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The cardiovascular and immune systems undergo profound and intertwined alterations
with aging. Recent studies have reported that an accumulation of memory and terminally
differentiated T cells in elderly subjects can fuel myocardial aging and boost the
progression of heart diseases. Nevertheless, it remains unclear whether the
immunological senescence profi le is sufficient to cause age-related cardiac
deterioration or merely acts as an amplifier of previous tissue-intrinsic damage. Herein,
we sought to decompose the causality in this cardio-immune crosstalk by studying young
mice harboring a senescent-like expanded CD4+ T cell compartment. Thus,
immunodeficient NSG-DR1 mice expressing HLA-DRB1*01:01 were transplanted with
human CD4+ T cells purified frommatching donors that rapidly engrafted and expanded in
the recipients without causing xenograft reactions. In the donor subjects, the CD4+ T cell
compartment was primarily composed of naïve cells defined as CCR7+CD45RO-.
However, when transplanted into young lymphocyte-deficient mice, CD4+ T cells
underwent homeostatic expansion, upregulated expression of PD-1 receptor and
strongly shifted towards effector/memory (CCR7- CD45RO+) and terminally-
differentiated phenotypes (CCR7-CD45RO-), as typically seen in elderly. Differentiated
CD4+ T cells also infiltrated the myocardium of recipient mice at comparable levels to what
is observed during physiological aging. In addition, young mice harboring an expanded
CD4+ T cell compartment showed increased numbers of infiltrating monocytes,
macrophages and dendritic cells in the heart. Bulk mRNA sequencing analyses further
confirmed that expanding T-cells promote myocardial inflammaging, marked by a distinct
age-related transcriptomic signature. Altogether, these data indicate that exaggerated
CD4+ T-cell expansion and differentiation, a hallmark of the aging immune system, is
sufficient to promote myocardial alterations compatible with inflammaging in juvenile
healthy mice.
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INTRODUCTION

Immunosenescence is a conserved phenomenon among a wide
range of animals, including birds, reptiles and mammals, which
strongly correlates with morbidity in elderly humans (1, 2).
Senescence particularly manifests in adaptive immune
functions, as evidenced by a reduction in naïve T cell
production, an accumulation of effector and terminally
differentiated T cells and a decline in antibody response
following antigen stimulation in aged individuals (3, 4). In
parallel to these alterations, chronic, sterile, low-grade
inflammation also develops alongside aging, a process termed
inflammaging, which contributes to the pathogenesis of a
multitude of age-related diseases (5). T cell dysfunction during
aging stands at the crossroad between immunosenescence and
inflammaging. Effector memory T cells (TEM) (CD44

+CD62L- in
mice; CD45RO+CCR7- in humans) may develop a senescent
phenotype characterized by the expression of checkpoint
inhibitory receptors and defective TCR-mediated proliferation,
but increased secretion of proinflammatory cytokines (6). These
paradoxical conditions result in immunodeficiency and
inflammation, dampening anti-infectious responses while
f o s t e r i ng t i s su e damage and au to immun i t y ( 7 ) .
Mechanistically, TEM dominates the aged immune system
compartment due to a couple of factors, including thymus
involution and long-life exposure to pathogenic stimuli. In
particular, immune surveillance against persistent viruses,
mostly cytomegalovirus (CMV), causes an inflation of the
effector/memory T cell compartment and an early onset of the
immune aging phenotype in humans (3, 8).

In light of the profound effects of immune aging in human
health, recent studies sought to discover biomarkers for
physiological and accelerated aging. Early data from the
OCTO-immune longitudinal study revealed that octogenarians
with a more advanced immunosenescence profile, characterized
by a high frequency of CD8 over CD4 lymphocytes and poor
proliferative responses to mitogen stimuli, also presented higher
mortality (9). The follow-up NONA-immune longitudinal study
further confirmed the positive association between a high
immune risk profile and higher mortality in nonagenarians. In
addition, higher levels of IL-6 were associated with poorer
cognitive function and predicted future cognitive decline in the
elderly (10). Most recently, longitudinal high-dimensional
immune profiling of young and elderly humans generated an
immune aging (IMM-AGE) score, which could better indicate
immunological aging, regardless of chronological factors. At the
cellular level, interindividual shifts in CD4+ and CD8+ T cell
subsets accounted for the immune trajectories observed in aging.
By selecting a set of transcripts and surface markers that
represent such immune aging trajectories, the authors showed
that the IMM-Age score could better predict cardiovascular
disease and overall mortality than epigenetic clock markers (2).

Compelling clinical andpreclinical data havenowdemonstrated
that exaggerated immunosenescence profiles are associated with
several aging-related diseases in humans. In particular, T cell
dysfunction during aging has also been associated with
rheumatoid arthritis, systemic lupus erythematosus, metabolic
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disorders, and more specifically, cardiovascular diseases. The
senescent CD4+ T cell compartment has been implicated in
myocardial inflammation and has been shown to promote age-
related tissue dysfunction. Aged T cells from heart-draining lymph
nodes show preferential heart homing and a proinflammatory
response in young transferred mice (11). In humans, T cell
senescence due to CMV infection predicts cardiovascular
mortality in the elderly population (12). Moreover, Moro-Garcia
et al. found that CMV seropositivity and its ensuing T cell memory
inflation correlatedwithmore advancedheart failure progression in
middle-aged patients (12, 13). In addition, CMV-independent
maladaptive accumulation of CD28- T cells positively correlates
with cardiovascular death, whereas memory CD8+CD28+ T cell
numbers are associated with overall improved survival (14).

Taken together, these lines of evidence suggest that an
accumulation of a senescent T cell compartment may
contribute to age-related myocardial decline and predispose
toward cardiovascular diseases. However, it remains unclear
whether aged T cells would simply fuel cardiac-intrinsic age-
related damage or act as primary triggers of myocardial aging
even in the absence of other preexisting conditions. To
mechanistically decompose this question, we generated a
xenograft transplantation model in which young humanized
mice were treated to harbor a senescent-like expanding human
CD4+ T cell compartment. Our data uncover a role for terminally
differentiated T cells in promoting cardiac inflammatory shifts
that match those observed in aged hearts.
MATERIALS AND METHODS

Study Approval
For mouse studies, all in vivo procedures were approved by the
local authorities (Regierung von Unterfranken) and conformed to
the guidelines from Directive 2010/63/EU of the European
Parl iament on the protect ion of animals used for
scientific purposes.

The human samples were obtained from another study
conducted at the university clinic of Würzburg that had
previously recruited 46 patients with ST-elevation and non-ST-
elevation infarction (STEMI/NSTEMI), 48 healthy control
patients who had undergone elective coronary angiography
without any sign of coronary artery disease, and 15 healthy
volunteers (KAMI-study). Individuals with active tumors,
hematological diseases, skeletal muscle diseases, autoimmune
diseases, immunosuppressive treatment, or infection were
excluded from the study. All parts of the study conform to the
Declaration of Helsinki and have been approved by the
respective ethics committee of the University of Würzburg. All
patients signed an informed consent form.
Animals
Adult (2–3 months) and aged (12–16 months) C57/BL6J mice
were purchased from Charles River, whereas 2–3-month-old
NOD-PrkdcScid Il2rgtm1Wjl H2-Ab1tm1Doi HLA-DRA*0101 and
HLA-DRB1*0101 (NSG-DR1) were commercially available from
February 2021 | Volume 12 | Article 584538
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Jackson Laboratory though a dedicated-breeding project (stock #
030331). Due to the combined PrkdcScid and Il2rgtm1Wjl

mutations, these animals harbor no mature T or B cells, lack
functional NK cells, and are deficient in cytokine signaling,
making xeno-engraftment possible without signs of rejection
(15). Moreover, these animals express a transgenic construct
containing the mouse MHC Class II H2-Ea and H2-Eb1 genes
engineered to encode proteins in which the alpha1 domain
(amino acids 1-85) and the beta1 domain (amino acids 1-96)
were replaced by the corresponding amino acids of the human
MHC Class II protein encoded by HLA-DRA1*0101 and HLA-
DRB1*0101. This mutation allows human MHC-II molecules to
be functionally expressed on murine antigen presenting cells,
which could then prime engrafted human CD4+ T cells.

The animals were housed under specific pathogen-free (SPF)
conditions with a 12-h light/12-h dark cycle and standard diet
provided ad libitum and were acclimatized for at least 7 days post
shipment. Due to their immunodeficiency status, the NSG-DR1
mice were maintained in dedicated ventilated cabinets, and all
experimental procedures were performed inside a laminar flow
hood under sterile conditions.

