Quadrant gate used to define CXCR3-CCR4+CCR6-Th2 cells and CXCR3-CCR4+CCR6+ Th17 cells.

Supplementary Figure 4 T-Regulatory cell gating strategy shown by representative flow plots
Representative flow cytometry plots showing following parent gate for CD3+CD4+ T-Regulatory cell populations (1) CD3+CD4+ TReg cells gate
(2) CD127lowCD25hi TReg cell gate (3) nTReg (CD45RO-) and mTReg (CD45RO+) distinction.
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ABSTRACT
Background: Aerobic training (AT) decreases airway inflammation in asthma, but the underlying cellular and molecular
mechanisms are not completely understood. Thus, this study
evaluated the participation of SOCS-JAK-STAT signaling in
the effects of AT on airway inflammation, remodeling and
hyperresponsiveness in a model of allergic airway inflammation.
Methods: C57Bl/6 mice were divided into Control (Co), Exercise (Ex), HDM (HDM), and HDM+Exercise (HDM+ Ex).
Dermatophagoides pteronyssinus (100ug/mouse) were administered oro-tracheally on days 0, 7, 14, 21, 28, 35, 42 and 49.
AT was performed in a treadmill during 4 weeks in moderate
intensity, from day 24 until day 52.
Results: AT inhibited HDM-induced total cells (p<0.001),
eosinophils (p<0.01), neutrophils (p<0.01) and lymphocytes
(p<0.01) in BAL, and eosinophils (p<0.01), neutrophils
(p<0.01) and lymphocytes (p<0.01) in peribronchial space.
AT also reduced BAL levels of IL-4 (p<0.001), IL-5
(p<0.001), IL-13 (p<0.001), CXCL1 (p<0.01), IL-17
(p<0.01), IL-23 (p<0.05), IL-33 (p<0.05), while increased IL10 (p<0.05). Airway collagen fibers (p<0.01), elastic fibers
p<0.01) and mucin (p<0.01) were also reduced by AT. AT also
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inhibited HDM-induced airway hyperresponsiveness (AHR)
to methacholine 6,25mg/ml (p<0.01), 12,5mg/mL (p<0.01),
25mg/mL (p<0.01) and 50mg/mL (p<0.01). Mechanistically,
AT reduced the expression of STAT6 (p<0.05), STAT3
(p<0.001), STAT5 (p<0.01) and JAK2 (p<0.001), similarly by
peribronchial leukocytes and by airway epithelial cells.
SOCS1 expression (p<0.001) was upregulated in leukocytes
and in epithelial cells, SOCS2 (p<0.01) was upregulated in
leukocytes and SOCS3 down-regulated in leukocytes (p<0.05)
and in epithelial cells (p<0.001).
Conclusions: AT reduces asthma phenotype involving SOCSJAK-STAT signaling.
Key words: asthma, exercise immunology, SOCS, JAK,
STAT.

INTRODUCTION

Asthma has now become the most prevalent chronic disease
in developed countries and affects over 10% of adults [1,2].
Asthma is a chronic inflammatory airway disease, which
involves interactions of genetic and environmental factors,
whose consequences leads to cough, wheezing, airway hyperresponsiveness and obstruction, caused by inflammation,
mucus overproduction, angiogenesis and airway remodeling
[1,2]. The chronic inflammation of respiratory tract in asthma
is mediated by the increased expression of multiple inflammatory proteins, including cytokines, chemokines, adhesion molecules, products derived of arachidonic acid and receptors.
Several signaling pathways have been proposed to be
involved in the pathogenesis of asthma. Among those, SOCS
(Suppressor of cytokine signaling protein family), JAK (Janus
kinase) and STAT (Signal transducer and activator of tran-
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scription) signaling pathways seems to have a key role [8-12].
However, the results are still controversial, since that in the
asthmatic context; some studies show SOCS proteins inhibiting asthmatic phenotype, while others show SOCS increasing
asthmatic phenotype, through JAK/STAT modulation [8-12].
Aerobic exercise, which is the main component of pulmonary
rehabilitation programs [13] and improves physical fitness, is
a strong and effective therapy for pulmonary diseases including asthma [37]. Beyond that, the participation in a pulmonary
rehabilitation program is associated with reduced exacerbation [47]. Aerobic exercise, indeed, at low and moderate
intensity, can ameliorate lung inflammatory response in the
context of different lung diseases and insults, such as emphysema and chronic obstructive pulmonary disease (COPD) [14,
20-22], pulmonary fibrosis [23,24], acute lung injury/acute
respiratory distress syndrome [25-27], air pollution [28,29]
and asthma [30-35]. However, specifically for asthma, the
possible involvement of SOCS, JAK and STAT signaling in
the beneficial effects of aerobic exercise is unknown. Aerobic
exercise is capable to modulate SOCS, JAK and STAT signaling in different organs and cells, such as blood, testis, kidney,
skeletal muscle, endothelial cells, heart and lungs [14-19, 48].
However, until this moment, a single study has investigated
the effects of aerobic exercise on STAT3 expression in the
lungs, which was done in the context of an experimental
model of COPD [14].

Cellular and molecular mechanisms of asthma
Asthma is characterized by chronic inflammation of the respiratory tract. The disease is associated with acute episodes or
simply, exacerbations, when the intensity of this inflammation
increases [49]. The majority of asthma patients are atopic and
have an allergic pattern of inflammation in their airways,
which extends from the trachea down to peripheral airways
[50]. Allergic inflammation is driven by CD4+ T-helper 2
(Th2) lymphocytes, which secrete interleukin(IL)-4, IL-5 and
IL-13 and is referred as Type 2 (T2) asthma, whereas some
asthmatic patients have different pattern of inflammation
which is known as non-T2 asthma and is associated with more
severe disease [51]. In T2 asthma, which represent the most
prevalent form of the diseases is characterized by accumulation of eosinophils, mastocytes, CD4+ T helper cells, while
non-T2 asthma, beyond these classical cells involved in the
allergic process, also present high accumulation of neutrophils. Asthmatic inflammation results in airway narrowing
and airway hyperressponsiveness (AHR) which represent the
mains physiological abnormality of asthma [50]. The mechanisms of AHR are still unclear but are probably associated
with increased release of pro-inflammatory mediators by
inflammatory cells (particularly mast cells), increasing the
contractility of airway smooth muscle, increasing the sensitivity of airway sensory nerves resulting in airway narrowing for
geometric reasons [50].
The molecular mechanisms involved in the pathogenesis of
asthma is still not fully understood, however it seems likely
that the inhaled allergens activate mast cells, epithelial cells
and dendritic cells to locally release several pro-inflammatory
mediators, such as chemokines. Released chemokines
(CCL17 and CCL22 from dendritic cells and CCL11 from
epithelial cells), recruit inflammatory cells especially TH2
cells from blood to the lungs. TH2 cells have a central role in

orchestrating the inflammatory response in allergy through
the release of interleukin-4 (IL-4) and IL-13 (which stimulate
B cells to synthesize IgE), IL-5 (which is necessary for
eosinophilic inflammation) and IL-9 (which stimulates mastcell proliferation). Mast cells release several bronchoconstrictor mediators, including mast cell tryptase, cysteinyl
leukotrienes and prostaglandins. In addition, Th17 cells are
also increased in asthmatic patients, preferentially in those
with severe asthma. These cells may orchestrate neutrophilic
inflammation by inducing the release of CXCL8 from airway
epithelial cells [52-53]. Furthermore, asthmatic patients may
have reduced number of regulatory T (TReg) cells, which suppress TH2 cells, suggesting further TH2-cell proliferation in
asthmatic condition [50].

