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ABSTRACT OF DISSERTATION

AGE-ASSOCIATED INCREASE OF yo T CELLS IN VISCERAL ADIPOSE TISSUE
AND MECHANISMS OF THEIR ACCUMULATION

Chronic systemic inflammation, known as inflammaging is considered a hallmark
of aging and associated diseases. While adipose tissue has long been considered only as a
caloric reservoir regulating systemic energy homeostasis, research in the past couple of
decades substantiate its endocrine function to secrete an array of inflammatory mediators
and hormones, which have physiological effects on multiple organ systems, and
contribute to inflammaging. Redistribution of adipose tissue from subcutaneous to
visceral depots, changes in the immune profile and the chronic inflammatory state are
among the major sources of adipose tissue dysfunction with aging.

This dissertation is focused on identifying and characterizing a unique population
of T cells, called yo T cells, in visceral adipose tissue (VAT) with aging. My studies
identified an age-associated increase in yd T cell numbers in VAT and a progressive trend
of accumulation of these cells over the lifespan in C57BL/6J mice. Importantly, this
accumulation is also consistent in humans. I explored the role of VAT resident yo T cells
in inflammation using a genetic deletion model that lacks yo T cells (TCR3KO) and showed
that lack of yd T cells results in reduced inflammation both locally and systemically. The
potential for y3 T cells to promote inflammation with aging set the stage to understand the
maintenance of this population in VAT and the mechanisms for the age-associated
accumulation. | evaluated several physiological mechanisms that may contribute to y6 T
cells accumulation. Using isochronic parabiotic pairs of wild-type (WT) and TCRSKO
mice at young and old age, | found minimal recruitment of peripheral yo T cells into VAT
without a significant change by aging, suggesting a minor contribution of migration to yo

T cell accumulation with aging. Since the number of T cells are tightly regulated within a



tissue to maintain homeostasis, | further evaluated two potential driving forces,
proliferation, and programmed cell death as mechanisms to increase the number of Y& T
cells in VAT with aging. Studies using Ki67 as a proliferation marker and in vivo EdU
incorporation demonstrated that the absolute number of proliferating yd T cells per gram
of VAT significantly increased in the aged VAT compared to young and middle age,
indicating that an increase in the local proliferating y6 T cell population contributes to the
age-associated accumulation. Analysis of apoptosis via caspase activity, revealed a
decrease in apoptosis in yo T cells with a concomitant increase in the live population among
the middle-aged group of mice that continued into the aged. Comparative studies in
peripheral lymph nodes showed the expected increase in apoptosis among the aged,
suggesting that vy T cells are protected from age-associated apoptosis specifically in VAT.
Changes in VAT microenvironment with age that led to a reduction in apoptosis will be an
interesting avenue for future research. Collectively, these data suggest that an increased
number of tissue-resident proliferating yd T cells and increased survival of yo T cell
populations, rather than peripheral migration, account for the age-associated y& T cell
accumulation observed in VAT. These findings are important to better understand how
adipose tissue dysfunction and related changes in its immune profile contribute to

inflammaging among the elderly.
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migration, proliferation
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Chapter 1 INTRODUCTION

1.1 Aging

1.1.1 Global Burden of aging

Environmental and internal challenges lead to accumulation of a wide variety of
molecular and cellular damage over time which persistently deteriorate physiological
functions, a process known as biological aging[1].Since the late 21% century, advancement
of healthcare and technological innovations have given rise to higher life expectancy with
a comfortable lifestyle[2]. Approximately 12.7% of the world population are aged i.e., 60
years or older, which is estimated to more than double to 2.1 billion by 2050[3, 4].
“Greying” of United States is particularly interesting as the aged population over 65 years
are expected to outnumber the children under the age 5 in the next decade changing the
population pyramid into a slow growing demography[5, 6]. US Census bureau predicted
that the aged population over 65 years will become 23.4% of the total population compared
to 19.8% of children under 18 years (Fig 1.1)[7], which is unprecedented. The National
Institute of Aging has invested significant resources in elevating the quality of life among
the elderly to maintain their physical, mental, and social well-being[8]. “Healthy aging”
has been trending among the elderly in the high economy countries which consists of
consuming healthy food and engaging in regular exercise, and social activities for mental
well-being[2, 9, 10]. However, the majority of the older population suffers from frailty,
and neurodegenerative and chronic diseases, thus increasing the financial, social and public

health burden that makes aging a global issue[11].



For the First Time in U.S. History Older Adults Are
Projected to Outnumber Children by 2034

Projected 22.8% Adults 65+
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Fig. 1.1 Projected population growth in USA. Taken from National Population Projection 2017 by US
Census Bureau.

1.1.2 Epidemiology and related diseases

Aging research has flourished over the last 50 years [12-16]. The aged population
is currently divided into 3 generations which span over three decades. The “young old” are
in their 60s and early 70s who are healthy and often working actively. The “old”, who are
in their 70s and 80s, show the onset of frailty and suffer from chronic illness. The “old-
old” are representative of the sick, disabled, dependent and nearing death[17]. Age-related
diseases result from systemic failure of bodily functions which increase morbidity and
mortality. Examples of age-associated pathologies include neurodegenerative Alzheimer’s
and senile dementia; metabolic syndromes such as type 2 diabetes and insulin resistance;
cardiovascular complications such as coronary artery diseases, hypertension, stroke;
chronic inflammation mediated diseases such as osteoarthritis, frailty, and cancer.
Tremendous advancements in biomedical research over the past century led to basic
understanding of biological mechanisms of aging. However, the recent focus of research
has been shifted to adapting translational interventions for deleterious cellular and

molecular mechanisms to prevent unwanted pathophysiology[18]. Geriatric epidemiology



even recognizes the “life course approach”[19] which helps to identify risk factors at any
stages of life that eventually develop into age-associated diseases[20]. Over the years many
age-related diseases have been are recapitulated in C57BL/6 mice which is arguably the
ideal model to study aging as human age equivalency is most well-characterized in these
mice (Fig 1.2)[21]

Life phase equivalencies
Wh4---. - -
= 1
o Mature :
8 sl adult
= T
3] 3—5 ]
“ Old ] 50%
< st months . B —— # survivorship
o hMiddle- . 28
o) aged 18-24 ,  f28m.)
£ e months
E 25 1014 "
0 months
| = L.
9T 1 | —
1 B 12 18 24 an ae
Mouse age (months)
20-30 3847 5669
Vears Years Years
| | | |
I I I I
125 an 425 56 54 a1 a4
Human age equivalents (vears)
Maturational rate comparisons
Ages Mouse vs. human
Birth—1 menth 150 times faster
1—6 months 45 times faster
&+ months 25 times faster

Fig. 1.2 Lifespan in C57BL/6J mice in comparison to human life. Taken from Flurkey, Currer, and
Harrison, The Mouse in Biomedical Research, 2007.



