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Vorwort

Lebensstilbedingte chronische Erkrankungen, wie Diabetes mellitus Typ 2, stellen die filhrende Ursache
fiir vorzeitigen Tod und langfristige Gesundheitsprobleme in industrialisierten Nationen dar. Angesichts
des demographischen Wandels wird ihre Inzidenz und Prdvalenz zukiinftig noch weiter steigen.
Subklinische Entzlindungsprozesse spielen eine entscheidende Rolle bei der Entstehung und dem
Fortschreiten chronischer Erkrankungen. Das Verstandnis der zugrundeliegenden Mechanismen und
die Umsetzung von MalRnahmen zur Beeinflussung der subklinischen Entziindung kénnen wichtige

Gesundheitsauswirkungen haben und sind somit von hohem therapeutischen Interesse.

Die vorliegende kumulative Dissertation umfasst Ergebnisse aus zwei Studien, welche in
internationalen Fachzeitschriften mit peer-review Prozess veroffentlicht wurden. Die erste Studie
befasst sich mit der Rolle von terminal differenzierten T-Zellen sowie Metaboliten des Kynurenin-
Stoffwechselwegs im Rahmen einer gestorten Insulinsensitivitdt im Alter. Die zweite Studie prift die
Effekte eines zwolfwochigen Kraft-Ausdauer-Trainings auf die Parameter, um potentielle (praventiv-

)therapeutische Empfehlungen abzuleiten.

Zunachst werden die wissenschaftlichen Hintergriinde des Themenkomplexes beschrieben. Im
Anschluss werden die Ziele sowie Hypothesen der Studien aufgezeigt. Nach zusammenfassender
Beschreibung der Methodik folgen die Publikationen, wie sie in den jeweiligen Journalen veroffentlicht
wurden. Diese enthalten eine detaillierte Darstellung der verwendeten Methoden und Materialien, die
experimentellen Daten sowie eine ausfiihrliche Diskussion der jeweiligen Ergebnisse und
Studienprotokolle. Nach einer zusammenfassenden Diskussion aller Ergebnisse wird die Dissertation

mit einem Ausblick auf zukiinftige Forschungsfragen abgeschlossen.
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Zusammenfassung

CD8* EMRA T-Zellen akkumulieren im alternden Organismus und produzieren eine betrachtliche Menge
proinflammatorischer Zytokine, womit sie eine entscheidende Rolle in der Entstehung und
Aufrechterhaltung subklinischer Entziindungsprozesse spielen konnten. Metabolite des Kynurenin-
Stoffwechselwegs scheinen diese chronischen Entziindungsprozesse zu unterhalten, da sie einerseits
im Rahmen eines proinflammatorischen Milieus vermehrt synthetisiert werden und andererseits eine
Schlisselrolle bei der T-Zell-Differenzierung und der Induktion von Entziindungsmediatoren spielen.
Subklinische Entzlindung zeigt sich insbesondere in ibergewichtigen dlteren Menschen aggraviert und

bedingt die Entstehung chronischer Erkrankungen wie Diabetes mellitus Typ 2.

Das Ziel dieser kumulativen Dissertation war es zunachst im Rahmen einer Querschnittstudie (BoRlau
et al, 2021) Zusammenhdnge zwischen (Ubergewichtsassoziierter) subklinischer Entziindung,
Veranderungen im Kynurenin-Stoffwechselweg und der Akkumulation terminal differenzierter CD8*
EMRA T-Zellen im alternden Menschen zu untersuchen sowie ihre klinische Relevanz hinsichtlich der
Entstehung einer gestorten Insulinsensitivitdit zu U(berprifen. In der darauf aufbauenden
Langsschnittstudie (BoRlau et al., 2023) sollte anschlieBend der Einfluss eines zwoélfwdchigen Kraft-

Ausdauertrainings auf die Parameter analysiert werden.

134 untrainierte Proband*innen im Alter zwischen 50 und 70 Jahren wurden in die Querschnittstudie
(BoRlau et al.,, 2021) eingeschlossen. Ihre anthropometrischen Daten wurden erfasst sowie die
prozentuale Verteilung der Subtypen der CD8* T-Zell-Population aus dem peripheren Blut mittels
Durchflusszytometrie bestimmt. AuBerdem wurden die Konzentrationen der Metabolite des
Kynurenin-Stoffwechselwegs mittels einer Hochleistungsflissigkeitschromatographie (HPLC),
gekoppelt mit einem Massenspektrometer (MS), quantifiziert und die Insulinsensitivitdt anhand des
homoostatischen Modells (HOMA) analysiert. Die statistische Auswertung ergab eine signifikante
Assoziation zwischen einem erhdhten Anteil zirkulierender CD8* EMRA T-Zellen und einer
verminderten Insulinsensitivitdt. Auerdem korrelierten héhere Konzentrationen von Kynurenin im
peripheren Blut mit einer verminderten Insulinsensitivitat. Dartber hinaus wurden die CD8* EMRA T-
Zellen als auch die Kynurenin-Konzentration als Mediatorvariablen in der (ibergewichtsinduzierten
Reduktion der Insulinsensitivitdt ermittelt. Dies wurde durch die Tatsache gestiitzt, dass insbesondere
die Subgruppe der Probanden mit einem als fettleibig eingestuften BMI (> 30 kg/m?) einen héheren

Anteil an CD8" EMRA T-Zellen sowie erhéhte Kynurenin-Konzentrationen aufwies.

Im Anschluss an die Querschnittstudie wurden die Proband*innen im Rahmen der Langsschnittstudie
(BoRlau et al., 2023) randomisiert fiir 12 Wochen auf eine Kontroll- (n=25) oder Interventionsgruppe

(n=53) verteilt. Die Proband*innen der Interventionsgruppe absolvierten zweimal wochentlich ein
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kombiniertes Kraft-Ausdauer-Training in kooperierenden Fitnesseinrichtungen unter standardisierten
Bedingungen. AuBerdem wurde die Interventionsgruppe nochmals unterteilt. Eine Halfte absolvierte
lediglich das Trainingsprogramm (n=29), wahrend die andere Halfte =zusatzlich eine
Erndhrungsintervention, gemaR Leitlinie der Deutschen Gesellschaft flir Erndhrung (DGE), erhielt
(n=24). Im Anschluss an die Interventionsphase wurden die Zielparameter analog zur Querschnittstudie
erhoben und hinsichtlich Zeit- und Gruppenunterschieden statistisch (iberpriift. Es konnte gezeigt
werden, dass sich das 12-woéchige kombinierte Kraft-Ausdauertraining positiv auf den BMI sowie die
Insulinsensitivitat auswirkte und die progressive Akkumulation von CD8* EMRA-Zellen, verglichen mit
der Kontrollgruppe, reduzierte. Dariiber hinaus beeinflusste das Training den Kynurenin-
Stoffwechselweg, indem es die Konzentration der neuroprotektiven Kynurensdure im peripheren Blut

erhohte. Die begleitende Ernahrungsintervention erbrachte keinen zusatzlichen Benefit.

Die Erkenntnis, dass CD8" EMRA T-Zellen sowie Metabolite des Kynurenin-Stoffwechselwegs einen
Beitrag in der Pathophysiologie einer reduzierten Insulinsensitivitat spielen konnten, ist aus zweierlei
Grinden wichtig. Zum einen kdnnten Analysen dieser Parameter einen pradiktiven Marker fir eine
beginnende Insulinresistenz darstellen. Zum anderen ware es wichtig, potentielle molekulare
Wechselwirkungen zu identifizieren, wie CD8* EMRA T-Zellen oder Kynurenin-Metabolite mit
insulinsensitiven Organen interagieren. Somit konnten maoglicherweise neue Targets in der
Behandlung und Pravention des Diabetes mellitus Typ 2 aufgedeckt werden. Ein kombiniertes Kraft-
Ausdauer-Training erscheint geeignet, um den Kynurenin-Stoffwechselweg zu rebalancieren und die
progressive Zunahme des CD8* EMRA T-Zell-Pools im Alter zu vermindern. Es bedarf jedoch weiterer
Forschungsarbeiten, welche die Effektivitdt unterschiedlicher Trainingsregime miteinander

vergleichen.



Abstract

CD8" EMRA T cells accumulate in the aging organism and produce a considerable amount of
proinflammatory cytokines, thus they might play a crucial role in the development and maintenance of
subclinical inflammatory processes. Metabolites of the kynurenine pathway appear to maintain these
chronic inflammatory processes, as they are synthesized more abundantly in the context of a
proinflammatory milieu, on the one hand, and play a key role in T-cell differentiation and induction of
inflammatory mediators, on the other. Subclinical inflammation is particularly aggravated in obese

elderly and conditions the development of chronic diseases such as type 2 diabetes mellitus.

The aim of this cumulative dissertation was first to investigate in a cross-sectional study (BoRlau et al.,
2021) correlations between (overweight-associated) subclinical inflammation, alterations in the
kynurenine metabolic pathway and the accumulation of terminally differentiated CD8* EMRA T-cells in
aging humans and to examine their clinical relevance with regard to the development of impaired
insulin sensitivity. The subsequent longitudinal study (Boflau et al., 2023) was designed to analyze the

influence of a twelve-week strength-endurance training on the parameters.

134 untrained subjects aged between 50 and 70 years were included in the cross-sectional study
(BoRlau et al., 2021). Their anthropometric data were recorded and the percentage distribution of the
subtypes of the CD8" T-cell population was determined from peripheral blood by flow cytometry. In
addition, the concentrations of metabolites of the kynurenine pathway were quantified by high-
performance liquid chromatography (HPLC) coupled to a mass spectrometer (MS), and insulin
sensitivity was analyzed using the homeostatic model (HOMA). Statistical analysis revealed a significant
association between increased levels of circulating CD8* EMRA T-cells and decreased insulin sensitivity.
In addition, higher concentrations of kynurenine in peripheral blood correlated with decreased insulin
sensitivity. Moreover, CD8" EMRA T-cells as well as kynurenine concentration were identified as
mediator variables in the obesity-induced reduction of insulin sensitivity. This was supported by the
fact that in particular the subgroup of subjects with a BMI classified as obese (> 30 kg/m?) had a higher

proportion of CD8* EMRA T-cells as well as increased kynurenine concentrations.

Following the cross-sectional study, subjects were randomly assigned to a control (n=25) or
intervention (n=53) group for 12 weeks in the longitudinal study (BoRlau et al., 2023). Subjects in the
intervention group completed combined strength-endurance training twice weekly at cooperating
fitness facilities under standardized conditions. In addition, the intervention group was subdivided
again. One half completed only the training program (n=29), while the other half additionally received
a nutrition intervention according to the guidelines of the German Nutrition Society (DGE) (n=24).

Following the intervention phase, the target parameters were surveyed analogously to the cross-
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sectional study and statistically tested with regard to time and group differences. It was shown that the
12-week combined strength-endurance training had a positive effect on BMI as well as insulin
sensitivity and reduced the progressive accumulation of CD8* EMRA T-cells, compared to the control
group. In addition, exercise training affected the kynurenine metabolic pathway by increasing the
concentration of neuroprotective kynurenic acid in peripheral blood. The concomitant nutritional

intervention provided no additional benefit.

The finding that CD8* EMRA T cells as well as metabolites of the kynurenine pathway may play a role
in the pathophysiology of reduced insulin sensitivity is important for two reasons. First, analyses of
these parameters could provide a predictive marker for the onset of insulin resistance. Second, it would
be important to identify potential molecular interactions of how CD8* EMRA T cells or kynurenine
metabolites interact with insulin-sensitive organs. Thus, new targets in the treatment and prevention
of type 2 diabetes mellitus could potentially be uncovered. Combined strength-endurance training
appears to be suitable to rebalance the kynurenine metabolic pathway and to reduce the progressive
increase of the CD8* EMRA T-cell pool in aging. However, further research comparing the effectiveness

of different training regimens is needed.
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Wissenschaftlicher Hintergrund

Das adaptive Immunsystem des alternden Menschen unterliegt starken Umstrukturierungs- und
Anpassungsprozessen. Neben einer verdanderten T-Zell-Funktionalitat kommt es zu einer
abgewandelten Zusammensetzung der unterschiedlichen T-Zell-Subtypen. Wahrend die Anzahl an
zytotoxischen CD8* Zellen im peripheren Blut zunimmt, kommt es zu einer Abnahme der CD4* T-Helfer-
Zellen. Es resultiert ein vermindertes CD4*/CD8* T-Zell-Verhaltnis, welches ein Hauptkennzeichen der
Immunseneszenz darstellt (Makinodan, 1998). Innerhalb beider Zell-Populationen kommt es
auBerdem zur progressiven Abnahme der T-Zellen mit naivem Phadnotyp. Diese ist das Ergebnis der
Thymus-Involution, welche nur teilweise durch die Proliferation von existierenden naiven T-Zellen in
der Korperperipherie kompensiert werden kann (Goronzy et al., 2015; Jacomet et al.,, 2015).
Funktionell resultiert ein vermindertes T-Zell-Rezeptor-Repertoire und letztlich eine eingeschrinkte
Reaktivitait gegenilber neu dargebotenen Pathogenen. Im Gegenzug akkumulieren terminal
differenzierte (seneszente) T-Zell-Subtypen, was als Resultat wiederholter T-Zell-Stimulation,
beispielsweise durch chronische Entziindungen und latente Virusinfektionen, zu sehen ist (Goronzy

und Weyand, 2017).

CD8* EMRA T-Zellen (effector memory T-cells re-expressing CD45RA) sind eine heterogene Zellgruppe,
welche anhand ihres Oberflachenexpressionsprofils CCR7"/CD45RA* klassifiziert wird (Goronzy &
Weyand, 2017). CD8" EMRA T-Zellen sind mit Zellseneszenz assoziiert, da sie eine reduzierte
Proliferationskapazitat aufweisen (Geginat et al., 2003), eine erhdéhte Aktivierung von Seneszenz-
Signalwegen zeigen (Henson et al., 2012) und mit Seneszenzmarkern wie KLRG1 und CD57 assoziiert
sind (Koch et al., 2008). Sie sind jedoch nicht funktionell inaktiv, da sie in entziindetes Gewebe
einwandern kénnen (Faint et al., 2001; Hertoghs et al., 2010) und eine betrdchtliche Menge an
entziindungsférdernden Zytokinen produzieren (Callender et al., 2018). Somit steht die beschleunigte
T-Zell-Differenzierung moglicherweise in Zusammenhang mit der Entwicklung und Aufrechterhaltung

einer chronischen, subklinischen Entziindung im Alter.

Interessanterweise steht der wichtigste Abbauweg von Tryptophan (TRP), der Kynureninweg, in enger
Wechselbeziehung mit dem Immunsystem. Einerseits erhdohen lokale und systemische
Entziindungsreize die Expression des Schlisselenzyms Indolamin-2/3-Dioxygenase (IDO) in
verschiedenen Geweben, wie z. B. in peripheren mononuklearen Blutzellen (Platten et al., 2019; Jones
et al., 2015). Andererseits haben sowohl Kynurenin (KYN) als auch einer seiner Metaboliten, die
Kynurensaure (KA), selbst ~ immunmodulatorische  Wirkungen und kénnen den
Arylkohlenwasserstoffrezeptor (AHR) aktivieren, der eine Schliisselrolle bei der T-Zell-Differenzierung

und der Induktion von Entziindungsmediatoren spielt (Mezrich et al., 2010; DiNatale et al., 2010).
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Ein direkter Zusammenhang zwischen der Akkumulation von CD8" EMRA T-Zellen und Verdnderungen
im Kynurenin-Stoffwechselweg im Rahmen subklinischer Entziindungsprozesse wurde noch nicht

Uberprift. Ebenso ist die klinische Relevanz der genannten Faktoren nicht abschlieBend geklart.