Human peripheral blood samples were obtained from healthy
subjects recruited into the aforementioned clinical study in our
hospital (Department of Internal Medicine of the University
Hospital of Würzburg) in a period ranging between 2018 and
2020. Blood samples were collected in CPT vacutainers coated
with sodium heparin and FicollTM HypaqueTM (BD, Franklin
Lakes, USA), and peripheral blood mononuclear cells (PBMCs)
were obtained after gradient centrifugation (1500 g, 20 min, 23°C),
frozen in CTL-CryoTM freezingmedia (CTL, Boon, Germany) and
then stored in liquid nitrogen (-180°C) until further usage. To
monitor the effects of aging on the peripheral blood T cell
compartment, we performed eight color flow cytometry
measurements on all healthy subjects who had been recruited to
the aforementioned study (described below). In total, we analyzed
13 samples from young subjects (20–45 yo), 18 samples from
middle-aged subjects (45–65 yo) and 26 samples from elderly
subjects (65–85 yo). A description of these subjects is presented in
Supplemental Table I.

HLA genotyping was performed by the Institute for Clinical
Transfusion Medicine and Haemotherapy from the University
Hospital of Würzburg as previously described (16), and only
CD4+ T cells from matching healthy donors (i.e., DRB1*01:01)
were selected for adoptive transfer experiments. Out of 57
healthy subjects screened, we found seven matching samples
suitable for transplantation into NSG-DR1 mice. Three of these
subjects had undergone elective coronary angiography
evaluations with excluded myocardial infarction, and the
remaining subjects were healthy volunteers. A description of
the healthy donors enrolled in the T cell transfer experiments is
presented in Supplemental Table II.

Adoptive Cell Transfer
Human untouched CD4+ T cells were purified from PBMC
samples by magnetic cell sorting using the CD4+ T cell
isolation kit, Human (Miltenyi Biotec, Bergisch Gladbach,
Germany). Finally, human CD4+ T cells were resuspended in
Frontiers in Immunology | www.frontiersin.org 3
sterile PBS (Biochrom, Berlin, Germany) at a concentration of
1x107 cells per ml and adoptively transferred into NSG-DR1
mice (2x106 cells i.p. – referred to as day 0). Baseline
characterization of the donor cells and purity checks were
routinely performed by flow cytometry. As a control group,
age-matched naïve NSG-DR1 littermates were investigated.

Endpoint Analysis
At 6 weeks post human CD4+ T cell transfer, NSG-DR1 mice were
sacrificed by cervical dislocation, then whole-body perfusion with
PBS + 50 U/ml heparin (Ratiopharm, Ulm, Germany) was
conducted and the organs were extracted for ex vivo analysis.
FACS analysis of freshly isolated cells (heart and spleen) was
performed. The samples intended for RNA analysis were stored
in RNAlater (Qiagen, Hilden, Germany) for 24 h and then stored at
-80°C. Samples intended for histological analysis were embedded in
Tissue-TeK optimum cutting temperature medium (Sakura Finetek,
Alphen ann den Rijn, The Netherlands) and then stored at -80°C.
Heart DNA extraction was performed from heart slices by
trimming the Tissue-TeK content and performing tissue digestion
and DNA purification using a GeneJET genomic DNA purification
kit (Thermo Scientific, Vilnius, Lithuania) according to the
manufacturer’s instructions.

In Vitro Stimulation Assay
1 million PBMC (pretransfer), NSG-DR1 recipients’ splenocytes
or digested heart tissues were resuspended in complete RPMI
media containing 10% FCS, 1% L-Glutamine, 1% Sodium
pyruvate, 1% non-essential amino acids, 1%Pen/Strep, 1 µM 2-
ME (Gibco – Grovemont Cir, USA) and seeded in U-bottom 96-
well plate. Cells were stimulated for 3 h with a T-cell stimulation
cocktail containing Phorbol 12-Myristat 13-Acetat (81 hM) und
Ionomycin (1.34 µM) supplemented with protein transport
inhibitors Brefeldin A (10.6 µM) and Monensin (2µM)
(eBioscience – San Diego, USA). Following incubation time,
ce l l s were washed and used in intrace l lu lar flow
cytometry analysis.

Flow Cytometry
Immunophenotyping of spleen and digested heart samples
obtained from control and CD4+ T cell transfer mice and
human PBMCs was performed. The heart samples were
enzymatically digested in type II collagenase (1,000 IU/ml,
Worthington Biochemical Corporation, Lakewood, NJ, USA)
for 30 min at 37°C and then ground against a 70-µm mesh
(Miltenyi Biotec, Bergisch Gladbach, Germany) in 0.5% BSS/
BSA. The lymphoid organs were ground against a 30-µm cell
strainer, and the splenocyte preparations underwent erythrocyte
lysis. All samples were stained with zombie aqua fixable viability
dye (BioLegend, San Diego, USA) for 15 min at room
temperature and protected from light. Afterwards, samples
were washed and resuspended in FACS buffer, and surface
staining was performed in the presence of FC-blocking
antibody (anti-CD16/CD32, clone 2.4G2, BD Pharmingen) for
host NSG-DR1 cell panels. The following antibodies conjugated
with different fluorophores were used:
February 2021 | Volume 12 | Article 584538
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Human: anti-CD45RO (clone UCHL1), anti-CD4 (OKT4),
anti-CCR7 (clone G043H7), anti-CD25 (clone M-A251)anti-
CD127 (clone A010D5) obtained from BioLegend (San Diego,
USA), and anti- PD-1 (clone J105), anti-FoxP3 (clone 236A/E7),
anti-TNF (clone Mab11), anti-IFN-g (clone 45.B3), anti-IL-17a
(clone eBio64DEC17) and anti-IL-13 (clone 85BRD) obtained
from eBioscience (San Diego, USA). Mouse: anti-CD45 (clone
30-F11), anti-CD11b (clone M1/70), anti-Ly6G (clone 1A8),
anti-CD11c (clone N418), anti-CD62L (MEL-14), anti-CD3e
(145-2C11), anti-CD44 (IM7), and anti-CD4 (RM4-5)
conjugated with different fluorophores were obtained from
BioLegend (San Diego, USA). Flow cytometry measurements
were performed on an Attune-NxT (Thermo Scientific,
Darmstadt, Germany). Data analysis was performed using
FlowJo software (FlowJo LLC Ashland, OR, USA).
Compensation for spectral overlap was conducted based on
single staining controls, and flow cytometry gates were set
based on unstained controls and fluorescence minus
one controls.

Gene Expression Analysis
RNA was extracted from mouse myocardial samples (apical
region) using the tissue RNA isolation kit (RNeasy mini –
Qiagen). The RNA concentration and quality were assessed in
a spectrophotometer, and 200 ng was used for cDNA synthesis
(iScript – Bio-Rad). TaqMan probes for quantitative PCR were
used to measure the expression of genes related to cardiac stress,
aging, inflammation and fibrosis. The probes used in this
manuscript were Gapdh (Mm033002249_g1), Hsp1a1
(Mm01159846_s1), Myh6 (Mm00440359_m1), Myh7
(Mm01319006_g1 ) , Tn f (Mm99999068_m1) , I l 1b
(Mm00434228_m1), Mmp9 (Mm00442991_m1), Mmp2
(Mm00439498_m1), Col1a1 (Mm00801666_g1), Col3a1
(Mm01254476_m1), and Tgfb3 (Mm00436960_m1). Target
mRNA levels were normalized to Gapdh expression levels.