1.2 Adipose tissue in aging

1.2.1 Adipose tissue dysfunction with aging

Adipose tissue gained a lot of interest in the past two decades as it plays a major
role in biological aging besides acting as an active endocrine organ and energy reservoir.
While subcutaneous fat primarily helps to insulate the body from cold, provides protection
to tissues and organs as well as plays a major role in obesity-related insulin resistance[22],
visceral fat tissue contributes to metabolic and chronic inflammatory disorders which are
carried out by the release of cytokines, chemokines and adipokines[23]. Adipose depot
redistribution with aging from subcutaneous depot to visceral depot represents the onset of
chronic sterile inflammation[24]. Age-associated adipose tissue dysfunction results from a
combination of adipose redistribution, chronic inflammation within adipose tissue, decline
in progenitor cell function, preadipocytes and immune cell senescence which give rise to
senescence associated secretory phenotype (SASP), ectopic lipid accumulation, changes in

adipose derived hormones, reduced mi-RNA processing, and decrease in brown and beige
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Fia. 1.3 Age-associated adipose tissue dysfunction. Taken from Palmer et al. 2016.
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fat function (Fig 1.3)[25]. These changes collectively impart a profound impact on insulin

sensitivity and metabolic and cardiovascular health[25-30].

1.2.2 Adipose tissue as a source of inflammaging

Chronic, systemic, sterile, low-grade inflammation, termed inflammaging[31], has
revolutionized the conceptual understanding of age-associated pathophysiology and its
underlying mechanisms[32]. Morphological and functional changes due to adipose tissue
dysfunction are considered a major contributor of inflammaging. Increased oxidative stress
in adipose tissue with age leads to DNA damage which triggers senescence via p53/ p21
signaling pathways[33]. Senescent preadipocytes accumulate in adipose tissue as clearance
of these cells are compromised with aging. The elevated levels of proinflammatory
cytokines and chemokines released from the senescent cells known as SASP serves as an
inflammaging inducer[26, 34]. In fact, adipose tissue has been used as a target of
therapeutic interventions to reduce the burden of inflammaging associated diseases by
using calorie restriction and senolytic treatments. Other than senescence, hypoxia, fibrosis,
inflammasome activation[33], exogenous and endogenous fatty acids, various molecular
mechanisms such as JAK/STAT, Wnt/B-catenin, PI3K/AKT, NF-kB and MAPK signaling
pathways have been linked to adipose tissue mediated inflammaging[26]. Adipose resident
macrophages[33, 35], neutrophils, eosinophils, B cells and conventional T cells have been
well characterized as contributors of inflammaging[33, 36]. However, no studies have

reported adipose specific yd T cells in the context of aging.



1.3y3 T cells

vd T cells are the prototype of ‘unconventional’ T cells and represent a unique
subset that possess characteristics of both innate and adaptive immune system[37]. The T
cell receptor (TCR) of y& T cells consist of one of the gammas and one of the delta chains
which undergo V(D)J recombination of 7 gamma and 6 delta chains giving rise to different
subpopulations of y& T cells[38]. y& T cells have been widely studied in the context of
pathogen infections[39-42] and autoimmune diseases such as rheumatoid arthritis,
ankylosing spondylitis, and systemic lupus erythematosus[43, 44]. However, preferential
enrichment of yo T cells in peripheral tissues rather than lymphoid organs provide
important clues to its physiological role in tissue homeostasis[45, 46]. yo T cells also
demonstrate developmental preprogramming of effector functions in thymus with respect
to specific cytokine (i.e., IL-17A or IFNy) production[46]. Recent studies highlighted roles
of y3 T cells in epithelial and mucosal tissue repair[47, 48], immune surveillance and would

healing[46], cancer immunotherapy[49], thermogenesis[45] and inflammation[50, 51].

1.3.1 Age-associated alterations of yd T cells in circulation

Several clinical studies showed age-associated decline in yd T populations, both in
number and frequency in circulation in humans indicating a selective depletion of these
cells which can be potentially linked to increased susceptibility to infectious diseases and
overall vulnerability with aging[52-58]. The gender as well affect both number of total v
T cells and specifically V82" T cells, which are significantly higher in male compared to
female[57]. The functionality of aging V82" y8 T cells in circulation is sustained via co-
stimulatory molecules, as these cells showed high cytokine production in response to
PMA/ionomycin stimulation compared to age-matched off T cells, exemplifying a
functional dichotomy in circulating lymphocytes with aging[59]. Due to the presence of an
inflamed environment in the elderly, y5 T cells remain in a basal-activated state, as shown
by the activation marker CD69. These cells also appear to be primarily TNFa
producing[54, 55]. Age-associated reduction in yd T cell numbers is associated with two

schools of thoughts. First, a significant decrease in V82" subpopulation in the aged, which
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further showed proliferative defect by reduced expansion in vitro[56, 57, 59, 60]. Second,
higher sensitivity to apoptosis in yd T cells induced by both CD95, an apoptotic related
marker and TNFa[60]. Overall, the decrease in yd T cell numbers is likely due to a
combination of both mechanisms. Several studies consistently showed that CD27*V52* 8
T cells are decreased with age[58] due to higher activation-induced cell death and low
proliferative capacity in V32* T cells via mitogen-induced downregulation of Bcl-2 protein
expression compared to V81" T cells[57]. On the other hand, V31" subpopulations
proportionately increase in the aged circulation without any significant difference in the in
vitro expansion compared to young, suggesting an immunosenescent-specific
subpopulation of yd T cells in the elderly[56]. Next-generation sequencing study
additionally corroborated the age-associated shift of Vy and V gene usage in the memory
v T cell subset in humans, from Vy9/V42 dominance in young to Vy2/V31 dominance in
elderly[61]. Although decreased frequency and number of V82" y3 T cells in circulation of
elderly has been repeatedly reported, Mazzoccoli et. al. showed that elderly males (age
range 67-69 years) not only showed an increase in y3-TCR expressing cells in the
circulation but also showed a clear circadian rhythmicity with an increase during noon
compared to young middle-aged males[62]. Aging also alters the functionality of human
peripheral yd T cells as increased TNFa production was reported in a study[56]. How age
impacts on yd T cell functionality and interferes with cellular crosstalk among immune cell

populations leading inflammaging requires further exploration.

1.3.2 Aging-associated alterations of Y0 T cells in other tissues

A few studies showed an age-associated increase of IL-17A producing yd T cells
in tissues other than VAT. While VVy6* v8 T cells increased by aging (compared between
young (3mo) and aged (>21mo) in the peripheral lymph nodes (pLNs) of mice, Vy1 and
Vy4 populations showed an age-associated decrease. Although the composition of yo T cell
subsets in the pLN pool changes with age, no age-associated changes were observed in
function or on the transcriptomic profile. Furthermore, selective activation of pLN-resident
Vy6" vd T cells made them pro-tumorigenic in old mice and migrate into tumor to enhance

tumor growth, in an experimental lung cancer model[63, 64]. Another study showed that
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lung resident IL-17A-producing vy T cells increase in the aged mice (20-24mo) with altered
gene expressions that changes their immune functions to play anti-tumor roles in lung
melanoma, substantiating the use of vy T cells in anti-tumor immunotherapy in the elderly
population[65]. yo T cells have shown dichotomic role in cancer progression in the
literature, and whether aging induces the protective or tumorigenic potential of these

unique cells requires further study.

1.3.3 Abundance and distribution of yd T cells in adipose tissue

vd T cells are reportedly enriched in adipose tissues compared to other peripheral
organs in young mice. The visceral white adipose tissues (VAT) consisting of perigonadal
(epididymal and parametrial), omental, and perirenal depots have the highest abundance of
¥8 T cells, ranging from about 5-25% of total CD3* lymphocytes, while subcutaneous white
adipose tissue has the least (less than 7%)[45, 50]. Subcutaneous brown adipose tissue
(BAT), on the other hand, has a similar abundance of yd T cells to VAT[45]. In contrast to
adipose tissues, peripheral organs have relatively scarce yd T populations (i.e., lung showed
a range from ~2-4%, liver has up to 10% and spleen has the least (less than 2%), which is
similar to the circulation [45, 51]. Whole-mount tissue imaging revealed that yd T cells are
dispersed throughout visceral adipose tissue and not present within specific neural or
lymphoid niches[66]. Importantly, Kohlgruber et al. also confirmed the presence of yo T
cells in the VAT of humans[45].

