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Abstract: Multiple Sclerosis (MS) is a chronic neuro-
inflammatory autoimmune characterized by inflammation-
induced lesion formation after immune cell infiltration into
the central nervous system. T cells play an intriguing role in
MS immunopathology and research over the past decade has
shown that tryptophan (TRP)-derived metabolites are
crucial molecules affecting T cell differentiation, also in MS,
and are modulated by exercise. The aryl hydrocarbon
receptor (AHR), for which TRP metabolites are well-known
ligands, has been elucidated as main driver of T cell differ-
entiation and an enhanced anti-inflammatory cellular
milieu in human MS and preclinical mouse models. By
integrating evidence from different research fields, the
aim of this article is to summarize and critically discuss
the potential of exercise to activate the AHR in T cells
by modulating circulating TRP-derived metabolites and to
provide a conceptual framework on potential benefits in MS
immunopathology.
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Introduction

Multiple Sclerosis (MS) is a chronic neuroinflammatory
autoimmune disease affecting roughly three million people
worldwide [1]. The disease typically manifests during young
adulthood and is characterized by inflammation-induced
lesion formation after immune cell infiltration into the cen-
tral nervous system (CNS) [2]. The loss of neuronal signaling
due to progressing neurodegeneration leads to significant
clinical symptoms depending on the location which include
motor impairments, cognitive decline, fatigue, and reduced
quality of life [3].

Several immune cell types both from the myeloid and
lymphoid lineage have been linked to MS immunopathology
[4]. Although a complex interplay between subsets from both
lineages is suggested, it is well known that T cells play a critical
role. An imbalance within the T helper (Th) compartment,
typically characterized by a predominance of Thl and Th17
cells at an expanse of anti-inflammatory regulatory cells,
represents a hallmark in MS [5-9]. Although the proin-
flammatory activity of cytotoxic CD8" T cells has been
acknowledged for a long time, their role in MS is sometimes
underappreciated, since most preclinical experimental auto-
immune encephalomyelitis (EAE) models of MS are exclu-
sively driven by CD4" T cells [4, 10]. Within the last years,
however, emerging evidence substantiates their role in MS
immunopathology [11-13].

In general, T cells are well known for their phenotypic
plasticity, including the differentiation from naive cells as
well as the transdifferentiation from one subset into another
[14-16]. The transcriptional rearrangements leading to (trans-
)differentiation are mainly dictated by proteins, peptides, or
metabolites from the cell’s microenvironment via receptor-
mediated signaling. Research over the past decade has shown
that tryptophan (TRP)-derived metabolites are crucial mole-
cules affecting phenotype switchesin T cells. On the molecular
level, the metabolites converge on the cytosolic aryl hydro-
carbon receptor (AHR) and induce downstream signaling
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cascades leading to metabolic and phenotypic alterations
[17-20]. In fact, some TRP-derived metabolites are recog-
nized as physiological AHR ligands, namely kynurenine
(KYN), kynurenic acid (KA), xanthurenic acid (XA), indole-
3-acetate (IAA), indole-3-lactate (ILA), indole-3-aldehyde
(IAld), and indole-3-propionate (IPA) [21]. In MS, inflam-
matory episodes lead to increased degradation of TRP
and generation of neuroactive and immunomodulatory
kynurenine pathway (KP) metabolites, as previously
reviewed by Lovelace et al. [22]. Currently, modulating the
kynurenine pathway as a treatment for MSis actively being
pursued in clinical trials, primarily through the use of
Laquinimod [23]. This includes the manipulation of the
KP, including indoleamine (IDO) boosting strategies and
manipulation of the KP downstream of IDO in EAE mice
[24, 25].

Physical exercise has the capacity to exert an acute
influence on the immune system in an intensity-dependent
manner [26], modulating the degradation of TRP and
increasing the systemic concentrations of KA, a well know
potent endogenous AHR ligand [27]. Exercise training in the
rehabilitative context has been proven an effective approach
for improving functional outcomes (i.e., muscle strength,
aerobic capacity, balance, mobility), reducing fatigue, and
enhancing quality of life in persons with MS (pwMS) [28-30].
Indeed, regular exercise is considered a behavioral strategy
inducing anti-inflammatory effects on the humoral and
cellular level which is (sub-)clinically advantageous in mul-
tiple chronic diseases, including MS [31-33]. Further, it has
been repetitively shown that mice with induced EAE had a
delayed disease onset and a lower clinical score when
exercise training was applied [34]. This has been explained
by favorable effects on the immune system in the periphery
and CNS, respectively [35-37]. The evidence is less clear in
humans, but some studies observed significant effects
especially on Thl7-associated outcomes after exercise
training [38, 39]. Despite this evidence, the underlying mo-
lecular mechanisms responsible for the advantageous
immunological changes are still unknown.

In this regard, KP-derived endogenous ligands for the
cytosolic AHR are increasingly discussed [40]. AHR activa-
tion has been shown to induce Foxp3" regulatory (Teg) and
Type 1 regulatory T cell (Trl) differentiation from naive
T cells [19, 41-43], transdifferentiation from Th17 to Tr1 cells
[17], but also a transition from an activated to a more
exhausted phenotype in CD8" T cells [18, 20, 44]. Further,
Laquinimod, an approved oral drug for the treatment of MS,
promote immune homeostasis and ameliorate EAE in an
AHR-dependent manner [45, 46].