Exercise-induced asthma
Exercise is one of the most common triggers of bronchospasm
in persons with and without asthma. Exercise-induced bronchoconstriction (EIB) is defined as transient, reversible bronchoconstriction that develops after strenuous exercise [54]. It
is a heterogeneous syndrome occurring in a variety of settings, ranging from the asymptomatic military recruit (whose
condition is detected by diagnostic exercise challenge) to the
leisure-time athlete with known asthma to the elite athlete for
whom EIB may represent an overuse or injury syndrome [55].
Airway obstruction following exercise was first observed
among individuals with underlying asthma from which the
term exercise-induced asthma (EIA) was derived. Asthma is a
chronic inflammatory disorder of the airways in which many
cells and cellular elements play a role, and it is associated
with bronchial (or airway) hyperresponsiveness. Similar postexercise asthma-like symptoms have been observed in persons without the presence of co-existing asthma, particularly
in athletes. In this population the phenomenon has been
referred to as exercise-induced bronchoconstriction (EIB)
[56]. According to work group report of American Academy
of Allergy, Asthma and Immunology, EIA represents a distinct
clinical category of asthma [56]. In fact, most if not all
patients with asthma develop symptoms of asthma after a suitable exercise challenge [56]. Moreover, even cases of asthma
in which exercise appears to be the only trigger of bronchial
obstruction (pure EIA) may be manifestations of chronic
inflammation of the airways [56].
Exercise as an anti-inflammatory therapy for asthma
Recent studies strongly support the notion that exercise intervention improve asthma control in adults [57, 58]. These
includes improvements in measures such as lung function and
quality of life [59], breathlessness [60], and controller therapy
[61] while animal models have shown improvements in airway inflammation [62, 63, 64].
Yet asthma is a chronic inflammatory disease, it is highly
suggested that effective anti-inflammatory treatments for
asthma should reduce diseases progression and the risk of
exacerbations [65]. Although there are now effective medications for controlling asthma, it remains poorly controlled in
the community with frequent symptoms and exacerbations
[66]. It is clear, therefore, that the development of alternative
and effective anti-inflammatory therapies for the treatment of
asthma is probably the greatest unmet therapeutic need at
present. In health, a large body of evidence demonstrates that
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lack of physical activity or fitness is associated with an
increased risk of cardiovascular disease, stroke, cancer, diabetes and many other chronic diseases [67, 68]. The studies by
our group and the others demonstrate that exercise, specifically, chronic aerobic exercise, at low and moderate intensity,
can ameliorate lung inflammatory response in asthma condition [30-35, 69]. In a very recent study, our team demonstrated that aerobic exercise attenuated asthma phenotype through
modulation of inflammatory cytokines (e.g. IL-5 and IL-13)
as well as Leukotriene pathway (LTA4H, CysLT1 receptor,
CysLT2 receptor, LTC4 synthase, and BLT2) in an ovalbumin
(OVA) model of asthma (30). LTs are potent pro-inflammatory mediators, involved in several aspects of asthma pathophysiology, including bronchoconstriction, edema formation,
mucus hypersecretion, as well as inflammatory cell proliferation, activation, and survival [70-72]. In addition, aerobic
exercise attenuates dendritic cell and lymphocyte activation in
Ovalbumin (OVA) model of allergic airway inflammation
[31]. Dendritic cells are the major antigen-presenting cells in
the airways and play critical role in initiation and progression
of asthma. These cells release several chemokines (e.g,.
CCL17, CCL22) to attract Th2 cells into the airways, serving
as major regulators of Th2 immune response in asthma [73].
As mentioned previously, Th2 cells have a central role in
orchestrating the inflammatory response in asthma [49]. Aerobic exercise also attenuates lung inflammation through attenuation of OVA-specific IgE and IgG1 titers [32]. Furthermore,
exercise increases the concentration and expression of several
anti-inflammatory mediators such as IL-10 and IL-1ra in the
lungs to attenuate lung inflammation [30-35]. Based on these
evidences it can be concluded that aerobic exercise decreases
airway inflammation and remodeling in, at least, a murine
model of asthma. In addition, the anti-inflammatory effects of
aerobic exercise on asthmatic airway inflammation has been
demonstrated not only in murine models of asthma, but also in
asthmatic individuals [37].

SOCS-JAK-STAT pathway in asthma and the role of
exercise
Inflammation is etiologically linked to the pathogenesis of all
of most of the chronic diseases, and chronic low-grade systemic inflammation is correlated with disease severity in
many [70-73]. Cytokines play a pivotal role in the initiation
and development of asthma by regulating the expansion of
Th2 cells and by mediating many of the Th2 effector functions that underlie the pathogenic events of an asthmatic
response [70-73]. Several studies have recently been performed to elucidate the signaling pathways used by cytokines
to mediate their actions. These studies have revealed that
cytokine-mediated signals are primarily transduced by the
JAK-STAT signaling cascade [8-12, 74-77]. The Janus kinase
(JAK)–signal transducer of activators of transcription (STAT)
pathway, is now recognized as an evolutionarily conserved
signaling pathway employed by diverse cytokines, interferons, growth factors, and related molecules and therefore,
involved in inflammatory processes. Jaks (tyrosine kinases)
engage with cytokine receptors and mediate tyrosine phosphorylation of their associated receptors and recruited proteins, including STATs [78]. Tyrosine phosphorylated STATs
are released from the receptors and form homodimers, which
translocate to the nucleus where they bind canonical
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sequences and modulate transcription [79]. In addition to
tyrosine phosphorylation, STATs are serine phosphorylated
within their transcriptional activation domain, influencing
their transcriptional activation function, stability, and noncanonical functions [78]. STAT proteins are critical mediators
of immunity to pathogens. Indeed, inflammation was one of
the earliest biological functions associated with STAT proteins, from the anti-viral functions of STAT1, to the polarized
T helper cell responses that required STAT4 and STAT6.
STATs are also acetylated, methylated, sumoylated, and ubiquitylated, which alters their stability, dimerization, nuclear
localization, transcriptional activation function, and association with histone acetyltransferases and histone deacetylases
[78]. Importantly, Jak/Stat activation is tightly regulated
through the expression of positive (cytokines, receptors, tyrosine kinases) and negative regulators (tyrosine phosphatases,
protein inhibitors of activated Stat, suppressor of cytokine signaling [SOCS] proteins) [78].
In this signaling pathway, binding of a cytokines such as IL-4
or IL-12 to their receptors leads to the activation of members of
the JAK family of receptor-associated kinases. These kinases
subsequently activate, via tyrosine phosphorylation, preexistent
cytoplasmic factors termed STATs. Tyrosine phosphorylation
allows the STAT proteins to dimerize and translocate to the
nucleus, where they mediate changes in gene expression by
binding specific DNA elements. The SOCS (suppressors of
cytokine signaling) family proteins (in particular SOCS3) are
the best understood negative regulators of the JAK-STAT pathway [10, 80-82], and are composed of eight proteins, i.e.
SOCS1–7 and SH2 cytokine-inducible protein (CIS) [80-82].
The regulatory function of SOCS proteins is critical to the normal functioning and cessation of the primary cytokine signal
and it is achieved at many levels in the intracellular biochemical
cascade [80-82]. For example, SOCS1 is thought to inhibit the
catalytic activity of JAKs by binding to the activation loop of
the catalytic domain through both its kinase inhibitory region
(KIR) and SH2 domain. Binding of SOCS1 to JAK kinases
therefore blocks further signaling in a negative feedback loop
[80-82]. Exercise has been shown to modulate SOCS-JAKSTAT signaling pathways in different cells and tissues including
blood, testis, kidney, skeletal muscle, endothelial cells, heart
and lungs [14-19, 48]. However, no information is available
concerning the potential involvement of SOCS, JAK and STAT
signaling in the beneficial effects of aerobic exercise in asthma.
We have recently investigated the effects of aerobic exercise on
STAT3 expression in the lungs of smoked-exposed animals
[14]. We demonstrated that aerobic exercise reduced smokeinduced STAT3 expression and phosphorylation in airway
epithelial cells, peribronchial leukocytes, and parenchymal
leukocytes. The reduction in STAT3 expression and phosphorylation was accompanied by reduction in smoked-induced
inflammatory cytokines (IL-1β, IL-17, TNF-α) and induction of
IL-10 levels in BALF and serum in the mice.
Therefore, we hypothesized that the anti-inflammatory
effects of aerobic exercise in an experimental model of asthma, would be due to its effects on inflammatory cytokines,
involving SOCS-JAK-STAT signaling pathway.
Therefore, we aimed to perform an original study to investigate the potential role of SOCS-JAK-STAT signaling pathway in the effects of aerobic exercise training on airway
inflammation, remodeling and hyperresponsiveness in a
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model of house dust mite-induced allergic airway inflammation. Of note, this is the first study testing the effects of aerobic exercise in face a real life allergen (house dust mite – dermatophagoides pteronyssinus) inducing an asthma phenotype,
through a direct contact with the respiratory mucosa, like happens in humans.

MATERIALS AND METHODS

Animals and study design
The experimental protocol was approved by the ethical committee of the Nove de Julho University. All animal care and
experimental procedures followed the international recommendations of the Helsinki convention for the use and care of
animals.
120 male C57Bl/6 mice (aged 8 weeks and weighing 20g
approximately) were maintained under standard conditions
with controlled temperature (22°C - 25°C) and relative
humidity (50%-60%) on a 12 h light/dark cycle. They were
provided with food and water ad libitum. The animals were
randomly distributed into the following experimental groups
(n = 3 x 10 animals in each group): 1. Control (Con - not sensitized and untrained), 2. Exercise (Exe - not sensitized and
trained), 3. HDM (HDM - sensitized to HDM and untrained),
4. HDM + Exe (HDM + Exe - sensitized with HDM and
trained).

Protocol of chronic allergic lung inflammation
Under anesthesia using ketamine (100 mg/kg) and xylazine
(10 mg/kg), HDM groups received Dermatophagoides pteronyssinus extract (HDM 100µg/mouse) (Greer Laboratories,
Lenoir, NC) diluted in 50µl of phosphate buffered saline
(PBS), orotracheally administered, on days 0, 7, 14, 21, 28, 35
e 42 [36].

Physical test and exercise training protocol
On days 14 to 16 mice were placed on the treadmill
(Inbramed, Brazil) for 15 min at a speed of 0.5 km/h and a
15% incline for adaptation to avoid stress induction [34,35].
On days 17 and 42 the maximal exercise test was performed
as previously described [34,35]. The treadmill training
occurred to 50% of maximal exercise capacity reached in the
physical exercise test, which correspond to the moderate
intensity [34,35]. It has begun on day 18 and was performed
over 4 weeks, 60 min per session for five days a week.