RNA-Seq and Bioinformatics
RNA extracted from mouse myocardial samples (apical region)
with or without human T-cell transfer were used for bulk RNA
sequencing. DNA libraries suitable for sequencing were prepared
from 220 ng from one control sample and from 400 ng of total
RNA from all other samples with oligo-dT capture beads for
poly-A-mRNA enrichment using the TruSeq Stranded mRNA
Library Preparation Kit (Illumina). Sequencing was performed
on the NextSeq-500 platform (Illumina) in paired-end mode
with 2x75 nt read length. Sequencing data are available at NCBI
GEO (http://www.ncbi.nlm.nih.gov/geo) under the accession
number GSE163413. Sequencing reads were adapter trimmed
and mapped to the mouse (GRCm38.p6) and human genome
(GRCh38.p13) with STAR followed by computational
deconvolution of mouse and human reads using the XenofilteR
tool (17). Gene level based read counts were generated with
featureCounts using the RefSeq annotation. The count output
was utilized to identify differentially expressed genes using
DESeq2. Gene ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) orthology analyses were
performed using the web server g:Profiler (18) for all
Frontiers in Immunology | www.frontiersin.org 4
upregulated transcripts (for mouse transcripts: log2 fold
change >0.5, FDR<0.05). The upregulated transcripts were also
analyzed against the myocardial single cell atlas derived from
Tabula muris senis consortium (19). Briefly, the gene counts and
metadata from heart cells of the Tabula muris senis were
downloaded from: figshare.com/articles/dataset/Tabula_Muris
_Senis_Data_Objects/12654728?file=23872838, and the data
was further analyzed using Seurat package (version 3.1). Cells
from 3- and 18-months old animals were subset as
representatives of young and aged mice. In the new subset
Seurat Object, clustering analysis and UMAP (Uniform
Manifold Approximation and Projection) dimensionality
reduction were performed using the top 3,000 variable genes
and the first 20 principal components. The average expression of
NSG-DR1 T cell-transferred upregulated transcripts were
assigned a signature score within each cell in the Object using
the “AddModuleScore” function from Seurat. The combined
score of all cells from young mice was compared to cells from
aged mice. Gene set enrichment analysis (GSEA) was performed
as previously described (20). Briefly, normalized expression of
differentially expressed genes (FDR<0.05) from all samples were
organized in a tab-separated file and probed against gene sets
available in the GSEA platform (https://www.gsea-msigdb.org/
gsea/index.jsp). Expression profiles were compared amongst the
canonical pathways from curated gene sets (https://www.gsea-
msigdb.org/gsea/msigdb/collection_details.jsp#C2). Data was
expressed as normalized enrichment score plus FDR with an
expression heatmap depicting representative genes for each gene
set. After XenofilteR deconvolution, upregulated human
transcripts from T cell transferred NSG-DR1 myocardial RNA
samples were selected using the XenofilteR tool (17). A list of
upregulated genes that showed no counts in NSG control
myocardial was used for GO and KEGG analysis in g:Profiler
web-server tool.

Methylated DNA Quantification
The percentage of 5-methylcytosine (5-mC) was determined in
gDNA samples obtained from mouse myocardial tissue using the
MethylFlash Global DNA Methylation ELISA Easy Kit
(Epigentek). Briefly, 100 ng of gDNA samples and a standard
curve (ranging from 0.1 to 5% 5-mC) were adsorbed to a 96-well
assay plate for 1 h at 37°C. Wells were then washed three times
with washing buffer and incubated with 50 µl of 5-mC detection
complex solution, consisting of a mixture of 5-mC monoclonal
antibody, signal indicator and enhancer solution for 50 min at
room temperature. Following incubation, the wells were washed
five times with washing buffer, and 100 µl of developing solution
was added. The reaction was allowed to develop for 5 min, and
then 100 µl of stop solution was added. The absorbance was read
in a spectrophotometer (OD450 nm). The percentage of 5-mC in
myocardial samples was estimated by interpolation of unknown
values to a polynomial curve.

Histology
Heart cryosections (14 µm) from NSG-DR1 mice following 6
weeks of CD4+ T cell transfer were fixed in 4% (vol/vol)
formaldehyde solution in PBS and blocked with carbo-free
February 2021 | Volume 12 | Article 584538
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solution (Vector Lab Inc. Burlingame, CA, USA) for 30 min and
then stained with wheat germ agglutinin (WGA) FITC to stain
the cardiomyocyte cell surface, followed by DAPI for nuclear
counterstaining. For picrosirius red staining (PSR, Morphisto,
Frankfurt am Main, Germany), heart cryosections were stained
as previously described (21). For Sudan black staining,
cryosections were fixed as described before and washed with
50% and 70% alcohol solution respectively. Samples were then
stained for 8 min with SenTraGorTM reagent (Arriani
pharmaceuticals Attica, Greece) according to manufacturer’s
instruction. Slides were washed twice in 50% alcohol solution
and three times in PBS before proceeding to antibody staining.
First, sections were blocked for mouse antibody staining with
M.O.M blocking kit (Vector Lab Inc. Burlingame, CA, USA) and
then stained with anti-biotin antibody clone Hyb-8 (Linaris
Dossenheim, Germany) for 30 min. Following primary
staining, samples were washed 3 times in PBS and stained with
goat anti-mouse antibody conjugated to A555 and Phalloidin
A647 for 30 min. DAPI was used at the last 5 min to stain nuclei.
Samples were washed three times with PBS and mounted with
Mowiol media. The fluorescence images were acquired using an
epifluorescence microscope (model DFC 9000GT; Leica) coupled
to a high-resolution camera (sCMOS monochrome fluorescence
camera; Leica) and processed using ImageJ (NIH) software.

Statistics
Graphs presented in the study were designed to display the group
mean values (bars), the SEM and the distributions of each
individual value plotted. Graphs and statistical analyses were
performed using GraphPad Prism software (version 7.0d,
GraphPad software). A P value of less than 0.05 was
considered statistically significant. Differences between groups
containing normally distributed data were tested using an
unpaired, two-tailed t test for two groups or two-way ANOVA
followed by multiple t tests for data with more than two
dependent variables. The Mann-Whitney U test was used to
compare two groups that in which data did not fit a normal
distribution. The data not-fitting a normal distribution are
presented as box plots showing the median and the 25th–75th

percentiles, as well as each individual point.
RESULTS

Myocardial- and Immunosenescence
Phenotypes Develop Synchronously
In humans, naïve T cells express the chemokine receptor CCR7
and lack the expression of activation markers such as CD45RO,
while effector/memory T cells present the opposite phenotype
(22). As shown in Figure 1A and in Supplemental Figure 1, the
frequency of naïve CD4+ T cells was reduced in the elderly
population (65–85 years old) compared to a younger adult
population (20-40 years old) (Figure 1B). Similarly, effector
memory and terminally differentiated CD4+ T cells (CCR7-

CD45RO+/-) were increased in the aged group versus adults
(Figure 1C). To translate these findings to mice, we quantified
Frontiers in Immunology | www.frontiersin.org 5
naïve (CD62L+CD44-) and effector (CD62L-CD44+) T cells in
the spleen of young (2–3 months) and aged mice (12–16 months)
(23) (Figure 1D). Our findings confirmed that shifts in naïve and
effector T cell populations occur similarly between mice and
humans (Figures 1E, F, Supplemental Figure 2). These age-
related changes in peripheral immune cell composition have
been shown to intertwine with cardiac inflammation and
functional decline (11). In accordance with previous findings,
we herein observed that aged hearts show a higher ratio of b:a-
myosin heavy chain expression (products of theMyh7 andMyh6
genes respectively, Figure 1G), as typically seen in several
pathological conditions (11, 24). In addition, cytosine
methylation levels, a canonical molecular clock marker (25),
were increased in the aged heart (Figure 1H). Moreover, Sudan
black staining revealed a myocardial accumulation of lipofuscin
granules in 12–16 months old hearts, especially distributed
within the interstitial space (Figure 1I), suggesting the
presence of senescent cells (26). Altogether, these data
reinforce the synchronicity between immune and cardiac aging.

Human CD4+ T Cells Shift Toward a
Senescent-Like Phenotype When
Transferred Into NSG-DR1 Mice
A CD4+ T cell compartment comprising inflated effector- and
terminally-differentiated cells, as typically seen in aging, has been
implicated in a multitude of diseases. However, it remains
unclear whether these findings simply reflect the association or
a causative role of immune cells in tissue senescence (27). To
further dissect the contribution of a senescence-like CD4+ T cell
compartment in a young organism context, we developed a
xenograft model in which human CD4+ T cells from
DRB1*01:01 subjects were engrafted into humanized
immunodeficient NSG-DR1 mice expressing a matching
human HLA (detailed in methods section). After a period of 6
weeks of T-cell expansion, the heart and spleens of recipients
were harvested for downstream analysis (Figure 2A). Successful
engraftment was demonstrated by the higher spleen to body
weight ratio in transferred mice, together with the detection of
human CD4+ T cells in the recipients’ spleens (Figures 2B, C).
No alterations in animal body weight were observed over a 6-
week period, indicating a lack of xenograft reaction
(Supplemental Figure 3A).