In this article, we will critically discuss the potential of
exercise-induced modulation of circulating TRP degradation
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products with proven AHR-activating characteristics to build
a conceptual framework how this may contribute to an
increased anti-inflammatory milieu in MS through AHR-
mediated T cell differentiation. A brief overview on exercise-
induced effects on T cells relevant in MS (Section 2) as well as
TRP-derived molecules (i.e., KP metabolites and indoles)
(Section 3) will be provided before discussing molecular
mechanisms that underlie the proposed framework (Section
4). The summary of this article is presented in Figure 1.

Exercise training modulates
circulating T cell subsets relevant in
MS

Although it has been shown in preclinical models that
exercise training beneficially affects MS severity and pro-
gression through modulation of CD4* T cell subsets in
peripheral organs and the CNS [34-37], evidence from
human studies on T cell biology in MS is limited. However, it
has been shown in multiple population cohorts that the
frequency of circulating Tyeg is positively associated with
cardiorespiratory fitness [47], that only after one week of
intense exercise Ty frequency further increases, and that
the overall Ty.;-mediated immunosuppressive potential is
higher in athletes compared to healthy age- and gender-
matched controls [48]. Since regular endurance exercise
increases cardiorespiratory fitness [49], i.e. in populations
with relatively low levels such as in pwMS [50-52], it can be
speculated that Tyegs are increased concomitantly. Another
important regulatory T cell subset being dysregulated in MS
are Trl cells [9, 53], characterized by the production of
significant amounts of interleukin (IL)-10, expression of
AHR, but the absence of the T, lineage marker Foxp3 [54].
So far, only a few clinical trials have investigated exercise-
induced effects on both Tyegs and Trl cells in MS, with Méhler
[38] and Deckx et al. [55] revealing no significant effects after
4 and 12 weeks, respectively.

On the other hand, evidence for beneficial effects on
proinflammatory Th17 cells is more robust, evidenced by a
decline in IL17A-producing CD4" T cells [38] or reduced
plasma levels and peripheral blood mononuclear cells
(PBMC)-derived secretion of IL-17 [39]. Interestingly, the
transdifferentiation potential between Th17 cells and Tegs is
well known and could be harnessed therapeutically by cell-
specific targeting to re-balance the increased Th17/T g ratio
in MS [17, 56, 57]. By changing the concentration of circu-
lating proteins (e.g., decreasing IL-6, increasing IL-2, TGF-p,
IL-10, and IL-27) or metabolites (increasing KYN and KA)
towards a more anti-inflammatory state through exercise
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How exercise shapes the anti-inflammatory environment
in Multiple Sclerosis - A conceptual framework focusing on

tryptophan-derived molecules in T cell differentiation

Exercise can modulate tryptophan (TRP)-derived metabolites and @

subsequently influence T cell differentiation through the aryl [
hydrocarbon receptor (AHR), driving an anti-inflammatory response. /

Multiple Sclerosis (MS) is an
autoimmune disease marked by immune
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This article aims to summarize and
critically discuss how exercise
may activate AHR in T cells via

TRP-derived metabolites, and its
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There is substantial evidence of T cell
differentiation after AHR activation, but
limitations concerning translation to humans include
reliance on in vitro studies with high-affinity AHR
ligands, and preclinical mouse models.

on exercise intensity and type.
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Exercise training is more effective in
reducing the activity and frequency of
proinflammatory CD4+ T cells than
beneficially affecting those cell types with
anti-inflammatory characteristics in MS.

CONCLUSION

Future studies should validate the potential of exercise to increase AHR ligand levels and explore
theirimpact on T cells linked to MS immunopathology, such as Tregs, Tr1, and Th17, to confirm the
potential clinical benefits outlined in the manuscript.
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Figure 1: Graphical representation of this study. Key points: (1) modulation of the TRP-derived metabolites in MS is actively being pursued in clinical trials
(e.g., Laquinimod). Furthermore, serum/plasma concentrations of these metabolites are affected especially by acute exercise. (2) The activation of the
AHR has been shown to promote T cell differentiation, resulting in an enhanced anti-inflammatory environment, in both human MS cases and preclinical
models. As some TRP-derived metabolites are well-known AHR ligands, AHR activation via these metabolites could mediate beneficial effect of exercise

training on disease-related outcomes in MS. (3) Whether exercise training influences MS immunopathology by promoting peripheral immune
homeostasis through modulation of TRP-derived metabolites should be further investigated. Figure created with BioRender.

training [32, 33], the transdifferentiation from Th17 cells into
Tyegs Or Trl cells may be enhanced. Indeed, serum IL-6 levels
are negatively associated with physical activity and decrease
following exercise training [58-60], thereby diminishing the
potential for Th17 differentiation.

