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Schlisselrolle bei der-ZellDifferenzierung und der Induktion von Entzindungsmediatoren spielen.
Subklinische Entziindung zeigt sich insbesondere in Gbergewichtigen alteren Menschen aggraviert und

bedingt die Entstehung chronischer Eikungen wie Diabetes mellitus Typ 2.

51 a %ASt RAS&SNI | dzY dzfdryaNdXya (15 Maya SWNIKIYaS2yy oSapyBE NS de dzS
Sl | f ondzanntWY KNy IS T 6A 8GR R Y EARBHRISFA OROKENI 9y
+ SNNY RSNHzy ASyili Al¥s Y@KWAMNBHIY dzy R RSNJ ! 11 dzydf F a2y
QawhsStt £ Sy AY | f 0SNYRSyY aa %\ SORSHIREE QK Szywi SING@EOKIS YK |
9y iaiSKdzya SAyYySNI 38 a0 dANT SN YN & RSN 3dSFy & k d & dZ8 R
[ NYyJEEO0OKYAGaldzRAS 6. 20f F dRENI 9 X ywEdzHaET HD VY SR £ 1t 4115 °
I dz& R} dzS NI NI A y AlySENU et &RASS NIk Ng YNER Sy ©

Mon dzyGNIAYASNIS t NROoIYRFAYYSY MY !RAGSS NI dESoNBEOKK/ Sy
6. 20f 1 dz SHEAYEHSE OKKBEEOE NB L2 WS NS gzl ORSENGF | a0 a26AS
LINRT Syididzl £ S +SNI SABGJiaSHRISND | {ad20yli 81L&y MREWI LIS NA LK S
5dz2NOKbdzaaT 8G2YSGUNRS o0SasYYld ! dzZiSNRSY gdz2NRSYy R
YeydzNRiy2Alyp SOKa St gS3a YAQgSTt a SAYSNI | 20Kt SA&idzy:
3S12LIISE G YAALSRAYSYYahkaMISya{ 0oz ljdzd ys Ul ASNI dzy R |
K2Yl 280 aaOKSyYy a2 RS {Die StatistischeaAusivertling ergad &ine Ssigaifikante
Assoziation zwischen einem erhohten Anteil zirkulierender *CEBIRA Zellen und einer
verminderten Insulinsensitivitat. Auerdem korrelierten héhere Konzentrationen von Kynurenin im
peripheren Blut mit einer verminderten Insulinsensitivitdt. Dartber hinaus wurden dié ENDRA T

Zellen als auch die Kynurerfionzentration als Mediatorvariabiein der Ubergewichtsinduzierten

Reduktion der Insulinsensitivitat ermittelt. Dies wurde durch die Tatsache gestitzt, dass insbesondere

die Subgruppe der Probanden mit einem als fettleibig eingestuften BMI (> 30 kg/m?) einen hiéheren

Anteil an CDBEMRA zellen sowie erhdhte Kynurenidonzentrationen aufwies.
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werden, dass sich das A&chige kombinierte Krafusdauertraining positiv auf den BMI sowie die
Insulinsensitivitat auswirkte und die progressive Akkumulation von" EDI&RAZellen, verglichen mit

der Kontrollgruppe, reduzierte. Darliber hinaus beeinflusste das Training den ekymur
Stoffwechselweg, indem es die Konzentration der neuroprotektiven Kynurensaure im peripheren Blut

erhohte. Die begleitende Erndhrungsintervention erbrachte keinen zusatzlichen Benefit.

Die Erkenntnis, dss CDBEMRA TZellen sowie Metabolite des Kynurertoffwechselwegs einen
Beitrag in der Pathophysiologie einer reduzierten Insulinsensitivitat spielen konnten, ist aus zweierlei
Grinden wichtig. Zum einen kénnten Analysen dieser Parameter einen pvadikdarker fir eine
beginnende Insulinresistenz darstellen. Zum anderen wéare es wichtig, potentielle molekulare
Wechselwirkungen zu identifizieren, wie CDBMRA 7Zellen oder KynureniiVletabolite mit
insulinsensitiven Organen interagieren. Somit konnterbglicherweise neue Targets in der
Behandlung und Pravention des Diabetes mellitus Typ 2 aufgedeckt werden. Ein kombiniertes Kraft
AusdauefTrainingerscheint geeignet, um den Kynurertoffwechselweg zu rebalancieren und die
progressive Zunahme des CIBRIRA TZeltPools im Alter zu vermindern. Es bedarf jedoch weiterer
Forschungsarbeiten, welche die Effektivitat unterschiedlicher Trainingsregime miteinander