1.3.4 Subpopulations studied in mouse adipose tissue

vo T cells are generally divided into two functionally distinct subtypes based on
production of either IL-17A or IFNy[67-69]. The programming of these cells is decided in
the thymus during embryonic development and surface markers are one of the key factors
used to distinguish these populations. IFNy-producing yd T cells are CD27*, while I1L-17
producing yd T cells are CD27"9. CD27, a costimulatory molecule of the tumor necrotic
factor receptor superfamily, not only marks these populations, but acts as a regulator of

their differentiation during thymic development and imprinting[70]. Within the adipose



tissue, both CD27* and CD27™9v5 T cells have been identified[45, 50, 66]. Kohlgruber et.
al. performed the most comprehensive phenotyping of adipose tissue vy T cells to date and
characterized two major functionally and phenotypically distinct populations in young
C57BL/6 mice (1-7mo). The CD27"%9 population was confirmed to be IL-17 producing and
further distinguished from the CD27" population by high expression of CD3 and
intracellular expression of the transcription factor PLZF which regulates a series of
biological processes including development, differentiation, and function of innate
immune cells[71]. Thus, based on the present knowledge, v T cells in adipose tissue can
be characterized and functionally demarcated as CD3"CD27"9PLZF" |L-17-producing
innate-like y5 T cells and CD3'°CD27*PLZF"™9 IFNy-producing y8 T cells[45]. In addition,
vd T cells in the adipose tissue are almost exclusively negative for CD4 and CD8[72] which

often serve to classify conventional o T cells.

With respect to y/3-TCR profiling, Mehta et al. detected the expression of Vy1, Vy2,
Vvy4, Vy6 and V41, Va3, Vo4 (Heilig & Tonegawa nomenclature[73]) genes in VAT of
young mice by PCR[50]. Flow cytometric analyses confirmed that VAT of young mice is
primarily composed of Vy6* cells, which correspond to the more abundant
CD3&M"CD27™9PLZFP* IL-17A-producing population, while the CD3¢'°CD27* PLZF"
IFN-y-producing population appears to contain both Vy1* and Vy4* cells[45].

1.3.5 Adipose tissue-residency in mouse model

Recent in vivo studies demonstrated that yo T cells are a self-sustaining adipose
tissue-resident population using parabiotic pairs of congenic CD45.1 and CD45.2 mice, in
which more than 90% of the VAT v3 T cells did not passively migrate between animals[45,
66]. Interestingly, VAT yd T cells are uniquely tissue-resident while y& T cells in other
tissues including spleen, liver, lungs and bone marrow are reconstituted from the
circulation[45, 66]. CD8" Tconv cells are likewise reconstituted from the circulating
population in all tissues including VAT[45]. Phenotypic characterization of VAT yo T cells
has been reported using surface expression of CD69, a type 11 C lectin receptor important

for Trm differentiation and considered as the signature phenotype of tissue-resident



memory cells (Trm)[74]. Flow cytometry studies demonstrate that the majority of VAT vd
T cells are CD69" showing the characteristic Trm phenotype[51]. NanoString analysis
confirmed that VAT yd T cells, have distinct transcriptomes compared to circulating y3 T
cells indicating the presence of a functionally distinct resident yo T cell population in
VAT[51].

1.3.6 Effect of obesity on adipose-resident yo T cells

Since adipose tissue possesses remarkable plasticity, adapting to physiological
changes, studies using high-fat diet-fed animals are often used to investigate obesity-
induced alterations. Several studies reported an effect of obesity on adipose-resident y6 T
cells in murine model[50, 51, 72, 75]. Twelve weeks of high fat diet (HFD) feeding to 1mo
old mice caused an increase in yd T cell percentage in inguinal fat depots which was
proportional to adiposity[75]. Eighteen weeks of HFD feeding to 1.5mo old mice caused
an increase in IL-17A producing yd T cells per gram of inguinal fat [72]. Two independent
studies with short term (5weeks) milk fat diet [50] and long term (young mice were fed for
20 weeks starting weaning and aged mice for 12 months starting at 11 months of age) high
fat diet [51] similarly reported an increase of yo T cell in epididymal fat depot, which was
proportional to the increase of fat mass. Collectively, these studies suggest that diet-
induced obesity increase yo T cell population in adipose tissue. The molecular mechanisms

of the adipose specific increase in yd T cells in obesity require further research.

1.3.7 Regulatory roles of yd T cells in adipose tissue biology

1.3.7.1 vy T cells are major producers of IL-17 in adipose tissue

IL-17A is a pro-inflammatory cytokine that has been associated with inducing
inflammatory responses in several metabolic diseases, such as obesity and T2 diabetes as
well as infectious and autoimmune diseases[39-42, 76, 77]). IL-17A, the founding member
of a family of six cytokines (IL-17A through IL-17F), signals through ubiquitously present
multimeric receptor complexes composed of IL-17RA and IL-17RC[78]. IL-17A-

producing Th17 cells, a subtype of activated CD4+ T cells, have gained significant interest
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recently as they show selective expansion and elevated IL-17A levels in the context of
obesity-related inflammatory conditions[78, 79]. Recent studies indicated that IL-17A
exerts several regulatory roles in adipose tissue. In adipose tissue, yd T cells are reportedly
the primary producers of IL17A[45, 72, 80]. which raises the premise that yo T cells may

be involved in regulatory functions via IL-17A.

1.3.7.2 y8 T cells as a metabolic regulator in adipose tissue

A few studies reported the role of yo T cells during obesity in regulating the
metabolic phenotype. One study with TCR6KO mice showed yo T cells are likely to
contribute to hyperinsulinemia and impaired insulin sensitivity[51]. Moreover, y5 T cells
promote inflammation and thereby further contribute to insulin resistance in metabolically
active organs such as liver and skeletal muscles[50]. Another study using aged TCRSKO
mice showed that lack of yd T cells is associated with improved metabolic fitness in terms

of higher respiratory exchange ratio and increased energy expenditure[51].

Additionally, IL-17A, which is likely produced by yd T cells has been shown to
modulate metabolic processes in adipose tissue. IL-17A inhibits glucose uptake by cultured
preadipocytes. Lack of IL-17 in knock-out model showed enhanced glucose tolerance and
insulin sensitivity, and greater fasting glucose levels without obesity, indicating that 1L-17
contributes to systemic glucose homeostasis. Next, several studies have found that IL-17A
and IL-17F inhibit adipogenesis[72, 78, 81] and in human mesenchymal stem cells (MSC),
IL-17 impairs adipocyte differentiation[78]. IL-17A promotes obesity via phosphorylation
of PPARYy in adipocytes[82]. IL-17 receptor knock-out mice showed rapid weight gain and
metabolic phenotypes such as reduced energy expenditure and reduced oxygen
consumption, impaired glucose tolerance, and increased lipid accumulation in brown

adipose tissue[80].