Total and differential cell counting in bronchoalveolar
lavage fluid (BALF)
The lungs were carefully washed with 1.5 ml of saline (3×0.5
ml) via tracheal cannula. The samples were centrifuged (900
×g for 7 min at 4°C), and the resulting cell pellet was re-suspended in PBS (1 ml). BALF total cell count were performed
under staining using trypan blue using a hematocytometer
(Neubauer chamber) [34]. The differential cell count was carried out after cytocentrifuge preparations (Cytospin®, Fanem,
Brazil) stained with May–Grünwald–Giemsa solution [34].
Cytokine measurements in BALF
The BALF levels of IL-4 (DY404; assay range: 15.6 - 1,000
pg/mL), IL-5 (DY405; assay range: 31.2 - 2,000 pg/mL), IL-

13 (DY413; assay range: 62.5 - 4,000 pg/mL), CXCL1
(DY453; assay range: 15.6 - 1,000 pg/mL), IL-17 (DY421;
assay range: 15.6 - 1,000 pg/mL), IL-23 (DY1887; assay
range: 39.1 - 2,500 pg/mL), IL-33 (DY3626; assay range:
15.6 - 1,000 pg/mL) and IL-10 (DY417; assay range: 31.2 2,000 pg/mL) were determined by ELISA, using R&D Systems Duo Set kits (MN, USA), according to the manufacturer’s recommendations. All reads were done in a SpectraMax
i3 microplate reader (Molecular Devices, CA, USA).

Airway inflammation and remodeling
The lungs were removed in bloc and perfused and fixed under
positive pressure of 20 cmH2O with 4% paraformaldehyde
solution for 24 hours. The lungs were embedded in paraffin
and sectioned in 4 µm slices. The staining was performed with
hematoxylin and eosin (HE) for quantification of eosinophils,
lymphocytes, neutrophils and macrophages in the peribronchial space, with Picrossirius, for quantification of collagen fibers and with Weigert’s resorcin–fuchsin with oxidation
for quantification of elastic fibers in airways wall [34]. Periodic Schiff acid plus blue alcian was used for quantification of
mucus production in airway epithelium [30]. Five airways of
each mouse were used for the analysis [30,34]. All images
were taken using a camera QColor5 (Olympus, PA, USA)
attached to a microscope Olympus BX40 (Olympus, PA,
USA), while the image analysis was done using CellSens software (Olympus, PA, USA) [30].

Immunolocalization and quantification of SOCS1,
SOCS2, SOCS3, STAT3, STAT5, STAT6 and JAK2
Immunohistochemistry was performed in 4 μm slices, which
were incubated overnight at 4°C with the following primary
antibodies: anti-SOCS1 (sc-7006; 1:2.000), anti-SOCS2 (sc7008; 1:2.000), anti-SOCS3 (sc-7010; 1:2.000), anti-JAK2
(sc-278; 1:20.000), anti-STAT3 (sc-482; 1:20.000), antiSTAT5 (sc-835; 1:20.000) and anti-STAT6 (sc-981; 1:20.000)
(Santa Cruz Biotechnology, CA, USA). The reaction was followed by incubation with proper secondary antibodies conjugated with biotin-streptavidin-peroxidase and counter-stained
with Harris’ hematoxylin, as previously described
[20,21,26,29,30,34,35]. Since the immunoreaction was
observed in airway epithelium and in peribronchial leukocytes, the quantitative analysis of the expression of each protein was done as follow, in five airways of each mouse:
Positive peribronchial leukocytes: the number of positive
peribronchial leukocytes in the peribronchial space (area comprehended between airway basal membrane and airway
adventitia) was counted, and the results expressed as number
of positive cells per square millimeter [30,35].
Positive area of airway epithelium: the total area of airway
epithelium was measured, and the positive area of airway
epithelium for each protein was quantified. Then the results
were expressed as percentage of airway epithelium positive
for each protein [30,34].
Evaluation of airway hyperresponsiveness (AHR)
AHR was evaluated in conscious mice using whole body
plethysmograph (Buxco Europe, Winchester, UK) to growing
doses (Basal, PBS, 6,25 mg/mL, 12,5 mg/mL, 25 mg/mL and
50 mg/mL) of methacholine (MCh), by using the enhanced
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pause (Penh), which correspond to the level of airway
obstruction [30].

Statistical analysis
All data were analyzed, and the graphs were built using the
software GraphPad Prism 5.0 (CA, USA). Since all data presented parametric distribution, statistical analysis was performed by one-way analysis of variance (ANOVA ONEWAY) and by Student-Newman-Keuls as post-hoc test. P
<0.05 was considered significant. All graphs were presented
as mean and standard deviation.

RESULTS

Effects of aerobic exercise on physical capacity and on
body weight
The results showed that comparing the initial with final physical test in terms of time (minutes) the Control (2.4±2.04 min;
p>0.05) and HDM (3.25±3.95 min; p>0.05) groups did not
present significant increases in physical capacity. On the other
hand, Exercise (13.9±5.27 min; p<0.05) and HDM+Exercise

(11.91±3.23 min; p<0.05) presented significant improvements. When the body weight was analyzed (final body
weight minus the initial body weight), the results showed that
no significant differences were found (p<0.05).

Aerobic exercise reduces pulmonary inflammation
Figure 2 shows that the HDM model of chronic allergic airway inflammation significantly increases the number of total
cells (Figure 2A; p<0.05), eosinophils (Figure 2B; p<0.01),
neutrophils (Figure 2B; p<0.01) and lymphocytes (Figure 2B;
p<0.05) in BALF. On other way, aerobic exercise reduces
HDM-induce increases the number of total cells (Figure 2A;
p<0.05), eosinophils (Figure 2B; p<0.05), neutrophils (Figure
2B; p<0.05) and lymphocytes (Figure 2B; p<0.05) in BALF.
Complementarily, quantitative histological analysis
revealed that HDM model of chronic allergic airway inflammation significantly increases the number of eosinophils (Figure 3A; p<0.001), neutrophils (Figure 3B; p<0.001) and lymphocytes (Figure 3C; p<0.01) in the peribronchial space.
Again, aerobic exercise was able to reduce HDM-induce
increases the number of eosinophils (Figure 3A; p<0.001),
neutrophils (Figure 3B; p<0.001) and lymphocytes (Figure

Figure 1. Inflammatory and immune cells involvement in asthma. Inhaled allergens activate lung Dendritic cells and Mast cells to release
several chemotactic factors. Activated dendritic cells release the chemokines CCL17 and CCL22, which act on Chemokine-receptor 4 (CCR4)
to recruit T helper 2 (TH2) cells. Activation of the transcription factor GATA3 in TH2 cells leads to secretion of the cytokines IL-4 and IL-13 (which
stimulate B cells to synthesize IgE), IL 5 (which is necessary for eosinophilic inflammation) and IL 9 (which stimulates mast-cell proliferation).
Activated mast cells release several bronchoconstriction mediators including cysteinyl leukotrienes and prostaglandin D2. TSLP: thymic stromal
lymphopoietin., CCL17: CC chemokine ligand 17., CCL22: CC chemokine ligand 22., CCR3: CC- chemokine receptor 3., CCR4: CCchemokine receptor 4., IL-4: interleukin 4, IL-5: interleukin 5, IL-9: interleukin 9., IL-13: interleukin 13., GATA3: GATA binding protein 3.
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Figure 2. Figure 2 shows the number of total cells in BAL (Figure 2A),
eosinophils, neutrophils, lymphocytes and macrophages in BAL (Figure 2B), IL-4 levels in BAL (Figure 2C), IL-5 levels in BAL (Figure 2D),
IL-13 levels in BAL (Figure 2E), CXCL1 levels in BAL (Figure 2F), IL-17
levels in BAL (Figure 2G), IL-23 levels in BAL (Figure 2H), IL-33 levels
in BAL (Figure 2I) and IL-10 in BAL (Figure 2J). * p<0.05, ** p<0.01 and
*** p<0.001.

3C; p<0.001) in the peribronchial space. Figure 4A-D shows
representative photomicrographs taken from HE staining,
through which the peribronchial inflammation analysis were
done.

Aerobic exercise reduces pro-inflammatory cytokines and
increases IL-10
Figure 2 shows that the HDM model of chronic allergic airway inflammation significantly increases the BALF levels of
Th2 cytokines IL-4 (Figure 2C; p<0.001), IL-5 (Figure 2D;
p<0.001), IL-13 (Figure 2E; p<0.001), Th17 cytokine IL-17
(Figure 2G; p<0.01), IL-23 (Figure 2H; p<0.01), IL-33 (Figure 2I; p<0.05) and CXCL1 (Figure 2F; p<0.05), while
reduces the levels of IL-10 (Figure 2J; p<0.01). On contrary,
aerobic exercise reduces HDM-induce increases in the levels
of Th2 cytokines IL-4 (Figure 2C; p<0.001), IL-5 (Figure 2D;
p<0.001), IL-13 (Figure 2E; p<0.001), Th17 cytokine IL-17
(Figure 2G; p<0.01), IL-23 (Figure 2H; p<0.05), IL-33 (Figure 2I; p<0.05) and CXCL1 (Figure 2F; p<0.01), while
increases the levels of IL-10 (Figure 2J; p<0.05).