Bekannt ist, dass subklinische Entziindungsprozesse eine entscheidende Rolle im Rahmen
altersbedingter Multimorbiditat spielen (Franceschi et al., 2007). Auch wurden CD8" EMRA T-Zellen
bereits als Pradiktoren fir die kardiovaskuldre Mortalitdat in dlteren Menschen identifiziert
(Spyridopoulos et al., 2016), da sie unter anderem eine zytotoxische Aktivitat gegeniiber Endothel-
Plaques zeigen (Nakajima et al.,, 2002). Die Metabolite des Kynurenin Stoffwechselwegs scheinen
hingegen eine modulierende Rolle in der Entstehung neurodegenerativer Erkrankungen zu spielen.
Kynurenin selbst kann entweder mittels Kynurenin-Aminotransferasen 1-4 (KAT 1-4) in die
neuroprotektive Kynurensaure (KA) oder mittels Kynurenin-3-Monooxygenase (KMO) in Chinolinsdure
(QA) umgewandelt werden, die eng mit neuronaler Exzitotoxizitdt verbunden ist. Im ZNS wirken
Kynurensdure und Chinolinsdure als Antagonist bzw. Agonist der N-Methyl-d-Aspartat (NMDA)-
Rezeptoraktivierung und vermitteln so entweder neuronalen Schutz oder Exzitotoxizitat (Joisten et al.,

2020).

Die Rolle von CD8" EMRA T-Zellen und der Kynurenin-Metabolite in der Entstehung metabolischer
Erkrankungen ist im Gegensatz dazu noch nicht abschlieSend geklart. Insbesondere libergewichtige
Menschen entwickeln im Alter eine Insulinresistenz, wobei neben einer Dysregulation von Adipokinen
und Hormonen und einer mitochondrialen Dysfunktion vor allem eine unterschwellige chronische
Entziindung als mogliche Mechanismen diskutiert werden (Ahmed et al., 2021). Somit erscheint ein
Einfluss der exzessiv Zytokin-produzierenden CD8" EMRA T-Zellen in der Entstehung eines

Ubergewichtsinduzierten Typ 2 Diabetes mellitus denkbar.

Angesichts der hohen klinischen und gesundheitsékonomischen Relevanz des Typ 2 Diabetes mellitus
ist es von zentralem Interesse, tiefergehende Einblicke in die Pathophysiologie der gestorten
Insulinsensitivitat zu gewinnen. Dariber hinaus gilt es, wirksame Therapieschemata zu etablieren, um

einer beginnenden Insulinresistenz im Alter effektiv zu begegnen.
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Zielsetzung und Hypothesen

Aufbauend auf dem aktuellen Forschungsstand war es das Ziel der Querschnittstudie von BoRlau et al.
(2021), Zusammenhdnge zwischen (lUbergewichtsinduzierter) subklinischer  Entziindung,
Veranderungen im Kynurenin-Stoffwechselweg und der Akkumulation terminal differenzierter CD8*
EMRA T-Zellen im alternden Menschen zu untersuchen. Zusatzlich sollte die klinische Relevanz der CD8*
EMRA T-Zell-Population sowie der Kynurenin-Metabolite hinsichtlich der Entstehung und

Aufrechterhaltung einer gestorten Insulinsensitivitat Gberprift werden.

In der darauf aufbauenden Langsschnittstudie (BoRlau et al., 2023) wurde untersucht, ob die durch
Bollau et al. (2021) aufgezeigten pathologischen Phdnomene und Zusammenhange reversibel sind und
durch ein zwolfwochiges Kraft-Ausdauertrainings mit oder ohne begleitende Erndhrungsintervention

beeinflusst werden kénnen.

Entsprechend unserer Studienziele wurden folgende Hypothesen untersucht:

Bollau et al. (2021)

Die Anzahl terminal differenzierter CD8" EMRA T-Zellen ist im peripheren Blut libergewichtiger
dlterer Personen erhoht. AuRerdem sind hohere Level an CD8" EMRA T-Zellen mit einem
aggravierten  subklinischen  Entziindungsgeschehen, einem dysregulierten  Kynurenin-

Stoffwechselweg sowie einer erniedrigten Insulinsensitivitat assoziiert.
Bollau et al. (2023)

Ein zwolfwochiges Kraft-Ausdauertraining (alleine oder in  Kombination mit einer
Ernahrungsintervention) reduziert die Population der CD8" EMRA T-Zellen im peripheren Blut,
rebalanciert den Kynurenin-Stoffwechselweg und erhoht die Insulinsensitivitdit im alternden

Menschen.

14



Studiendesign und Methodik

Die ethische Legitimation zur Durchflihrung der Studien im Rahmen der vorliegenden kumulativen
Dissertation wurde durch die Ethikkommission der Niedersichsischen Arztekammer mit Sitz in
Hannover erteilt. Zwischen Januar und August 2019 erfolgten die Datenerhebungen und die
Studienintervention an der Leibniz Universitdit Hannover. Basierend auf den Ergebnissen der
Querschnittstudie (BoRlau et al.,, 2021) wurden die Studienziele und Hypothesen der
Langsschnittstudie (BoRlau et al., 2023) abgeleitet. Eine Ubersicht {iber den zeitlichen Ablauf der

Studien im Rahmen der vorliegenden kumulativen Dissertation ist in Abbildung 1 graphisch dargestellt.

Bollau et al. (2021)

284 Personen (weiblich/méannlich) im Alter zwischen 50 und 70 Jahren wurden gescreent, von denen
134 Personen die Einschlusskriterien der Studie (s. Originalarbeit) erfullten und als Proband*innen in
die Studie eingeschlossen wurden. Sie wurden (ber die Studienteilnahme aufgeklart und
unterschrieben eine Einverstdndniserklarung. Alle eingeschlossenen Studienteilnehmer*innen waren
wahrend der vorangegangenen zwei Jahre sportlich inaktiv und wiesen eine geringe koérperliche
Alltagsaktivitdt auf. Dies wurde mittels Fragebogen kontrolliert (s. Originalarbeit). Ihre
anthropometrischen Daten wurden erhoben und es erfolgte eine vendse Niichternblutentnahme. Das
Blut wurde mittels verschiedener laborchemischer Methoden hinsichtlich der relevanten Parameter
analysiert. Die Nichternglukose wurde photometrisch analysiert. Fiir die Bestimmung von Insulin
wurde die Elektrochemilumineszenz-Immunoassay-Methode (ECLIA) verwendet. Die Insulinsensitivitat
wurde anhand des homoostatischen Modells (HOMA) bewertet: HOMA-IR = Nichterninsulin (uU/ml)
x Nichternblutglukose (mg/dl) / 405. Die prozentuale Verteilung der Subtypen der CD8* Zellpopulation
wurde mittels Durchflusszytometrie bestimmt. Die Konzentrationen der Metabolite des Kynurenin
Stoffwechselwegs wurden mittels einer Hochleistungsflissigkeitschromatographie (HPLC), gekoppelt
mit einem Massenspektrometer (MS), analysiert (s. Originalarbeiten). Die statistische Auswertung
erfolgte im ersten Schritt mittels einer ANCOVA, fiir welche die Proband*innen anhand ihres BMI in
drei Gruppen unterteilt wurden (Normalgewicht: 18,5-24,9 kg/m?, Ubergewicht: 25-29,9 kg/m?,
Fettleibigkeit: >30 kg/m?) und hinsichtlich Gruppenunterschieden analysiert wurden. Im zweiten Schritt
erfolgten multiple Regressionsanalysen. Hierbei wurde gepriift, ob die Menge peripherer CD8* EMRA
T-Zellen und/oder die Konzentration der Kynurenin Metaboliten mdgliche Pradiktoren fir eine
abnorme Insulinsensitivitat (erhéhter HOMA-IR) sind. Im dritten Schritt wurde eine Mediationsanalyse
berechnet, mittels welcher untersucht wurde, ob CD8* EMRA T-Zellen und/oder Kynurenin Metabolite

potentielle Mediatoren einer ibergewichtsinduzierten Insulinresistenz sind (s. Originalarbeit).
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Bollau et al. (2023)

Die Proband*innen aus der Querschnittstudie von BoRlau et al. (2021) wurden mittels
Fahrradergometer-Untersuchung unter EKG-Kontrolle hinsichtlich ihrer Sporttauglichkeit Gberprift und
anschlieRend randomisiert auf eine Kontroll- oder Interventionsgruppe verteilt. Die Proband*innen der
Kontrollgruppe (n=25) wurden dazu angehalten, ihren (bewegungsarmen) Alltag unverandert Gber den
Interventionszeitraum von zwdlf Wochen beizubehalten. Die Proband*innen der Interventionsgruppe
(n=53) absolvierten zweimal wéchentlich ein 60-miniitiges kombiniertes Kraft-Ausdauer-Training in
kooperierenden Fitnesseinrichtungen unter standardisierten Bedingungen (s. Originalarbeit).
AulRerdem wurde die Interventionsgruppe nochmals unterteilt. Eine Halfte absolvierte lediglich das
Trainingsprogramm (n=29), wahrend die andere Halfte zusatzlich eine Erndhrungsintervention gemal
Leitlinie der Deutschen Gesellschaft fiir Erndhrung (DGE) erhielt (n=24) (s. Originalarbeit). Die
Einhaltung der Vorgaben beziiglich der Studienintervention wurden mittels Telefongesprachen in
zweiwochigem Abstand sowie einem Trainings- und Erndhrungstagebuch durch die Studienleitung
kontrolliert. Nach der zwolfwochigen Intervention wurden die Proband*innen erneut im
Studienzentrum vorstellig. Es wurde ihnen vendses Blut entnommen, aus welchem analog zur
Datenerhebung der Querschnittstudie die relevanten Parameter analysiert wurden. Die statistische
Auswertung erfolgte mittels einer ANCOVA mit Messwiederholung. Hierbei wurden die Effekte der
zwolfwochigen Studienintervention auf den HOMA-IR-Wert, die peripheren CD8" EMRA T-Zellen sowie
die Konzentrationen der Kynurenin-Metabolite analysiert und hinsichtlich Zeit- und

Gruppenunterschieden tGberprift (s. Originalarbeit)
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Abbildung 1. Ubersicht iiber den zeitlichen Ablauf der Studien im Rahmen der kumulativen Dissertation.
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Abstract: Aging and overweight increase the risk of developing type 2 diabetes mellitus. In this
cross-sectional study, we aimed to investigate the potential mediating role of T-EMRA cells and
inflammatory markers in the development of a decreased insulin sensitivity. A total of 134 healthy
older volunteers were recruited (age 59.2 (sp 5.6) years). T cell subpopulations were analyzed by flow
cytometry. Furthermore, body composition, HOMA-IR, plasma tryptophan (Trp) metabolites, as well
as cytokines and adipokines were determined. Using subgroup and covariance analyses, the influence
of BMI on the parameters was evaluated. Moreover, correlation, multiple regression, and mediation
analyses were performed. In the subgroup of participants with obesity, an increased proportion of
CD8+EMRA cells and elevated concentrations of plasma kynurenine (KYN) were found compared to
the lower-weight subgroups. Linear regression analysis revealed that an elevated HOMA-IR could
be predicted by a higher proportion of CD8+EMRA cells and KYN levels. A mediation analysis
showed a robust indirect effect of the Waist-to-hip ratio on HOMA-IR mediated by CD8+EMRA
cells. Thus, the deleterious effects of abdominal obesity on glucose metabolism might be mediated by
CD8+EMRA cells in the elderly. Longitudinal studies should validate this assumption and analyze
the suitability of CD8+EMRA cells as early predictors of incipient prediabetes.

Keywords: elderly; obesity; T-EMRA cells; kynurenine pathway; insulin resistance

1. Introduction

During aging, the adaptive immune system undergoes a remodeling process character-
ized by altered T cell subtype composition and changes in major T cell functions. While the
number of CD8+ cells generally increases, the proportion of CD4+ cells slightly decreases,
resulting in a reduced CD4+/CD8+ T cell ratio [1]. Within both T cell populations, the
relative proportion of cells with a naive phenotype progressively decreases. Homeostatic
proliferation of existing naive T cells in the periphery partially compensates for the reduced
number of naive T cells [2]. Functionally, the T cell receptor (TCR) repertoire is diminished,
resulting in a limited response against emerging pathogens [3]. Accompanying the exhaus-
tion in the naive T cell pool, an accumulation of terminally differentiated cells occurs. This
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is caused by repeated T cell stimulation, e.g., by latent viruses, such as cytomegalovirus
(CMV) infection, or by a state of chronic inflammation [4,5].

T effector memory re-expressing CD45RA cells (T-EMRA cells) represent a heteroge-
neous group of terminally differentiated cells characterized by their surface expression
profile CCR7—/CD45RA+. These cells can be further subdivided regarding their expres-
sion of CD57 into a functionally viable “young” fraction (CD57—) with proliferative and
antiviral capacity and a senescent fraction (CD57+) with extensive functional quiescence
that is proliferation incompetent in response to antigen-specific stimulation and susceptible
to apoptosis upon T cell activation [6,7]. With age, the number of T-EMRA cells increases,
which can be interpreted as a hallmark of immunosenescence [8]. T-EMRA cells are sug-
gested to contribute to various pathological processes by exacerbating inflammation and
exhibiting atypical cytotoxic activity towards endogenous structures, such as the vascu-
lar endothelium [9,10]. Moreover, T-EMRA cells have been identified as predictors of
cardiovascular mortality in the elderly and as risk factors of graft dysfunction in kidney
transplant recipients [11,12].

Accelerated T cell differentiation is bi-directionally related to the development of
a chronic low-grade inflammation, termed “inflammaging” [13,14]. On the one hand,
chronic inflammation is a driver of T cell differentiation by constantly activating existing
immune cells. On the other hand, highly differentiated T-EMRA cells represent a pro-
inflammatory phenotype and a source of inflammatory factors [10,15]. The concentration
of various inflammatory cytokines, such as interleukin (IL)-13, IL-6, and tumor necrosis
factor-a (TNF-«), progressively increases during aging, which contributes to age-associated
morbidity and mortality [16]. Overweight superimposed on aging accelerates low-grade in-
flammation, which might play a leading role not only in the pathogenesis of cardiovascular
but also of metabolic diseases, such as diabetes type 2. Accordingly, patients with predi-
abetes or diabetes show significantly lower insulin sensitivity, increased proportions of
terminally differentiated T cells, and higher levels of inflammatory cytokines compared to
metabolically healthy individuals [17]. Besides glucose metabolism, the kynurenine (KYN)
pathway as the major route of tryptophan degradation represents another popular exam-
ple of the interplay between metabolism and inflammation. The initial and rate-limiting
enzyme indoleamine 2-3-dioxygenase (IDO1) strongly increases in response to elevated
proinflammatory cytokine levels [18], leading to a stimulation of the KYN pathway that
has been demonstrated in several inflammation-associated pathologies [19,20].

Based on these findings, we speculate that T-EMRA cells, as well as parameters of the
kynurenine pathway, may be related to a disturbance of insulin sensitivity in obesity and
that this is detectable even in clinically healthy elderly subjects. We explicitly addressed
the question: Do increased proportions of T-EMRA cells or activation of the KYN pathway
favor an early dysregulation of insulin sensitivity in subjects aged 50-70 without any
previous chronic illness? Furthermore, we asked whether T-EMRA cells and changes
in Trp metabolites are potential mediators between abdominal obesity and disturbed
insulin sensitivity.