The phenotype of human CD4+ T cells was analyzed by flow
cytometry before adoptive transfer and after engraftment
conditions as previously described (28). After gating on live
single cell CD4+ events, the major T helper cell subsets were
defined as naïve (CD45RO-CCR7+), effector-memory
(CD45RO+ CCR7-), T central memory (CD45RO+CCR7+), and
terminally differentiated (CD45RO-CCR7-) (Figure 2D).
Moreover, exhausted T-cells were defined based on the surface
expression of PD-1 (Figure 2E) (29), whereas regulatory CD4+ T
cells were defined CD4+FoxP3+ (Supplemental Figure 3C) (30).
As shown in Figures 2D–G and Supplemental Figure 3B, upon
adoptive transfer into NSG-DR1 mice, CD4+ T cell exhibited a
stark shift toward effector-memory/terminally-differentiated and
exhausted phenotypes in parallel with a significant decline in the
February 2021 | Volume 12 | Article 584538
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naïve and regulatory compartments. This effect was not
dependent on CD4+ T cell donor’s age (Supplemental Table
II). This data confirm that we have successfully generated an
experimental model able to recapitulate the hallmarks of T-cell
senescence in young mice, offering a unique opportunity to
decompose the causality of cardio-immune aging processes.
Frontiers in Immunology | www.frontiersin.org 6
Human CD4+ T Cell Engraftment in
NSG-DR1 Mice Favors Cardiac
Leukocyte Accumulation
After having observed that transferred human CD4+ T cells
rapidly acquire an effector/terminally differentiated phenotype in
NSG-DR1 mice, we sought to investigate their myocardial
A
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C

FIGURE 1 | Myocardial and immunosenescence phenotypes develop synchronously. (A) FACS strategy depicts the frequency of human naïve CD4+ T cells
(CD45RO-CCR7+) and the effector memory population (CD45RO+CCR7-). Aging is accompanied by a reduction in naïve CD4+ T cells (B), while effector memory/
terminally differentiated cells increase (C). (D) FACS strategy shows the distribution of naïve (CD44-CD62L+) and effector memory (CD44+CD62L-) CD4+ T cells in the
spleen of young (2–3 months) and aged (12–16 months) mice. The frequency of naïve CD4+ T cells is reduced in aging (E), while effector memory and terminally
differentiated cells increase (F). In immunocompetent WT animals, aging is associated with and higher myh7:myh6 expression ratio (G) and increased levels of heart
DNA methylation (H). (I) Immunofluorescence of lipofuscin granules and its quantification in heart tissue from young and aged mice. Yellow arrows depict lipofuscin
stained areas in both groups. Scale-bar: 100 µm. The bar graphs display the group mean values (bar), the SEM and the distribution of each individual value.
Statistical analysis in (B–I): Two-tailed unpaired t test, ***P < 0.001, **P < 0.01 and *P < 0.05.
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distribution and possible effects on the composition of other
cardiac resident leukocytes. First, we observed that most
transferred human CD4+ T cells found in cardiac tissue
presented effector memory (CD45RO+CCR7-) terminally
differentiated (CD450-CCR7-) and exhausted (PD-1+)
Frontiers in Immunology | www.frontiersin.org 7
phenotypes (Figures 3A–C). No differences were detected in
the Treg distribution in heart tissue when compared to
pretransfer frequencies (Supplemental Figure 4A). Moreover,
cardiac infiltrating CD4+ T cells showed increased production of
TNF and IL-13 following in vitro stimulation, compared to pre-
February 2021 | Volume 12 | Article 584538
A

B

D E

F G

C

FIGURE 2 | The xenograft transplantation model renders young mice harboring a senescent-like T-cell compartment. (A) Experimental design: Immunodeficient
NSG-DR1 mice were adoptively transferred with CD4+ T cells purified from matching human donors, which readily undergo homeostatic expansion without causing
xenograft reactions. Naïve NSG-DR1 mice were used as controls. Six weeks after transfer, heart and spleen tissue were collected for analysis. (B) Spleen weight to
body weight ratio and number of CD4+ T cells per milligram of spleen (C) depict the T cell engraftment of NSG-DR1 mice after 6 weeks. (D) Flow cytometry plots
illustrate the frequency of naïve (CCR7+CD45RO-) and effector memory (CCR7-CD45RO+) CD4+ T cells before transfer and in NSG-DR1 spleen 6 weeks afterwards.
(E) FACS plots also illustrate the distribution PD-1+ T cells before and after transfer in the spleen. Control group: Naïve NSG-DR1 mice. CD4+ group: NSG-DR1 mice
transplanted with human CD4+ T cells. (F) Bar graph shows the shift from naïve toward an effector memory phenotype following 6 weeks of engraftment in the
spleen. (G) Increased frequency of human PD-1+ T cells in the spleen of NSG-DR1 mice. The bar graphs display the group mean values (bar), the SEM and the
distribution of each individual value. Statistical analysis in (B, C, G): two-tailed paired t test, ***P < 0.001, in (F): two-way ANOVA followed by multiple t tests,
***P < 0.001 and *P < 0.05.

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Delgobo et al. T Cells Fuel Inflammaging
transfer values and to splenic cells (Supplemental Figure 4B-D).
The myocardial accumulation of transferred CD4+ T cells did
not result in changes from heart to body weight ratios (Figure
3D), but promoted a mild infiltration of other murine
Frontiers in Immunology | www.frontiersin.org 8
inflammatory cells (Figure 3E), including monocytes/
macrophages (Ly6G-CD11b+, Figure 3F) and dendritic cells
(CD11b+ CD11c+ Ly6G-, Figure 3H), but not neutrophils
(CD11b+Ly6G+, Figure 3G).
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FIGURE 3 | Young mice harboring a senescent-like CD4+ T-cell compartment show signs of myocardial inflammaging. Myocardial infiltration of transferred T-cells
and its impact on baseline tissue inflammation. (A) Human CD4+ T cells were detected in the myocardium of NSG-DR1 mice 6 weeks after engraftment. (B) CD4+

T cells found in the myocardium mainly presented a terminally differentiated phenotype, classified as CCR7-CR45RO-, while naïve and central memory phenotypes
were largely reduced after transfer. (C) Increased frequency of heart PD-1+ T cells versus pretransfer values. (D) Heart weight to body weight was measured in
control and CD4+ T cell-transferred NSG-DR1 mice. (E) FACS plots depict the frequency of heart mouse leukocytes (live CD45+) in control and adoptively transferred
mice. The bar graph shows the number of heart leukocytes normalized per tissue weight. (F) Gating strategy for cardiac monocytes/macrophages (CD11b+Ly6G-)
and neutrophils (CD11b+Ly6G+). The bar graph illustrates the number of monocytes/macrophages and neutrophils (G) in control and CD4+ T cell-transferred
mice per milligram of heart. (H) Cardiac dendritic cells were gated as Ly6G-CD11b+/CD11b+CD11c+ events. Control group: Naïve NSG-DR1 mice. CD4+ group:
NSG-DR1 mice transplanted with human CD4+ T cells. The bar graphs display the group mean values, the SEM and the distribution of each individual value.
Green bars represent parameters measured on human CD4+ T cells, and orange bars represent mouse endogenous leukocyte parameters. Statistical analysis in
(B): two-way ANOVA followed by multiple t tests, ***P < 0.001 and **P < 0.01, in all other panels: two-tailed unpaired t test, **P < 0.01 and non-significant (n.s)
P>0.05. *P < 0.05.
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Expanded CD4+ T Cells Promote
Myocardial Inflammation and
Stress Response
To further assess the impact of a senescent CD4+ T cell
compartment on myocardial inflammation and the stress
response, we analyzed the expression of genes that reflect
features of cardiomyocyte physiology/stress response,
inflammation/immunity and extracellular matrix remodeling/
fibrosis (31–35). We observed a significant increase in beta
myosin heavy chain 7 expression (Myh7) in heart tissue from
T cell-transferred NSG-DR1 mice, paralleled by a reduction in
alpha myosin heavy chain (Myh6) expression, similar to
physiological aging (Figure 4A). In addition, T cell-transferred
NSG-DR1 mice displayed an increased myocardial Il6
expression, a proinflammatory cytokine associated with left
ventricular dysfunction and a heart failure predictor in humans
(32) (Figure 4B). Moreover, the expression levels of Mmp9,
which can be produced by cardiomyocytes, neutrophils and
monocytes under inflammatory conditions, was also found to
be increased in T cell-transferred hearts (Figure 4C). Alongside
Frontiers in Immunology | www.frontiersin.org 9
with increased cardiac leukocyte numbers, these findings suggest
that a senescent-like CD4+ T cell compartment is sufficient to
promote mild myocardial inflammation compatible with the
concept of inflammaging. No differences between groups were
observed concerning the myocardial expression levels of Hsp1a1,
Il1b, Tnf, Tgfb3, Col1a1, and Col3a1. Other canonical markers of
cellular senescence (e.g., CpG methylation and accumulation of
lipofuscin granules) and myocardial aging (e.g., hypertrophy and
fibrosis) were not affected by the adoptive T-cell transfer within
the short period herein analyzed (Supplemental Figure 5).