vergleichen.
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Das adaptive Immunsystem des alternden Menschen unterliegt starken Umstrukturierunds
Anpassungsprozessen. Nebenneri veranderten ZellFunktionalitst kommt es zu einer
abgewandelten Zusammensetzung der unterschiedlichetelfSubtypen. Wéahrend die Anzahl an
zytotoxischen CD&ellen m peripheren Bluzunimmt, kommt es zu einer Abnahme der CDHlelfer-
Zellen. Esesultiert ein vermindertes CDEDS T-ZellVerhaltnis, welches ein Hauptkennzeichen der
Immunseneszenz darstelltM@kinodan 199§. Innerhalb beiderZellPopulationen kommt es
aulRerdem zumprogressiven Abnahme derZellen mit naivem Phéanotyp. Diese ist das Ergebnis der
Thymuslnvolution, welche nur teilweise durch die Proliferation von existierenden naivgell&n in
der Korperperipherie kompensiert werden kar{fGoronzy et al., 2015Jaconet et al., 2015)
Funktionell resultier ein vermindertes T-ZeltRezeptorRepertoire und letztlich eine eingeschrankte
Reaktivitdt gegeniber neu dargebotenen Pathogenen. Im Gegenzug akkumutienamal
differenzierte (seneszente) T-ZellSubtypen was als Resultat wiederholter -EellStimulation,
beispielsweise durch chronische Entziindungen und latente Virusinfektianesehen is{Goronzy

und Weyand, 2017).

CD8 EMRA Zellen(effector memory Tcells reexpressing CD45Rsind eine heterogene Zellgruppe,
welche anhand ihres OberflachenexpressionsprdfitSR7CD45RA klassifiziert vird (Goronzy &
Weyand, 2017) CD8 EMRA Zellen sind mit Zellseneszenz assoziiert, da sie eipduzierte
Proliferationskapazitat aufweise(Geginat et al., 2003)ine erhdhte Aktivierung von Seneszenz
Signalwegen zeigegfiHenson et al., 2012)nd mit Seneszenzmarkern wie KLRG1 und CD57 assoziiert
sind (Koch et al., 2008)Sie sind jedoch nicht funkbnell inaktiv, da sie in entziindetes Gewebe
einwandern kénnen(Faint et al., 2001; Hertoghs et al., 2010)d eine betrachtliche Menge an
entziindungsfordernden Zytokinen produzier@allender et al., 2018Fomit steht die beschleunigte
T-ZellDifferenzerung maoglicherweiseniZusammenhang mit der Entwicklungd Aufrechterhaltung

einer chronischensubklinischerEntziindungm Alter.

Interessanterweise steht der wichtigste Abbauweg von Tryptophan (TRP), der Kynurenineveggrin
Wechsebeziehung mit dem Immunsystem. Einerseits erhdhen lokale und systemische
Entziindungsreize die Expression dé&chlisselezyms Indolamif2/3-Dioxygenase (IDO) in
verschiedenen Geweben, wie z. B. in peripheren mononuklearen Blutgelaten et al., 2019; Jones

et al., 2015) Andererseits haben sowohlykurenin (KYN)als auch einer seiner Metaboliten, die
Kynurensdure  (KA), selbst immunmodulatorische Widen und kdnnen den
Arylkohlenwasserstoffrezeptor (AHR) aktivieren, der eine Schlusselrolle beiZédiDitferenzierung

und der Induktion von Entziindungsmediatoren spi®lezrich et al., 2010; DiNatale et al., 2010)

M H



Ein direkter Zusammenhang zwischdar Akkumulation von CD&MRA TZellen und Verénderungen
im KynureninStoffwechselwegm Rahmen subklinischer Entziindungsprozessede noch nicht

Uberprift. Ebenso istlie klinische Relevanz der genannten Faktarieht abschlielBendjeklart