1.3.7.3 Thermogenic role of vy T cells in adipose tissue

Susceptibility to diet-induced obesity and glucose tolerance are interconnected with

defective adipose thermogenesis[80]. Indeed, a few studies noted the role of yd T cells in
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thermogenesis which is likely mediated via IL-17A. Kohlgruber et al. shared their
discovery that innate-like IL-17A-producing Vy6* yd T cells participate in body
temperature homeostasis via crosstalk with adipose stromal cells, which produce IL-33 and
exert downstream effects on Treg cell accumulation[45, 83]. Thermogenic adipose tissue
is stimulated by sympathetic nervous system to produce heat via adaptive thermogenesis.
Vy6" v8 T cells, in particular, promote adaptive thermogenesis while maintaining whole-
body energy homeostasis. Recent findings demonstrate y6 T/ IL-17F/IL-17RC/TGF1 axis
is critical for sympathetic innervation in multiple tissues, such as adipose tissue, salivary
glands and lungs, via yd T derived IL-17F mediated IL-17RC signaling pathway. Ablation
of adipose specific IL-17RC reduces TGFB1 expression in parenchymal cells in brown
adipose tissue, impairing various physiological functions, while restoring TGFp1
expression rescues local sympathetic innervation. Adipocyte specific IL-17RCKO mice
showed impaired cold tolerance and higher lipid content, confirming the importance of IL-
17RC signaling in UCP1-positive thermogenic adipocytes. Adipocyte IL-17RC helps with
oxygen expenditure which helps in not gaining weight. Lack of IL-17RC led to impaired
glucose tolerance, aggravated liver steatosis, and enlarged inguinal and VAT on high fat
diet. Impaired thermogenesis and decreased cold tolerance in IL-17RCKO mice is due to
lower oxygen consumption, which results from inefficient beta3aderenergic receptor
activation. IL-17RC helps in functional sympathetic innervation as IL-17RCKO shows
reduced growth and maturation of sympathetic axons in BAT, possibly due to deficiency
in neurotrophic factors. This study uncovered an immune-regulatory mechanism of
sympathetic innervation in multiple tissues including BAT[80]. It will be interesting to see
whether the yo T/ IL-17F/IL-17RC/TGFp1 axis plays the same role in humans.

1.3.8 IL-17 producing yo T cells in other tissues with chronic inflammation

vd T cells are the primary source of IL-17A in other tissues and other chronic
inflammatory diseases. In the progression of age-related macular degeneration (AMD), yo
T cells are the primary infiltrated lymphocytes, which act as a major source of IL-17 as one
of the pro-inflammatory signals during degeneration of the retinal pigment epithelium

(RPE)[84]. In skin inflammation, IL-23-responsive dermal yd T cells are the major 1L-17
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producers in the skin and a potential target for the treatment of psoriasis[47]. Furthermore,
adipose tissue and skin inflammations are linked via yd T cells as adiponectin, an adipose
tissue derived hormone, directly acts on IL-17A producing dermal Vy4* yd T cells to

suppress IL-17A synthesis via receptor AdipoR1[85].

1.3.9 Goal of this dissertation

While most of the previous studies have focused on adipose tissue specific yo T
cells in the context of high-fat diet induced obesity, no studies described changes in adipose
specific yd T cells in the context of aging. This dissertation characterizes the age-associated
v T cell accumulation in VAT and studies mechanisms of their accumulation. In aim 1, |
determined whether y& T cells accumulate in VAT with aging to define their role in
inflammaging. My studies focus on quantifying yd T cells in mice and humans across the
lifespan in various tissues, including VAT, peripheral lymph node (LN), and skin along
with other tissues studied before. Previous studies provide the rationale to study the role of
v T cells in visceral adipose tissue inflammation in the context of aging as aging is how
considered a disease for which chronic inflammation is a common denominator. My study
also characterizes VAT yd T cells based on IL-17A and IFNy production in young and aged
mice. The PCR study further demonstartes the presence of different subpopulations in
young and aged VAT and compares whether there are any age-associated changes in gene

expressions.

In aim 2, | explored the physiological mechanisms of y6 T cell accumulation in
VAT. While y5 T cells have been shown to be tissue-resident, it is possible that circulating
vo T cells may infiltrate into VAT and then gain tissue-residency. Moreover, VAT of aged
mice is known to produce increased levels of inflammatory cytokines and chemokines
which may facilitate y3 T cells recruitment from the periphery. My parabiosis study
explores this possibility. Additionally, the molecular mechanisms of maintenance of the
VAT resident yd T cell population are still obscure. Since the number of T cells are tightly
regulated within a tissue to maintain homeostasis, | evaluated two potential driving forces.
My studies explore the proliferation and apoptosis status of VAT y3 T cell while comparing

it with Teonv Cells and lymphocytes in other peripheral organs. Collectively, my research
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will aid in better understanding the deleterious effects of adipose tissue immune system on

aging.
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Chapter 2 MATERIALS AND METHODS

2.1 Animals and husbandry

Male and female C57BL/6 mice were obtained from The Jackson Laboratory
(Stock 664) or the National Institute on Aging. T cell receptor delta chain knockout mice
(TCR6 KO, B6.129P2-Tcrdtm1Mom/J, Stock 2120) were obtained from The Jackson Lab
and bred in-house. Different age groups of mice were utilized, and age is specified for each
experiment in figure legends. Mice were housed in pressurized intraventilated cages and
maintained in an environment under controlled temperature (21-23 °C), humidity (30—
70%), and lighting (14 h/10 h, light/dark) with free access to drinking water and chow
(Teklad Global No. 2918). All procedures were approved by the Institutional Animal Care
and Use Committee at the University of Kentucky and performed in accord with the

National Institutes of Health guidelines for ethical animal treatment.
2.2 Parabiosis

Isochronic parabiosis pairs were constructed using age- and sex- matched WT and
TCRSKO male and female mice (male to male or female to female). Aged male mice were
acclimated for pairing for 2 weeks using an in-house developed clear plexiglass barrier.
After removal of the barrier, pairs were cohoused for an additional 2 weeks before surgery
to assure compatibility (Fig 2.1). Aged female mice were cohoused for at least 2 weeks
prior to surgery. Surgeries were performed following the protocol described by Paniz
Kamran et al.[86]. Briefly, C57BL/6 and TCR3KO mice were placed one-at-a-time into an
induction chamber and anesthetized with isoflurane, 4-5%, provided by a precision
vaporizer. The mouse was transferred to a prep area where it received ophthalmic ointment,
Meloxicam-5 mg/kg SQ, Buprenorphine SR-LAB (Zoopharm)-1mg/kg SQ, and
enrofloxacin-10mg/kg SQ. The appropriate side of the mouse was then clipped of fur and
the mouse was then transferred to a heated surgical platform and placed on one of two
separate side-by-side nose cones and anesthesia was maintained at 1.5-2% isoflurane. The
process was repeated for the second mouse. With the mice positioned in lateral