Transcriptome Analysis Reveal an
Inflammaging Phenotype in the Heart of
CD4+ T Cell Transferred NSG Mice
To gain mechanistic insight into the effects of terminally
differentiated T cells on the heart inflammaging status, we
performed bulk RNA sequencing of myocardial tissues from T
cell transferred and control NSG-DR1 mice (Figure 5A). The
major advantage of this approach is that the sequenced reads can
be then aligned against the mouse and human reference
A

B

C

FIGURE 4 | Senescent-like CD4+ T cells promote alterations in myocardial gene expression compatible with physiological aging. Relative myocardial mRNA levels of
transcripts related to cardiomyocyte stress (A), inflammation (B), and extracellular remodeling (C). Control group: Naïve NSG-DR1 mice. CD4+ group: NSG-DR1
mice transplanted with human CD4+ T cells. The bar graphs display the group mean values, the SEM and the distribution of each individual value. Statistical tests:
Mann-Whitney. **P < 0.01 and * P < 0.05.
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genomes, meaning that it is possible to discriminate what
transcripts were expressed by the murine myocardial cells or
by the transferred human cells. As depicted in Figure 5B, hearts
from T-cell-transferred mice upregulated a unique set of murine
genes involved in complement pathway (C4a, C3), immune cell
trafficking (Icam1, Ccl2, Ccl7, Ccr5), and immune inhibitory
Frontiers in Immunology | www.frontiersin.org 10
response (CD300a, Clec4a1). To investigate whether this
transcription signature could be also upregulated in the heart
during physiological aging, we compared it against cardiac
single-cell transcriptomic data available from the Tabula muris
senis consortium (19). The Tabula muris senis is a bold initiative
that provides an unprecedented and comprehensive analyses of
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C

FIGURE 5 | Transcriptome analysis reveal an inflammaging phenotype in the heart of CD4+ T cell transferred NSG mice. (A) Myocardial mRNA extracted from
control and T cell transferred NSG-DR1 mice was employed in RNA-seq analysis. Transcripts were aligned against mouse genome and human genes were selected
using the XenofilteR tool and further integrated with other publicly available datasets. (B) Volcano plots comparing the gene expression levels in myocardial tissue of
T cell transferred NSG-DR1 mice versus control. The upregulated and downregulated genes (± 0.5–1.5 log2 fold, FDR<0.05) are highlighted in green and purple
respectively. (C) The myocardial upregulated gene set identified in (B) was then probed in other myocardial aging datasets publicly available [Tabula muris senis (19)].
A score of the average expression levels (colored scale) and fraction of cells expressing the signature (circle sizes) was analyzed at single-cell level on myocardial
samples obtained from 3- and 18-months old mice (3M and 18M respectively). (D) KEGG analysis of upregulated mouse transcripts from T cell transferred NSG-
DR1 hearts. The bars represent the adjusted P value (Fisher’s exact test). (E, F) GSEA analysis of “reactome adaptive immune system” and “Demagalhaes aging up”
(36) in the myocardium of control and T cell transferred NSG-DR1 mice. Normalized enrichment score (NES) and FDR are depicted in the graphs. The heatmaps
illustrate the genes differently expressed at each gene set. (G, H) KEGG and gene ontology (GO) analysis of upregulated human transcripts found in the myocardium
of T cell transferred NSG-DR1 mice. The bars represent the adjusted P value (Fisher’s exact test). Data from control (n: 4) and CD4+ T cell transferred (n: 3) were
acquired from two independent experiments.
February 2021 | Volume 12 | Article 584538

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Delgobo et al. T Cells Fuel Inflammaging
age-related molecular signatures in mice. It includes bulk and
single-cell-sequencing RNA atlases covering 23 tissues and
organs throughout the mouse lifespan, offering a unique
resource to be compared with our own sequencing findings.
The analysis revealed that the myocardial gene set found to be
upregulated in young NSG mice harboring an expanding T-cell
compartment resembles the signature observed in aging hearts
(Figure 5C).

Unsupervised enrichment pathway analysis and Gene set
enrichment analysis (GSEA) further revealed a T-cell-triggered
upregulation of pathways related to myocardial inflammation
(e.g., Cytokine-cytokine receptor interaction, IL-17 and TNF
signaling pathways) and canonical aging pathways such as
advanced glycation end products signaling (AGE/RAGE)
(Figures 5D, E). Furthermore, the myocardial gene expression
signature found in T-cell-transferred NSG-DR1 mice overlapped
with an conserved age-related gene set described in several
tissues of senescent mice, rats and humans (Figure 5F) (36).
Lastly, we deconvoluted the mouse and the human transcripts
found in T-cell-transferred NSG-DR1 hearts using the
XenofilteR tool (17). Enrichment pathway analysis indicated
that human T cells infiltrating the myocardium acquired a pro-
inflammatory phenotype, with a gene signature coinciding to
viral myocarditis and cytomegalovirus infection processes
(Figure 5G). Moreover, the transferred human T cells were
enriched in pathways associated to canonical Th1 responses
(IL-12 and IFN-g), cytotoxicity and plasminogen activation
(Figure 5H). The pro-inflammatory phenotype and sustained
survival of expanded human T cells is also in line with TNF
secretory profile observed in T-cell stimulation functional assays
(Supplemental Figure 4 C-D) (37, 38).
DISCUSSION

Aging is not a disease per se; it is an unavoidable biological
process. However, its pace and intensity can greatly vary between
subjects, hence differentially impacting individual susceptibility
to a plethora of age-related diseases. Compelling evidence has
demonstrated that an overt T cell senescence profile can be
associated with several age-related conditions, especially
cardiovascular diseases (11–14, 39–43). However, whether the
immune system fuels local inflammation due to underlying age
deterioration or triggers tissue age-related changes is not
completely understood. To address this question, we have
developed a xenograft model in which human CD4+ T cells
rapidly shift towards an aged-like terminally-differentiated
phenotype in young NSG-DR1 hosts. The major advantage of
this model is that it recapitulates several hallmarks of T cell
senescence in otherwise young and healthy mice, offering
therefore a unique opportunity to decompose the mechanisms
of aging (44, 45).

Herein, we observed that transferred CD4+ T cells expanded
systemically, mildly infiltrated young healthy hearts and
promoted myocardial alterations that recapitulates some of the
shifts typically seen in the physiological aging process, such as
Frontiers in Immunology | www.frontiersin.org 11
the recruitment of inflammatory immune cells and upregulation
of pro-inflammatory genes. Most strikingly, our bulk RNA
sequencing analysis identified a distinct myocardial
transcriptomic signature in young NSG-DR1 mice harboring a
senescent-like T-cell compartment, which matched other
conserved age-related signatures reported in previous studies
(19, 36). Altogether, these findings strongly suggest a causal
relationship between immunosenescece and myocardial aging.

The accumulation of senescence-associated T cells (SA-T) has
already been implicated in tissue dysfunction and higher
morbidity in humans (2). In addition to its acute role in
autoimmune diseases and allograft rejection (46), SA-T cells
were also found in chronic low-grade inflammation and tissue
dysfunction that developed during physiological aging. SA-T
cells have been found in the visceral adipose tissue of aged mice
among macrophages and B cells. Despite presenting defective
TCR-mediated proliferation, SA-T cell stimulation has been
reported to result in abundant production of TNF, IL-6, and
osteopontin (47). Similarly, tertiary lymphoid structures
enriched in PD-1+ CD4+ T cells are observed in chronic
kidney disease developed in aged mice and in humans.
Although the contribution of PD-1+ CD4+ T cells is not clear,
global deletion of CD4+ T cells resulted in a dampened
inflammatory response and improved kidney function (48).
Infiltrating T cells expressing IFN-g are found in aged brains
in close proximity to neural stem cells and local IFN-g signaling
has been shown to impair neural stem cell proliferation,
providing a possible cause for its decline during aging (49).