Figure 3. Figure 3 shows the density of eosinophils (Figure 3A), neutrophils (Figure 3A) and lymphocytes (Figure 3C) in airways wall, and
of collagen fibers (Figure 3D), elastic fibers (Figure 3E) and mucin (Figure 3F) in the airways. * p<0.05, ** p<0.01 and *** p<0.001.

Aerobic exercise reduces airway remodeling
Figure 3 shows that the HDM model of chronic allergic airway inflammation significantly increases airway remodeling,
notably through accumulation of collagen fibers in airways
wall (Figure 3D; p<0.05), elastic fibers in airways wall (Figure 3E; p<0.001), and mucin production by airway epithelium
(Figure 3F; p<0.001). Importantly, aerobic exercise was able
to reduces HDM-induce increases in airway remodeling, as
noted through accumulation of collagen fibers in airways wall
(Figure 3D; p<0.05), elastic fibers in airways wall (Figure 3E;
p<0.01), and mucin production by airway epithelium (Figure
3F; p<0.01). Figure 4E-G shows representative photomicrographs taken from Picrossirius staining, through which the
collagen fibers accumulation in airways wall analysis were
done.
Aerobic exercise reduces airway hyperresponsiveness
(AHR)
Figure 5 shows that the HDM model of chronic allergic airway inflammation significantly increases AHR, as demon-
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Figure 4. Figure 4 shows representative photomicrographs of quantitative histological analysis, being stained with hematoxylin and eosin
for analysis of airway inflammation (Figure 4A; 400x magnification)
and with picrosirius for analysis of collagen accumulation in the airways (Figure 4B; 200x magnification). Scale bar are 25 µm and 50 µm,
respectively.
Figure 6. Figure 6 shows the epithelial expression of STAT6 (Figure
6A), STAT3 (Figure 6B), STAT5 (Figure 6C) and JAK2 (Figure 6D) and of
STAT6 (Figure 56E), STAT5 (Figure 6F), STAT3 (Figure 6G) and JAK2
(Figure 6H) by peribronchial leukocytes. * p<0.05, ** p<0.01 and ***
p<0.001.

ure 5F; p<0.01). Of note, aerobic exercise significantly
reduces HDM-induce increases in AHR, as demonstrated
through methacholine (MCh) aerosol challenge: 6,25 mg/mL
(Figure 5C; p<0.01), 12,5 mg/mL (Figure 5D; p<0.01), 25
mg/mL (Figure 45E; p<0.001) and 50 mg/mL (Figure 5F;
p<0.05).

Figure 5. Figure 5 shows airway hyperresponsiveness (AHR) for
growing doses of methacholine (Mch), measured using whole body
plethysmography. The results are demonstrated as enhanced pause
(Penh). * p<0.05, ** p<0.01 and *** p<0.001.

strated through methacholine (MCh) aerosol challenge: 6,25
mg/mL (Figure 5C; p<0.01), 12,5 mg/mL (Figure 5D;
p<0.01), 25 mg/mL (Figure 5E; p<0.001) and 50 mg/mL (FigEIR 25 2019

Aerobic exercise reduces STAT6, STAT3 and STAT5 and
JAK2 expression
Figure 6 shows that the HDM model of chronic allergic airway inflammation significantly increases epithelial expression of STAT6 (Figure 6A; p<0.01), STAT3 (Figure 6B;
p<0.001), STAT5 (Figure 6C; p<0.001) and JAK2 (Figure 6D;
p<0.001). In addition, HDM model of chronic allergic airway
inflammation significantly increases the expression STAT6
(Figure 6E; p<0.001), STAT3 (Figure 6F; p<0.05), STAT5
(Figure 6G; p<0.01) and JAK2 (Figure 6H; p<0.001) by peribronchial leukocytes. Contrarily, aerobic exercise significantly reduces HDM-induce increases in epithelial expression of
STAT6 (Figure 6A; p<0.05), STAT3 (Figure 6B; p<0.001),
STAT5 (Figure 6C; p<0.01) and JAK2 (Figure 6D; p<0.001).
In addition, aerobic exercise also reduced HDM-induce
increases the expression STAT6 (Figure 6E; p<0.001), STAT3
(Figure 6F; p<0.05), STAT5 (Figure 6G; p<0.001) and JAK2
(Figure 6H; p<0.001) by peribronchial leukocytes. Figure 7
shows representative photomicrographs taken from STAT6
(Figure 7 A-D) and from STAT3 (Figure 7 E-H) immunostaining.
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Figure 7. Figure 7 shows representative photomicrographs of quantitative immunohistochemistry analysis of the expression of STAT6 (Figure 7A-D; Co, Ex, HDM and HDM+Ex groups, respectively) and STAT3
(Figure 7E-H; Co, Ex, HDM and HDM+Ex groups, respectively).
Images are at 400x magnification. Scale bar are 25 µm.

Aerobic exercise modulates SOCS1, SOCS2 and SOCS3
expression
Figure 8 shows that the HDM model of chronic allergic airway inflammation significantly does not change epithelial
expression of SOCS1 (Figure 8A; p>0.05), but reduces
epithelial expression of SOCS2 (Figure 8B; p<0.001), while
increases epithelial expression of SOCS3 (Figure 8C;
p<0.05). In addition, HDM model of chronic allergic airway
inflammation does not change the expression of SOCS1
(Figure 8D; p>0.05) and SOCS2 (Figure 8D; p>0.05), by
peribronchial leukocytes, but increases the expression of
SOCS3 by peribronchial leukocytes (Figure 8F; p<0.05). Of
importance, aerobic exercise in non-sensitized (Ex) and in
sensitized (HDM+Ex) mice significantly increases the
epithelial expression of SOCS1 (Figure 8A; p<0.001). Aerobic exercise also restores the epithelial expression of SOCS2
(Figure 8B; p<0.001), while reduces HDM-induce epithelial
expression of SOCS3 (Figure 8C; p<0.05). Regarding the
expression SOCS1 (Figure 8D; p<0.001) and SOCS2 (Figure 8E; p<0.01) by peribronchial leukocytes, aerobic exercise increases their expression in non-sensitized and in sensitized mice. Furthermore, aerobic exercise reduces HDMinduce the expression of SOCS3 by peribronchial leukocytes
(Figure 8F; p<0.001). Figure 8 shows representative pho-

Figure 8. Figure 8 shows the quantitative analysis of the expression of
SOCS1 (Figure 8A), SOCS2 (Figure 8B), SOCS3 (Figure 8C) by airway
epithelium and of SOCS1 (Figure 8D), SOCS2 (Figure 8E), SOCS3
(Figure 8F) by peribronchial leukocytes. * p<0.05, ** p<0.01 and ***
p<0.001. Figure 8G-J shows representative photomicrograph of
quantitative immunohistochemistry analysis of the expression of
SOCS3, of Co, Ex, HDM and HDM+Ex groups, respectively. Images
are at 400x magnification. Scale bar are 25 µm.

tomicrographs taken from SOCS3 (Figure 8 G-J) immunostaining.