In contrast to the well-established diverse contributions
of the CD4" T cell compartment in MS immunopathology, the
role of cytotoxic CD8" T cells is currently under intensive
investigation. They represent the main T cell type within CNS
lesions, and an increase in subsets harboring a phenotype of

enhanced migration, proinflammation, and activation is
associated with MS [11-13, 61]. Although it is well known that
single bouts of exercise significantly increase the number of
circulating CD8" T cell and elicit shifts within the T cell
compartment [62-64], effects of exercise training on CD8"
T cells have not been investigated so far in pwMS or any
other chronic inflammatory diseases, resulting in a signifi-
cant knowledge gap.

Taken together, current evidence suggests that exercise
training is more effective in reducing the activity and
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frequency of proinflammatory CD4" T cells than beneficially
affecting those cell types with anti-inflammatory charac-
teristics, whereas a significant knowledge gap exists for
exercise-induced changes in CD8" T cells in MS.

Acute exercise and exercise training
modulate circulating levels of
TRP-derived metabolites

Intracellular levels of KP metabolites in T cells in response to
exercise have not been addressed, but uptake of TRP and
KYN with subsequent degradation along the pathway is
mainly dependent on SLC7A5 expression [65]. Nevertheless,
circulating levels of KYN-derived metabolites measured in
plasma or serum, as well as transcription of key enzymes,
provide indirect evidence of transient upregulation of the
KP.

TRP is initially catabolized to KYN and downstream
metabolites with tissue-specific enzymes IDO or trypto-
phan-2,3-dioxygenase (TDO). The enzyme TDO2 is primarily
responsible for TRP conversion in the liver while IDO
activity is stimulated by cytokines and proinflammatory
mediators in extrahepatic organs and this is considered a
pivotal step in T cell immunity [66], although the role of
TDO in this context should not be fully disregarded [67].
KYN can later be catabolized in an enzyme-dependent
manner to produce KA via the kynurenine aminotrans-
ferases (KATs); towards the generation of anthranilic acid;
or primarily to produce NAD* with 3-hydroxykynurenine,
3-hydroxyanthranillic acid, and quinolinic acid (QA) as
intermediates [68] (Figure 2).

Changes in circulating levels of KP metabolites in
response to endurance exercise have been reviewed previ-
ously [69] and indicate that QA, KA and AA are acutely
increased while TRP decreases. The direction of change in
circulating KYN levels is less clear and varies with different
modalities, intensity and/or duration of exercise, in partic-
ular endurance types and High Intensity Interval Training
(HIIT) [70]. In contrast, in healthy persons, exercise training
elicits no changes in the resting levels of circulating
metabolites (see Figure 2).

In MS, exercise training is thought to be an effective way
to rebalance the dysregulated KP, particularly during highly
inflammatory phases of MS (early stages, relapses) [71]. The
implementation of this strategy as a preventive measure and
the potential impact on the duration or severity of symptoms
related to inflammatory processes in pwMS are complex to
assess, but certainly worth evaluating. Acutely, HIIT acti-
vates the KP in relapsing-remitting and secondary
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progressive MS subtypes, reducing TRP and increasing KA
levels immediately after exercise cessation [72, 73]. KP acti-
vation has also been shown in a 3-week HIIT exercise
training intervention, where HIIT promoted KP activation
(as reflected by an upregulation of the KYN/TRP index)
compared to continuous moderate intensity training [73].
Regarding key enzymes, the expression of IDO1 is increased
in vitro in PBMCs in response to interferon gamma treat-
ment, mimicking inflammatory conditions [66], while an
acute bout of moderate continuous exercise increased the
transcription of IDO1, IDO2, KAT3, KAT4, and an acute bout
of HIIT increased IDO1 and KATS3 [26].

In the colon, TRP can be converted by the microbiota
into indole compounds in three main pathways in an
enzyme-dependent manner. The first pathway is Trypto-
phanase which generates 3-indoxyl sulfate, while the second
generates IPA, with ILA as an intermediate. The third strain
generates IAld, with IAA as an intermediate [74]. Moreover,
these metabolites can enter the bloodstream and can
therefore be quantified in diverse bodily fluids [75]
(Figure 2).

Untargeted metabolomics in serum samples revealed
higher levels of TRP and ILA and associations with a lower
risk of developing pediatric MS, while IPA levels were
inversely associated with the Expanded Disability Status
Scale (EDSS) score [76]. In adults with MS, IPA and ILA levels
were found to be lower than in comparison to individuals
without MS [77]. This evidence, although limited, suggests
that in people with MS, the degradation of TRP to form
IPA, including its intermediate metabolites, is worth
investigating.

The abundance of enzymes that mediate TRP-derived
indole production is directly related to microorganism di-
versity. In this sense, MS microbiome profiles have found to
differ from that of healthy persons [77]. Additionally, the
functional abundance of microorganisms is highly modified
by lifestyle changes including exercise both in mice [75]
and previously sedentary humans [78]. In general, this is
reflected by a decrease in Bacteroides species and an in-
crease in Firmicutes strains. This, in turn, increases the
functional abundance of enzymes that promote the catabo-
lism of indoles, as revealed in fecal samples from mice un-
dergoing voluntary wheel exercise [75].