recumbency, back-to-back, the exposed side of each mouse was aseptically prepped using
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betadine followed by isopropyl alcohol for a total of three cycles. A sterile surgical drape
was then placed over the mice, with an opening to expose only the operation area. Using
sharp scissors, an incision was made through the skin of each mouse extending from 5mm
above the elbow to 5mm below the knee joint. The skin adjoining the incision was gently
separated from underlying tissue to create a 5mm flap surrounding the incision. The
exposed olecranon of each mouse was joined tightly using 3-0 Prolene suture secured with
a double surgical knot. The knee joints were joined in a similar manner. The skin along the
ventral side of the incision was then approximated and joined with 5-0 Vicryl suture in a
continuous pattern beginning and ending with a secure knot. The mice were placed in the
prone position where the dorsal side of the incision was approximated and joined in the
same manner. The entire ventral and dorsal suture lines were inspected for integrity and
continuity, with special attention given to the areas where they were joined at the front and
hind limbs. The mice were transferred to a warmed clean cage and were each administered
1ml of warm sterile physiological saline SQ. The mice were monitored until they recovered
from anesthesia and were ambulatory. The mice were then returned to the vivarium, where
they were given moistened food on the floor of the cage and a water bottle with an extended
sipper tube for access to water. The mice were monitored twice daily for the first 3 days
post-op, and then once daily for the next week for weight loss, normal activity,
inquisitiveness, condition of hair coat, eating, drinking, hydration, appearance of eyes, and
ambulation. The surgical incision sites were observed for complications (e.g., red edges,
swelling, exudates, or displaced sutures). The mice were given additional doses of
meloxicam at 24- and 48-hours post-op. Remaining exposed sutures were removed at 14
days post-op. Parabiotic pairs were euthanized 4 weeks later to harvest blood and tissues

for flow cytometry analysis.
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Fig. 2.1 In-house developed clear plexiglass barrier for parabiosis pair acclimatization. a) front view b)
top view c) parabiotic pair d) parabiosis pair before euthanasia.

2.3 Murine sample collection

Mice were deeply anesthetized by isoflurane inhalation, laparotomy performed, and
blood collected from the inferior vena cava (IVVC) by syringe needle with 10% volume of
0.1 M sodium citrate. Blood was immediately centrifuged (2500 x g, 4°C, 15min) to obtain
plasma which was stored at —80°C. Subsequently, the IVC was cut, and the entire
vasculature was perfused with 30 mL physiological saline through the cardiac ventricles to
eliminate circulating cells. For protein or gene expression analyses, tissues were carefully
dissected, flash frozen in liquid nitrogen, and stored at —80°C. For flow cytometry studies,

whole blood was collected into tubes and fresh tissues (visceral gonadal fat pads (VAT),
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subcutaneous inguinal fad pads (SAT), spleen, liver (a portion of left lateral lobe), lymph
nodes (inguinal and brachial) and dorsal portion of skin) were dissected after perfusion and

kept on ice until processing.
2.4 Human sample acquisition

Fresh visceral adipose tissue specimens (mesenteric fat, perirenal fat, and
omentum) were obtained from patients undergoing surgery at the University of Kentucky
Medical Center. Sample collection was facilitated in a deidentified manner through the
University of Kentucky Center for Clinical and Translational Science and approved by the
University of Kentucky Institutional Review Board (Study #44734). Specimens were

retrieved from the operating room and kept on ice until processing.
2.5 Tissue processing for single-cell suspensions

2.5.1 Adipose tissue

VAT and SAT were dissected from mice, weighed, and minced with scissors.
Minced tissues were transferred to ice cold digestion buffer (0.5% BSA in HBSS with
Ca?"Mg?*) with collagenase (1 mg/mL) and incubated on a tube rocker at 37°C for 50 min
with vigorous shaking by hand every 10 min. Prior to the final 10 min, 10mM EDTA was
added. Digested cells were passed through a 200-um strainer and centrifuged (500 x g, 10
min, 4°C) to separate mature adipocytes from stromal vascular fraction (SVF) cells. The
top adipocyte layer was aspirated and discarded. The cell pellet containing SVF cells was
treated with 3mL red blood cell (RBC) lysis buffer for 5 min, passed through a 70-um
strainer and centrifugation repeated. SVF cells were resuspended in an appropriate volume
of digestion buffer for subsequent processing/analysis. Human VAT was processed in a

similar fashion.

2.5.2 Blood

RBC lysis buffer (20mL) was added to whole blood (approx. 1-mL per mouse) in

a 50 mL conical tube. Cell suspensions were incubated on ice for 5 min with occasional
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shaking, passed through a 70um strainer, washed, and centrifuged. RBC lysis was repeated,
followed by another round of centrifugation. White blood cells (WBC) were resuspended

in an appropriate volume of digestion buffer for subsequent processing/analysis.

2.5.3 Liver, Spleen and Lymph node

Tissues were dissected from mice, weighed (liver and spleen) mashed with a 5 mL
syringe plunger through a 100um cell strainer, washed with 20 mL digestion buffer and
centrifuged at 500 x g for 10 min. RBC lysis was performed for liver and spleen cells,
followed by passing through a 70-um strainer. After a second round of centrifugation, cells

were resuspended in digestion buffer for subsequent processing/analysis.

2.5.4 Skin

A 3 x 3 cm area of skin was shaved on the dorsal aspect of the mouse, Nair was
applied for 3 min, and the skin was washed thoroughly with running water. Subsequently,
a 2 x 2 cm piece of skin was excised and scraped of excess adipose/connective tissue. Skin
was minced in a 35-mm Petri dish containing 2 mL of digestion cocktail (300 pg/mL
Liberase, 50 U/mL DNase | in 5% FBS-RPMI) and incubated at 37 °C for 90 min with
agitation every 30 min. Digested skin was then mashed through a 100um cell strainer and
washed. Samples were centrifuged at 350 x g for 5 min, the supernatant aspirated, and the
pellet treated with RBC lysis buffer. Cells were passed through a 70um cell strainer,
another round of centrifugation performed, and the resulting pellet resuspended in an
appropriate volume of digestion buffer.

2.6 Flow cytometry

Single cell suspensions in 250ul of Dulbecco’s Phosphate Buffered Saline (DPBS,
gibco 14190-144) were stained with Fixable Viability Dye eFluor 450 (eBioscience 65-
0843-14) according to the manufacturer’s protocol, and Fc receptor blocking was
performed using TruStain FcX (Biolegend 156603) for 10 min on ice in 250uL of buffer
containing DPBS with ImM EDTA, 25mM HEPES, 1% FBS. Cells were further incubated
for 30 min at 4 °C in the dark with respective antibodies for cell surface staining; antibodies
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used are described in Table 2.1 and cell surface identifiers are described in Table 2.2. For
cell surface analyses only, stained cells were fixed with 4% paraformaldehyde (Biolegend
420801) for 20 min. For human samples, the same procedure was performed with Human
TruStain FcX™ (BioLegend 422302), and antibodies as noted in Table 1. For intracellular
staining with IL-17A, IFNy and IL-6, SVF cells were first incubated in vitro with
GolgiPlug protein transport inhibitor (BD 555029) in 5% FBS-RPMI for 4 h at 5% CO2,
37 °C. For intracellular staining with Ki67, SVF cells were permeabilized following
surface staining according to standard protocol (Invitrogen 00-5523-00). Following cell
surface staining and fixation, cells were permeabilized according to standard protocol (BD
51-2091KZ) and intracellular staining was performed using antibodies for IFNy, IL-17A,
IL-6, Ki67 and respective isotype controls (see Table 2.1). For detection of IFNy and IL-
17A, cells were also treated with Cell Stimulation Cocktail (Invitrogen 00-4970-93) during
protein transport inhibition. For intracellular staining of IL-6, cell stimulation was not
performed. Murine and human cells were analyzed on a FACSymphony A3 Cell Analyzer
(BD, San Jose, CA). Analysis of flow cytometry data was performed using the FlowJo data
analysis software (FlowJo, LLC, Ashland, OR).
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Table 2.1 Antibodies used for the Flow cytometry studies.