A recent elegant study by Desdıń-Micó et al. indicated that
the premature induction of T-cell senescence in young mice
drives systemic inflammaging and multi-organ morbidity, being
that sufficient to recapitulate some major features of aging
process (50). In a previous study we had reported that the
heart-draining lymph nodes of aged mice also showed a great
enrichment for Th1-polarized effector CD4+ T cells, and that
genetic models of T helper cell ablation attenuated the
myocardial inflammaging (11). Most recently, Kallikourdis’s
team has shown that T-cell costimulation blockade blunts the
age-related myocardial functional decline (51), providing further
functional evidence for a causal link between T-cell development
and myocardial aging. In humans, an exaggerated accumulation
of memory T cells has been widely associated to increased
cardiovascular risk, heart failure progression and overall
mortality (8, 12, 14). More recently, Alpert and coauthors
developed a refined human immunological age score (IMM-
AGE) based on longitudinal high-dimensional flow cytometry,
proteomics, and transcriptomic assessments which has been
shown to predict cardiovascular events and overall mortality (2).

Humanized NSG mouse strains have been used to allow a
meaningful assessment of human T cell functionality in the
absence of a graft versus host reaction, especially in the context
of infectious disease and cancer research (52–55). On top of the
standard NSG genetic makeup, the mouse strain used in the
current study was further engineered to express a hybrid murine:
human MHC-II (HLA-DRB1*01:01) that enables cognate
antigen interactions between mouse antigen presenting cells
February 2021 | Volume 12 | Article 584538

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Delgobo et al. T Cells Fuel Inflammaging
and human CD4+ T cells in an in vivo context (56). Thus, the
transferred human T-cells can be fully stimulated in this
experimental setting. It has been previously reported that the
adoptive transfer of CD4+ T cells to immunodeficient mice
lacking T, B, and NK cells (15) results in rapid proliferation of
donor cells marked by robust differentiation towards a memory
phenotype (57, 58). Notwithstanding, none of these studies have
employed this humanized adoptive cell transfer model to
investigate mechanisms of aging. Despite the advantages this
model; namely, a decomposition of immune vs tissue aging
mechanisms in a single mouse in a translational experimental
setting, this model has some important limitations. Most
notably, the time-points chosen for the end-point analyses in
the present study (6 weeks) might have been too short to
reproduce some of the long-term low-grade shifts occurring
throughout the several months of a mouse lifespan. Therefore,
we could not observe structural and functional myocardial
alterations, despite the clear shifts in gene expression profile.
Still, the observation that terminally-differentiated T cell
compartment can promote a cardiac inflammaging molecular
signature in young mice without preexisting cardiac conditions
raises important mechanistic insights that help dissecting some
causality of myocardial aging process.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author. Sequencing data are
available at NCBI GEO (http://www.ncbi.nlm.nih.gov/geo)
under the accession number GSE163413.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by ethics committee of the University of Würzburg.
The patients/participants provided their written informed
Frontiers in Immunology | www.frontiersin.org 12
consent to participate in this study. The animal study was
reviewed and approved by Regierung von Unterfranken.
AUTHOR CONTRIBUTIONS

MDG, NH, DA, MA, MS, TH performed experiments and
analysed the data; MH, NH, UH recruited the human subjects
and handled the human samples; MH, MDG, IS, UH, SF and GR
designed the study and interpreted data; MDG and GR drafted
the manuscript All authors contributed to the article and
approved the submitted version..
FUNDING

This work was supported by the Interdisciplinary Center for
Clinical Research Würzburg (E-354 to GCR, Z-6 to TH, and
clinician scientist program to MH), the German Research
Foundation (DFG grant 411619907 to GR), and by the
European Research Area Network – Cardiovascular Diseases
(ERANET-CVD JCT2018, AIR-MI Consortium, grant
01KL1902 to GR). NH received a scholarship from the Graduate
School of Life Sciences Würzburg.
ACKNOWLEDGMENTS

We greatly appreciate the skillful technical assistance of Elena
Vogel and Lisa Popiolkowski. The Figures were also prepared
with the help of Servier Medical Art.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2021.584538/
full#supplementary-material
REFERENCES
1. Peters A, Delhey K, Nakagawa S, Aulsebrook A, Verhulst S.

Immunosenescence in wild animals: meta-analysis and outlook. Ecol Lett
(2019) 22(10):1709–22. doi: 10.1111/ele.13343

2. Alpert A, Pickman Y, Leipold M, Rosenberg-Hasson Y, Ji X, Gaujoux R, et al.
A clinically meaningful metric of immune age derived from high-dimensional
longitudinal monitoring. Nat Med (2019) 25(3):487–95. doi: 10.1038/s41591-
019-0381-y

3. Palmer S, Albergante L, Blackburn CC, Newman TJ. Thymic involution and
rising disease incidence with age. Proc Natl Acad Sci USA (2018) 115(8):1883–
8. doi: 10.1073/pnas.1714478115

4. Sasaki S, Sullivan M, Narvaez CF, Holmes TH, Furman D, Zheng NY, et al.
Limited efficacy of inactivated influenza vaccine in elderly individuals is
associated with decreased production of vaccine-specific antibodies. J Clin
Invest (2011) 121(8):3109–19. doi: 10.1172/JCI57834

5. Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A. Inflammaging: a
new immune-metabolic viewpoint for age-related diseases. Nat Rev
Endocrinol (2018) 14(10):576–90. doi: 10.1038/s41574-018-0059-4
6. Wherry EJ. T cell exhaustion. Nat Immunol (2011) 12(6):492–9. doi: 10.1038/
ni.2035

7. Pawelec G, Gupta S. Editorial: Immunology of Aging. Front Immunol (2019)
10:1614. doi: 10.3389/fimmu.2019.01614

8. Pawelec G. Immunosenenescence: role of cytomegalovirus. Exp Gerontol
(2014) 54:1–5. doi: 10.1016/j.exger.2013.11.010

9. Wikby A, Maxson P, Olsson J, Johansson B, Ferguson FG. Changes in CD8
and CD4 lymphocyte subsets, T cell proliferation responses and non-survival
in the very old: the Swedish longitudinal OCTO-immune study.Mech Ageing
Dev (1998) 102(2-3):187–98. doi: 10.1016/S0047-6374(97)00151-6

10. Wikby A, Ferguson F, Forsey R, Thompson J, Strindhall J, Lofgren S, et al. An
immune risk phenotype, cognitive impairment, and survival in very late life:
impact of allostatic load in Swedish octogenarian and nonagenarian humans.
J Gerontol A Biol Sci Med Sci (2005) 60(5):556–65. doi: 10.1093/gerona/60.5.556

11. Ramos GC, van den Berg A, Nunes-Silva V, Weirather J, Peters L, Burkard M,
et al. Myocardial aging as a T-cell-mediated phenomenon. Proc Natl Acad Sci
USA (2017) 114(12):E2420–E9. doi: 10.1073/pnas.1621047114

12. Spyridopoulos I, Martin-Ruiz C, Hilkens C, Yadegarfar ME, Isaacs J, Jagger C,
et al. CMV seropositivity and T-cell senescence predict increased
February 2021 | Volume 12 | Article 584538

http://www.ncbi.nlm.nih.gov/geo
https://www.frontiersin.org/articles/10.3389/fimmu.2021.584538/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.584538/full#supplementary-material
https://doi.org/10.1111/ele.13343
https://doi.org/10.1038/s41591-019-0381-y
https://doi.org/10.1038/s41591-019-0381-y
https://doi.org/10.1073/pnas.1714478115
https://doi.org/10.1172/JCI57834
https://doi.org/10.1038/s41574-018-0059-4
https://doi.org/10.1038/ni.2035
https://doi.org/10.1038/ni.2035
https://doi.org/10.3389/fimmu.2019.01614
https://doi.org/10.1016/j.exger.2013.11.010
https://doi.org/10.1016/S0047-6374(97)00151-6
https://doi.org/10.1093/gerona/60.5.556
https://doi.org/10.1073/pnas.1621047114
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Delgobo et al. T Cells Fuel Inflammaging
cardiovascular mortality in octogenarians: results from the Newcastle 85+
study. Aging Cell (2016) 15(2):389–92. doi: 10.1111/acel.12430

13. Moro-Garcia MA, Lopez-Iglesias F, Marcos-Fernandez R, Bueno-Garcia E,
Diaz-Molina B, Lambert JL, et al. More intensive CMV-infection in chronic
heart failure patients contributes to higher T-lymphocyte differentiation degree.
Clin Immunol (2018) 192:20–9. doi: 10.1016/j.clim.2018.03.015