Acute exercise has not yet been shown to influence
circulating (serum or plasma) levels of indole metabolites,
however, exercise training does. In this sense, 216 obese
individuals, 24 weeks of various forms of exercise increased
circulating levels of 3-indoxyl sulfate and ILA compared to
non-exercise controls. ILA also increased when high-volume,
high-intensity exercise was performed [79]. Increased levels
of plasmatic IPA were also found after 80 days of aerobic and
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Figure 2: The breakdown of tryptophan to form metabolites of the kynurenine pathway (green) or indoles (orange). After ingestion, tryptophan is
absorbed in the small intestine toward the liver, where it can be degraded via the kynurenine pathway or released directly into the circulation. The
remaining tryptophan is directed to the colon, where it can be degraded by the host microbiota to produce indoles. These metabolites can then enter the
circulation. Acute or chronic exercise affects the circulatory levels or some of these metabolites, as measured in serum or plasma levels. TDO-2,

Tryptophan-2,3-dioxygenase; IDO-1/2, indolamin-2,3-dioxygenase 1/2; KATSs,

kynurenine aminotransferases; KMO, kynurenin-3-monooxygenase; KYNU,

kynureninase; AMO, anthranilate 3-monooxygenase; HAAO, 3-hydroxyanthranilate 3,4-dioxygenase; ACMSD, aminocarboxymuconate semialdehyde
decarboxylase; QPRT, quinolinate phosphoribosyltransferase; TNA, trytophanase; TMO, tryptophan monooxygenase; CYP2E1, cytochrome P450 2E1;
SULT, sulfotransferase; ArAT, aromatic amino acid aminotransferase; IL4i1, interleukin-4-induced-1; IaaH, indoleacetamide hydrolase; ID, indolepyruvate
decarboxylase; IaaDH, indoleaetaldehyde dehydrogenase; ILDH, indolelactate dehydrogenase; ILD, indolelactate dehydratase; ACD, acyl-CoA

dehydrogenase.

resistance training in young adult males [80] (Figure 2). From
our perspective, there is still a lack of sufficient evidence
of changes in indole metabolites in the MS population in
response to specific (mainly chronic) interventions, and
changes in enzymatic abundance and activity, related to the
composition of the microbiota, should be considered in this
regard.

As exercise training interventions are most probably
exerting changes in circulating indole concentrations, it
should also be noted that disease-modifying treatments
(e.g. dimethyl fumarate) may additionally modulate the gut
microbiota and influence the production of metabolites [81].
Therefore, we consider that treatment-specific analysis of
TRP-derived metabolites would improve the understanding
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of these metabolomic changes. At the same time, it reinforces
the need to include treatment as a cofactor in the assessment
of these metabolites.

Additionally, it is important to emphasize the importance
of compensatory mechanisms that restore TRP metabolites to
physiological levels [82] after acute inflammatory insults. As
such, the question remains whether these exercise-induced
transient changes are intense and/or long enough to
attain biologically relevant concentrations to promote AHR
activation.

In summary, both acute and exercise training influence
TRP degradation in pwMS, resulting in an increase of systemic
KP metabolites and indoles, respectively. This effect is depen-
dent on exercise intensity and modality, mainly occurring
during endurance exercise. Further evidence of treatment-
specific differences in these metabolites in response to exercise
would strengthen the translation to the MS population.

The AHR-a potential link between
exercise-induced changes in KP
metabolism and T cell
differentiation in MS

The AHR is a cytosolic receptor that integrates environ-
mental, dietary, microbial, and metabolic information to
control transcription directly and indirectly through inter-
action with other transcription factors such as nuclear factor
kappa B (NF-kB) [83]. It is predominantly expressed in the
lung and liver tissue as primary organs exposed to envi-
ronmental signals, but is also expressed in many other cell
types including immune cells [84]. Besides polycyclic aro-
matic hydrocarbons, dietary carotenoids, flavonoids, and
tetrapyrrole indoles, the AHR can be activated by TRP
derivatives such as indoles and some KP metabolites [85].
The structural aromatic ring in TRP derivatives, namely
KYN, KA, XA, IAA, ILA, IAld, and IPA [21], enable them to
function as endogenous AHR ligands (see Figure 2) if present
in adequate concentrations [65, 86]. So far, the available
evidence in the exercise context is restricted to healthy in-
dividuals engaged in an acute bout of high-intensity interval
exercise or moderate continuous intensity exercise [26].