Antigen Conjugate Manufacturer Identifier
Mouse
CD45 APC/Cyanine7 BiolLegend 103116
Brilliant Violet 510 BiolLegend 103138
CD3 FITC BioLegend 100204
PE/Cyanine? BioLegend 100219
TCRy/S APC-Vio 770 Miltenyi Biotec 130-126-042
PerCP-Vio 700 Miltenyi Biotec 130-117-665
PerCP/Cy5.5 BioLegend 118118
CD11b APC BioLegend 101212
Ly6G PerCP/Cyanine5.5 BiolLegend 127616
CD4 PE/Cyanine7 BioLegend 100422
CD8a Brilliant Violet 711 BD Biosciences 563046
CDl1lc APC/Cyanine7 BioLegend 117324
CD206 Brilliant Violet 711 BioLegend 141727
CD34 Brilliant Violet 421 BioLegend 152207
CD31 PE/Cyanine? BioLegend 102417
IL-6 PE BiolLegend 504503
IgGl, x (Isotype for IL-6) PE BioLegend 400408
CD44 PE BioLegend 103008
CD62L Brilliant Violet 421 BioLegend 104436
CD69 PE-CF594 BD Biosciences 562455
IL-17A Brilliant Violet 605 BioLegend 506927
IgGl1, « (Isotype for IL- Brilliant Violet 605 BioLegend 400433
17A)
IFN-y Alexa Fluor® 700 BioLegend 505823
IgGl, k (Isotype for IFN-) Alexa Fluor® 700 BiolLegend 400420
Ki-67 FITC BiolLegend 652410
19G2a, k (Isotype for Ki-67) FITC BD Pharmingen 20624A
Human
CD45 APC Invitrogen 17-0459-42
CD3 PE/Cyanine? Invitrogen 25-0036-42
TCRy/o FITC Invitrogen 11-9959-42
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Table 2.2 Cell Identification Schemes.

Cell type Identification Scheme
Immune CD45*
Non-Immune CD45neg
Lymphocytes (total) Lymphocyte gate

¥ T cells Lymphocyte gate, CD45*, CD3*, TCRy&*
Teonv cells Lymphocyte gate, CD45*, CD3*, TCRy3"9
CD4+ Teony cell Lymphocyte gate, CD45*, CD3*, TCRy3"9, CD4*
CD8+ Tconv cell Lymphocyte gate, CD45*, CD3"*, TCRy5"9, CD8a.*
DN (Double-Negative) T cell Lymphocyte gate, CD45*, CD3*, TCRyd", CD4"9, CD8an¢d
Naive T cell Lymphocyte gate, CD45*, CD3*, CD44low, CD62L", CD69"ey

Central memory T cell

Lymphocyte gate, CD45*, CD3*, CD44", CD62L", CD69"™9

Effector memory T cell

Lymphocyte gate, CD45*, CD3*, CD44", CD62L'%, CD69"

Tissue-resident T cell

Lymphocyte gate, CD45", CD3*, CD44" CD62L"%, CD69*

Macrophages (total)

CD45*, CD11b*, Ly6Gn®s

M1 macrophages

CD45*, CD11b*, Ly6G™9, CD11c*, CD206"9 or CD206'"

M2 macrophages

CD45* CD11b*, Ly6G"¢, CD11c"9, CD206*

DN (Double-Negative) macrophages

CD45* CD11b*, Ly6G"¢, CD11c"9, CD206"%

Neutrophils

CD45* CD11b*, Ly6G*

Endothelial cells

CDA45m9, CD31*

Preadipocytes and adipose-derived stem
cells (ADSC)

CDA45m™9, CD31m

2.7 Quantitative real-time RT-PCR

Frozen tissues were homogenized with TRIzol reagent following the standard

protocol. For adipose tissues, prior to the addition of chloroform, the homogenate was

centrifuged at 10,000 rpm for 10 min and the upper lipid layer aspirated. Total cellular
RNA was purified using PureLink RNA MiniKit (Invitrogen 12183018A), the

concentration was determined by reading the absorbance at 260, and the 260:280

absorbance ratio was used to access RNA purity (NanoDrop). Equivalent amounts of

RNA were reverse transcribed into cDNA using SuperScript Il First-Strand Synthesis

SuperMix (Invitrogen 11752—-050), according to the manufacturer’s protocol. TagMan

assays were purchased from ThermoFisher Scientific, and gRT-PCR was performed on a

QuantStudio 3 Real-Time PCR machine (Applied Biosystems). Target gene expression

was normalized to hypoxanthine-guanine phosphoribosyl transferase (HPRT) expression
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as an endogenous control, and fold change was calculated as 2-“4€T), using the mean
ACT of the control group as a calibrator. TagMan assays used were Mm00446190_m1
and Mm03024075_m1 for IL-6 and HPRT, respectively.

2.8 Plasma IL-6 ELISA

IL-6 level in plasma was determined by using Mouse IL-6 ELISA kit according to

manufacturer’s protocol (Invitrogen BMS603-2).
2.9 In vivo cell proliferation study with EAU

Stock solution of 5-ethynyl-2'-deoxyuridine (EdU) at 40mg/mL was prepared by
dissolving 10 mg in 250ul of DMSO and kept at -20°C. Each mouse was injected with 1
mg dosage using 25l of stock solution and 375ul PBS to make 400ul of total injection
volume. Mice were given intraperitoneal injections every day 24 hours apart for 3
consecutive days and were sacrificed on day 4™ (Fig 2.2). VAT was processed until
single cell suspension to stain for viability and antibodies against cell surface markers
(Supplementary Table 2.1) followed by EdU staining according to manufacturer’s
guidelines using the Click-iT Plus EAU Alexa Fluor 594 flow cytometry assay kit
(Invitrogen C10646).

1 2 3 4  Days

[ [ [ ] .,
| | | l
SO S S
“Jl Injections @
IP *
(EdU 1mg/mouse) FACS
Analysis

Fig. 2.2. Experimental design for EdU pulsing in young and aged mice to analyze in vivo proliferation.
IP: Intraperitoneal injection.
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2.10 Analysis of apoptosis

VAT and lymph nodes were collected from mice and processed until single cell
suspension. Untreated cells were directly resuspended into the buffer containing DPBS
with ImM EDTA, 25mM HEPES, 1% FBS and proceed to Fc receptor blocking followed
by surface staining in 250uL of the same buffer. Then the cells were stained with
CellEvent™ Caspase-3/7 Green Flow Cytometry Assay Kit according to manufacturer’s
protocol (Invitrogen C10740). In order to block BCL2, cells (~1x10°) were incubated with
2uM of ABT737 (Selleck chemicals) together with 1.6uM of S63845 (Sigma-Aldrich) or
0.2% DMSO for 3hrs at 37 °C with 5% CO.. Then the cells were washed with buffer
containing DPBS with 1ImM EDTA, 25mM HEPES, 1% FBS and proceed to Fc receptor
blocking. Then the cells were further processed as same as the untreated as mentioned
above.