2. Materials and Methods

The current work is based on a recent study of our group [21]. Blood samples were
obtained from the same subjects. Data regarding anthropometric and physiological charac-
teristics have been incorporated from this publication.

2.1. Study Participants

We enrolled 134 men and women from the general population in Hannover, Germany,
between August 2018 and March 2019. Recruitment was conducted widely distributed via
advertisements in local newspapers and public notices. The inclusion and exclusion criteria
for each participant were determined using a formalized questionnaire. Inclusion criteria
for participation were age >50 and <70 years, no regular exercise training aside from the
daily activities for at least 2 years, and stable body weight (£5 kg) for at least 6 months.
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Exclusion criteria were defined as cardiovascular diseases (angina pectoris, myocardial
infarction, stroke, peripheral arterial occlusive disease, heart failure, cardiac arrhythmia),
type 1 and 2 diabetes, renal insufficiency and liver diseases, blood coagulation disorders,
chronic gastrointestinal disorders (e.g., ulcers, Crohn’s disease, pancreatic insufficiency),
immunological diseases (e.g., autoimmune diseases), intake of immunosuppressive drugs
or laxatives, intake of supplements containing n3-FAs, smoking, alcohol, drug and/or
medicine dependency, pregnancy or lactation, retraction of the consent by the subject,
concurrent participation in another clinical study, and participation in a study in the last
30 days. Ethical approval was provided by the Ethics Commission of the Medical Chamber
of Lower Saxony (Hannover, Germany). Following the guidelines of the Declaration of
Helsinki, written informed consent was obtained from all participants before participation
in the study. Study design and the procedure for the different analyses are shown in
Figure 1a.
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Figure 1. (a) Presentation of the study design and the course of analyses. (b) Flow cytometric analysis of T cell subpop-
ulations. Lymphocytes were gated using the forward- and sideward scatter. Populations were subdivided into CD4+
T-helper cells and CD8+ cytotoxic T cells. Both cell types were further differentiated into naive (CD45RA+/CCR7+),
central memory (CD45RA —/CCR7+), effector memory (CD45RA —/CCR7—), and effector memory re-expressing CD45RA
(CD45RA+/CCR7-) cells. Associations between naive and EMRA T cells.
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2.2. Body Weight and Body Composition

Waist and hip circumferences were measured using a measuring tape in a standing
position. Waist-to-hip-ratio (WHR) was calculated. Height was measured with a stadiome-
ter (seca GmbH & Co. KG, Hamburg, Germany) and body weight was measured on a
digital scale to the nearest 0.1 kg (seca GmbH & Co. KG, Hamburg, Germany). BMI was
calculated by the ratio of weight to the squared height. Body composition was analyzed
to a nearest of 0.1 kg using a bioelectrical impedance analyzer (BIA) (Nutriguard M, Data
Input Company, Darmstadt, Germany) and the software NutriPlus© 5.4.1 (Data Input
Company, Darmstadt, Germany). For the measurements, the participants arrived rested
and after an overnight fast (>10 h). They were instructed to lay down on a stretcher and
rest for at least five minutes to ensure a balanced distribution of body fluids before the
measurement. During the measurement, participants were instructed to lay still and in
a relaxed position with the limbs slightly bend from the torso. All measurements were
carried out by the same study personnel.

2.3. Blood Sampling

Blood samples were taken in the morning following a resting period and after an
overnight fast (>10 h) using serum, EDTA, and NaF Glucose tubes (Sarstedt AG & Co. KG,
Niimbrecht, Germany). Blood was either processed directly or stored at —80 °C in the form
of serum and plasma for later analysis.

2.4. Analysis of Glucose Metabolism and Insulin Resistance

Analysis of markers of glucose metabolism was performed by a certified laboratory
(Laborarztliche Arbeitsgemeinschaft fiir Diagnostik und Rationalisierung e.V., in Han-
nover, Germany). Fasting glucose was analyzed photometrically (Beckman Coulter GmbH,
Krefeld, Germany). HbAlc was analyzed using high-performance liquid chromatography
(HPLC) (Bio-Rad Laboratories GmbH, Feldkirchen, Germany). For the determination of
insulin, the electrochemiluminescence immunoassay method (ECLIA) using cobas 801e
(Roche Diagnostics GmbH, Mannheim, Germany) was applied. Insulin sensitivity was
evaluated using the homeostatic model assessment (HOMA): HOMA-IR = fasting insulin
(rU/mL) x fasting blood glucose (mg/dL)/405 [22].

2.5. Analysis of T Cell Subpopulations

Peripheral Blood Mononuclear Cells (PBMCs) were isolated from fresh EDTA whole
blood by ficoll density gradient centrifugation. After PBMCs were washed, 1 x 10° cells
in 100 pnL PBS were stained for 20 min in the dark with 5 uL of different fluorescence-
coupled antibodies, respectively (BioLegend Inc., San Diego, CA, USA & ImmunoTools
GmbH, Hamburg, Germany). The antibody cocktails were composed as follows. Anal-
ysis of CD4+ subtypes: anti-CD4-FITC (clone MEM-241), anti-CD197(CCR?7)-PE (clone
G043H7), anti-CD45RA-PerCP (clone HI100); Analysis of CD8+ subtypes: anti-CD8-FITC
(clone MEM-31), anti-CD197(CCR?7)-PE (clone G043H?7), anti-CD45RA-PerCP (clone HI100).
Percentages of naive (CD45RA+/CCR7+), central memory (CD45RA-/CCR7+), effector
memory (CD45RA-/CCR7—), and EMRA (CD45RA+/CCR7—) CD4+ and CD8+ T cells
were quantified by flow cytometer FC 500 using the CXP software (Beckman Coulter, Irving,
TX, USA). The gating strategy is shown in Figure 1b and was implemented according to
Koch et al. [8]. Besides, CD4+/CD8+ T cell ratio was determined.

2.6. Analysis of Tryptophan Metabolites

Trp and its metabolites KYN, quinolinic acid (QA), and kynurenic acid (KA) were
measured via high-performance liquid chromatography (HPLC) coupled to a mass spec-
trometer (MS). Serum was stored in 50 pL aliquots at —80 °C until analysis. The analysis
was performed on a Waters ACQUITY UPLC® system equipped with an ACQUITY UPLC®
HSS T3 analytical column coupled to a Xevo® TQ-XS triple quadrupole mass spectrometer
(Waters, Eschborn, Germany) as described elsewhere [20].
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2.7. Analysis of Plasma Cytokines

Plasma levels of IL-1f, IL1ra, IL-6, IL-15, TNF-&, CX3CL1/fractalkine, adiponectin,
and resistin were determined using a human Magnetic Luminex Assay (Bio-Techne, Abing-
don, Oxon, UK) and a Magpix Luminex instrument (Luminex Corp, Austin, TX, USA)
according to the manufacturer’s instructions.

2.8. Analysis of Cytomegalovirus (CMV) Serostatus

Serum anti-CMV immunoglobulin G (IgG) antibodies were detected using a semiquan-
titative sandwich enzyme-linked immunosorbent assay (ELISA-Viditest anti-CMV IgG,
VIDIA, Czech Republic). The procedure followed the manufacturer’s instructions. End-
point optical density was measured by the Emax Plus ELISA reader (Molecular Devices,
Sunnyvale, CA, USA).

2.9. Statistical Analysis

First, descriptive statistics were performed for all measured variables and results
are given below as mean =+ SD. In the next step, we tested all observed variables regard-
ing their distribution features. As most of them did not meet the criterion of a normal
distribution, we used Spearman’s rank correlation to determine possible relationships
between measurements of body composition (as indicated by BMI and WHR), metabolism
(as indicated by HOMA-IR and Trp metabolites), CD4+ and CD8+EMRA cells, as well as
pro-inflammatory cytokines (e.g., IL-6, TNF-«) and adipokines (adinopectine, resistin) for
exploarory purposes. Missing data were addressed using pairwise deletion.

As a preliminary analysis, we further divided our study collective into three BMI sub-
groups: group 1: 18.5-24.9 kg/m? (normal weight); group 2: 25-29.9 kg/m? (overweight);
group 3: >30 kg/m? (obesity). We calculated an ANCOVA for the dependent variable
CD8+EMRA cells and Trp metabolite KYN and the independent variable BMI group using
age as a covariate to assess the impact of a BMI classified within the obese range (>30) on
the proportion of T-EMRA cells and enhanced Trp metabolites.

In the next step, we analyzed the impact of obesity, proportion of T-EMRA cells, and
levels of Trp metabolites as potential predictors of abnormal glucose metabolism (indicated
by HOMA-IR) using multiple regression analyses. We added several product terms to
the model to test for an interaction between abdominal obesity, immune aging, and Trp
metabolites. Before multiple regression analysis, we z-standardized all variables. To
identify a possible mechanism that underlies the observed relationship between abdominal
obesity and disturbed glucose metabolism, we tested the mediation of this relationship
by assessing the factors of immune aging, as well as the concentration of tryptophan
metabolites. More precisely, we calculated a mediation analysis using bootstrapping with
5000 bootstraps with the predictor variable WHR, the mediators CD8+EMRA cells as well
as KYN, and HOMA-IR as the outcome variable. For all statistical analyses as well as data
visualization, we used JASP, version 14.0. p values < 0.05 are considered significant.

3. Results
3.1. Baseline Characteristics

After screening for eligibility, 134 participants met the eligibly criteria (Figure 2). Their
data are specified as mean =+ SD. Of all participants, 72% were female and 28% were male
with a mean age of 59.2 + 5.6 years. Participants were further characterized by a weight
of 83.0 & 20.3 kg, BMI of 28.3 + 5.8 kg/m?, a WHR of 0.85 + 0.09, and a HOMA-IR of
2.72 4 2.26. The study population can be classified as healthy, but pre-obese. All measured
baseline characteristics are summarized in Table 1.
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Figure 2. Flow chart of all participants screened and analyzed.

Table 1. Baseline characteristics (mean =+ SD) of all participants.

Baseline Characteristics

Sex [f/m] [96/38]
Age [years] 592+ 5.6
Height [m] 170.9 + 8.7
Body weight [kg] 83.0 +20.3
BMI [kg/m?] 283458
Waist circumference [cm] 93.30 £ 14.53
Hip circumference [cm] 108.32 + 12.15
WHR 0.85 + 0.09
Fasting Glucose [mg/dL] 93.13 + 16.78
HbAlc [%] 544 + 0.45
Insulin [pU/mL] 11.39 +7.96
HOMA-Index 2724226
CMV positive [Yes/no] [72/63]

3.2. Associations between Body Composition, Glucose Metabolism, T-EMRA Cells, Trp

Metabolites, and Cytokine Status

Proportions of T cell subpopulations and levels of measured cytokines, adipokines,
and Trp metabolites of all participants can be found in Supplementary Tables S1-53.

We examined the Spearman rank correlation between either BMI, WHR, HOMA-IR,
CD8+EMRA cells, IL-6, resistin, and KYN separately for each participant. Note that for all
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upcoming results, we used the z-standardized variables. The correlation analysis revealed
correlations between WHR and CD8+EMRA cells (r = 0.351, p < 0.001), IL-6 (r = 0.249,
p = 0.021), resistin (r = 0.221, p = 0.046), KYN (r = 0.207, p = 0.041), as well as HOMA-IR
(r=0.447, p < 0.001). CD8+EMRA cells were correlated with KYN (r = 0.242, p < 0.05),
BMI (r = 0.235, p < 0.05), and HOMA-IR (r = 0.250, p < 0.05). IL-6 was associated with
BMI (r = 0.352, p < 0.001). Resistin was positively correlated with BMI (r = 0.349, p < 0.01).
Furthermore, we found a correlation between KYN and BMI (r = 0.355, p < 0.001) and
HOMA-IR (r = 0.224, p < 0.05). All results of the correlation analysis are depicted in

Figure 3.
I -
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Kynurenine 0242° 0046 0186 -0093 0037 -013 -0078 0068

Figure 3. Correlation heat map including BMI, HOMA-IR, WHR, CD8+ and CD4+EMRA cells, IL-6, TNF-«, CX3CL1,
adinopectin, resistin, and KYN. Raw p values of Spearman’s rank s correlations are presented. * means p < 0.05, ** means
p <0.01, ** means p < 0.001 not corrected for multiple tests.
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3.3. Effect of BMI on T-EMRA Cells and Trp Metabolism

As a pre-analysis, we tested whether a BMI classified within the obese range (>30)
in particular leads to an increased proportion of T-EMRA cells as well as to enhanced
levels of Trp metabolites. The calculated ANCOVAs including age as a covariate revealed a
significant main effect of BMI group on the number of CD8+EMRA cells, F(2, 89) = 3.897,
p =0.024, np2 = 0.081, as well as on the level of the Trp metabolite KYN, F(2, 94) = 6.625,
p =0.002, np2 = 0.124. Post-hoc analyses using Bootstrapping indicated that, overall, a
BMI > 30 is likely to lead to an increased proportion of CD8+EMRA cells (BMI group 2 vs. 3:
p < 0.05) as well as to enhanced levels of KYN (BMI group 1 vs. 3 and BMI group 2 vs. 3:
p < 0.05). Results are depicted in Figure 4a.
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Figure 4. (a) Proportion of CD8+EMRA cells and KYN in BMI group 1 (BMI 18.5-24.9 kg/ mz), group 2 (BMI25-29.9 kg/m?),
and group 3 (BMI > 30 kg/m?). (b) Correlations between WHR and the proportion of CD8+EMRA cells, WHR and KYN,
WHR and proportion of CD4+EMRA cells, WHR and HOMA-IR, CD8+EMRA and HOMA-IR, as well as KYN and HOMA-
IR. (c) Associations between low /high kynurenine levels, levels of CD8+EMRA cells, and HOMA-IR. (d) Interaction of
WHR on HOMA-IR mediated by CD8+EMRA cells as well as by KYN. Furthermore, a significant covariation between KYN
and CD8+EMRA is demonstrated.
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Further analyses revealed no main effect of sex, muscle mass, or weekly physical
activity level on CD8+EMRA cells and KYN levels. Moreover, no significant interaction
effects, for example, between sex and BMI, were found (data not shown).

3.4. Moderation of the Glucose Metabolism by Abdominal Obesity, the Proportion of T-EMRA
Cells, and Trp Metabolites

We performed a multiple regression analysis investigating whether WHR, the propor-
tion of T-EMRA cells, and changes of Trp metabolites are predictors of an altered glucose
metabolism. Here, the WHR was used because it represents a better indicator of abdom-
inal obesity and related health risks than BMI [23]. Furthermore, we tested whether the
proportion of T-EMRA cells and KYN levels moderate the effect of abdominal obesity
on the disturbances of glucose metabolism. The performed linear regression analysis
revealed that the HOMA-IR could be predicted by the proportion of CD8+EMRA cells and
KYN. Results showed that the HOMA-IR increases significantly when CD8+EMRA cells
increase (3 = 0.302, p < 0.01). Moreover, increased KYN levels correlated significantly with
increases in HOMA-IR (p = 0.212, p < 0.05) (Figure 4b). The total variance explained by
the model as a whole was adjusted R2 = 0.232, F(3, 89) = 10.271, p < 0.001. The model that
included the product terms did explain little additional variance in the HOMA-IR score,
adjusted R2 = 0.276, F(7, 85) = 6.001, p < 0.001. Results revealed a significant interaction
between the proportion of CD8+EMRA cells and KYN ( = 0.277, p < 0.01) reflecting that
higher CD8+EMRA cells accompanied by higher KYN levels lead to a stronger increase of
HOMA-IR (Figure 4c).