Bekannt ist, dass subklinische Entziindungsprozesse eine entscheidende Rolle im Rahmen
altersbedingter Multimorbiditat spieleffFranceschi et al., 2007Auch wurden CDEMRA TZellen

bereits als Pradiktoren fur die kardiovaskulare Mortalitdt in &lteren Menschen identifiziert
(Spyridopoulos et al., 2016), dé& unter anderem eine zytotoxische Aktivitat gegenlber Endethel
Plagues zeigefNakajima et al., 2002Die Metabolite des Knurenin Stoffwechselwegs scheinen
hingegen einemodulierendeRollein der Entstehung neurodegenerativer Erkrankungen zu spielen.
Kynurenin selbst kann entwedermittels KynurenipAminotransferasen # (KAT #) in die
neuroprotektive Kynurensaure (KA) odmittels Kynurenid3-Monooxygenase (KM@) Chnolinsaure

(QA) umgewandelt werden, die eng mit neuronaler Exzitotoxizitdt verbunden ist. Im ZNS wirken
Kynurensauwe und Chinolinsaureals Antagonist bzw. Agonist der-Niethyl-d-Aspartat (NMDA)
Rezeptoraktivierung und vermitteln so entweder neuronalen Schutz oder Exzitotoxizitét (Joisten et al.,
2020).

Die Rolle von CDEMRA Zellen und deiKynureninMetabolite in der Entstehung metabolischer
Erkrankungen ist im Gegensatz dazu noudit abschlielend geklarinsbesondere Ubergewichtige
Menschen entwickeln im Alter eine Insulinresistenz, wobei neben einer Dysregulation von Adipokinen
und Hormonen und einer mitochondrialen Dysfunktion vor allem eine unterschwellige chronische
Entzindung als mdgliche Mechanisnaiskutiert werden(Ahmed et al., 2021). Songtscheintein
Einfluss der exzessiv Zytokin-produzierenden CD8 EMRA Zellen in der Entstehung eines

Ubergewichtsinduzierteifyp 2 Diabetes mellitudenkbar

Angesichts der hohen klinischen und gesundheitsékonomischen Relgesifiyp 2 Diabetes mellitus
ist es von zentralem Interessdiefergehende Einblicke in die Pathophysiologie der gestérten
Insulinsensitivitat zu gewinne@ariber hinaugilt es,wirksameTherapieschematau etablieren, um

einer beginnenden Insulinresistenz im Alter effektiv zu begegnen
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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

Cells 2021, 10, 998. https:/ /doi.org/10.3390/ cells10050998

https:/ /www.mdpi.com/journal/cells



Cells 2021, 10, 998

20f13

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.



Cells 2021, 10, 998

30f13

Density

Density

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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Did not meet inclusion criteria

v
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T-cell subpopulations (n = 26):
Methodical error

Plasma cytokines (n = 52):
Technical error

Data available for analysis

+ Body composition (BC) n=134

*  Glucose metabolism (GM) n=134

«  T-cell subpopulations (TS) n=108

« Tryptophan metabolism (TM) n=134

+ Plasma cytokines (PC) n=82

| I }
1: Normal weight 2: Overweight 3: Obesity

(18.5 — 24.9 kg/m?) (25 - 29.9 kg/m?) (> 30 kg/m?)
+ BC n=45 - BC n=41 + BC n=48
+ GM n=45 « GM n=41 + GM n=48
« TS n=36 « TS n=35 - TS n=237
« TM n=45 « M n=41 + TM n=48
« PC n=26 + PC n=29 + PC n=27

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 -
-1.0 1.0

BMI 0235 -0.058 0.352"* O, -0.205

HOMA-IR 0154 -0005 0002 -0.181
WHR 006 0249° 0055 -0.198 0.112 -0.304" 0221° 0207"
CD8*EMRAcells 0291 0192 -00290 -0.035 0.009 -o.m? 0071 0242
CD4*'EMRACcells - .00s8 0154 006 0291 0104 -023° -0073 0064 0078 0084 0046
IL-6 0.136 20001 015 0.186

TNF-a - 0094 0002 0055 0072 0361 -002 -0043 -0.093

CX3CL1 - -0205 -0.181 -0.198 -0035 -0073 0.136 0072 0099 -0082 -0.037

IL-1B - 0014 -0035 0112 0009 0113 0006 -013

: <

Adiponectin - -o.m---o.sw- 0193 0078 0001 -002 0099 -0.113 0158 -0.078
Resistin 0071 0084 015 -0043 -0082 -0006 0.158 0.068

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-

HY
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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.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/cells10050998/s1, Table S1: T cell subpopulations (mean + SD) of all participants, Table S2:
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(mean = SD) of all participants.
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