2.11 TCR-Vy/V5 PCR

RNA was extracted from frozen tissues (VAT, blood, spleen) by methods described
in Section 2.7 Quantitative real-time RT-PCR. RNA was reverse transcribed using
SuperScriptTM I First-Strand Synthesis SuperMix for qRT-PCR (Invitrogen 11752050)
and the resulting cDNA was amplified by use of Taqg PCR Kit (New England Biololabs
E5000S). The primers used to detect y/6 chains were described previously[87] and are
listed in Table 2.3, according to the nomenclature of Heilig and Tonegawa[73]. The
following reaction conditions were used: denaturation at 94°C, annealing between 46-55°C
(see Table. 2.3 for specific temperature), and extension at 72°C; for 38 cycles. PCR
products were run on individual samples as well as pooled (n=4) on a 2% agarose gel and
visualized using ethidium bromide on the ChemiDoc MP Imaging System (Bio-Rad).
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Table 2.3 Primers used for gene expression analysis with PCR.

Gene Forward primer (5’-3’) Reverse Primer (5°-3’) Ann:aaling
vyl Vy1 CGGCAAAAAGCAAAAAAGT Cy4 GGAGACAAAGGTAGGTCCCAGC (5?
Vy2 Vy2 TTGGTACCGGCAAAAAACAAATCA Cy2 CAATACACCCTTATGACATCG 46
Vy4 Vy4 CTTGCAACCCCTACCCATAT 55
VY5 | Vy5 AGGATCCCGCTTGGAAATGGATGAGA Cyl CCACCACTCGTTTCTTTAGG 55
Vy6 | Vy6 GATCCAAGAGGAAAGGAAAGACGGC 55
Vy7 Vy7 GATCCAACTTCGTCAGTTCCACAAC 55
Vé1 V31 AATAGCAATTCTACTGATGGTGG 46
V62 V&2 AGTCCTCAGTCTCTGACAATC 46
V33 V33 CCAGATTCAATGGAAAGTAC C31 CGAATTCCACAATCTTCTTG 55
V&4 V&4 GTACAAACAGCAAGGAGGGCAGG 55
V&5 V85 CCAGACAGTGGCAAGCGGCACTG 55
V56 V86 TCAAGTCCATCAGCCTTGTC 55

AB-_ CTTCTTTGCAGCTCCTTCGTTG TTCTCCATGTCGTCCCAGTTGG 55

ctin

2.12 Statistical analysis

Comparisons of continuous variables were analyzed first using overall two-way

ANOVA, Hotelling’s T2 tests, or Student’s t-test. Multiple comparisons of continuous

variables were then performed using Fisher’s Least Significant Difference. Correlation

between continuous variables was analyzed using Pearson’s Correlation Coefficient. All

analyses were done using R (R Core Team, Vienna, Austria). All analyses were performed

by collaborating statistician Dr. Arnold Stromberg at the University of Kentucky.
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Chapter 3 ACCUMULATION OF y6 T CELLS IN VISCERAL ADIPOSE TISSUE
WITH AGING PROMOTES CHRONIC INFLAMMATION

3.1 Objective

Adipose tissue dysfunction is a major contributor to chronic inflammation in aging.
The majority of the current knowledge about age-associated changes in the adipose resident
immune profile is focused on macrophages and conventional T cells. Very little is known
about the role of yo T cells in adipose tissue, especially as it pertains to aging. Previous
studies from Dr. Starr’s lab reported age-associated changes in gene expression in visceral
adipose tissue (VAT). Particularly, T-cell receptor gamma, constant region (Tcrg-C), a
gene expressed exclusively by yd T cells, showed a significant 6-fold increase in the aged
(24 months old) compared to young (4 months old) male mice[88]. The objective of this
chapter is to elucidate whether this upregulated gene expression results in an actual increase
of the number of vy T cells within VAT by aging. | have used flow cytometry analysis to
quantify yo T cells in VAT over the lifespan in mice and in humans. Then I performed
cytokine profiling of y6 T cells between young and aged VAT to understand functional
changes of these cells with aging. Furthermore, a genetic deficient model, TCR delta knock
out (TCRJOKO) mice were used to understand the functional role of 3 T cells in aged VAT
inflammation. Utilizing IL-6, which is a well-known inflammaging marker, | have
determined whether the state of age-associated inflammation is affected by the absence of
v0 T cells. Moreover, I have evaluated whether yo T cells play a role in cellular homeostasis

within VAT by contributing to the maintenance of cellular architecture.
3.2 Results

3.2.1yd T cells are increased by aging specifically in VAT

We evaluated whether the age-associated increase in gene expression corresponds
to an increase in Y6 T cell number with age by surveying yd T cells in the stromal vascular
fraction (SVF) of gonadal visceral adipose tissue (VAT) by flow cytometry (Fig. 3.1a,
Representative plots). Male mice showed a significant increase in the percentage of yo T

cells by aging. Female mice showed a similar trend, though not reaching significance (Fig.

26



3.1b). Both males and females displayed a significant increase in the total number of y& T
cells in VAT (Fig. 3.1c), which remained significant after adjusting for fat mass (Fig. 3.1d),
suggesting that the increase is independent of adiposity. To determine whether the age-
associated increase in VAT yd T cells was specific to VAT, we examined yo T cell
composition in blood, spleen, subcutaneous adipose tissue (SAT) and skin. The data show
that the age-associated increase in yo T cells was unique to VAT, not being observed in
blood, spleen, SAT, or skin (Fig. 3.2). Furthermore, to determine if these findings in mice
translate to humans, we obtained VAT samples from discarded tissues specimens of
patients undergoing operations at UK hospital. It is important to note here that the increase
in vy T cells with aging was also observed in human VAT (Fig. 3.). Inversely, the
percentage of conventional T cells (Tcony, i.e, ap T cells) decreased in the aged VAT, but
total numbers were moderately increased by aging without a significant increase after
adjusting for fat mass (Fig 3.4). All experiments for these studies were performed in three
or more days to maximize biological repeats and to avoid technical error which may occur

in a single day experiment. Full gating scheme to identify yo T and Tconv cells shown in
Fig. 3.5.
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Fig. 3.1 y3 T cells are increased by aging in visceral adipose tissue (VAT). a) Representative flow
cytometry plots of y3 T cells in VAT. b) Percentage, ¢) Total number, and d) Number per gram of adipose
tissue of yd T cells was quantified in young (4—-6 months) and aged (19-25 months) male (n = 9 young,
n =15 aged) and female (n =8 young, n = 12 aged) C57BL/6 mice. Statistical differences were determined
by two-way ANOVA with Fisher’s Least Significant Difference for multiple comparisons. Data are
expressed in box plots from minimum to maximum values with a bar representing the mean; each symbol
represents an individual mouse. *p < 0.05; **p < 0.01; ***p < 0.001. VAT, visceral adipose tissue.

Reproduced with permission from Springer Nature.
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Fig. 3.2 y3 T cells are increased by aging specifically in VAT. Number of y8 T cells in blood and tissues
of young and aged mice (n = 5, each; 6 and 19 months old, respectively). Statistical differences were
determined by a two-sample Hotelling’s T2 test followed by Student’s t-test. Data are expressed in box
plots from minimum to maximum values with a bar representing the mean; each symbol represents an
individual mouse. *p < 0.05; **p < 0.01; ***p < 0.001. VAT, visceral adipose tissue; SAT, subcutaneous

adipose tissue. Reproduced with permission from Springer Nature.
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Fig. 3.3 vy T cells increase in human VAT by aging. Number of y3 T cells per gram of human VAT
according to age; each symbol represents a sample from an individual subject. Statistical significance of
the correlation was assessed by Pearson correlation coefficient. VAT, visceral adipose tissue. Reproduced

with permission from Springer Nature.
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Fig. 3.4 Age-associated changes in the Tconv Cells in VAT. a) Percentage, b) Total number, and ¢) Number
per gram of adipose tissue of Tcony cells was quantified in young (4-6 months, n=9) and aged (19-25
months, n=15) male mice. Statistical differences were determined by Student’s t-test. *p < 0.05.