AHR signaling induces phenotypic changes in

T cells

The role of AHR-activating KP-derivatives in re-establishing
immune homeostasis in chronic inflammatory diseases as
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well as their modulatory role in T cell biology has been
recently reviewed in detail [87, 88]. Since IDO1 activity plays
a significant role through the metabolization from TRP to
KYN [89, 90], but is not constitutively expressed in T cells,
they are mostly reliant on the uptake of KYN via members of
the solute carrier (SLC) family, including SL.C7A5, SLC7AS, or
SLC7A11 [18, 65, 91]. After uptake, KYN functions intracellu-
larly as AHR ligand or can be further metabolized into the
more potent AHR-ligands KA and XA. Although acute exer-
cise increases SLC7A5 mRNA expression within the muscle
[92, 93], it is unknown if the expression is also increased in
T cells during exercise. It has been shown that KA and XA
serum concentrations are lower in patients with inflam-
matory bowel disease and that oral supplementation of
both metabolites in mice with induced colitis activate AHR
signaling and ameliorate intestinal inflammation through
modulation of epithelial and T cells [94]. Interestingly, the
supplementation increased Th17 differentiation within the
gut due to glycolysis-promoting effects. This is in contrast to
results showing a preferential differentiation into Tegs by
KYN or KYN-derived metabolites through enhanced
gene expression of Foxp3, whereas transcription of the Th17-
inducing factor RORyt is inhibited [19, 88]. Similar findings
have been revealed in preclinical MS models as a conse-
quence of IDOl-mediated TRP degradation [90, 95].
Furthermore, an increased transdifferentiation from Thi7
cells to Tr1 cells was observed in the presence of the highly
potent AHR agonist 6-formylindolo(3,2-b)carbazole [17].
However, an AHR-dependent differentiation into Th17 cells
with subsequent detrimental effects in identical MS models
has also been observed [43, 96]. Indeed, induction of both
Th17 and T,egs have been reported after AHR activation [43,
96-98] which, at least partly, depend either on the type of
agonist that binds to the AHR [43] or on available proteins in
the cellular environment during AHR signaling [98]. This
renders the AHR a versatile transcription factor in immu-
nity, inducing both favorable and unfavorable effects. These
partly contradictive effects of AHR-mediated T cell differ-
entiation add complexity to the picture and stress the role of
context-dependent environmental factors, i.e., circulating
and tissue-derived molecules, in contributing to the outcome
of AHR-dependent differentiation processes. Other aspects
such as extracellular concentration, exposure time, and
cellular uptake of AHR ligands play a significant role in T cell
differentiation processes which vary considerably between
in-vitro experiments of published studies. Whereas cultured
cells are commonly exposed to the metabolites for several
hours, the exposure of increased concentrations of some KP
derivatives in the exercise context is simply the exercise
duration, since the levels commonly approximate baseline
values within 1h after exercise cessation. However,
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especially for pwMS of a moderate to high disability, it might
be hard to keep up exercising for a longer time at an
intensity sufficient to increase levels of AHR ligands which
could limit the effectiveness.

Although a KYN-dependent differentiation of naive CD4*
T cells towards Tqgs Were shown in initial experiments [19], a
more recent paper assessing KYN uptake on a single cell
level identified that naive T cells take up significantly lower
amounts compared to antigen-experienced cells [65]. This
can be explained by the observation that naive human T cells
express an almost undetectable amount of SLC7AS5, whereas
TCR-activated cells markedly induce SLC7AS5 expression [99]
which is in line with the observed upregulation of the AHR
after T cell activation [100]. Therefore, it can be suggested
that in peripheral tissues, where the relative amount of
naive T cells is low, the competition for available KYN is too
high to take up enough KYN for activating the AHR and
inducing cell differentiation. Which implications these
results have for circulating naive T cells is hard to answer,
since their relative amount depend on factors such as
infection history, age, and morbidity [101, 102] and decrease
during acute exercise in an intensity-dependent manner
[63, 64]. However, immune cells and AHR ligands in the
blood are of major importance when assessing exercise-
induced effects, since it represents the easiest and usually
the only option for acquiring biospecimen due to methodo-
logical and ethical restrictions. Furthermore, data from
different cell types show that KYN levels of 10-13 uM are
necessary to induce AHR activation [65, 103, 104]. Although
the peripheral KYN/TRP ratio is elevated in MS compared to
healthy controls [105], plasma/serum levels of KYN typically
found in the healthy population and pwMS are ~2 uM [26, 69,
72, 73, 105] so that the plausible question “Do microenvi-
ronments exist where kynurenine could function as an AHR
ligand?” [65] arises, where ideally also competitive metab-
olites for the SLC7A5 with a 2-10-fold lower Km (i.e., leucine,
tryptophan or methionine) are present in low concentra-
tions. Although this might be the case in some tumors [103], it
is unknown whether this can be expected either in a healthy
physiological state or in other chronic disease states such as
MS. However, Borges et al. [106] revealed recently that an
HIIT session did not significantly increase amino acids
commonly transported via SLC7A5, thereby not enhancing
competition during exercise.

While serum KYN levels do not commonly change in
response to acute exercise, KA levels consistently increase
significantly in both pwMS and healthy subjects [26, 73]. For
healthy recreational runners [26], the concentration reached
roughly 100 nM after exercise which has been reported to be
sufficient to induce AHR activation [27]. However, it should
be mentioned that DiNatale et al. [27] cultured MCF-7 breast

Wences Chirino et al.: Exercise, tryptophan derivatives and T cell differentiation in MS =—— 311

cancer cells for 3 h with 100 nM KA, whereas in the exercise
condition KA levels dropped almost back to baseline 1 h after
exercise, thereby resulting only in a transient exposure of
physiologically relevant concentrations for AHR activation.
Whether this concentration and exposure time is enough to
induce robust AHR signaling in immune cells has not been
investigated. However, an exercise-induced activation in
gene expression of the AHR signaling pathways was
observed immediately and 1h after exercise in PBMCs,
whereas downstream target gene expression of CYP1AI,
CYP1B1, AHRR and TIPARP reveal partly heterogeneous
kinetics [26]. This already gives valuable information of
exercise-induced changes on the transcription level in lym-
phocytes, but as highlighted by the authors, focusing on
concrete subsets such as CD4* and CD8" T cells in future
experiments will be important to deconvolute the hetero-
geneity within results from complex PBMC samples. Inter-
estingly, IDO1 mRNA levels were increased intracellularly
immediately and 1h after exercise, indicating that available
TRP can be degraded to AHR ligands (Figure 2) which in turn
commence downstream signaling.