3.5. Abdominal Obesity Affects T"EMRA Cells and Trp Metabolites, Which in Turn Influences
HOMA-IR

We further analyzed whether the effect of abdominal obesity on glucose metabolism
is mediated by immune senescence and Trp metabolites. A mediation analysis using boot-
strapping showed a robust indirect effect of WHR on HOMA-IR mediated by CD8+EMRA
cells (f = 0.084, p < 0.05). Additionally, a mediating tendency for KYN (3 = 0.058, p = 0.077)
was observed. Furthermore, the analysis revealed a significant covariation between KYN
and CD8+EMRA cells (3 = 0.22, p < 0.05) (Figure 4d).

4. Discussion

Effects of an individual’s body composition, namely an increased BMI or abdominal
obesity, are well-documented drivers of a dysregulated glucose metabolism [24]. How-
ever, potential mediators of this effect remain largely unclear, especially in a population
of healthy aged subjects. Our findings show statistical associations between glucose
metabolism, levels of Trp metabolites, and proportions of circulating T-EMRA cells. In
particular, increased numbers of CD8+EMRA cells and increased levels of KYN could
be potential predictors of a dysregulated glucose metabolism, even in clinically as yet
unremarkable individuals. The present data also indicated that both the proportion of
CD8+EMRA cells and KYN levels might play a mediating role between the increase in
abdominal fat and an elevated HOMA-IR. This was supported by the fact that, in par-
ticular, the group of subjects with BMI classified as obese had increased KYN levels and
CD8+EMRA concentrations.

A methodological limitation of our study in the context of flow cytometric evaluation
was that we gated the CD4+ and CD8+ cells separately and not on one plot. CD4+ CD8+
double-positive cells could thus have been captured twice [25]. Although there usually
is only a small proportion of double-positive cells, this aspect should be considered in
future work. Due to the cross-sectional design, the present study can provide only initial
insights into possible relationships but no causal conclusions can yet be drawn with
absolute certainty. Nevertheless, the strength of the present work is the large representative
human sample in an age-cohort of interest concerning the first occurrence of lifestyle-
related diseases. Thus, high generalizability of our results can be assumed. Besides,
our preliminary considerations were based on knowledge of biological correlations and
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mechanisms in experimental (animal) studies, as described below. This legitimizes our
statistical approach, supports our tentative conclusions, and reinforces the utility of follow-
up studies in a longitudinal design to validate the assumptions we made here.

4.1. The Role of T-EMRA Cells in Obesity-Related Disturbance of Glucose Homeostasis

Overweight and obesity facilitate the incidence of many internal diseases and various
data suggest that this occurs in parallel to the age-related remodeling of the adaptive im-
mune system, particularly due to the accumulation of terminally differentiated T cells [26].
An important driver of these changes are lifestyle factors, such as inactivity and mal-
nutrition, which lead to an increase in visceral adipose tissue (VAT). On one hand, the
expansion of VAT favors a dysfunctional metabolic environment, but on the other hand,
it accelerates T cell differentiation [27,28]. In this regard, it was previously shown that
obesity accelerates thymic involution resulting in a lower naive T cell production, leading
to a proportional increase of terminally differentiated T cells [29]. In parallel, the expansion
of visceral adipose tissue accelerates T cell differentiation by the progressive release of
pro-inflammatory adipokines and cytokines [30]. A self-reinforcing cycle of progressive T
cell differentiation and inflammatory cytokine production occurs because T-EMRA cells
themselves secrete a variety of pro-inflammatory factors [10,15].

Our results concretize these data by showing an increased accumulation of T-EMRA
cells in aged subjects with obesity and the association between abdominal fat and propor-
tions of CD8+EMRA cells. As described in the introduction, T-EMRA cells are a heteroge-
neous subset of cells consisting of functional (CD57—) and senescent (CD57+) cells which
occur in approximately equal proportions [6]. This further subdivision was not performed
in the context of our study. However, results of mouse experiments suggest that mainly
the exhausted, senescent T-EMRA cells may be crucial mediators of obesity-associated
dysregulated glucose homeostasis.

Yi et al. [31] adoptively transferred senescent CD8+ T cells isolated from the spleens of
mice fed a high-fat diet into young mice. Subsequently, the recipients showed aggravation
of systemic glucose tolerance and insulin sensitivity compared to control mice. Another
causal relationship between T cell aging and metabolic dysfunction was indicated in a study
with obese mice. Here, the deletion of senescent cells alleviates the high-fat diet-induced
metabolic dysfunction [32]. Cell culture experiments demonstrated a direct interaction
between aged senescent CD8+ cells and hepatic insulin sensitivity by suppressing the
activity of glycolytic enzymes [31]. However, the detailed molecular interactions between
CD8+EMRA cells and metabolic pathways are still unknown. We can only speculate that
cellular interactions or secreted molecules reduce tissue insulin sensitivity and possibly
disrupt B-cell function. In this context, several inflammatory cytokines, such as IL-6, TNF-
«, adiponectin, and resistin, are directly or indirectly involved in the regulation of insulin
sensitivity [33,34]. Moreover, IL-6 and resistin have been associated with abdominal obesity
on the one hand and an increased number of senescent T cells on the other hand [35]. For
T-EMRA cells in general, secretion of TNF-alpha has also been demonstrated [10]. However,
in our study, we did not observe a mediating role of any of these cytokines at the systemic
level. Thus, follow-up studies should erode this potential mechanism at the tissue or
cellular level.

Our finding that CD8+EMRA cells might represent a physiological mediator of dis-
turbed glucose homeostasis is important from two perspectives. First, it would be im-
portant to investigate the potential direct molecular interactions, how these immune cells
interact with beta cells or insulin-sensing organs, to uncover conceivable preventive and
therapeutic targets. On the other hand, analyses of CD8+EMRA cells could represent
an early predictive marker of a metabolic shift before subjects show clinically relevant
symptoms of metabolic diseases. These assumptions need to be addressed in future (longi-
tudinal) studies. In this context, a more specific subdivision of the T-EMRA cell population
concerning additional surface markers, e.g., senescence marker CD57, or functional proper-
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ties would be beneficial. This could generate further mechanistic associations and possibly
increase the uniqueness of the observed effects.

4.2. KYN as a Mediator between Abdominal Fat and a Disturbed Glucose Metabolism

Our results show associations between Trp metabolite KYN and disturbed glucose
metabolism. This finding corresponds with previous studies which found the involvement
of tryptophan metabolites in the control of pancreatic hormonal secretion and hepatic
glucose production [36]. Increased KYN levels suggest increased activity of IDO1. The
turnover rate of this enzyme is dependent on inflammatory signaling. In our work, we
could not find a strong correlation between KYN levels and any of the detected cytokines
at the systemic level. However, based on our data, we cannot draw any conclusion about
possible molecular interactions at the tissue level, for example, in the abdominal adipose
store. Enhanced KYN levels in the subgroup with obesity and the association with WHR
suggests that there is a mechanistic link to the amount of abdominal fat. Previous studies
on this topic found that IDO1 expression and activity are enhanced in adipose tissue
during conditions of inflammation [37]. Since chronic inflammation is also favoring T
cell differentiation and metabolic disturbances related to overweight, the inflammatory
shift in adipose tissue seems to be a precursor for early pathological processes [38]. The
positive association between KYN and HOMA-IR corresponds with previous data which
found an association between Trp metabolites and insulin resistance. Mechanistically, Trp
metabolites have been shown to affect the biosynthesis, release, and activity of insulin [39].

5. Conclusions

Overweight facilitates the incidence of many internal diseases, specifically in those
subjects at the end of the BMI spectrum. Especially metabolic pathologies develop slowly
and gradually, and such changes can be detected even in individuals clinically assessed as
healthy, like in the present study [40].

The increase in body fat in elderly subjects is related to increased CD8+EMRA popula-
tions as well as elevated plasma KYN levels and both are in turn associated with pre-clinical
metabolic dysregulation. These findings integrate previous data of patients in different
disease groups and are more remarkable because we found it in a population of clinically
healthy older subjects. It is assumed, that the WHR dependent metabolic changes represent
a preliminary stage of incipient pathological processes, which announce themselves espe-
cially in the subjects who develop obesity. The study once again highlights the importance
of maintaining reliable control over the development of abdominal fat through specific
lifestyle factors, especially in older age. At the same time, the data suggest that changes
in Trp metabolites and an increase in CD8+EMRA cells may represent early predictors of
prediabetes. This needs to be confirmed in longitudinal studies. Furthermore, from a basic
science perspective, the interaction of CD8+EMRA cells with metabolic changes related to
glucose regulation and Trp metabolites is of particular interest.
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Abstract

Background Age-related accumulation of highly differentiated CD8™ effector memory re-expressing CD45RA
(EMRA) T-cells and disruption of the kynurenine (KYN) pathway are associated with chronic inflammation and the
development of insulin resistance.

In this study the aim was to investigate the effects of 12-week combined strength and endurance exercise on CD8*
T-cell differentiation and KYN pathway metabolites. Ninety-six elderly subjects (f/m, aged 50—70) were randomized
to a control (CON) or exercise (EX) group. The EX group completed combined strength and endurance training twice
weekly for one hour each time at an intensity of 60% of the one-repetition maximum for strength exercises and a per-
ceived exertion of 15/20 for endurance exercises. The EX group was also randomly subdivided into two groups with
or without a concomitant balanced diet intervention in order to examine additional effects besides exercise alone.
Before and after the intervention phase, the proportions of CD8* T-cell subsets and levels of KYN pathway metabo-
lites in peripheral blood were determined.

Results The CD8" EMRA T-cell subsets increased in the CON group but remained almost unchanged in the EX group
(p=.02). Plasma levels of kynurenic acid (KA) increased in the EX group and decreased in the CON group (p=.03).
Concomitant nutritional intervention resulted in lower levels of quinolinic acid (QA) compared with exercise alone
(p=.03). Overall, there was a slight increase in the QA/KA ratio in the CON group, whereas it decreased in the EX
group (p>.05).

Conclusions Combined strength and endurance training seems to be a suitable approach to attenuate CD8* T-cell
differentiation in the elderly and to redirect the KYN pathway towards KA. The clinical relevance of these effects needs
further investigation.

Keywords Ageing, CD8* EMRA T-Cells, Kynurenine Pathway, Exercise, Nutrition, Insulin Resistance
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Background

Ageing and persistent viral infections lead to changes
within the peripheral CD8" T-cell compartment. The
proportion of naive cells decreases, reducing the body’s
ability to target new antigens, resulting in enhanced
susceptibility to infection and diminished vaccine effi-
cacy [1]. In parallel, constant cell stimulation leads to
an increased proportion of highly differentiated cells,
which can be classified as effector memory T-cells re-
expressing CD45RA (EMRA T-cells) based on their
CCR77/CD45RA™" surface expression profile [2—-4]. The
chemokine receptor CCR7, which enables migration of
naive and central memory T-cells into lymph nodes, is
lost in EMRA T-cells [5]. In contrast, CD45RA, an iso-
form of the common leukocyte antigen found on the
surface of naive T cells and which is also lost after activa-
tion, is re-expressed at highly differentiated developmen-
tal stages [6]. CD8" EMRA T-cells are a heterogeneous
composition of subsets associated with cell senescence,
as they have reduced proliferative capacity [7], exhibit
increased activation of senescence signalling pathways
[8] and are associated with senescence markers such as
KLRG1 and CD57 [4]. However, CD8" EMRA T-cells
are not functionally inactive, as they can migrate into
inflamed tissues [9, 10] and produce a substantial amount
of pro-inflammatory cytokines, like the senescence-asso-
ciated secretory phenotype (SASP) seen in non-immune
cells [11]. Thus, accelerated T-cell differentiation is pos-
sibly related to the development of chronic low-grade
inflammation. This could be of high clinical relevance, as
“Inflamm-aging” plays a considerable role in the devel-
opment of age-related multimorbidity, including cancer,
dementia, osteoporosis, and metabolic diseases [12].

Interestingly, the main degradation pathway of tryp-
tophan (TRP), the kynurenine (KYN) pathway, interacts
with the immune system. On the one hand, local and sys-
temic inflammatory stimuli increase the expression of the
initial and rate-limiting enzyme indoleamine 2—3-dioxy-
genase (IDO) in various tissues, such as peripheral blood
mononuclear cells (PBMCs) [13, 14]. On the other hand,
both KYN and one of its metabolites, kynurenic acid
(KA), have immunomodulatory effects themselves and
can activate the aryl hydrocarbon receptor (AHR), which
plays a key role in T-cell differentiation and the induction
of inflammatory mediators [15, 16].

Bofilau et al. (2021) have recently shown that the pro-
portion of circulating CD8% EMRA T-cells as well as
plasma levels of KYN are associated with abdominal
obesity and represent potential predictors of progres-
sive glucose intolerance in the elderly [17]. These find-
ings have been supported by the results of studies using
the mouse model [18, 19]. Yi et al. (2019) transferred
senescent CD8" T-cells (CD447CD153") from mice fed
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a high-fat diet into young recipient mice, which subse-
quently exhibited worsened systemic glucose tolerance
and decreased insulin sensitivity compared with control
mice. In addition, the researchers demonstrated that
senescent CD8" T-cells (CD28CD57%) are more numer-
ous in human subjects with prediabetes and express a
variety of proinflammatory cytokines and cytotoxic sub-
stances [18]. Laurans et al. (2018) showed that a high-fat
diet in mice increases the expression of IDO in various
tissues, thereby directing the metabolism of TRP towards
KYN and its downstream products KA and quinolinic
acid (QA). However, IDO knockout mice were protected
from the obesogenic, inflammatory, and insulin resist-
ance-inducing effects of the diet [19].

Given the high clinical and health economic relevance
of metabolic diseases, it is of central interest to verify
associations between CD8" EMRA T-cells, KYN pathway
metabolites, and insulin resistance in humans. Further-
more, knowledge of potent therapeutic regimens would
be desirable to attenuate progressive CD8" T-cell differ-
entiation and rebalance the KYN pathway in the elderly,
thereby potentially preventing the development of mani-
fest type 2 diabetes mellitus.

Lifestyle modifications such as exercise or a healthy
diet are becoming increasingly important in the preven-
tion and treatment of age-associated diseases. Lifelong
aerobic exercise has been shown to attenuate immune
aging [20]. However, whether resuming exercise at older
ages after years of inactivity also has beneficial effects on
T-cell differentiation is much less clear. Niemiro et al.
(2021) demonstrated that 12 weeks of moderate aero-
bic endurance training in a population of middle-aged/
older women identified as being of high risk of develop-
ing breast cancer had a rejuvenating effect on the compo-
sition of T-cell subpopulations [21]. The extent to which
such effects are transferable to healthy older individu-
als in the general population remains unclear. It is also
unknown whether combined strength and endurance
training produces similar effects compared to aerobic
exercise programs. The impact of regular physical exer-
cise on the KYN pathway has been analysed by only a few
authors so far [22]. These have mainly examined psychi-
atric and neurodegenerative patient groups, and some
of the work has methodological weaknesses so no clear
conclusions can yet be drawn for healthy older individu-
als. Furthermore, no studies have examined potential
synergistic effects of exercise and diet interventions on
changes in T-cell differentiation and the KYN pathway.