DISCUSSION

The present study shows for the first time the involvement of
SOCS-JAK-STAT signaling on the beneficial effects of regular aerobic exercise at low intensity reducing asthma phenotype, denoted as reduced eosinophilic inflammation, Th2
immune response, airway remodeling and AHR. In addition,
this is the first study performing a complete description of
several SOCS-JAK-STAT proteins in a model of HDMinduced asthma.
Asthmatic airway inflammation is characterized by accumulation of several cell types in airways wall, including mast
cells, dendritic cells, Th2 lymphocytes and eosinophils [2,3].
However, eosinophilic inflammation is considered a hallmark
of asthmatic airway inflammation and its levels is correlated
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to asthma severity and risk of exacerbations [37]. The literature already has shown that aerobic exercise can reduces
eosinophilic inflammation in asthmatics patients [38] and in
experimental models of asthma induced by ovalbumin [3035], but this is the first study showing that aerobic exercise
can reduces eosinophilic inflammation in an experimental
model of HDM-induced asthma phenotype. Thus, using a
more physiological model of asthma using HDM, in which
sensitization occurs through a direct contact activating with
airways mucosa, i.e. airway epithelium [36,39], reinforce the
importance of aerobic exercise, the main component of a program of pulmonary rehabilitation, in the control of
eosinophilic inflammation for asthma.
Th2 cytokines, such as IL-4, IL-5 and IL-13 present an
essential role in asthma pathogenesis and progression [4,8,3036,39]. Previous literature shows that aerobic exercise inhibits
accumulation of Th2 in BALF in ovalbumin models of asthma
[30-35]. Such inhibitory effects of AE are of importance, considering that Th2 cytokines are also involved not only in the
asthmatic inflammatory response, but also in the remodeling
and in the AHR [4,8,10]. Furthermore, IL-17 a Th17- and
epithelial-derived cytokine is thought to be involved in the
proliferation and activation of fibroblast, airway smooth muscle and also in IL-8/CXCL-1 chemokine release, contributing
to impairment of airway remodeling, AHR and to the inflammatory response, attracting neutrophils to the airways [5,40].
In addition, the main inflammatory consequence of IL-17
inducing the release of CXCL-1 attracting neutrophils to the
airways, was observed in the present study, since the HDM
model used in this study also induced increases in the levels of
CXCL-1 and in the number of neutrophils in the lungs. In
contrast, the present study showed for the first time that AE
was able to inhibits HDM-induced IL-17 accumulation in the
lungs, as demonstrated by reduced levels of IL-17 in BALF,
effects that were followed by reduced levels of BALF CXLC1 and by reduced numbers of neutrophils in BAL. Such
effects of AE suggest that perhaps, AE can inhibit not only
eosinophilic asthma, but also difficult to treat asthma, which
is characterized by increased number of neutrophils in the airways [5,40].
IL-23 has been recently described as an important cytokine
involved in asthma pathophysiology, mainly produced by
dendritic cells, macrophages and airway epithelial cells
[5,41]. It is involved primarily in the control of IL-17 synthesis, but also with the sensitization process, beyond to contribute to recruitment of both eosinophils and neutrophils to
the airways [5,41]. IL-23 also seems to induce IL-33 synthesis
and release, a cytokine involved in several aspects of asthma
pathogenesis and maintenance, as in inflammation, remodeling and even in AHR [42]. IL-33 drives Th2 cells recruitment,
activation, polarization through NF-kB activation, beyond to
increase dendritic cells maturation and activation, which are
cell types presenting a key role for asthma development [42].
Here, we demonstrated for the first time that AE was able to
reduce IL-17, IL-23 and IL-33 in BALF of HDM-stimulated
mice, demonstrating an extensive anti-inflammatory role of
AE in the context of asthma. Of note, part of these antiinflammatory effects can be attributed to AE-induced IL-10
release, which is an anti-inflammatory cytokine, that positively contributes to the anti-inflammatory effects of AE, as previously demonstrated [14,20,21,23,24,26,27].
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Beyond exacerbated airway inflammation, airway remodeling is a hallmark of asthma, which is characterized by
increased sub-epithelial deposition of extracellular matrix
proteins (i.e. collagen and elastic fibers, proteoglycans and
laminins), hypertrophy and hyperplasia of airway smooth
muscle and epithelium and basal membrane thickness [6,7].
These structural changes in the airways remains as main challenge for treatment of asthma and are closely related to severity of the disease, to airway obstruction, breathlessness and to
AHR [6,7]. In the present study, it was observed for the first
time in a model of HDM-induced airway remodeling that AE
reduced collagen and elastic fibers accumulation in the airways wall as well as reduced mucus production by airway
epithelium, reinforcing the anti-fibrotic effects of AE, which
has been already demonstrated in models of ovalbumininduced asthma [30-35], COPD [14,20-22] and pulmonary
fibrosis [23,24]. In addition, the importance of the anti-fibrotic effects of AE, which was observed in the present study,
could be, at least in part correlated to the inhibitory effects of
AE on AHR, which occurs in response to several factors, such
as airway inflammation and remodeling [7]. Also, this
inhibitory effect on AHR is particularly important, displaying
that the anti-inflammatory and anti-fibrotic effects of AE
result in improvement of functional response of the lungs.
Cytokine signaling depends of activation of intracellular
molecules, such JAK and STATs [8-12], while JAK and
STATs activation can be inhibited by SOCS proteins [8-12].
However, the literature is not unanimous concerning the
inhibitory effects of SOCS proteins, since SOCS1, for
instance, is upregulated in nasal epithelial cells of asthmatics
and correlates with asthma severity [8]. On the other hand, it
has been demonstrated that absence of SOCS1 resulted in
increased asthma phenotype in a model of ovalbumin-induced
asthma [43]. In the present study, which was performed using
a HDM model of asthma, no changes in the expression of
SOCS1 by peribronchial leukocytes or by airway epithelium
were found. However, AE resulted in increased expression of
SOCS1 by peribronchial leukocytes and by airway epithelium
in non-sensitized and in sensitized mice groups, effect that
can be involved in the inhibitory effects of AE on asthma phenotype, since that it has been demonstrated that SOCS1 suppress IL-13-dependent STAT6 activation, which constitute a
central pathway for asthma development [44]. This effect of
AE increasing SOCS1 expression can be reinforced, since AE
not only reduced HDM-induced asthma phenotype, but also
reduced the expression of STAT6, STAT5, STAT3 and JAK2
by peribronchial leukocytes and by airway epithelium. However, a direct causal effects cannot be definitively proved in
the present study.
Concerning SOCS2, it was observed that HDM administration significantly reduced epithelial expression of SOCS2,
while only a slight reduction in SOCS2 expression by peribronchial leukocytes was observed. In addition, these effects
were followed by enhanced expression of STAT6, STAT5,
STAT3 and JAK2 by peribronchial leukocytes and by airway
epithelium. These findings are in partial agreement with a
study from Knosp et al 2011, where the authors demonstrated
exacerbated asthmatic phenotype and increased activation of
STAT6 and STAT5 in SOCS2 ko mice [10]. On the other
hand, AE was able to restore epithelial SOCS2 expression and
to increase significantly SOCS2 expression by peribronchial
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leukocytes, suggesting a possible mechanism underlying the
effects of AE on asthma. However, whether the anti-asthmatic
effects of AE are dependent of SOCS2 remain to be further
investigated.
Increased expression of SOCS3 have been described in Tcells of asthmatic patients correlating to onset and maintenance of Th2 immune response and increased IgE levels [8].
In addition, another study showed that SOCS3 expression is
increased in eosinophils of asthmatic patients and is functionally involved in eosinophil migration, adhesion and degranulation involving STAT3 activation [45]. Furthermore, it has
been demonstrated that ovalbumin model of asthma results in
increased expression of SOCS3 in the lungs, and that silencing of SOCS3 abrogates asthma phenotype [46]. In line with
the current literature, the present study found that HDM
increases SOCS3 and also STAT3 expression by airway
epithelium and by peribronchial leukocytes. Such effects were
significantly inhibited by AE, reinforcing the potential
immunomodulatory role of AE on asthma involving SOCSJAK-STAT signaling.
In conclusion, aerobic exercise inhibits house dust mite
induce asthma phenotype, involving the modulation of SOCSJAK-STAT signaling in airway epithelium and in peribronchial leukocytes. In addition, these experimental results
point out a possible immunological and molecular mechanism
underlying the beneficial effects of aerobic exercise on asthma phenotype, which should be urgently investigated in a
clinical study in asthmatic individuals.

ACKNOWLEDGEMENTS

This study was financially supported by São Paulo Research
Foundation (FAPESP), grants 2012/15165-2, 2012/16498-5
and 2015/50010-0. ARAO holds a MSc fellowship from
FAPESP (2014/07500-1). JCJAJ holds a MSc fellowship from
FAPESP (2014/12755-9). MCOJ holds a PhD fellowship from
FAPESP (2014/14504-8). RWAC holds a MSc fellowship
from FAPESP (2012/21519-1). NCRO holds a MSc fellowship from FAPESP (2013/24888-0). The results and opinions
presented in this study does not reflect the vision and opinion
from FAPESP.

6.

7.

8.

9.

10.

11.

12.

13.

REFERENCES
1.
2.
3.

4.
5.

von Mutius E. Gene-environment interactions in asthma. J
Allergy
Clin
Immunol
(2009)
123(1):3–11.
doi:10.1016/j.jaci.2008.10.046
Global Initiative for Asthma (GINA).
Liu MC, Xiao HQ, Breslin LM, Bochner BS, Schroeder JT.
Enhanced antigen presenting and T cell functions during latephase allergic responses in the lung. Clin Exp Allergy. 2017
Nov 3. doi: 10.1111/cea.13054. [Epub ahead of print].
Nath P, Leung SY, Williams AS, et al. Complete inhibition of
allergic airway inflammation and remodelling in quadruple IL4/5/9/13-/- mice. Clin Exp Allergy 2007; 37: 1427–1435.
Gupta RK, Gupta K, Dwivedi PD. Pathophysiology of IL-33
and IL-17 in allergic disorders. Cytokine Growth Factor Rev
2017 Dec,38:22-36. doi: 10.1016/j.cytogfr.2017.09.005. Epub
2017 Nov 11.

14.

15.

16.