14. Martin-Ruiz C, Hoffmann J, Shmeleva E, Zglinicki TV, Richardson G,
Draganova L, et al. CMV-independent increase in CD27-CD28+ CD8+
EMRA T cells is inversely related to mortality in octogenarians. NPJ Aging
Mech Dis (2020) 6:3. doi: 10.1038/s41514-019-0041-y

15. Shultz LD, Lyons BL, Burzenski LM, Gott B, Chen X, Chaleff S, et al. Human
lymphoid and myeloid cell development in NOD/LtSz-scid IL2R gamma null
mice engrafted with mobilized human hemopoietic stem cells. J Immunol
(2005) 174(10):6477–89. doi: 10.4049/jimmunol.174.10.6477

16. Gil-Cruz C, Perez-Shibayama C, De Martin A, Ronchi F, van der Borght K,
Niederer R, et al. Microbiota-derived peptide mimics drive lethal
inflammatory cardiomyopathy. Science (2019) 366(6467):881–6. doi:
10.1126/science.aav3487

17. Kluin RJC, Kemper K, Kuilman T, de Ruiter JR, Iyer V, Forment JV, et al.
XenofilteR: computational deconvolution of mouse and human reads in
tumor xenograft sequence data. BMC Bioinf (2018) 19(1):366. doi: 10.1186/
s12859-018-2353-5

18. Reimand J, Kull M, Peterson H, Hansen J, Vilo J. g:Profiler–a web-based
toolset for functional profiling of gene lists from large-scale experiments.
Nucleic Acids Res (2007) 35(Web Server issue):W193–200. doi: 10.1093/nar/
gkm226

19. Tabula Muris C. A single-cell transcriptomic atlas characterizes ageing
tissues in the mouse. Nature (2020) 583(7817):590–5. doi: 10.1038/s41586-
020-2496-1.

20. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
et al. Gene set enrichment analysis: a knowledge-based approach for
interpreting genome-wide expression profiles. Proc Natl Acad Sci USA
(2005) 102(43):15545–50. doi: 10.1073/pnas.0506580102

21. Rieckmann M, Delgobo M, Gaal C, Buchner L, Steinau P, Reshef D, et al.
Myocardial infarction triggers cardioprotective antigen-specific T helper
cell responses. J Clin Invest (2019) 129(11):4922–36. doi: 10.1172/
JCI123859

22. Li M, Yao D, Zeng X, Kasakovski D, Zhang Y, Chen S, et al. Age related
human T cell subset evolution and senescence. Immun Ageing (2019) 16:24.
doi: 10.1186/s12979-019-0165-8

23. Jameson SC, Masopust D. Understanding Subset Diversity in T Cell Memory.
Immunity (2018) 48(2):214–26. doi: 10.1016/j.immuni.2018.02.010

24. Zhang W, Song M, Qu J, Liu GH. Epigenetic Modifications in Cardiovascular
Aging and Diseases. Circ Res (2018) 123(7):773–86. doi: 10.1161/
CIRCRESAHA.118.312497

25. Field AE, Robertson NA, Wang T, Havas A, Ideker T, Adams PD. DNA
Methylation Clocks in Aging: Categories, Causes, and Consequences.Mol Cell
(2018) 71(6):882–95. doi: 10.1016/j.molcel.2018.08.008

26. Kakimoto Y, Okada C, Kawabe N, Sasaki A, Tsukamoto H, Nagao R, et al.
Myocardial lipofuscin accumulation in ageing and sudden cardiac death. Sci
Rep (2019) 9(1):3304. doi: 10.1038/s41598-019-40250-0

27. Ng TP, Camous X, Nyunt MSZ, Vasudev A, Tan CTY, Feng L, et al. Markers
of T-cell senescence and physical frailty: insights from Singapore Longitudinal
Ageing Studies. NPJ Aging Mech Dis (2015) 1:15005. doi: 10.1038/
npjamd.2015.5

28. Sathaliyawala T, Kubota M, Yudanin N, Turner D, Camp P, Thome JJ, et al.
Distribution and compartmentalization of human circulating and tissue-
resident memory T cell subsets. Immunity (2013) 38(1):187–97. doi:
10.1016/j.immuni.2012.09.020

29. Zhao Y, Shao Q, Peng G. Exhaustion and senescence: two crucial
dysfunctional states of T cells in the tumor microenvironment. Cell Mol
Immunol (2020) 17(1):27–35. doi: 10.1038/s41423-019-0344-8

30. LiuW, PutnamAL, Xu-Yu Z, Szot GL, Lee MR, Zhu S, et al. CD127 expression
inversely correlates with FoxP3 and suppressive function of human CD4+ T
reg cells. J Exp Med (2006) 203(7):1701–11. doi: 10.1084/jem.20060772

31. Liu J, Wang DZ. An epigenetic “LINK(RNA)” to pathological cardiac
hypertrophy. Cell Metab (2014) 20(4):555–7. doi: 10.1016/j.cmet.
2014.09.011
Frontiers in Immunology | www.frontiersin.org 13
32. Rosa M, Chignon A, Li Z, Boulanger MC, Arsenault BJ, Bosse Y, et al. A
Mendelian randomization study of IL6 signaling in cardiovascular diseases,
immune-related disorders and longevity. NPJ Genom Med (2019) 4:23. doi:
10.1038/s41525-019-0097-4

33. Peiro C, Lorenzo O, Carraro R, Sanchez-Ferrer CF. IL-1beta Inhibition in
Cardiovascular Complications Associated to Diabetes Mellitus. Front
Pharmacol (2017) 8:363. doi: 10.3389/fphar.2017.00363

34. Yabluchanskiy A, Ma Y, Iyer RP, Hall ME, Lindsey ML. Matrix
metalloproteinase-9: Many shades of function in cardiovascular disease.
Physiol (Bethesda) (2013) 28(6):391–403. doi: 10.1152/physiol.00029.2013

35. Horn MA, Trafford AW. Aging and the cardiac collagen matrix: Novel
mediators of fibrotic remodelling. J Mol Cell Cardiol (2016) 93:175–85. doi:
10.1016/j.yjmcc.2015.11.005

36. de Magalhaes JP, Curado J, Church GM. Meta-analysis of age-related gene
expression profiles identifies common signatures of aging. Bioinformatics
(2009) 25(7):875–81. doi: 10.1093/bioinformatics/btp073

37. Croft M. The role of TNF superfamily members in T-cell function and
diseases. Nat Rev Immunol (2009) 9(4):271–85. doi: 10.1038/nri2526

38. Yang L, Xu LZ, Liu ZQ, Yang G, Geng XR, Mo LH, et al. Interleukin-13
interferes with activation-induced t-cell apoptosis by repressing p53
expression. Cell Mol Immunol (2016) 13(5):669–77. doi: 10.1038/cmi.2015.50

39. Vidal R, Wagner JUG, Braeuning C, Fischer C, Patrick R, Tombor L, et al.
Transcriptional heterogeneity of fibroblasts is a hallmark of the aging heart.
JCI Insight (2019) 4(22). doi: 10.1172/jci.insight.131092

40. Martini H, Iacovoni JS, Maggiorani D, Dutaur M, Marsal DJ, Roncalli J, et al.
Aging induces cardiac mesenchymal stromal cell senescence and promotes
endothelial cell fate of the CD90 + subset. Aging Cell (2019) 18(5):e13015. doi:
10.1111/acel.13015

41. Jaiswal S, Natarajan P, Silver AJ, Gibson CJ, Bick AG, Shvartz E, et al. Clonal
Hematopoiesis and Risk of Atherosclerotic Cardiovascular Disease. N Engl J
Med (2017) 377(2):111–21. doi: 10.1056/NEJMoa1701719

42. Dorsheimer L, Assmus B, Rasper T, Ortmann CA, Ecke A, Abou-El-Ardat K,
et al. Association of Mutations Contributing to Clonal Hematopoiesis With
Prognosis in Chronic Ischemic Heart Failure. JAMA Cardiol (2019) 4(1):25–
33. doi: 10.1001/jamacardio.2018.3965

43. Appel M, Frantz S, Campos Ramos G. Myocardial inflammation comes of age.
Curr Opin Physiol (2021) 19:47–54. doi: 10.1016/j.cophys.2020.09.006

44. Elyahu Y, Hekselman I, Eizenberg-Magar I, Berner O, Strominger I, Schiller
M, et al. Aging promotes reorganization of the CD4 T cell landscape toward
extreme regulatory and effector phenotypes. Sci Adv (2019) 5(8):eaaw8330.
doi: 10.1126/sciadv.aaw8330