In the present study the aim was to investigate the
effects of a 12-week strength-endurance exercise inter-
vention alone or combined with a nutritional intervention
on T-cell differentiation, the KYN pathway metabolites
and metabolic health. It was hypothesized that regular
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exercise has a ‘rejuvenating’ effect on the composition of
the peripheral CD8" T-cell pool and reduces the propor-
tion of EMRA subsets. Furthermore, it was hypothesized
that there is an influence on the KYN pathway and that a
concomitant balanced diet causes additional adaptations
compared to exercise training alone.

Results

Baseline characteristics

After screening for eligibility, 96 participants were
enrolled in the study, of which 78 were included in the
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final analysis (Fig. 1A). The reasons for there being
dropouts within the intervention groups were due to
inadherence to the training and nutrition intervention,
whereas in the control group, increased daily activity led
to exclusion. A higher dropout rate was recorded in the
EX+NUTR group compared to the other groups. Of all
participants analysed, 70% were female and 30% were
male, with a mean age of 59.8 +5.6 years. The study pop-
ulation can be classified as healthy but pre-obese, with a
mean weight of 83.9 +20.3 kg, a BMI of 28.6 +5.8 kg/m?,
and a WHR of 0.85+0.09.

Assessed for eligibility
(n=284)
Excluded (n=188)
Did not meet inclusion criteria
I Randomized (n=96) |
: CON EX
Allocation (n=28) F (n=68)
EX EX+NUTR
(n=34) (n=34)
: n=25 n=29 n=24
CON (n = 25) EX (n = 53) P EX (n=29) EX+NUTR (n = 24) P
Sex (f/m) 19/6 36/17 0.674 20/9 16/8 0.783
Age (years) 59.2+5.1 60.5+6.0 0.386 60 +6.6 61+5.3 0.564
Height (cm) 169.1 + 8.1 171+86 0.785 170.9+8.7 171.0+ 8.4 0.648
Body weight (kg) 8484226 83.3+19.4 0.548 8191186 85.0+£20.3 0.522
BMI (kg/m?) 29.2+6.9 281+58 0.477 278+55 285+6.2 0.863
WHR 0.85+0.08 0.86 + 0.09 0.733 0.85 + 0.09 0.87 £ 0.08 0.798
HOMAI 3.16 +3.23 2.73+2.01 0.474 2.39+1.55 3.14+243 0.421
IL-6 (pg/ml) 0.95 +0.37 1.23+1.36 0.435 0.89 £ 0.39 1.65+ 1.94 0.163
CD4/CD8 Ratio 3.35+1.62 4.08 £ 255 0.234 3.98 + 2.09 4.2+2.83 0.489
CMV status (+/-) 14/11 30/23 0.474 14/15 16/8 0.179
Total activity (h/wk) 7.8+54 54153 0.135 6777 39+27 0.082
Sports activity (h/wk) 0.36 + 1.06 0.35+0.62 0.346 0.34 + 0.53 0.36 +0.73 0.352

Fig. 1 A Flow chart of all participants enrolled, randomized, allocated and analysed. B Baseline characteristics of participants, separated by
study group. Values are given as mean + SD. Distribution of sexes and CMV status between groups was analysed using Chi-square-test. All other
group differences were assessed with Independent Samples T-Tests. Group differences between CON and EX (bold print) and between EX
(normal print) and EX+NUTR were calculated separately and reported as p-values in each case (* p <.05; ** p<.01; *** p<.001). CON = control
group; EX (bold print) = exercise group (with and without nutrition instructions); EX (normal print) = exercise group without nutrition
instructions; EX + NUTR=exercise group with nutrition instructions; f=female, m = male; BMI =Body-Mass-Index; WHR =Waist-to-Hip-ratio;

HOMAIi =Homa-Index, CMV =cytomegalovirus; h/wk=hours per week
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At baseline, the groups did not differ in age, body com-
position, HOMA-IR, IL-6 plasma concentration, CD4/
CD8 ratio, CMV status, or activity level (Fig. 1B).

Associations between age, BMI, HOMA-IR, peripheral CD8*
EMRA T-cells, plasma IL-6 concentration and metabolites
of KYN pathway

Pearson’s correlation of baseline values (t0) shows a sig-
nificant positive relationship between BMI and HOMA-
IR (Fig. 2A). Both BMI and HOMA-IR also correlate
positively with IL-6 plasma concentration, proportions of
CD8* EMRA T-cells, as well as plasma levels of KYN and
its metabolites QA and KA. The proportion of peripheral
CD8" EMRA T-cells shows a positive association with
KYN, QA, and KA. IL-6 plasma concentration also corre-
lates positively with KYN, QA, and KA. Pearson’s corre-
lation of changes between the measurement time points
(t12-t0) showed no significant correlations, except for the
metabolites of the KYN pathway among themselves (data
not shown).

Manipulation check: Effects of the study intervention

on BMI, HOMA-IR and maximum strength

The manipulation check revealed that BMI was signifi-
cantly reduced after the intervention in the EX group
when compared to the CON group (F(1, 75)=4.97,
p=0.029). Within a three-group comparison, BMI
decreased slightly more in the EX+NUTR group (exer-
cise group with nutrition instructions) than in the EX
ONLY group (exercise group without nutrition instruc-
tions), but without statistical significance (F(2, 74) =2.49,
p=0.09).

For HOMA-IR, an analysis using rmANCOVA
revealed no significant different changes between the
CON and EX group (F(1, 75)=1.45, p=0.23). Moreover,
there was no statistically significant difference within the
three-group comparison (F(2, 74)=0.72, p=0.49). How-
ever, HOMA-IR tended to decrease the most in the
EX+NUTR group (Fig. 2B). The raw BMI and HOMA-
IR data and the line plots of the rmANCOVA analy-
ses are included as Supplementary Material (Table S1,
Figure S1).

Maximum strength increased significantly in the EX
group for all exercises (Leg Press, Bench Press, Lat Pull-
down, Back Extension, Rowing, Abdominal Flexion) at
t12 compared to t0 (p<0.001). No maximum strength
data were collected in the CON group.

Effects of the study intervention on proportions

of peripheral CD8* T-cell subsets

Between the CON and EX group, no significant differ-
ent changes were observed for peripheral CD8' T-cells
(F(1, 60)=0.36, p=0.85) or the proportion of naive (F(1,
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63)=0.13, p=0.72), CM (F(1,63)=0.79, p=0.39) and EM
subsets (F(1,63)=3.13, p=0.08). In contrast, the pro-
portion of EMRA subsets changed statistically signifi-
cantly between the CON and EX group (F(1, 63)=5.68,
p=0.02), with a greater increase within the CON group
(Fig. 3B). Within the three-group comparison, a statisti-
cally significant main effect was not seen for EMRA sub-
sets (F(2, 62)=2.83, p=0.07). The raw data of the CD8*
T-cell subsets and the line plots of the rmANCOVA
analyses are included as Supplementary Material (Table
S2, Figure S1). An exploratory subgroup analysis, with
CMV serostatus as an additional between-subject fac-
tor, did not reveal any significant ‘time x study group x
CMV serostatus’ interaction eftects on the proportions of
the CD8™ T-cell subsets. However, a significant between-
subjects effect was detected for the proportion of CD8*
EMRA T-cells, which depends on the CMV serostatus
(Supplementary Table S3).

Effects of the study intervention on plasma KYN pathway
metabolites

For TRP and KYN, no statistically significant interaction
effects were observed within the two-group or three-
group comparison (Fig. 3C). For QA, the rmANCOVA
analysis with the three-group comparison revealed a
significant main effect (F(2, 72)=4.38, p=0.016) and a
Bonferroni-corrected post-hoc analysis revealed a signifi-
cant difference between the EX ONLY and EX+NUTR
group, with an increase in the EX ONLY group and a
decrease in the EX+NUTR group (p=0.03, Myy;7=0.033,
95%-C1[0.002, 0.064]). A significant intergroup effect
was observed for KA concentrations, with greater val-
ues in the EX group and lower values in the CON
group after the intervention (F(1, 73)=4.79, p=0.032).
The three-group comparison also revealed a signifi-
cant interaction effect (F(2, 72)=3.76, p=0.029) and a
Bonferroni-corrected post-hoc analysis revealed a sig-
nificant difference between the CON and EX ONLY
group (p=0.026, Mp;=0.005, 95%-CI[0.001, 0.02]). For
the QA/KA-ratio, no statistically significant difference
between groups was observed. However, a slight increase
was seen in the CON group (+0.4), whereas it decreased
in the EX ONLY (-1.0) and EX+NUTR group (-0.4). The
raw data of the KYN pathway metabolites and the line
plots of the rmANCOVA analyses are included as Sup-
plementary Material (Table S4, Figure S1). An explora-
tory subgroup analysis with the CMV serostatus as an
additional between-subject factor did not reveal any
significant ‘time x study group x CMV serostatus’ inter-
action effect on the plasma levels of the KYN pathway
metabolites. However, a significant between-subjects
effect was detected for KYN, which depends on the CMV
serostatus (Supplementary Table S5).



BoBlau et al. Immunity & Ageing (2023) 20:19 Page 5 of 14

A

Age BMI HOMAi EMRA CD8  IL6 TRP KYN QA KA

Age
BMI
HOMAI

EMRA CD8

IL6

TRP

' " 04 06 08 1

-1 -0.8 -0.6 -0.4 -0.2 0 0.

2
T * 1
_ 0.0
= 0.0 T
£ 02
S -0.2
8 04
5 . ' 1
<« -0.
-0.6
CON EX CON EX EX+NUTR

< | i
< o0 0.0
2 0.2
£ 02
né, -0.4
©
£-04 06
<

0.6 -0.8

CON EX CON EX EX+NUTR

Fig.2 A Heat map illustrating baseline correlations. Pearson's r values are depicted, where the values are given in the coloured scale bar.

B Absolute change in BMI and HOMA-IR per study group over the twelve-week intervention period (A =t;,—to). *(p <.05) indicates a significant
difference between groups, analysed by rmANCOVA. CON = control group; EX (two-group-comparison) =exercise group (with and without
nutrition instructions); EX (three-group-comparison) =exercise group without nutrition instructions; EX+NUTR=exercise group with nutrition
instructions; BMI=Body-Mass-Index, HOMAi = HOMA-Index; EMRA CD8 + = Effector Memory re-expressing CD45RA CD8 + cells; TRP =tryptophane;
KYN =kynurenine; QA =quinolinic acid; KA=kynurenic acid
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Discussion

In this randomized controlled trial, it has been demon-
strated that 12 weeks of combined strength/endurance
training in the elderly had a positive effect on BMI and
HOMA-IR, and attenuated the increase in the proportion
of EMRA cells within the peripheral CD8" T-cell com-
partment. Concomitant nutritional intervention showed
no additional effect. Moreover, training aftected the KYN
metabolic pathway by increasing KA formation.

Exercise training attenuates T-cell differentiation

The proportion of EMRA cells within the peripheral CD8*
T-cell compartment increased significantly in the CON
group, while no changes were found in the EX group. Thus,
combined strength/endurance training may attenuate the
progressive increase in the CD8" EMRA T-cell pool with
age and seems to be a suitable approach for the delay-
ing of T-cell differentiation. This is consistent with previ-
ous data: Vasconcelos et al. (2022) demonstrated in 108
postmenopausal women that both functional and com-
bined strength-endurance training for 16 weeks (three
times a week for 45 min each) reduced the proportion of
EMRA cells in both the CD8* and CD4* T-cell compart-
ments, compared with a control group [23]. In their study,
the authors used the same surface markers as were used
in this work for cell differentiation (CCR7, CD45RA) and
the subjects also completed combined strength-endurance
training, highlighting the reproducibility of the results of
this work. Philippe et al. (2019) demonstrated an exercise-
induced effect on T-cell differentiation in 16 older adults
with prediabetes after an intervention period of only three
weeks. In the study, subjects completed an aerobic exercise
program three times weekly, running uphill (concentric)
or downbhill (eccentric) depending on the study group. The
results showed that both protocols significantly decreased
the percentage of CD4" and CD8* EMRA T-cells (CCR7-/
CD45RO-), while increasing the proportion of central
memory as well as naive T-cells [24]. Dinh et al. (2019)
examined the effects of six weeks (2—3 times per week) of
exercise training on the number of senescence-prone CD8"
T-cells (CD57%) in 100 women aged >65 years [25]. They
compared different exercise modalities: intensive strength
training (80% of maximum repetition, 3 sets of 10 repeti-
tions), strength endurance training (40% of maximum rep-
etition, 2 sets of 30 repetitions), and a control condition
(stretching). The authors found a significant decrease in the

(See figure on next page.)
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percentage and absolute count of senescence-prone CD8"
T cells in the strength endurance training group. The mag-
nitude of change was also positively related to the number
of training sessions. Interestingly, intense strength training
did not affect the senescence-associated cell fraction. These
results suggest that both modality and frequency of exer-
cise may determine the training-induced effect on T-cell
differentiation. This is consistent with Niemiro et al. (2021),
who demonstrated divergent eftects of 12-week endurance
training (three times a week) on the numbers of CD4* and
CD8* T-cell subsets in older women at risk of breast can-
cer depending on training intensity. Consequently, high-
intensity training evoked more ’pro-senescent’ (decrease
in naive CD4" T-cells) and moderate-intensity training
more 'anti-senescent’ (increase in effector memory CD8"
T-cells) effects. However, training showed no significant
effects on the CD8* EMRA T-cell fraction, but the group
size of the study was relatively small (n=8), which should
be considered critically [21]. Taken together, the current
data suggest that CD8" T-cell differentiation in the elderly
is exercise-sensitive and can be influenced within a few
weeks by both endurance and strength endurance training,
depending on the training intensity and frequency. Further
work comparing different training regimens is needed to
make conclusive training recommendations. At present,
only speculations can be made about the mechanisms
of the training-induced adaptations in the CD8* T-cell
compartment.