Samitas K, Carter A, Kariyawasam HH, Xanthou G. Upper
and lower airway remodelling mechanisms in asthma, allergic
rhinitis and chronic rhinosinusitis: The one airway concept
revisited. Allergy. 2017 Dec 1. doi: 10.1111/all.13373. [Epub
ahead of print] Review.
Wang KC, Le Cras TD, Larcombe AN, Zosky R, Elliot JG,
James AL, Noble PB. Independent and combined effects of
airway remodelling and allergy on airway responsiveness. Clin
Sci (Lond). 2017 Dec 21. pii: CS20171386. doi:
10.1042/CS20171386. [Epub ahead of print].
Gras D, Chanez P. New sociology for better understanding
severe eosinophilic asthma: introducing the SOCS family. Eur
Respir J. 2016 Sep;48(3):608-10. doi: 10.1183/13993003.012402016.
Liu Y, Zhang H, Ni R, Jia WQ, Wang YY. IL-4R suppresses
airway inflammation in bronchial asthma by inhibiting the IL4/STAT6 pathway. Pulm Pharmacol Ther. 2017 Apr;43:32-38.
doi: 10.1016/j.pupt.2017.01.006. Epub 2017 Jan 16.
Knosp CA, Carroll HP, Elliott J, Saunders SP, Nel HJ, Amu S,
Pratt JC, Spence S, Doran E, Cooke N, Jackson R, Swift J,
Fitzgerald DC, Heaney LG, Fallon PG, Kissenpfennig A,
Johnston JA. SOCS2 regulates T helper type 2 differentiation
and the generation of type 2 allergic responses. J Exp Med.
2011 Jul 4;208(7):1523-31. doi: 10.1084/jem.20101167. Epub
2011 Jun 6.
McCormick SM, Gowda N, Fang JX, Heller NM. Suppressor of Cytokine Signaling (SOCS)1 Regulates Interleukin-4 (IL-4)-activated Insulin Receptor Substrate
(IRS)-2 Tyrosine Phosphorylation in Monocytes and
Macrophages via the Proteasome. J Biol Chem. 2016 Sep
23;291(39):20574-87. doi: 10.1074/jbc.M116.746164.
Epub 2016 Aug 9.
Aguilar-Pimentel A, Graessel A, Alessandrini F, Fuchs H,
Gailus-Durner V, Hrabě de Angelis M, Russkamp D, Chaker A,
Ollert M, Blank S, Gutermuth J, Schmidt-Weber CB. Improved
efficacy of allergen-specific immunotherapy by JAK inhibition
in a murine model of allergic asthma. PLoS One. 2017 Jun
1;12(6):e0178563. doi: 10.1371/journal.pone.0178563. eCollection 2017
Vogiatzis I, Rochester CL, Spruit MA, Troosters T, Clini EM;
American Thoracic Society/European Respiratory Society
Task Force on Policy in Pulmonary Rehabilitation. Increasing
implementation and delivery of pulmonary rehabilitation: key
messages from the new ATS/ERS policy statement. Eur Respir
J. 2016 May;47(5):1336-41. doi: 10.1183/13993003.021512015.
Brandão-Rangel MAR, Bachi ALL, Oliveira-Junior MC,
Abbasi A, Silva-Renno A, Britto AA, Oliveira APL, Toledo-Arruda AC, Belvisi MG, Vieira RP. Exercise Inhibits
the Effects of Smoke-Induced COPD Involving Modulation of STAT-3. Oxid Med Cell Longev 2017
(2017):Article
ID
6572714,
13
pages.
https://doi.org/10.1155/2017/6572714.
Spangenburg EE, Brown DA, Johnson MS, Moore RL. Exercise increases SOCS-3 expression in rat skeletal muscle:
potential relationship to IL-6 expression. J Physiol. 2006 May
1;572(Pt 3):839-48.
Trenerry MK, Carey KA, Ward AC, Farnfield MM, CameronSmith D. Exercise-induced activation of STAT3 signaling is
increased with age. Rejuvenation Res. 2008 Aug;11(4):71724. doi: 10.1089/rej.2007.0643.
EIR 25 2019

108 • Exercise inhibits asthma by modulation of SOCS-JAK-STAT
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Yi X, Gao H, Chen D, Tang D, Huang W, Li T, Ma T, Chang B.
Effects of obesity and exercise on testicular leptin signal transduction and testosterone biosynthesis in male mice. Am J
Physiol Regul Integr Comp Physiol. 2017 Apr 1;312(4):R501R510. doi: 10.1152/ajpregu.00405.2016.
Chen KC, Hsieh CL, Peng CC, Peng RY. Exercise rescued
chronic kidney disease by attenuating cardiac hypertrophy
through the cardiotrophin-1 -&gt; LIFR/gp 130 -&gt;
JAK/STAT3 pathway. Eur J Prev Cardiol. 2014 Apr;21(4):50720. doi: 10.1177/2047487312462827.
Xia WH, Li J, Su C, Yang Z, Chen L, Wu F, Zhang YY, Yu BB,
Qiu YX, Wang SM, Tao J. Physical exercise attenuates ageassociated reduction in endothelium-reparative capacity of
endothelial progenitor cells by increasing CXCR4/JAK-2 signaling in healthy men. Aging Cell. 2012 Feb;11(1):111-9. doi:
10.1111/j.1474-9726.2011.00758.x.
Toledo AC, Magalhaes RM, Hizume DC, Vieira RP, Biselli PJ,
Moriya HT, Mauad T, Lopes FD, Martins MA. Aerobic exercise attenuates pulmonary injury induced by exposure to cigarette smoke. Eur Respir J. 2012 Feb;39(2):254-64. doi:
10.1183/09031936.00003411.
Toledo-Arruda AC, Vieira RP, Guarnier FA, Suehiro CL, Caleman-Neto A, Olivo CR, Arantes PMM, Almeida FM, Lopes
FDTQS, Ramos EMC, Cecchini R, Lin CJ, Martins MA.
Time-course effects of aerobic physical training in the prevention of cigarette smoke-induced COPD. J Appl Physiol (1985).
2017 Sep 1;123(3):674-683. doi: 10.1152/japplphysiol.00819.2016.
do Nascimento ES, Sampaio LM, Peixoto-Souza FS, Dias FD,
Gomes EL, Greiffo FR, Ligeiro de Oliveira AP, Stirbulov R,
Vieira RP, Costa D. Home-based pulmonary rehabilitation
improves clinical features and systemic inflammation in
chronic obstructive pulmonary disease patients. Int J Chron
Obstruct Pulmon Dis. 2015 Mar 23;10:645-53. doi:
10.2147/COPD.S76216.
Pereira PR, Oliveira-Junior MC, Mackenzie B, Chiovatto JE,
Matos Y, Greiffo FR, Rigonato-Oliveira NC, Brugemman TR,
Delle H, Idzko M, Albertini R, Ligeiro Oliveira AP, Damaceno-Rodrigues NR, Caldini EG, Fernandez IE, Castro-FariaNeto HC, Dolhnikoff M, Eickelberg O, Vieira RP. Exercise
Reduces Lung Fibrosis Involving Serotonin/Akt Signaling.
Med Sci Sports Exerc. 2016 Jul;48(7):1276-84. doi:
10.1249/MSS.0000000000000907.
Andrade-Sousa AS, Rogério Pereira P, MacKenzie B, OliveiraJunior MC, Assumpção-Neto E, Brandão-Rangel MA, Damaceno-Rodrigues NR, Garcia Caldini E, Velosa AP, Teodoro
WR, Ligeiro de Oliveira AP, Dolhnikoff M, Eickelberg O,
Vieira RP. Aerobic Exercise Attenuated Bleomycin-Induced
Lung Fibrosis in Th2-Dominant Mice. PLoS One. 2016 Sep
27;11(9):e0163420. doi: 10.1371/journal.pone.0163420. eCollection 2016.
Ramos DS, Olivo CR, Quirino Santos Lopes FD, Toledo AC,
Martins MA, Lazo Osório RA, Dolhnikoff M, Ribeiro W,
Vieira RP. Low-intensity swimming training partially inhibits
lipopolysaccharide-induced acute lung injury. Med Sci Sports
Exerc.
2010
Jan;42(1):113-9.
doi:
10.1249/MSS.0b013e3181ad1c72.
Reis Gonçalves CT, Reis Gonçalves CG, de Almeida FM,
Lopes FD, dos Santos Durão AC, dos Santos FA, da Silva LF,
Marcourakis T, Castro-Faria-Neto HC, Vieira RP, Dolhnikoff
M. Protective effects of aerobic exercise on acute lung injury

EIR 25 2019

27.

28.

29.

30.

31.

32.

33.

34.

35.