Since the role of CD8" T cells is increasingly considered
in human MS immunopathology, an AHR-mediated down-
regulation of cytotoxic activity via upregulation of inhibitory
molecules, i.e., programmed cell death protein 1 (PD-1), or
reduced proliferation might have advantageous implica-
tions. Although this has been shown for KYN and other
TRP-derived molecules [18, 20, 44, 107], either in cell culture
experiments with isolated primary T cells or in-vivo within
tumor tissue, Dean et al. [108] observed an increased gran-
zyme B production in intestinal CD8" T cells as well as an
essential role in the differentiation into resident memory
cells subsequent to AHR activation by binding directly to the
key genes Cd69 and Itgae. Similar to experiments on AHR-
mediated changes in CD4" T cell phenotypes, the effects of
AHR signaling on CD8" T cell phenotype and function seem to
be context-specific [109]. In the context of acute exercise, it
hasbeen shown that both resistance and endurance exercise
decrease cytosolic AHR protein levels, which has been
argued as an increased translocation to the nucleus, whereas
decreased protein levels of PD-1 were found 1h after
endurance exercise [110].

Compared to resistance exercise, endurance exercise
has superior effects to increase circulating KA levels in
healthy subjects [26, 69, 111], whereas in pwMS intense
endurance exercise is more effective to raise KA concen-
trations compared to moderately intense endurance exer-
cise [73]. Although not associated with KP-metabolites,
preclinical animal studies show that intense endurance
exercise is more effective compared to strength and
moderately intense endurance in regard to clinical
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symptoms and immune-related outcomes [35, 36]. This
further stresses the relevance of intense endurance exercise
to beneficially modulate factors clearly associated with MS
disease progression and (neuro-)pathology. However, exer-
cise training in different cohorts (including MS) usually do
not significantly change systemic levels of AHR ligands,
which mainly constitute KYN or KA [69, 73]. This suggests
that potential AHR-mediated T cell differentiation or
phenotypic switches within the CD4" and CD8" T cell
compartment takes place primarily during or within the
early recovery period after exercise when levels of KA are
increased to bioactive concentrations. However, it has not
been investigated whether acute exercise increases AHR
ligand concentrations within tissues and if so, whether
increased levels persists for a longer time period which
could induce beneficial T cell differentiation locally.

Taken together, substantial evidence is available that
proves (trans-)differentiation in T cells after AHR activation
(Figure 3A). However, limitations that hampers the trans-
ferability to the human immune system mainly consist of
in-vitro experiments using exogenous AHR-ligands with
very high affinities to the AHR, KYN metabolites of supra-
physiological concentrations, non-immune cells as respon-
sive cellular systems, or preclinical in-vivo experiments in
mice. Despite acknowledgeable differences in the immune
system between mice and men [112], these experiments
show multifaceted mechanistic insights on the immune cell
level to reveal AHR-mediated amelioration of disease
severity in models of MS. Whether similar AhR-mediated
effect on cellular and clinical outcomes can be achieved by
exposing mice to exercise training should be investigated in
future studies. Of utmost relevance, however, are future
studies that aim to validate AHR-mediated changes in
peripheral T cells, induced by TRP-derived metabolites,
following exercise in pwMS and whether this is associated
with long-term clinical benefits (Figure 3C). The lack of
studies in pwMS for both settings (acute exercise; exercise
training) underlines the need to assess effects of different
exercise conditions (i.e., endurance-related) such as in-
tensity, duration, modality, and frequency on alterations in
circulating levels of AHR-ligands and associated changes on
T cells in pwMS.