It is conceivable that adrenergic stimuli and hemo-
dynamic changes during repetitive exercise lead to a
redistribution of highly differentiated T-cells into the
blood [20], where they are exposed to pro-apoptotic fac-
tors such as reactive oxygen species [26, 27]. Since these
cells in particular appear to be sensitive to these factors,
they could be eliminated by repeated acute exercise [28]
and subsequently shift the ratio of highly differentiated
EMRA to naive CD8" T-cells [29, 30]. This hypothesis
is supported by Kriiger et al. (2016) who showed that
one session of high-intensity training (HIT) induced
a higher increase of apoptosis in highly differentiated
T-cells (CD28"CD57") compared to a continuous exer-
cise regimen [28]. Furthermore, from longitudinal data
of Niemiro et al. (2021) it was revealed that changes in

"VO2max were inversely related to changes in highly dif-

ferentiated CD8* EMRA T-cells after physical training.
This has been confirmed by cross-sectional data [31],

Fig. 3 A Flow cytometric gating strategy for the analysis of T-cell subsets B Absolute changes in proportions of peripheral CD8* T-cell subsets per
study group over the twelve-week intervention period (A=t;,—1y). *(p <.05) indicates a significant difference between groups, analysed using
rmANCOVA. C Absolute changes of plasma metabolites of the KYN pathway in pmol/L (A=t;,—ty). *(p <.05) indicates a significant difference
between groups, analysed using rmANCOVA. CON = control group; EX (two-group-comparison) = exercise group (with and without nutrition
instructions); EX (three-group-comparison) = exercise group without nutrition instructions; EX+NUTR = exercise group with nutrition instructions;
EMRA CD8+ =Effector Memory re-expressing CD45RA CD8 + cells; TRP = tryptophane, KYN = kynurenine; QA = quinolinic acid; KA=kynurenic acid
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from which it has been shown that VO2max is inversely
associated with the number of senescent CD8" T-cells
(KLRG1+/CD57+; KLRG1+/CD28-). Unfortunately,
VO2max was not determined in the work of this study
because the focus of the training intervention was on
the strength endurance component. Instead, subjects in
the EX group performed measurements of maximum
strength before and after the intervention phase, but
correlation analysis revealed no relationship between
changes in maximum strength and changes in the pro-
portion of peripheral CD8" EMRA T-cells (data not
shown). Physical training seems to reduce susceptibil-
ity to infection and could suppress reactivation of latent
viruses [32, 33]. The increase in EMRA CD8*" T-cells
in the control group might be due to the fact that they
experienced more infections or a higher burden of latent
viral infections than the exercise group. In particular,
a persistent CMV infection is a known driver of T-cell
differentiation and should be considered as a potential
confounder in studies of physical activity and immunity
[20]. However, in previous work examining the effect of
exercise on CD8" T-cell differentiation either the CMV
status of the subjects at all [21, 23] was not recorded or it
was not taken into account in the analyses with regard to
an influence on the exercise-induced effects [24, 25]. This
must be taken as a caveat and underscores the additional
importance of the work of this study. In the work of this
study, CMV serostatus was considered as a covariate in
the rmANCOVA statistics. In addition, an exploratory
subgroup analysis was performed with the CMV serosta-
tus as an additional between-subject factor. This analysis
did not reveal any significant ‘time x study group x CMV
serostatus’ interaction effects. Thus, the CMV serostatus
does not appear to influence the exercise-induced change
on the proportions of peripheral CD8" T-cell subsets.
However, significant between-subjects effects were found
for the proportion of CD8" EMRA T-cells, thereby sug-
gesting a general effect of latent CMV infection on these
cells, which is consistent with a recent paper published
by the author’s group [34].

Regarding dietary modification, no additional effects
were observed on the distribution of peripheral CD8"
T-cell subsets. In general, to the best of the authors’
knowledge, there is only one study with aged nonhuman
primates in which the effects of diet have been inves-
tigated on T-cell differentiation. In this it was shown
that long-term caloric restriction delayed T-cell differ-
entiation and reduced the production of inflammatory
cytokines by memory T-cells [35]. In the EX+NUTR
group of the work in this study, mean energy intake
decreased by approximately 200 kcal per day after the
intervention period, but this was not statistically differ-
ent from the other groups, as described in a previously
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published paper of this same study [36]. Therefore, future
human studies focusing more specifically on the effect
of caloric restriction on T-cell differentiation would be
interesting.

Exercise training and dietary measures affect kynurenine
pathway

Plasma concentration of KA increased significantly in the
EX group compared with the CON group, whereas the
concomitant dietary modification attenuated this effect.
QA also showed an increase in the EX group, while the
concomitant dietary modification had the opposite effect
and decreased plasma concentration. Both KA and QA
are derived from KYN, which in turn is the main product
of tryptophan. KA is synthesized by KYN aminotrans-
ferases 1-4 (KAT 1-4) and has neuroprotective prop-
erties, whereas QA is closely associated with neuronal
excitotoxicity and is produced by kynurenine-3-monoox-
ygenase (KMO) [22]. To the best of the authors’ knowl-
edge, the present work is the first in which a significant
increase has been demonstrated in the plasma concentra-
tion of KA in response to a longitudinal training inter-
vention. In comparable work only an increased gene
expression of KAT isoenzymes in skeletal muscle was
demonstrated [37, 38]. Moreover, Allison et al. (2019)
observed a non-significant increase in KA and a non-
significant decrease in QA in peripheral blood [38]. The
reason why enhanced expression of KAT did not have a
stronger effect on the concentration of KA in peripheral
blood is unclear. Epigenetic influences may play a role
here. In addition, rapid metabolism or excretion of the
synthesized KYN metabolites are also speculated to be
causative [39].

Within the work of this study, concomitant balanced
dietary modification had a mitigating effect on the
exercise-induced changes and resulted in reduced con-
centrations of KYN pathway metabolites. In particular,
peripheral concentrations of QA were shown to have a
significant reduction in the EX+NUTR group compared
with the EX ONLY group. One possible explanation is
that food rich in antioxidant compounds could coun-
teract immune response and tryptophan breakdown by
IDO. Jenny et al. (2011) showed that specific compounds
like vitamin C and E, and also stilbene resveratrol and
coffee flavonoids, were able to delay T-cell activation
and IFN-y production in vitro in mitogen-stimulated
human peripheral blood mononuclear cells (PBMC) from
healthy donors, followed by reduced activity of the down-
stream biochemical pathways like tryptophan breakdown
by IDO-1 [40]. Since it has already been confirmed in
preliminary work that the subjects in the EX+NUTR
group consumed significantly more vegetables and fruit
[36], this is a conceivable explanatory direction.
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In summary, it is noticeable that the QA/KA ratio
shifted slightly in favour of KA in the EX ONLY and
EX+NUTR group, whereas it shifted in favour of QA
in the CON group. In many neurodegenerative diseases,
there is an imbalance between KA and QA in the CNS
with an accumulation of QA and a decrease in KA [22].
In addition, the development of metabolic diseases has
been associated with increased QA concentrations as
well as decreased KA synthesis [41, 42]. Based on this,
from the decreased QA/KA ratio in the intervention
groups of this study it can be cautiously inferred that
combined strength endurance training with or without
a concomitant nutritional modification may have a mod-
erate neuroprotective effect and could reduce the risk of
developing type 2 diabetes mellitus in healthy elderly.

Limitations

A substantially higher dropout rate occurred in the
EX+NUTR group (n=10) compared to the EX ONLY
(n=5) and CON (n=3) group due to inadherence to the
training and nutrition intervention. This should be taken
into account when interpreting the data. However, the
overall retention of subjects was good (>80%), suggest-
ing a high day-to-day suitability of the study interven-
tion procedure. In this work, peripheral cell subsets were
quantified by flow cytometry as percentages of the CD8*
T-cell fraction. Additional cell enumeration procedures
were not performed, thus it was not possible to provide
absolute cell concentrations. This is a significant limita-
tion of the results, because it cannot be clearly demon-
strated whether an increase or decrease in the proportion
of a cell population resulted from an absolute change in
that population or was due to a relative change in other
cell proportions. Nevertheless, in the context of age-
related advancing T-cell differentiation, the relative com-
position of the different CD8" subsets is also considered
as an important outcome. Moreover, in previous work it
has been shown that the relative reduction in peripheral
senescence-prone CD8YCD57" T-cells (as a percentage
of CD8" T-cells) caused by strength-endurance train-
ing is related to an absolute decrease in concentration of
these cells in the blood [25]. Thus, highly differentiated
CD8™ T-cells such as those in the EMRA subpopulation
appear to be exercise sensitive themselves. The param-
eters of the work in this study were determined only in
peripheral blood, and no evidence of changes in other
organs or tissue types could be obtained. For example,
the quantitative change of the KYN pathway metabolites
in cerebrospinal fluid due to physical training would have
been interesting. In addition, gene expression analyses
of the enzymes involved in the KYN signalling pathway
would have been useful. In the case of T-cell subsets, it
is not clear at present whether unequal redistribution
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to extravascular tissues may be responsible for the exer-
cise-induced altered proportions in peripheral blood.
Moreover, more sensitive measurement methods of
T-cell differentiation exist (e.g., deep T-cell receptor beta
sequencing), which should be included in future work.

Conclusions

BMI and HOMA-IR are associated with the proportions
of CD8" EMRA T-cells as well as KYN pathway metabo-
lites. 12 weeks of combined strength and endurance exer-
cise were found to attenuate the age-related increase in
the proportion of EMRA subsets within the peripheral
CD8" T-cell pool. In addition, exercise activated the
KYN pathway and significantly increased serum level of
KA. Thus, combined strength and endurance training
seems to be a suitable approach to attenuate CD8* T-cell
differentiation in the elderly and to redirect the KYN
pathway towards KA. However, the clinical relevance of
these effects needs further investigation.

Methods

Study participants

Ninety six men and women were enrolled from the gen-
eral population in Hannover, Germany, between August
2018 and March 2019. Recruitment was conducted using
a wide distribution via advertisements in local news-
papers and public notices. The inclusion and exclusion
criteria for each participant were determined using a for-
malized questionnaire. Inclusion criteria for participation
were age > 50 and <70 years, no regular exercise training
aside from the daily activities for at least 2 years, and sta-
ble body weight (+5 kg) for at least 6 months. Exclusion
criteria were defined as cardiovascular diseases (angina
pectoris, myocardial infarction, stroke, peripheral arte-
rial occlusive disease, heart failure, cardiac arrhythmia),
type 1 and 2 diabetes, renal insufficiency and liver dis-
eases, blood coagulation disorders, chronic gastrointes-
tinal disorders (e.g., ulcers, Crohn’s disease, pancreatic
insufficiency), immunological diseases (e.g. autoimmune
diseases), intake of immunosuppressive drugs or laxa-
tives, intake of supplements containing n3-FAs, smok-
ing, alcohol-, drug and/or medicine dependency,
pregnancy or lactation, retraction of the consent by the
subject, concurrent participation in another clinical
study, and participation in a study in the last 30 days.
Following the guidelines of the Declaration of Helsinki,
written informed consent was obtained from all partici-
pants before participation in the study. Ethical approval
was provided by the Ethics Commission of the Medi-
cal Chamber of Lower Saxony (Hannover, Germany)
(Bo/07/2018, URL: https://www.drks.de/drks_web/setLo
cale_EN.do). This study is registered in the German Clin-
ical Trial Register (DRKS00014:322).
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Study design

The present single-centre, randomized, controlled trial
in a parallel-group design is based on a cross-sectional
study recently published by the authors’ group [17]. For
this the baseline data (t0) from this publication were
used and the subjects completed a 12-week interven-
tion phase in the present study, with a new data collec-
tion after the intervention (t12).

After baseline analysis (t0), participants were ran-
domly assigned by an independent researcher to one
of two study groups based on covariates (in descend-
ing order: sex, BMI, and age): 1) control group (CON),
2) exercise group (EX). Subjects in the EX group were
further randomly subdivided according to whether they
also received a nutritional intervention (EX+NUTR)
or not (EX ONLY). The CON group served as a con-
trol group, and participants in this group were asked
to maintain their usual level of diet and exercise
throughout the 12-week study period. The EX group
was instructed to perform exercise training twice
per week. Participants in the EX ONLY group were
asked to maintain their usual diet. Participants in the
EX+NUTR group were asked to balance their diet
according to guidelines provided by the managers of
the study.

Exercise training

The exercise training was carried out in cooperating
fitness centres after thorough instruction by a profes-
sional trainer. Each training session consisted of an ini-
tial warm-up followed by two rounds of a strength and
endurance circuit.

The strength training consisted of six machine-
based exercises (Leg Press, Bench Press, Lat Pull-
down, Back Extension, Rowing, Abdominal Flexion)
covering all major muscle groups. Each of these were
performed for one minute. During the first training
session, a maximum strength test was performed with
three attempts for each exercise. The score of the best
of the three trials was used to set the machines to 60%
of the participants’ maximum strength for the first
two weeks of training. For the following six weeks, the
load was increased by 10% and again by 5% for the last
four weeks. In the last training session, the maximum
strength test was repeated analogously to the initial
measurement. Endurance training consisted of a four-
minute session on cycle ergometers and cross-trainers
with a perceived exertion corresponding to a score of
15/20 on the Borg scale [43]. Participants had 30 s of
rest between each exercise. Including warm-up and
rest periods, the training session could be completed in
approximately one hour.
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Nutrition intervention

Participants in the EX+NUTR group received indi-
vidualized nutritional counselling from a professional
dietitian at the start. The dietary recommendations were
based on the guidelines of the German Nutrition Society
(DGE) [44], which are comparable to the recommenda-
tions of the World Health Organization (WHO) [45].
They generally included the following advice for the
whole time period of the intervention: Daily consumption
of 3 servings of vegetables and 2 servings of fruit, con-
sumption of cereal products with an emphasis on whole
grains, daily consumption of dairy products such as milk
or cheese, limited meat consumption of 300-600 g per
week, consumption of fish once or twice per week, and
limited consumption of salt and especially sugar.

Monitoring of food intake and physical activity

General compliance with the study instructions was
monitored in all groups by fortnightly telephone calls.
Compliance to the exercise intervention was additionally
assessed using an exercise diary. Furthermore, partici-
pants’ exercise data were recorded by the cooperating fit-
ness centres and handed over to the study management.
The amount of regular physical activity outside the inter-
vention was recorded at baseline, after six weeks, and at
the end of the study using the Freiburg Physical Activity
Questionnaire [46]. Thus, altered physical activity hab-
its of the participants could be excluded. Participants’
dietary intake was monitored at baseline, after six weeks,
and at the end of the study using 3-day dietary logs. The
records were reviewed by dietitians for completeness,
legibility, and plausibility. If necessary, ambiguities were
clarified with participants. Energy and nutrient intakes
were estimated using the PRODI6.4® software (Nutri-
Science GmbH, Freiburg, Germany). In addition, con-
sumption of specific food groups was assessed using the
Food Frequency Questionnaire (FFQ) [47]. In the context
of a previously published paper of from the same project,
a significant increase in vegetables, fruit, and fish intake
in the EX4+NUTR group could be verified [36]. The sub-
jects’ activity levels outside the study intervention, as well
as their dietary intake, can be seen in the Supplementary
Material (Table S6 and S7).

Anthropometric measurements

Waist and hip circumferences were measured using a
measuring tape, when the participant was in a standing
position. The Waist-to-hip-ratio (WHR) was calculated.
Height was measured with a stadiometer in metres (seca
GmbH & Co. KG, Hamburg, Germany) and body weight
was measured on a digital scale to the nearest 0.1 kg (seca

GmbH & Co. KG, Hamburg, Germany).The BMI was
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calculated by the ratio of weight to the squared height.
All measurements were carried out by the same study
personal.

Blood sampling

Blood was collected in the morning after at least two and
a half days of rest, and after overnight fasting (>10 h)
using serum, EDTA, and NaF glucose tubes (Sarstedt AG
& Co. KG, Niimbrecht, Germany). Blood was either pro-
cessed directly (analysis of T-cell subpopulations, blood
glucose, insulin resistance) or stored at -80 °C in serum
and plasma form for later analyses (analysis of KYN path-
way metabolites, IL-6, CMV status).

Analysis of glucose metabolism and insulin resistance

An analysis of markers of glucose metabolism was per-
formed by a certified laboratory (Laborérztliche Arbe-
itsgemeinschaft fiir Diagnostik und Rationalisierung e.V.,
in Hannover, Germany). Fasting glucose was analysed
photometrically (Beckman Coulter GmbH, Krefeld, Ger-
many). HbAlc was analysed using high-performance
liquid chromatography (HPLC) (Bio-Rad Laboratories
GmbH, Feldkirchen, Germany). For the determination
of insulin the electrochemiluminescence immunoassay
method (ECLIA) using cobas 801le (Roche Diagnostics
GmbH, Mannheim, Germany) was applied. Insulin sensi-
tivity was evaluated using the homeostatic model assess-
ment (HOMA): HOMA-IR=fasting insulin (pU/ml) x
fasting blood glucose (mg/dl) / 405 [48].