induced by LPS in mice. Crit Care. 2012 Oct 18;16(5):R199.
doi: 10.1186/cc11807.
Rigonato-Oliveira NC, Mackenzie B, Bachi ALL, OliveiraJunior MC, Santos-Dias A, Andrade-Sousa A, Delle H,
Assumpcao-Neto E, Damaceno-Rodrigues NR, Dulley LH,
Abenetti MA, Malfitano C, Angelis K, Albertini R, Oliveira
APL, Abbasi A, Northoff H, Vieira RP. Aerobic exercise
inhibits acute lung injury: from mouse to human evidence. Exe
Immunol Rev 2017;24:36-44.
Silva-Renno A, Baldivia GC, Oliveira-Junior MC, BrandaoRangel MAR, El-Mafarjeh E, Dolhnikoff M, Mauad T, Britto
JM, Saldiva PHN, Oliveira LVF, Ligeiro-Oliveira AP, Graudenz GS, Vieira RP. Exercise Performed Concomitantly with
Particulate Matter Exposure Inhibits Lung Injury. Int J Sports
Med. 2017 Nov 21. doi: 10.1055/s-0043-121147. [Epub ahead
of print]
Vieira RP, Toledo AC, Silva LB, Almeida FM, DamacenoRodrigues NR, Caldini EG, Santos AB, Rivero DH, Hizume
DC, Lopes FD, Olivo CR, Castro-Faria-Neto HC, Martins
MA, Saldiva PH, Dolhnikoff M. Anti-inflammatory effects of
aerobic exercise in mice exposed to air pollution. Med Sci
Sports
Exerc.
2012
Jul;44(7):1227-34.
doi:
10.1249/MSS.0b013e31824b2877.
Alberca-Custódio RW, Greiffo FR, MacKenzie B, OliveiraJunior MC, Andrade-Sousa AS, Graudenz GS, Santos AB,
Damaceno-Rodrigues NR, Castro-Faria-Neto HC, ArantesCosta FM, Martins Mde A, Abbasi A, Lin CJ, Idzko M,
Ligeiro Oliveira AP, Northoff H, Vieira RP. Aerobic Exercise
Reduces Asthma Phenotype by Modulation of the Leukotriene
Pathway. Front Immunol. 2016 Jun 14;7:237. doi:
10.3389/fimmu.2016.00237. eCollection 2016.
Mackenzie B, Andrade-Sousa AS, Oliveira-Junior MC,
Assumpção-Neto E, Brandão-Rangel MA, Silva-Renno A,
Santos-Dias A, Cicko S, Grimm M, Müller T, Oliveira AP,
Martins MA, Idzko M, Vieira RP. Dendritic Cells Are Involved
in the Effects of Exercise in a Model of Asthma. Med Sci
Sports
Exerc.
2016
Aug;48(8):1459-67.
doi:
10.1249/MSS.0000000000000927.
Camargo Hizume-Kunzler D, Greiffo FR, Fortkamp B, Ribeiro
Freitas G, Keller Nascimento J, Regina Bruggemann T, Melo
Avila L, Perini A, Bobinski F, Duarte Silva M, Rocha Lapa F,
Paula Vieira R, Vargas Horewicz V, Soares Dos Santos AR, Cattelan Bonorino K. Aerobic Exercise Decreases Lung Inflammation by IgE Decrement in an OVA Mice Model. Int J Sports
Med. 2017 Jun;38(6):473-480. doi: 10.1055/s-0042-121638.
Brüggemann TR, Ávila LC, Fortkamp B, Greiffo FR, Bobinski
F, Mazzardo-Martins L, Martins DF, Duarte MM, Dafre A,
Santos AR, Silva MD, Souza LF, Vieira RP, Hizume-Kunzler
DC. Effects of Swimming on the Inflammatory and Redox
Response in a Model of Allergic Asthma. Int J Sports Med.
2015 Jun;36(7):579-84. doi: 10.1055/s-0034-1395588.
Vieira RP, Toledo AC, Ferreira SC, Santos AB, Medeiros MC,
Hage M, Mauad T, Martins Mde A, Dolhnikoff M, Carvalho
CR. Airway epithelium mediates the anti-inflammatory effects
of exercise on asthma. Respir Physiol Neurobiol. 2011 Mar
15;175(3):383-9. doi: 10.1016/j.resp.2011.01.002.
Vieira RP, Claudino RC, Duarte AC, Santos AB, Perini A,
Faria Neto HC, Mauad T, Martins MA, Dolhnikoff M, Carvalho CR. Aerobic exercise decreases chronic allergic lung
inflammation and airway remodeling in mice. Am J Respir
Crit Care Med. 2007 Nov 1;176(9):871-7.

Exercise inhibits asthma by modulation of SOCS-JAK-STAT • 109
36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

Müller T, Grimm M, De Vieira RP, Cicko S, Dürk T, Sorichter
S, Zissel G, Idzko M. Local administration of uridine suppresses the cardinal features of asthmatic airway inflammation. Clin Exp Allergy 2010 Oct;40(10):1552-60. doi:
10.1111/j.1365-2222.2010.03518.x.
Mendes FA, Almeida FM, Cukier A, Stelmach R, Jacob-Filho W,
Martins MA, Carvalho CR. Effects of aerobic training on airway
inflammation in asthmatic patients. Med Sci Sports Exerc. 2011
Feb;43(2):197-203. doi: 10.1249/MSS.0b013e3181ed0ea3.
Gunsoy NB, Cockle SM, Yancey SW, Keene ON, Bradford
ES, Albers FC, Pavord ID. Evaluation of Potential Continuation Rules for Mepolizumab Treatment of Severe Eosinophilic
Asthma. J Allergy Clin Immunol Pract. 2017 Dec 16. pii:
S2213-2198(17)30914-5. doi: 10.1016/j.jaip.2017.11.026.
[Epub ahead of print].
Vieira RP, Müller T, Grimm M, von Gernler V, Vetter B, Dürk
T, Cicko S, Ayata CK, Sorichter S, Robaye B, Zeiser R, Ferrari
D, Kirschbaum A, Zissel G, Virchow JC, Boeynaems JM,
Idzko M. Purinergic receptor type 6 contributes to airway
inflammation and remodeling in experimental allergic airway
inflammation. Am J Respir Crit Care Med. 2011 Jul
15;184(2):215-23. doi: 10.1164/rccm.201011-1762OC.
Chesné J, Braza F, Mahay G, Brouard S, Aronica M, Magnan
A. IL-17 in severe asthma. Where do we stand? Am J Respir
Crit Care Med. 2014 Nov 15;190(10):1094-101. doi:
10.1164/rccm.201405-0859PP.
Lee HS, Park DE, Lee JW, Chang Y, Kim HY, Song WJ, Kang
HR, Park HW, Chang YS, Cho SH. IL-23 secreted by
bronchial epithelial cells contributes to allergic sensitization in
asthma model: role of IL-23 secreted by bronchial epithelial
cells. Am J Physiol Lung Cell Mol Physiol. 2017 Jan
1;312(1):L13-L21. doi: 10.1152/ajplung.00114.2016.
Borish L, Steinke JW. Interleukin-33 in asthma: how big of a
role does it play? Curr Allergy Asthma Rep. 2011 Feb;11(1):711. doi: 10.1007/s11882-010-0153-8.
Lee C, Kolesnik TB, Caminschi I, Chakravorty A, Carter W,
Alexander WS, Jones J, Anderson GP, Nicholson SE. Suppressor of cytokine signalling 1 (SOCS1) is a physiological regulator of the asthma response. Clin Exp Allergy. 2009
Jun;39(6):897-907. doi: 10.1111/j.1365-2222.2009.03217.x.
Fukuyama S, Nakano T, Matsumoto T, Oliver BG, Burgess JK,
Moriwaki A, Tanaka K, Kubo M, Hoshino T, Tanaka H,
McKenzie AN, Matsumoto K, Aizawa H, Nakanishi Y,
Yoshimura A, Black JL, Inoue H. Pulmonary suppressor of
cytokine signaling-1 induced by IL-13 regulates allergic asthma phenotype. Am J Respir Crit Care Med. 2009Jun
1;179(11):992-8. doi: 10.1164/rccm.200806-992OC.
Zafra MP, Cañas JA, Mazzeo C, Gámez C, Sanz V, FernándezNieto M, Quirce S, Barranco P, Ruiz-Hornillos J, Sastre J, del
Pozo V. SOCS3 silencing attenuates eosinophil functions in
asthma patients. Int J Mol Sci. 2015 Mar 10;16(3):5434-51.
doi: 10.3390/ijms16035434.
Zafra MP, Mazzeo C, Gámez C, Rodriguez Marco A, de
Zulueta A, Sanz V, Bilbao I, Ruiz-Cabello J, Zubeldia JM, del
Pozo V. Gene silencing of SOCS3 by siRNA intranasal delivery inhibits asthma phenotype in mice. PLoS One. 2014 Mar
17;9(3):e91996. doi: 10.1371/journal.pone.0091996.
Candemir I, Ergun P, Kaymaz D. Efficacy of a multidisciplinary pulmonary rehabilitation outpatient program on exacerbations in overweight and obese patients with asthma. Wien Klin
Wochenschr. 2017 Oct;129 (19-20):655-664.

48.

49.
50.

51.
52.

53.
54.

55.

56.
57.
58.

59.

60.

61.

62.

63.

64.