AHR competition and unconventional
signaling

The nuclear target of AHR for transcription initiation is the
aryl hydrocarbon receptor nuclear translocator (ARNT), also
known as hypoxia-inducible-factor (HIF)-1B. As the name
suggests, HIF-1B interacts also with the well know
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transcription factor HIF-1a which is evolutionary conserved
across metazoans, closely linked to mTOR activation,
constitutively produced at a high level, but rapidly degraded
under normoxic conditions [113]. The AHR and HIF-1a are
both members of the class I bHLH/PAS (basic helix-loop-he-
lix/PER-ARNT-SIM) protein family. As a central sensor of
extracellular oxygen, HIF-la induces a genetic program
prioritizing glycolysis over oxidative phosphorylation,
which has been further shown to exert profound effects in
innate and adaptive immunity [114]. Of note, HIF-1a can
be induced by proinflammatory cytokines (i.e., IL-1f and
TNF-a), lipopolysaccharides and reactive oxygen species
independent of oxygen depletion [115, 116]. HIF-1a signaling
determines T cell fate and function, similar to AHR activa-
tion, by dimerizing with the same nuclear target ARNT.
However, multifaceted in-vitro and in-vivo experiments
revealed that HIF-1a activation primarily favors induction
of Th17 cells, i.e. by direct induction of RORyt and IL-17
transcription, while Foxp3 is ubiquitinated and degraded
[117-120]. A detailed overview on AHR- and HIF-1a-mediated
effects on the T cell phenotype are depicted in Figure 3A. It
has been further shown that HIF-la activity hampers
immunosuppressive activity of Tyeg, [121, 122]. Importantly, it
has been shown by two independent groups that EAE-
induced mice harboring T cells that lack HIF-la have
significantly diminished numbers of Th17 cells, whereas
Tregs Were increased and thereby protected from autoim-
mune neuroinflammation [117, 118]. A similar picture that is
contrary to AHR-dependent signaling can be observed for
HIF-1a-induced changes in the CD8" T cell phenotype
and function, namely enhanced glycolysis, increased
expression of proteolytic molecules (perforin, granzymes),
inflammatory mediators (IFNy, TNF-a), and migratory
capacity [123-125]. Although it is known that exercise,
especially under hypoxic conditions and conducted as HIIT,
increases activity of oxidative enzymes, mitochondrial
density, and capillary-to-fiber ratio within muscles [126], it
also enhances perfusion of “ectopic” organs such as the
brain or tumor tissue [127-130]. These responses are not
exclusively, but primarily mediated via the vascular endo-
thelial growth factor A (VEGF-A), a main target gene of
HIF-1a. However, it is yet unknown if the transient exercise-
induced hypoxemia, leading to muscle deoxygenation [131],
exerts hypoxia responses also in circulating or resident
immune cells, thereby affecting their metabolism and ulti-
mately their phenotype. Taken together, balancing the sub-
stantial differences in AHR and HIF-la downstream
signaling effects on T cell metabolism and phenotype
through targeting the same nuclear target, namely ARNT,
appears to be critical for eliciting beneficial effects in MS.
There has some effort being done to elucidate the crosstalk
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Figure 3: Depiction of the hypothesized conceptual framework by integration of AHR- and HIF-1a-mediated signaling on CD4* and CD8" T cell
phenotypes (A), suggested exercise-induced shifts in AHR/HIF-1a pathway activity (B), and potential downstream immunoregulatory effects in MS (C). (A)
KYN is taken up in T cells mainly via SLC7A5 transporters and induces AHR signaling either directly or via generating (more potent) AHR agonists KA, I3A,
and potentially TEACOP270 [104]. AHR can also be activated by circulating indoles derivatives from TRP metabolism of intestinal bacteria, although the
precise uptake mechanism into T cells is unclear. After activation, the AHR translocates to the nucleus and dimerizes with ARNT at the XRE, which
subsequently leads to differentiation into Tygs or Tr1 cells through enhanced Foxp3 or AHR transcription, respectively, including proteins relevant for the
functioning of the respective subset. Hypoxia or circulating proinflammatory cytokines initiate HIF-1a signaling through inhibiting its proteasomal
degradation. After nuclear translocation and binding to ARNT at the HRE, key genes determining Th17 fate are transcribed. Similar signaling events occur
in CD8" T cells, leading to an exhausted state (AHR signaling) or increased effector functions (HIF-1a signaling). (B) A default higher priority of HIF-1a in
binding ARNT compared to AHR favors transcription of HIF-1a-induced genes when both transcription factors are present in similar concentrations,
favoring the generation and stability of activated CD8 T cells and Th17 cells. Hypothesized exercise-induced effects of a shift towards enhanced AHR
signaling by well-known anti-inflammatory effects (reduction of proinflammatory cytokines, increase in anti-inflammatory cytokines) and repetitively
increased AHR ligands following acute exercise, leading to increased differentiation of Tregs and Tr1 cells. (C) Combined effects of acute exercise (increased
AHR ligands) and exercise training (increased anti-inflammatory cytokines), including the resulting shift to an increased amount of circulating anti-
inflammatory cells, in MS. The current evidence suggests more profound effects on endurance exercise on circulating molecules and T cells compared to
resistance exercise. It is hypothesized that these exercise-induced alterations ultimately translate to beneficial MS-related clinical outcomes (e.g., reduced
neuroinflammation and lesion formation). AHR, aryl hydrocarbon receptor; ARNT, aryl hydrocarbon receptor nuclear translocator; CCR4/6, C-C che-
mokine receptor type 4/6; GPR15/35, G protein-coupled receptor 15/35; HIF-1a, hypoxia-inducible factor-1; HRE, hypoxia response element; I3A, indole-3-
aldehyde; KA, kynurenic acid; KYN, kynurenine; SLC, solute carrier; TEACOP270, trace-extended aromatic condensation product, ion 270; TGF-B, trans-
forming growth factor B; Th17 cell, T helper 17 cell; TNF-a, tumor necrosis factor alpha; T.q, Foxp3* regulatory T cell; Tr1, Type 1 regulatory T cell; XRE,
xenobiotic response element; XA, xanthurenic acid.