Analysis of IL-6 plasma concentration

The plasma level of IL-6 was determined using a human
Magnetic Luminex Assay (Bio-Techne, Abingdon, Oxon, UK)
and a Magpix Luminex instrument (Luminex Corp, Austin,
Texas, US) according to the manufacturer’s instruction.

Analysis of T-cell subpopulations

Peripheral Blood Mononuclear Cells (PBMCs) were
isolated from fresh EDTA whole blood by ficoll density
gradient centrifugation. After the PBMCs were washed,
1x10° cells in 100 pl PBS were stained for 20 min in the
dark with 5 pl of different fluorescence-coupled anti-
bodies, respectively (BioLegend Inc., USA & Immuno-
Tools GmbH, Germany). The antibody cocktails were
composed as follows for the analysis of CD8" subtypes:
anti-CD8-FITC (clone MEM-31), anti-CD197(CCR?7)-
PE (clone GO043H7), and anti-CD45RA-PerCP (clone
HI100). The percentages of naive (CD45RAT/CCR7%),
central memory (CD45RA™/CCR7%), effector memory
(CD45RA7/CCR77), and EMRA (CD45RA*/CCR7")
CD8™ T-cells were quantified by flow cytometer FC 500
using the CXP software (Beckman Coulter, USA). The
gating strategy was implemented in accordance with
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Koch et al. (2008) [4] and is illustrated in Fig. 3A. In addi-
tion, the CD4+/CD8™ T cell ratio was determined.

Analysis of tryptophan metabolites

Tryptophane (Trp) and its metabolites KYN, QA, and KA
were measured via high-performance liquid chromatog-
raphy (HPLC) coupled to a mass spectrometer (MS). The
serum was stored in 50 pL aliquots at -80 °C until analy-
sis. The analysis was performed on a Waters ACQUITY
UPLC® system equipped with an ACQUITY UPLC® HSS
T3 analytical column coupled to a Xevo® TQ-XS triple
quadrupole mass spectrometer (Waters, Eschborn, Ger-
many), as described elsewhere [49].

Analysis of Cytomegalovirus (CMV) serostatus

Serum anti-CMV immunoglobulin G (IgG) antibod-
ies were detected using a semi-quantitative sandwich
enzyme-linked immunosorbent assay (ELISA-Viditest
anti-CMV IgG, VIDIA, Czech Republic). The procedure
followed the manufacturer’s instructions. End-point opti-
cal density was measured by the Emax Plus ELISA reader
(Molecular Devices, USA).

Statistical analysis

Distribution of all data was assessed using the Shapiro—
Wilk-Test and Gaussian distribution. Outliers in all out-
come measures, defined as z-scores >3, were removed
using winsorization. In total, 1.37% of all data points
were winsorized with a maximum of three values per
parameter (3.8%), as these values were considered to be
supraphysiological due to technical errors. Descriptive
statistics were generated for all measured variables and
the results given as mean +standard deviation. Baseline
characteristics were tested for significant intergroup
differences using the independent samples T-Test and
the Chi-square test (for nominal data). The Pearson’s
correlation coefficient was calculated to show base-
line associations between age, BMI, HOMA-IR, CD8*
EMRA T-cells, IL-6, and metabolites of KYN pathway
among all subjects regardless of their study group. In
addition, a Pearson’s correlation analysis was per-
formed with the intervention-induced changes (t12-t0)
of the same parameters. Subsequently, a manipulation
check was performed to determine whether the study
intervention had the intended effect on participants.
For this purpose, differences in the change in BMI and
HOMA-IR between groups were analysed by using a
separate baseline-adjusted repeated measures analysis
of covariance (rmANCOVA). In addition, paired sam-
ples T-tests were performed to test for potential differ-
ences in maximum strength values of the intervention
group between before and after the study intervention.
The effect of the intervention on the proportions of
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CD8" T-cell subsets and the KYN pathway was ana-
lysed using rmANCOVA. For this, age, BMI and CMV
serostatus, as well-described confounding factors for
peripheral T-cell characteristics, and plasma levels of
KYN pathway metabolites [17, 34] were included as
covariates in the model. An exploratory subgroup anal-
ysis was also performed with the CMV serostatus (pos./
neg.) as an additional between-subject factor (rmAN-
COVA with study group x CMV serostatus x time inter-
action, including age and BMI as covariates). For all
outcome measures, at first the EX versus CON group
was compared. Additionally, a three-group comparison
in which the EX group was subdivided into with/with-
out nutrition intervention was performed. For the case
of significant interaction eftfects within the three-group
comparison, a Bonferroni-corrected post-hoc analysis
was calculated in order to specify the intergroup dif-
ferences. The level of significance was set at p <0.05.
Statistical analyses were conducted using IBM SPSS
statistics version 28.
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The online version contains supplementary material available at https://doi.
0rg/10.1186/512979-023-00347-7.
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Gesamtdiskussion

Die Ergebnisse von Bof3lau et al. (2021) zeigten eine statistisch signifikante Assoziation zwischen einer
reduzierten Insulinsensitivitdit und einem erhdhten Anteil zirkulierender CD8* EMRA T-Zellen (als
prozentualer Anteil der gesamten CD8" T-Zell-Population). AuRerdem korrelierten hoéhere
Konzentrationen von Kynurenin im peripheren Blut alterer Probanden mit einer verminderten
Insulinsensitivitat. Darlber hinaus wurden die CD8" EMRA T-Zellen, als auch die Kynurenin-
Konzentration als Mediatorvariablen in der libergewichtsinduzierten Reduktion der Insulinsensitivitat
ermittelt. Dies wurde durch die Tatsache gestiitzt, dass insbesondere die Subgruppe der Probanden
mit einem als fettleibig eingestuften BMI (> 30 kg/m?) einen héheren Anteil an CD8* EMRA T-Zellen
sowie erhoéhte Kynurenin-Konzentrationen aufwies. In der Arbeit von Bof3lau et al. (2023) konnte
aufbauend darauf gezeigt werden, dass sich ein 12-wéchiges kombiniertes Kraft-Ausdauertraining
positiv auf den BMI sowie die Insulinsensitivitat alterer Probanden auswirkt und die progressive
Akkumulation von EMRA-Zellen im peripheren CD8" T-Zell-Kompartiment reduziert. Darliber hinaus
beeinflusste das Training den Kynurenin-Stoffwechselweg, indem es die Konzentration der

neuroprotektiven Kynurensaure im peripheren Blut erhdhte.

Die Rolle von CD8*" EMRA T-Zellen in der (Ubergewichtsassoziierten) Reduktion der
Insulinsensitivitat

In der Arbeit von BoRlau et al. (2021) wurde gezeigt, dass endstindig differenzierte CD8* EMRA T-
Zellen im peripheren Blut von adipdsen Personen vermehrt akkumulieren. Einerseits beschleunigt eine
Adipositas die Thymusinvolution, was zu einer geringeren Produktion naiver T-Zellen und zu einer
proportionalen Zunahme hochdifferenzierter T-Zellen fiihrt (Yang et al., 2009). Andererseits verstarkt
eine Zunahme des viszeralen Fettgewebes die Differenzierung von T-Zellen aufgrund der Freisetzung
von proinflammatorischen Adipokinen und Zytokinen (Shirakawa et al., 2016). Es entsteht ein sich
selbst verstarkender Zyklus aus fortschreitender T-Zell-Differenzierung und entziindlicher
Zytokinproduktion, da CD8" EMRA T-Zellen selbst eine Vielzahl von entziindungsfordernden Faktoren
sezernieren (Davalos et al., 2010). Bekannt ist, dass Ubergewicht und insbesondere viszerale
Adipositas die Insulinsensitivitat reduzieren und somit die Entwicklung eines Typ 2 Diabetes mellitus
beglinstigen. Die zugrundeliegenden Mechanismen sind hingegen noch nicht abschlieRend geklart. Die
Ergebnisse von BolRlau et al. (2021) deuten darauf hin, dass die Akkumulation von CD8" EMRA T-Zellen
in der Entstehung einer (ibergewichtsinduzierten Insulinresistenz eine pathophysiologische Rolle

spielen konnte.

Zwar gewahrleistet die grofe Stichprobe der Arbeit von BoRlau et al. (2021) eine hohe

Reprasentativitat der Ergebnisse, jedoch kénnen aufgrund des Querschnittsdesigns keine kausalen
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Schliisse gezogen werden. Dennoch basieren die Uberlegungen der Arbeit auf dem Wissen um
biologische Zusammenhdnge und Mechanismen in experimentellen (Tier-)Versuchen, die den
statistischen Ansatz legitimieren und die Schlussfolgerungen stiitzen. Yi et al. (2019) transferierten
seneszente CD8* T-Zellen (CD44*CD153") aus Mausen, die mit einer fettreichen Diat geflittert wurden,
in junge Empfangermause, die daraufhin im Vergleich zu Kontrollmdusen eine verschlechterte
systemische Glukosetoleranz und eine geringere Insulinsensitivitat aufwiesen. Darliber hinaus wiesen
die Forscher nach, dass seneszente CD8* T-Zellen (CD28CD57*) bei Menschen mit Pradiabetes
zahlreicher in der Leber lokalisiert sind und diese eine Vielzahl von proinflammatorischen Zytokinen
und zytotoxischen Substanzen exprimieren. In Zellkulturexperimenten belegten die Autoren
auBerdem eine direkte Interaktion zwischen seneszenten CD8* T-Zellen und der hepatogenen
Insulinwirkung. Mittels Echtzeit-PCR-Analysen zeigten sie im ersten Schritt, dass die Behandlung mit
Insulin die Expression von glukoneogenen Enzymen in menschlichen Leberzellen signifikant reduzierte.
Die Unterdriickung der glukoneogenen Gentranskription durch Insulin wurde jedoch im zweiten Schritt
durch die Co-Kultur mit seneszenten CD8* T-Zellen statistisch signifikant gchemmt. Diese Daten legen
nahe, dass die hepatische Insulinsensitivitdt durch seneszente CD8* T-Zellen beeintrachtigt wird, wobei
die genauen molekularen Mechanismen noch unbekannt sind. Wir konnen nur spekulieren, dass
zellulare Interaktionen oder von CD8* EMRA T-Zellen sezernierte (proinflammatorische) Molekile die
Insulinsensitivitdt beeinflussen. Verschiedene entziindungsfordernde Zytokine wie IL-6, TNF-q,
Adiponektin und Resistin sind direkt oder indirekt an der Regulierung der Insulinempfindlichkeit
beteiligt (Nieto-Vazquez et al., 2009; Kim et al., 2009). In unserer Studie konnten wir jedoch fir keines

dieser Zytokine eine vermittelnde Rolle feststellen.

12-wochiges Kraft-Ausdauer-Training vermindert die Progression der CD8" T-Zell-
Differenzierung im Alter

In der Arbeit von BoRlau et al. (2023) wurde gezeigt, dass der Anteil der EMRA-Zellen innerhalb des
peripheren CD8* T-Zell-Kompartiments (ber die zwélfwochige Studiendauer in der Kontrollgruppe
signifikant zunahm, wahrend er in der Interventionsgruppe unverdandert blieb. Somit scheint ein
kombiniertes Kraft-Ausdauer-Training die progressive Zunahme des CD8*" EMRA T-Zell-Pools
abzuschwachen und kénnte ein geeigneter Ansatz zur Verzoégerung der fortschreitenden T-Zell-
Differenzierung im Alter sein. Dies steht im Einklang mit friiheren Daten. Vasconcelos et al. (2022)
wiesen bei 108 postmenopausalen Frauen nach, dass sowohl funktionelles als auch kombiniertes Kraft-
Ausdauertraining tiber 16 Wochen (dreimal wochentlich fiir jeweils 45 Minuten) den Anteil der EMRA-
Zellen sowohl im CD8" als auch im CD4" T-Zellkompartiment im Vergleich zu einer Kontrollgruppe
reduzierte. In ihrer Studie verwendeten die Autoren die gleichen Oberflachenmarker fiir die EMRA

Zelldifferenzierung (CCR7, CD45RA) und die Probanden absolvierten ebenfalls ein kombiniertes Kraft-
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Ausdauertraining, was die Reproduzierbarkeit der Ergebnisse von BoRlau et al (2023) unterstreicht.
Philippe et al. (2019) zeigten bei 16 &alteren Erwachsenen mit Pradiabetes bereits nach einem
Interventionszeitraum von nur drei Wochen eine trainingsinduzierte Wirkung auf die T-Zell-
Differenzierung. In der Studie absolvierten die Probanden dreimal wodchentlich ein aerobes
Trainingsprogramm, wobei sie je nach Studiengruppe bergauf (konzentrisch) oder bergab (exzentrisch)
liefen. Die Ergebnisse zeigten, dass beide Protokolle den Anteil der CD4* und CD8" EMRA T-Zellen
(CCR77/CD45R0O) signifikant verringerten, wahrend der Anteil der zentralen Gedéachtniszellen sowie
der naiven T-Zellen zunahm. Dinh et al. (2019) untersuchten die Auswirkungen eines sechswochigen
Bewegungstrainings (2-3 Mal pro Woche) auf die Anzahl der seneszenten CD8* T-Zellen (CD57%) bei
100 Frauen im Alter von > 65 Jahren. Sie verglichen verschiedene Trainingsmodalitdten: Intensives
Krafttraining (80 % der maximalen Wiederholungszahl, 3 Satze mit 10 Wiederholungen),
Kraftausdauertraining (40 % der maximalen Wiederholungszahl, 2 Sdtze mit 30 Wiederholungen) und
eine Kontrollbedingung (Stretching). Die Autoren stellten einen signifikanten Rickgang des
Prozentsatzes und der absoluten Anzahl der seneszenten CD8* T-Zellen in der
Kraftausdauertrainingsgruppe fest. Das Ausmall der Veranderung stand auch in einem positiven
Zusammenhang mit der Anzahl der Trainingseinheiten. Interessanterweise hatte intensives
Krafttraining keinen Einfluss auf den Anteil der seneszenten Zellen. Diese Ergebnisse deuten darauf
hin, dass sowohl die Modalitat als auch die Haufigkeit des Trainings die trainingsinduzierte Wirkung
auf die T-Zell-Differenzierung bestimmen kénnten. Dies steht im Einklang mit der Arbeit von Niemiro
et al. (2021). Bei dlteren Frauen mit Brustkrebsrisiko wurden unterschiedliche Auswirkungen eines 12-
wochigen Ausdauertrainings (dreimal wochentlich) auf die Anzahl der CD4* und CD8* T-Zell-
Untergruppen in Abhangigkeit von der Trainingsintensitat nachgewiesen. Dabei hatte ein Training mit
hoher Intensitidt eher "pro-seneszente" (Abnahme der naiven CD4* T-Zellen) und ein Training mit
moderater Intensitdt eher "anti-seneszente" (Zunahme der CD8* T-Zellen mit Effektorgedéachtnis)
Effekte. Das Training zeigte jedoch keine signifikanten Auswirkungen auf die CD8* EMRA T-Zellfraktion,
allerdings war die GruppengroRe der Studie relativ klein (n=8), was kritisch betrachtet werden sollte.
Zusammengenommen deuten die aktuellen Daten darauf hin, dass die CD8* T-Zell-Differenzierung bei
dlteren Menschen sowohl durch Ausdauer- als auch durch Kraftausdauertraining beeinflusst werden
kann und womdglich in einem ,verjingten” peripheren T-Zell-Profil resultiert. Dabei scheinen
Trainingsintensitdt und -haufigkeit das AusmaR der Effekte zu determinieren. Um schlissige
Trainingsempfehlungen geben zu koénnen, sind weitere Arbeiten erforderlich, die verschiedene

Trainingsplane miteinander vergleichen.