Abbasi A, Hauth M, Walter M, Hudemann J, Wank V, Niess
AM, Northoff H. Exhaustive exercise modifies different gene
expression profiles and pathways in LPS-stimulated and unstimulated whole blood cultures. Brain Behav Immun. 2014
Jul;39:130-41.
Barnes PJ. Immunology of asthma and chronic obstructive
pulmonary disease. Nat Rev Immunol. 2008 Mar;8(3):183-92.
doi: 10.1038/nri2254. Epub 2008 Feb 15. Review.
Barnes PJ. Cellular and molecular mechanisms of asthma and
COPD. Clin Sci (Lond). 2017 Jul 1;131(13):1541-1558
Wenzel, SE. Emergence of biomolecular pathways to define
novel asthma phenotypes. Type-2 immunity and beyond. Am.
J. Respir. Cell Mol. Biol. (2016) 55, 1–4
Al-Ramli, W., Prefontaine, D., Chouiali, F., Martin, J.G.,
Olivenstein, R., Lemiere, C. et al. T(H)17-associated
cytokines (IL-17A and IL-17F) in severe asthma. J. Allergy
Clin. Immunol. 2009 123, 1185–1187
Halwani, R., Al-Muhsen, S. and Hamid, Q. T helper 17 cells in
airway diseases: from laboratory bench to bedside. Chest 2013
143, 494–501
Parsons JP, Mastronarde JG. Exercise-induced bronchoconstriction in athletes. Chest. 2005 Dec;128(6):3966-74
Abbasi A, Vieira RP, Northoff H. Letter to the editor: the evidence of exercise-induced bronchoconstriction in endurance
runners; genetic basis and gender differences. Exerc Immunol
Rev. 2015;21:186-8
Weiler JM, Bonini S, Coifman R, et al. American Academy of
Allergy, Asthma & Immunology work group report: Exerciseinduced asthma. J Allergy Clin Immunol 2007;119(6):1349-58
Dogra S, Kuk JL, Baker J, Jamnik V. Exercise is associated
with improved asthma control in adults. Eur Respir J. 2011
Feb;37(2):318-23
Mancuso CA, Choi TN, Westermann H, Wenderoth S, Wells
MT, Charlson ME. Improvement in asthma quality of life in
patients enrolled in a prospective study to increase lifestyle
physical activity. J Asthma. 2013 Feb;50(1):103-7
Fanelli A, Cabral AL, Neder JA, Martins MA, Carvalho CR.
Exercise training on disease control and quality of life in asthmatic children. Med Sci Sports Exerc. 2007 Sep;39(9):147480
Schultz K, Seidl H, Jelusic D, Wagner R, Wittmann M, Faller
H, Nowak D, Schuler M. Effectiveness of pulmonary rehabilitation for patients with asthma: study protocol of a randomized
controlled trial (EPRA). BMC Pulm Med. 2017 Mar
9;17(1):49
Neder JA, Nery LE, Silva AC, Cabral AL, Fernandes AL.
Short-term effects of aerobic training in the clinical management of moderate to severe asthma in children. Thorax. 1999
Mar;54(3):202-6
Pastva A, Estell K, Schoeb TR, Atkinson TP, Schwiebert LM.
Aerobic exercise attenuates airway inflammatory responses in
a mouse model of atopic asthma. J Immunol. 2004 Apr
1;172(7):4520-6
Vieira RP, Claudino RC, Duarte AC, Santos AB, Perini A,
Faria Neto HC, Mauad T, Martins MA, Dolhnikoff M, Carvalho CR. Aerobic exercise decreases chronic allergic lung
inflammation and airway remodeling in mice. Am J Respir
Crit Care Med. 2007 Nov 1;176(9):871-7
Alberca-Custódio RW, Greiffo FR, MacKenzie B, OliveiraJunior MC, Andrade-Sousa AS, Graudenz GS, Santos AB,
Damaceno-Rodrigues NR, Castro-Faria-Neto HC, ArantesEIR 25 2019

110 • exercise inhibits asthma by modulation of SOCS-JAK-STAT

65.

66.
67.

68.
69.

70.
71.

72.

Costa FM, Martins Mde A, Abbasi A, Lin CJ, Idzko M,
Ligeiro Oliveira AP, Northoff H, Vieira RP. Aerobic Exercise
Reduces Asthma Phenotype by Modulation of the Leukotriene
Pathway. Front Immunol. 2016 Jun 14;7:237
Barnes PJ. Anti-inflammatory therapy for asthma. Annu Rev
Med. 1993;44:229-42.
Peters SP, Ferguson G, Deniz Y, Reisner C. Uncontrolled asthma: a review of the prevalence, disease burden and options for
treatment. Respir Med. 2006 Jul;100(7):1139-51.
Gleeson M, Bishop NC, Stensel DJ, Lindley MR, Mastana SS,
Nimmo MA. The anti-inflammatory effects of exercise: mechanisms and implications for the prevention and treatment of
disease. Nat Rev Immunol. 2011 Aug 5;11(9):607-15. doi:
10.1038/nri3041.
Booth FW, Roberts CK, Laye MJ. Lack of exercise is a major
cause of chronic diseases. Compr Physiol. 2012
Apr;2(2):1143-211. doi: 10.1002/cphy.c110025.
Qin Q, Chen X, Feng J, Qin L, Hu C. Low-intensity aerobic
exercise training attenuates airway inflammation and remodeling in a rat model of steroid-resistant asthma. Chin Med J
(Engl). 2014;127(17):3058-64.
Laidlaw TM, Boyce JA. Cysteinyl leukotriene receptors, old
and new; implications for asthma. Clin Exp Allergy. 2012
42:1313–20. doi:10.1111/j. 1365-2222.2012.03982.x
Torregrosa Paredes P, Esser J, Admyre C, Nord M, Rahman
QK, Lukic A, Rådmark O, Grönneberg R, Grunewald J,
Eklund A, Scheynius A, Gabrielsson S. Bronchoalveolar
lavage fluid exosomes contribute to cytokine and leukotriene
production in allergic asthma. Allergy. 2012 Jul;67(7):911-9.
doi: 10.1111/j.1398-9995.2012.02835.x. Epub 2012 May 23.
Hallstrand TS, Henderson WR Jr. An update on the role of
leukotrienes in asthma. Curr Opin Allergy Clin Immunol. 2010
Feb;10(1):60-6. doi: 10.1097/ACI.0b013e32833489c3.

EIR 25 2019

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

Hammad, H. & Lambrecht, B. N. Recent progress in the biology of airway dendritic cells and implications for understanding
the regulation of asthmatic inflammation. J. Allergy Clin.
Immunol. 2006 118, 331–336.
Pernis AB, Rothman PB. JAK-STAT signaling in asthma. J
Clin Invest. 2002 May;109(10):1279-83.
Vale K. Targeting the JAK-STAT pathway in the treatment of
'Th2-high' severe asthma. Future Med Chem. 2016;8(4):40519.
Starr R, Willson TA, Viney EM, et al. A family of cytokineinducible inhibitors of signaling. Nature 1997; 387: 917–921.
Elliott J, Johnston JA. SOCS: role in inflammation, allergy and
homeostasis. Trends Immunol 2004; 25: 434–440.
Sansone P, Bromberg J. Targeting the interleukin-6/Jak/stat
pathway in human malignancies. J Clin Oncol 2012;
30(9):1005-14. doi: 10.1200/JCO.2010.31.8907. Epub 2012
Feb 21.
Mertens C, Darnell JE., Jr SnapShot: JAK-STAT signaling.
Cell. 2007;131:612.
Linossi EM, Babon JJ, Hilton DJ, et al. Suppression of
cytokine signaling: the SOCS perspective. Cytokine Growth
Factor Rev 2013; 24: 241–248.
Naka T, Tsutsui H, Fujimoto M, et al. SOCS-1/SSI-1-deficient
NKT cells participate in severe hepatitis through dysregulated
cross-talk inhibition of IFN-γ and IL-4 signaling in vivo.
Immunity 2001; 14: 535–545.
Seki Y, Inoue H, Nagata N, et al. SOCS-3 regulates onset and
maintenance of TH2-mediated allergic responses. Nat Med
2003; 9: 1047–1054

Instructions for authors of EIR
EIR usually solicits papers from authors with acknowledged
expertise in the field to be covered. Unsolicited papers will be
considered and can also be accepted. All papers are subject to
a peer review process.

Usually the manuscripts will fit into one of two major categories: i. a review which thoroughly covers the area indicated
in the heading and includes structuring and critical discussion
of existing knowledge and, if possible, the ideas of the authors
about potential practical consequences and future developments. Mere mentioning and listing of existing literature is
not considered to be a good review. The review can be long, if
necessary, or short, if the field covered by the heading is relatively new or very focussed. ii. a paper showing original data
accompanied by an extended, review-type discussion.

The general format of the review is somewhat flexible. A
review must however have an abstract, an introduction and a
conclusion around the main sections. Reviews with three or
more sections should list the headings of the sections in form
of a bullet point table at the end of the introduction. Longer
sections should also give a short interim summary at their end.
If substantial amounts of the authors‘ own new data are to be
shown, a section on methods and on results must be included.
Data will only be accepted, if methods are stated clearly and
appropriate statistical evaluation of results is given.

Instructions for authors of EIR • 111
Other types of papers, eg true meta-analyses of a circumscribed sector of literature or papers focussing on new ideas or
hypotheses may also be considered. Interested authors, please
contact the editorial board.

For reference style use the one as applied by J. Appl. Physiol.,
with references listed in alphabetical order. In text use ref.
numbers in brackets. When giving more than 1 reference in
one bracket, use numerical order. The maximum number of
references is normally 150.

A short running head should appear after the title, followed by
the authors and their respective affiliations. The full address
of correspondence should include an e-mail address of the
correspondent author. Up to five key words should be added
after the abstract.

Please use e-mail for all communications including manuscript submission (word or pdf-file) if possible and paste
"EIR” in the subject field of your mailing program. Generally,
submission deadline for the next issue of EIR is July, 31th.
Send manuscripts to:
Prof. Dr. Karsten Krüger
Institute of Sport Science, Dept. of Exercise and Health,
University of Hannover
Am Moritzwinkel 6,
30167 Hannover, Germany.
karsten.krueger@sportwiss.uni-hannover.de

EIR 25 2019

EDITOR

Karsten Krüger
Leibniz University of Hannover, Germany
ASSOCIATE EDITORS

Jonathan Peake
Queensland University of Technology, Australia
Richard Simpson
The University of Arizona, USA
Neil Walsh
Bangor University, UK

EDITORIAL BOARD

Stéphane Bermon
Monaco Institute of Sports Medicine and Surgery, Monaco
Katsuhiko Suzuki
Waseda University, Japan

David C. Nieman
Appalachian State University, USA
Maree Gleeson
University of Newcastle, Australia
Jeffrey A. Woods
University of Illinois, USA

Frank C. Mooren
University of Giessen, Germany
Lindy Castell
University of Oxford, UK