45. Panwar A, Jhun M, Rentsendorj A, Mardiros A, Cordner R, Birch K, et al.
Functional recreation of age-related CD8 T cells in young mice identifies
drivers of aging- and human-specific tissue pathology. Mech Ageing Dev
(2020) 191:111351. doi: 10.1016/j.mad.2020.111351

46. Moxham VF, Karegli J, Phillips RE, Brown KL, Tapmeier TT, Hangartner R,
et al. Homeostatic proliferation of lymphocytes results in augmented
memory-like function and accelerated allograft rejection. J Immunol (2008)
180(6):3910–8. doi: 10.4049/jimmunol.180.6.3910

47. Shirakawa K, Yan X, Shinmura K, Endo J, Kataoka M, Katsumata Y, et al.
Obesity accelerates T cell senescence in murine visceral adipose tissue. J Clin
Invest (2016) 126(12):4626–39. doi: 10.1172/JCI88606

48. Sato Y, Mii A, Hamazaki Y, Fujita H, Nakata H, Masuda K, et al.
Heterogeneous fibroblasts underlie age-dependent tertiary lymphoid tissues
in the kidney. JCI Insight (2016) 1(11):e87680. doi: 10.1172/jci.insight.87680

49. Dulken BW, Buckley MT, Navarro Negredo P, Saligrama N, Cayrol R, Leeman
DS, et al. Single-cell analysis reveals T cell infiltration in old neurogenic
niches. Nature (2019) 571(7764):205–10. doi: 10.1038/s41586-019-1362-5

50. Desdin-Mico G, Soto-Heredero G, Aranda JF, Oller J, Carrasco E, Gabande-
Rodriguez E, et al. T cells with dysfunctional mitochondria induce
multimorbidity and premature senescence. Science (2020) 368(6497):1371–6.
doi: 10.1126/science.aax0860

51. Martini E, Cremonesi M, Panico C, Carullo P, Bonfiglio CA, Serio S, et al. T
Cell Costimulation Blockade Blunts Age-Related Heart Failure. Circ Res
(2020) 127(8):1115–7. doi: 10.1161/CIRCRESAHA.119.316530

52. Lee JY, Han AR, Lee DR. T Lymphocyte Development and Activation in
Humanized Mouse Model. Dev Reprod (2019) 23(2):79–92. doi: 10.12717/
DR.2019.23.2.079
February 2021 | Volume 12 | Article 584538

https://doi.org/10.1111/acel.12430
https://doi.org/10.1016/j.clim.2018.03.015
https://doi.org/10.1038/s41514-019-0041-y
https://doi.org/10.4049/jimmunol.174.10.6477
https://doi.org/10.1126/science.aav3487
https://doi.org/10.1186/s12859-018-2353-5
https://doi.org/10.1186/s12859-018-2353-5
https://doi.org/10.1093/nar/gkm226
https://doi.org/10.1093/nar/gkm226
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1172/JCI123859
https://doi.org/10.1172/JCI123859
https://doi.org/10.1186/s12979-019-0165-8
https://doi.org/10.1016/j.immuni.2018.02.010
https://doi.org/10.1161/CIRCRESAHA.118.312497
https://doi.org/10.1161/CIRCRESAHA.118.312497
https://doi.org/10.1016/j.molcel.2018.08.008
https://doi.org/10.1038/s41598-019-40250-0
https://doi.org/10.1038/npjamd.2015.5
https://doi.org/10.1038/npjamd.2015.5
https://doi.org/10.1016/j.immuni.2012.09.020
https://doi.org/10.1038/s41423-019-0344-8
https://doi.org/10.1084/jem.20060772
https://doi.org/10.1016/j.cmet.2014.09.011
https://doi.org/10.1016/j.cmet.2014.09.011
https://doi.org/10.1038/s41525-019-0097-4
https://doi.org/10.3389/fphar.2017.00363
https://doi.org/10.1152/physiol.00029.2013
https://doi.org/10.1016/j.yjmcc.2015.11.005
https://doi.org/10.1093/bioinformatics/btp073
https://doi.org/10.1038/nri2526
https://doi.org/10.1038/cmi.2015.50
https://doi.org/10.1172/jci.insight.131092
https://doi.org/10.1111/acel.13015
https://doi.org/10.1056/NEJMoa1701719
https://doi.org/10.1001/jamacardio.2018.3965
https://doi.org/10.1016/j.cophys.2020.09.006
https://doi.org/10.1126/sciadv.aaw8330
https://doi.org/10.1016/j.mad.2020.111351
https://doi.org/10.4049/jimmunol.180.6.3910
https://doi.org/10.1172/JCI88606
https://doi.org/10.1172/jci.insight.87680
https://doi.org/10.1038/s41586-019-1362-5
https://doi.org/10.1126/science.aax0860
https://doi.org/10.1161/CIRCRESAHA.119.316530
https://doi.org/10.12717/DR.2019.23.2.079
https://doi.org/10.12717/DR.2019.23.2.079
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Delgobo et al. T Cells Fuel Inflammaging
53. Brehm MA, Kenney LL, Wiles MV, Low BE, Tisch RM, Burzenski L, et al.
Lack of acute xenogeneic graft- versus-host disease, but retention of T-cell
function following engraftment of human peripheral blood mononuclear cells
in NSG mice deficient in MHC class I and II expression. FASEB J (2019) 33
(3):3137–51. doi: 10.1096/fj.201800636R

54. Satheesan S, Li H, Burnett JC, Takahashi M, Li S, Wu SX, et al. HIV
Replication and Latency in a Humanized NSG Mouse Model during
Suppressive Oral Combinational Antiretroviral Therapy. J Virol (2018) 92
(7):e02118–17. doi: 10.1128/JVI.02118-17

55. Maletzki C, Bock S, Fruh P, Macius K, Witt A, Prall F, et al. NSG mice as hosts
for oncological precision medicine. Lab Invest (2020) 100(1):27–37. doi:
10.1038/s41374-019-0298-6

56. Billerbeck E, Horwitz JA, Labitt RN, Donovan BM, Vega K, Budell WC, et al.
Characterization of human antiviral adaptive immune responses during
hepatotropic virus infection in HLA-transgenic human immune system
mice. J Immunol (2013) 191(4):1753–64. doi: 10.4049/jimmunol.1201518

57. Kieper WC, Jameson SC. Homeostatic expansion and phenotypic
conversion of naive T cells in response to self peptide/MHC ligands.
Frontiers in Immunology | www.frontiersin.org 14
Proc Natl Acad Sci USA (1999) 96(23):13306–11. doi: 10.1073/pnas.96.23.
13306

58. Min B, Yamane H, Hu-Li J, Paul WE. Spontaneous and homeostatic
proliferation of CD4 T cells are regulated by different mechanisms.
J Immunol (2005) 174(10):6039–44. doi: 10.4049/jimmunol.174.10.6039

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Delgobo, Heinrichs, Hapke, Ashour, Appel, Srivastava, Heckel,
Spyridopoulos, Hofmann, Frantz and Ramos. This is an open-access article
distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does
not comply with these terms.
February 2021 | Volume 12 | Article 584538

https://doi.org/10.1096/fj.201800636R
https://doi.org/10.1128/JVI.02118-17
https://doi.org/10.1038/s41374-019-0298-6
https://doi.org/10.4049/jimmunol.1201518
https://doi.org/10.1073/pnas.96.23.13306
https://doi.org/10.1073/pnas.96.23.13306
https://doi.org/10.4049/jimmunol.174.10.6039
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Terminally Differentiated CD4+ T Cells Promote Myocardial Inflammaging
	Introduction
	Materials and Methods
	Study Approval
	Animals
	Adoptive Cell Transfer
	Endpoint Analysis
	In Vitro Stimulation Assay
	Flow Cytometry
	Gene Expression Analysis
	RNA-Seq and Bioinformatics
	Methylated DNA Quantification
	Histology
	Statistics

	Results
	Myocardial- and Immunosenescence Phenotypes Develop Synchronously
	Human CD4+ T Cells Shift Toward a Senescent-Like Phenotype When Transferred Into NSG-DR1 Mice
	Human CD4+ T Cell Engraftment in NSG-DR1 Mice Favors Cardiac Leukocyte Accumulation
	Expanded CD4+ T Cells Promote Myocardial Inflammation and Stress Response
	Transcriptome Analysis Reveal an Inflammaging Phenotype in the Heart of CD4+ T Cell Transferred NSG Mice

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