Uber die Mechanismen der trainingsinduzierten Anpassungen im Kompartiment der CD8* T-Zellen
kann derzeit nur spekuliert werden. Es ist denkbar, dass adrenerge Reize und hamodynamische

Veranderungen bei repetitiver Belastung zu einer Umverteilung hochdifferenzierter EMRA T-Zellen ins
49



Blut fiihren (Duggal et al., 2019), wo sie pro-apoptotischen Faktoren wie reaktiven Sauerstoffspezies
ausgesetzt sind (Spielmann et al., 2014; Simpson et al., 2016). Da insbesondere terminal differenzierte
Zellen empfindlich auf diese Faktoren zu reagieren scheinen (Kriiger et al., 2016), konnten sie durch
wiederholte akute Belastung eliminiert werden und sich in der Folge das Verhaltnis von
hochdifferenzierten EMRA zu naiven CD8* T-Zellen verschieben (Simpson et al., 2011; Mooren et al.,
2015). Diese Hypothese wird von Kriiger et al. (2016) gestitzt, die zeigten, dass eine hochintensive
Trainingseinheit (HIT) eine vermehrte Apoptose hochdifferenzierter T-Zellen (CD28 CD57*) induziert,

verglichen mit einer geringeren Trainingsintensitat.

In der Arbeit von BoRlau et al. (2023) zeigte eine zusatzliche Erndhrungsumstellung nach den
Empfehlungen der DGE keine zusétzlichen Effekte auf die Zusammensetzung des peripheren CD8* T-
Zell-Kompartiments. Generell wurde der Einfluss von Erndhrung auf die T-Zell-Differenzierung bis dato
lediglich in einer Studie mit alteren nicht-menschlichen Primaten untersucht (Messaoudi et al., 2006).
Dabei zeigte sich, dass eine langfristige Kalorienrestriktion die T-Zell-Differenzierung verzogerte und
die Produktion entziindlicher Zytokine durch Gedachtnis-T-Zellen verringerte. Zukiinftige Studien, die
sich spezifischer mit den Effekten einer Kalorienrestriktion auf die T-Zell-Differenzierung im Menschen

befassen, waren demnach ein interessanter Forschungsansatz.

Die Rolle von Kynurenin in der (Ubergewichtsassoziierten) Reduktion der
Insulinsensitivitat

Die Ergebnisse von BoRlau et al. (2021) deuten auf eine potentielle Rolle des Tryptophan-Metaboliten
Kynurenin bei der Entwicklung einer gestorten Insulinsensitivitdt in Ubergewichtigen dlteren Personen
hin. Dies deckt sich mit Ergebnissen aus anderen Arbeiten. Munipally et al. (2011) wiesen erhohte
Kynurenin-Serumspiegel in Patienten mit diabetischer Retinopathie nach. Vangipurapu et al. (2020)
zeigten an 5181 Probanden, dass die Konzentrationen der Kynurenin-Metaboliten Kynurensaure und
Xanthurensdure mit einer verminderten Insulinsekretion und Insulinsensitivitdit sowie mit einer
erhohten Anfalligkeit fur die Entwicklung eines Diabetes mellitus Typ 2 korrelieren. Dariiber hinaus
wiesen Laurans et al. (2018) in einem Mausmodell nach, dass eine fettreiche Diat die Expression des
Schliisselenzyms IDO in verschiedenen Geweben erhéht, wodurch der Metabolismus von Tryptophan
in Richtung Kynurenin gelenkt wird. Gleichzeitig erniedrigte sich die Insulinsensitivitdt der
Versuchstiere. IDO-Knockout-Mause zeigten hingegen keine verminderte Insulinsensitivitdt nach
fettreicher Diat. Somit scheinen Kynurenin und/oder seine Metabolite eine kausale Rolle in der
Entstehung einer erndhrungsbedingt verringerten Insulinsensitivitdt zu spielen. Die potentiellen
Mechanismen wurden in friiheren Arbeiten bereits angerissen. Fir Xanthurensdure wurde gezeigt,
dass sie zur Bildung von Insulinchelat-Komplexen (XA-In) flhrt, welche antigene Eigenschaften besitzen

und eine um 49 % geringere Aktivitat als reines Insulin aufweisen (Meyranov et al., 1998). AuBerdem
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wurde flr einzelne Kynurenin-Metabolite eine hemmende Wirkung auf die Insulinsekretion im
Pankreas der Ratte (Inubushi et al., 2012) sowie die Auslosung von Apoptose der Betazellen der
Bauchspeicheldriise durch einen Caspase-3-abhangigen Mechanismus nachgewiesen (Malina et al.,
2001). Es fehlen jedoch weitere Arbeiten, welche den kausalen Einfluss der Kynurenin-Metabolite in
der Entstehung eines Diabetes mellitus Typ 2 verifizieren und die entscheidenden zugrundeliegenden

Mechanismen erértern.

12-wochiges Kraft-Ausdauer-Training und didtetische MalBnahmen beeinflussen den
Kynurenin-Stoffwechsel

Die Arbeit von BoRlau et al. (2023) ist nach Wissen der Autoren die erste Uberhaupt, die einen
signifikanten Anstieg der Plasmakonzentration von Kynurensdure als Reaktion auf eine mehrwéchige
Trainingsintervention zeigte (Joisten et al., 2020). In vergleichbaren Arbeiten wurden bis dato lediglich
erhohte Genexpressionen der kynureninsdurebildenden KAT-Isoenzyme in der Skelettmuskulatur
nachgewiesen (Agudelo et al., 2014; Allison et al., 2019). Es ist fraglich, wieso die verstarkte Expression
von KAT in diesen Arbeiten keinen starkeren Effekt auf die Kynurensdure-Konzentration im peripheren
Blut hatte. Moglicherweise spielen hier epigenetische Einfliisse oder eine schnelle Verstoffwechselung

und Ausscheidung der synthetisierten Kynurenin-Metaboliten eine Rolle (Erhardt et al., 2009).

Bei vielen neurodegenerativen Erkrankungen besteht ein Ungleichgewicht zwischen den Downstream-
Mataboliten von Kynurenin im ZNS mit einer Anhdufung der neurotoxischen Chinolinsaure und einer
Reduktion der neuroprotektiven Kynurensaure (Joisten et al., 2020). Durch das zwélfwdchige Kraft-
Ausdauer-Training in der Arbeit von BoRlau et al. (2023) verschob sich das Verhaltnis im peripheren
Blut zugunsten der Kynurensdure, wahrend es in der Kontrollgruppe zugunsten der Chinolinsdure
verschoben wurde. Dabei handelte es sich zwar lediglich um Trends ohne statistische Signifikanz,
jedoch stehen die Daten im Einklang mit einer Arbeit von Allison et al. (2019), die einen nicht
signifikanten Anstieg von Kynurenaure und einen nicht signifikanten Rickgang von Chinolinsdure im
peripheren Blut nach 12-wochigem Ausdauertraining zeigten. RegelmaRiges Kraft-Ausdauer-Training
kdnnte somit moglicherweise (ber eine Rebalancierung des Kynurenin-Stoffwechselwegs
neuroprotektive Effekte induzieren. Um diese Hypothese zu bestatigen, sind zukilinftige Studien Gber
langere Interventionszeitrdume erstrebenswert. Aullerdem sollten die Konzentrationen der
Bluthirnschranken-géangigen Kynurenin-Metabolite zusatzlich im Liquor bestimmt werden, um
spezifischere Aussagen Uber Effekte im zentralen Nervensystem treffen zu kénnen. Die Entwicklung
von Diabetes mellitus Typ 2 wurde ebenfalls mit erhéhten Chinolinsdure-Konzentrationen und einer
verminderten Kynurensaure-Synthese in Verbindung gebracht (Yu et al., 2018; Mudry et al., 2016).

Dies suggeriert, dass ein kombiniertes Kraft-Ausdauer-Training Uber eine Rebalancierung des
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Kynurenin Stoffwechselwegs auch das Diabetes-Risiko dlterer Menschen verringern kénnte, jedoch

bleibt dies zum jetzigen Zeitpunkt spekulativ.

In unserer Studie hatte eine begleitende Erndhrungsumstellung nach Leitlinie der DGE eine mildernde
Wirkung auf die belastungsinduzierten Veranderungen der Kynurenin-Metabolite. Beispielsweise
zeigten sich die peripheren Konzentrationen von Chinolinsdure in der Studiengruppe mit begleitender
Erndhrungsintervention gegeniber der alleinigen Trainingsintervention (nicht-signifikant) reduziert.
Moglicherweise konnten Antioxidantien aus der Nahrung hierbei eine Rolle spielen. Jenny et al. (2011)
zeigten, dass spezifische Verbindungen wie Vitamin C und E sowie das Stilben Resveratrol und
Kaffeeflavonoide in der Lage sind, die T-Zell-Aktivierung und die IFN-y-Produktion peripherer
mononukledrer Zellen in vitro zu mildern, was in einer verringerten Aktivitit nachgeschalteter
Stoffwechselwege, wie dem Tryptophan-Abbau durch IDO-1, resultiert. Da in einer zuvor
veroffentlichten Pilotstudie aus dem gemeinsamen Projekt von BoRlau et al (2021 & 2023) bereits
bestatigt wurde, dass die Probanden mit Erndhrungsintervention, verglichen mit jenen ohne
Erndhrungsumstellung, signifikant mehr Gemiise und Obst konsumierten (Wasserfurth et al., 2020),

erscheint dies ein denkbarer Erklarungsansatz.

12-wochiges Kraft-Ausdauer-Training und didtetische Mallnahmen senken den BMI und
beeinflussen die Insulinsensitivitat

12-wochiges Kraft-Ausdauer-Training reduzierte den BMI signifikant im Vergleich zur Kontrollgruppe
und eine begleitende Erndhrungsintervention verstarkte diesen Effekt (BoRlau et al., 2023). Die
Insulinsensitivitat wurde in der Interventionsgruppe gesteigert, wobei dies nicht in statistisch
signifikanten Unterschieden zur Kontrollgruppe resultierte. Die Griinde hierfiir kbnnen vielfaltig sein.
Ein Vergleich mit anderen Arbeiten lasst jedoch vermuten, dass die Interventionsdauer, die
Trainingshaufigkeit und -intensitat sowie der Anteil der Ausdauertibungen im Rahmen der Studie von
Bollau et al. (2023) zu gering war, um starkere Anpassungen zu erzielen. O’Donovan et al. (2005)
konnten eine signifikante Zunahme der Insulinsensitivitit nach 24-wochigem Ausdauertraining
verzeichnen. Dabei trainierten die Probanden dreimal wdchentlich bei 60-80 % ihrer VOzmax und einem
Gesamtenergieverbrauch von 400kcal pro Einheit. Short et al. (2003) erzielten eine gesteigerte
Insulinsensitivitat mit einem 16-wochigen Ausdauertrainingsregime (3x wochentlich a 40 Minuten bei
80% der maximalen Herzfrequenz). Im Gegensatz dazu trainierten die Probanden von BoRlau et al.
(2023) nur zweimal wochentlich Gber zwolf Wochen und die Ausdauerkomponente pro
Trainingseinheit umfasste lediglich 16 Minuten. Moglicherweise verhinderten diese moderaten
Trainingsvorgaben gréRBere Anpassungen hinsichtlich der Insulinsensitivitdit und generell der
verschiedenen Studienparameter. Nichtsdestotrotz wurde das Trainingsregime bewusst ausgewahlt,

um eine realistische Umsetzbarkeit des Trainings im Alltag und somit eine hohe extrinsische Reliabilitat
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unserer Ergebnisse zu gewahrleisten. Dass dies gelungen ist, wird durch eine Uber 80-prozentige

Studienadharenz der Probanden bestatigt (BoRlau et al., 2023).
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Ausblick

Ubergewicht begiinstigt das Auftreten vieler internistischer Krankheiten, von denen insbesondere
Personen am Ende des BMI-Spektrums betroffen sind. Stoffwechselkrankheiten entwickeln sich oft
langsam und allmahlich, jedoch kdnnen beginnende pathologische Veranderungen bereits bei als
klinisch gesund eingestuften Personen wie in der Arbeit von BoBlau et al. (2021) festgestellt werden.
Die Erkenntnis, dass CD8" EMRA T-Zellen sowie Metabolite des Kynurenin-Stoffwechselwegs einen
Beitrag in der Pathophysiologie einer reduzierten Insulinsensitivitat spielen konnten, ist aus zweierlei
Grinden wichtig. Zum einen kdnnten Analysen dieser Parameter einen pradiktiven Marker fir eine
beginnende Insulinresistenz darstellen. Zum anderen ware es wichtig, potentielle molekulare
Wechselwirkungen zu identifizieren, wie CD8" EMRA T-Zellen oder Kynurenin-Metabolite mit
insulinsensitiven Organen interagieren. Somit konnten moglicherweise neue Targets in der
Behandlung und Pravention des Diabetes mellitus Typ 2 aufgedeckt werden. In diesem Zusammenhang
ist weitere Grundlagenforschung erforderlich. Insbesondere gilt es in zukiinftigen Arbeiten, die
heterogene CD8" EMRA T-Zell-Fraktion anhand weiterer Oberflichenmarker besser zu
charakterisieren. AuRerdem gibt es empfindlichere Messmethoden fiir die T-Zell-Differenzierung,
beispielsweise Deep T-Cell Receptor Beta Sequencing, die in zukiinftige Arbeiten einbezogen werden
sollten. So kénnte es gelingen, zielgerichtetere Aussagen hinsichtlich potentieller Pathomechanismen
und Therapiemoglichkeiten zu treffen. Ein kombiniertes Kraft-Ausdauer-Training scheint den
peripheren CD8* EMRA T-Zell-Pool zu beeinflussen, jedoch sind die zugrundeliegenden Mechanismen
unklar. Sowohl eine vermehrte Apoptose dieser Zellen unter sportlicher Belastung als auch eine
Umverteilung in extravaskuldre Gewebe ist denkbar. Hierzu bedarf es weiterer Arbeiten. Insbesondere
wadre es interessant zu untersuchen, wie sich korperliches Training auf CD8" EMRA T-Zellen im
Fettgewebe auswirkt, da ihre dortige Prasenz zur lokalen Entziindung beitrdgt und die
Insulinsensitivitat der Fettzellen reduziert (Wanjalla et al., 2019). Dariuber hinaus sollten auch
funktionelle Aspekte der CD8* EMRA Zellpopulation in zukiinftigen Studien berlcksichtigen werden.
Moglicherweise konnte Kraft-Ausdauer-Training die proinflammatorische Zytokinproduktion der CD8*
EMRA T-Zellen in verschiedenen Geweben vermindern und auf diese Weise die Progression einer
Insulinresistenz verhindern. Die klinische Relevanz der Metabolite des Kynurenin-Stoffwechselwegs
wurde bislang primar im Rahmen neurodegenerativer Erkrankungen diskutiert und verifiziert. Die
Daten von Boflau et al. (2021) sowie weiterer zitierter Arbeiten deuten jedoch zuséatzlich auf eine
pathophysiologische Rolle im Rahmen des Diabetes mellitus Typ 2 hin. Diese gilt es durch neue

Studienansatze zu belegen und hinsichtlich der zugrundeliegenden Mechanismen zu analysieren.
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