between AHR and HIF-1a and their competition for ARNT by  involving cytokines or immunogenic substances [116, 132,
using various AHR ligands, different conditions to induce or ~ 133]. A recent study clearly demonstrated that AHR signaling
mimic hypoxia, and via oxygen-independent mechanisms does not inhibit the HIF-1a signaling pathway, whereas the
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activation of the HIF-la pathway inhibit AHR signaling
[134], but the current available literature reveals rather
mixed and inconclusive results [132]. Theoretical consid-
erations on exercise-induced alterations regarding the
preference of utilizing the HIF-1a or AHR signaling routes,
mediated by either acute exercise or exercise training, are
depicted in Figure 3B. Interestingly, Mascanfroni et al. [135]
revealed that HIF-1a controls the early metabolic reprog-
raming of Trl cells, an important regulatory cell type
dysregulated in MS [9], while AHR promotes HIF-la
degradation and determines mature Tr1 cell metabolism.

In addition to the crosstalk between AHR and HIF-1a
pathways, conventional AHR/ARNT signaling can be
impeded by the interaction of AHR with other molecules
such as NRF2 or NF-kB, thereby affecting different pathways
and gene programs. This is clearly beyond the scope of this
article and the reader is referred to a recently published
comprehensive review on this topic [133].

Summary and outlook

Due to its profound role in affecting fate and functional
characteristics in T cells, activation of the AHR represents a
promising target especially in chronic inflammatory dis-
eases such as MS. The consistent finding of transiently
increased concentrations of potent endogenous AHR ligands,
i.e,, KA, after acute endurance exercise may contribute to
subsequent AHR signaling in T cells, leading to the well-
known anti-inflammatory effects of exercise training.
However, more research is needed to provide substantial
evidence by addressing open questions to prove this theo-
retical framework. Fundamental to this are experiments
involving humans (ideally pwMS) or human samples,
respectively, as well as experimental in-vitro conditions that
accurately resemble physiological in-vivo conditions. Major
open questions essential to confirm the proposed conceptual
framework are listed below.

— SLC7A5 mRNA expression increases following acute
exercise within muscle tissue [92, 93], but it remains to
be elucidated whether exercise-induced increases in
SLC7A5 mRNA or, ideally, protein levels for enhanced
KYN uptake occur in T cells as well.

— Are the increased concentrations of extracellular AHR-
ligands, i.e. KYN and KA, during/following acute exercise
high enough and elevated for a sufficient amount of time
to enhance AHR-signaling in T cells? Specifically, do
intracellular concentrations of endogenous AHR-ligands
increase to levels being physiologically relevant to
activate the AHR?
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— Does AHR-mediated signaling in human Th17 cells pro-
mote transdifferentiation into regulatory cell types
similar to findings observed in murine Th17 cells? And
are TRP-derived metabolites potent enough to induce
this phenotype switch?

— Since immune cells can be extracted almost exclusively
from peripheral blood in humans in the exercise
context, especially in clinical cohorts such as pwMS; it is
currently unknown whether acute exercise or exercise
training increases AHR ligand levels within peripheral
tissues to induce T cell differentiation and promote
immune homeostasis locally.

— Assuming that cellular adaption following AHR-
signaling takes place during and shortly after acute
exercise when levels are increased, it is unknown (1) for
how long a single exercise session or (2) for how many
weeks/months an exercise intervention should be con-
ducted to induce the postulated changes on a systemic
level.

- In preclinical in-vitro and in-vivo experiments,
TRP-derivates KYN, KYNA and XA have been shown
(with or without reported AHR-activation) to induce
differentiation into either anti-inflammatory Tyeg and
Tr1 cells or proinflammatory Th17 cells, with former cell
types being the best described ones. Especially in the
context of MS, where T,¢gs and Trl cells are dysregulated
and Th17 bear substantial pathogenic potential, it is of
utmost importance that future studies prove that
exercise-induced AHR activation in pwMS favors T/
Trl generation and significantly outweighs Th17
differentiation.

— How do changes in these metabolic pathways translate
to clinical benefits in MS (i.e., imaging-based measures
of disease activity and progression [T2 hyperintense and
gadolinium-enhancing T1 lesion load, brain volume],
relapse rate, scores of physical/cognitive dysfunctions
[EDSS, Multiple Sclerosis Functional Composite], neu-
ropsychological and physical performance)?

— Lastly, it has to be investigated whether pwMS of a
higher disability (e.g., EDSS>4.5) similarly benefit from
exercise training by the proposed molecular and
cellular changes, since the execution of such intense
(endurance) exercise programs might be difficult for
them to conduct.

Since current evidence further suggests that increasing
circulating levels of potent AHR ligands by exercise training
is more effective in clinical populations [69, 136, 137], future
studies are needed to validate those findings in pwMS and to
integrate in depth analysis of T cells that are associated with
MS immunopathology and sensitive to AHR activation,
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namely Treg, Trl, and Th17 cells. Whether the postulated
effects discussed in this article translate into clinical
benefits as outlined in Figure 3C need to be confirmed in the
future.
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