Reproduced with permission from Springer Nature.
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Fig. 3.5 Representative flow cytometry plots to identify y8 T and Tcony cells.
Reproduced with permission from Springer Nature.
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3.2.2 Trend of y& T cells accumulation in VAT over the lifespan in mice

The data in Figure 3.1 showed an age-associated increase in yd T cells between
young (4-5mo) and aged (19-24mo) mice; however, at what age this accumulation starts
was not known. To identify the trend of yd T cells accumulation in VAT over the lifespan,
vd T and Tconv Cells were evaluated in parallel in seven age groups of mice (2mo, 4mo,
8mo, 12mo, 16mo, 20mo, 24mo). The percentage of vy T cells progressively increases in
VAT with aging (Fig. 3.6a, R2= 0.4684, p<0.0001) while the percentage of Tconv Cells
proportionately declines with age (Fig. 3.6b, R2=0.4335, p<0.0001). The total number of
vd T cells showed a significant increase in the middle-aged (12-16mo) compared to young
(2-4mo); the number further increased significantly in the aged groups (20-24mo)
compared to late middle-aged (16mo) (Fig. 3.6¢). Contrarily, the number of Tconv cells
significantly increases in the middle aged (12-16mo) compared to young (2-4mo), without
further significant increase in old age groups (Fig. 3.6d). This suggests that the late age-
associated increase is unique to yd T cells and absent in Tconv cells. To understand if
adiposity plays a role in the accumulation, the number of cells was adjusted for fat mass.
After adjusting for fat mass, y5 T cells still showed a significant difference starting from
late middle-age (16mo, Fig. 3.6e), suggesting that the increase in advanced age is primarily
age-dependent while at middle-age (12mo), the increase is adiposity dependent. In contrast,
significance for the age-associated increase was lost for Tcony Cells after adjusting for fat
mass (Fig. 3.6f), which suggests adiposity as a major determinant for Tconv accumulation
in VAT. Natural adiposity pertaining to the body weight and epididymal fat mass of
different age-groups of mice were measured (Fig. 3.7a-b). The total body weight (BW)
increased from 2 months to 4 months and then reached a plateau. A significant difference
in epididymal fat mass was observed only between 2 months to 12 months of age groups

of mice in the cohorts of mice used for these studies.

As a comparison we evaluated yd T and Tconv cell profiles in peripheral lymph
nodes. The percentage of yo T cells showed a significant increase in young adult (8mo)
compared to young (2mo) which again decline in the middle age without further changes
in the aged (Fig 3.8a). The percentage of Tconv Cells remained statistically similar until late
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middle age (16mo) and showed a decline in the aged (24mo) (Fig 3.8b). The total number
of yd T cells in LN showed no influence of aging (Fig 3.8c) while the total number of Tconv
cells were highest in the young (2mo) that declined and remained unchanged over the
lifespan (Fig 3.8d). All experiments for these studies were performed in three or more days
to maximize biological repeats and to avoid technical error which may occur in a single

day experiment.
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Fig. 3.6 Accumulation of y8 T and Tconv Cells in VAT over the lifespan in mice. a-b) Percentage, c-d)
Total number, and e-f) Number per gram of VAT of v T and Tconv Cells were quantified among the total
CD3* lymphocytes population in 2mo (n=5), 4mo (n=9), 8mo (n=4), 12mo (n=5), 16mo (n=9), 20mo
(n=7), and 24mo (n=6) old male C57BL/6 mice. Data are expressed in box plots from minimum to
maximum values with bars representing the mean; each symbol represents an individual mouse.
Statistical differences were determined by one way ANOVA with Tukey Honest Significant difference

for multiple comparisons. Age groups not connected by same letters (a,b,c,d) are significantly different;

g: gram; mo: month; VAT: visceral adipose tissue.
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Fig. 3.7 Age and corresponding adiposity in mice. a) Body weight and b) VAT weight corresponding in
2mo (n=5), 4mo (n=9), 8mo (n=4), 12mo (n=5), 16mo (n=9), 20mo (n=7), and 24mo (n=6) old male
C57BL/6 mice. Data are expressed in box plots from minimum to maximum values with bars representing
the mean; each symbol represents an individual mouse. Statistical differences were determined by one
way ANOVA with Tukey Honest Significant difference for multiple comparisons. Age groups not

connected by same letters (a,b,c) are significantly different. g: gram; mo: month; VAT: visceral adipose

tissue.

33



10 100 a

b
2 4 0 Bame o
o3 : b @3 %] 1
E “E‘Q 6- i E tv’ 90 "I.l
= 8 4 a a a E 8 "I-l
7<) 7] 2 -é-
N e
> a5 = o
o 2- - 85
S 2
E “7 sume -} o e
0 T T T T T 80 T T T T T
o o o o o o o o o
DS \'1'6\ \“’6\ .-‘}‘6\ & S .{b‘o &
C
b
80 2 d 3,0004
o —
o o 907 n ME b
= X = x 2,000+
g o 8w
- ® 404 > = b b
o c 9
2=] — g Q
~'6 5. = %5 1,000 @
: Sl peg
0

0 T T T T

o o 2] ]
SR SR

Fig. 3.8 0 T and Tconv cell profiling in lymph nodes (LN) over the lifespan. a-b) Percentage and c-d)
Total number of y3 T and Teonv Cells were quantified among the total CD3* lymphocytes population in
2mo (n=5), 8mo (n=4), 12mo (n=6), 16mo (n=6) and 24mo (n=8) old male C57BL/6 mice. Data are
expressed in box plots from minimum to maximum values with bars representing the mean; each symbol
represents an individual mouse. Statistical differences were determined by one way ANOVA with Tukey
Honest Significant difference for multiple comparisons. Age groups not connected by same letters (a,b)
are significantly different. mo: month; LN: Lymph node.
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3.2.3y3 T cells in VAT predominantly express IL-17A

vo T cells were categorized into subtypes based on IL-17A or IFNy production,
which distinguishes their functional programming. Intracellular staining for these two
cytokines showed that IL-17A" y8 T cells made up the largest subset (3.9 Flow cytometry
gating strategy). Approximately 50% of total yo T cells in young VAT and 65% of total yo
T cells in aged VAT were single positive for IL-17A (Fig. 3.10a). Less than 10% of y6 T
cells in both age groups were single-positive for IFNy. In addition to these mutually
exclusive populations, a subset of y6 T cells was positive or negative for both markers
(double positive (DP) and double negative (DN), respectively). Total cell numbers per
gram of VAT showed an age-associated increase for all yd T cell subsets, although the IL-
17A" subset was clearly the most prevalent and showed a profound age-associated increase
(Fig. 3.10b). In contrast, Tconv Cells in VAT showed a preference for IFNy or lacked both
markers, with little age-related variance (Fig. 3.11). In the spleen, yd T cells were equally
distributed between IL-17A", IFNy*, and DN subsets, while splenic Tcony cells were largely
IFNy* or DN, with little variance by age (Fig. 3.12).
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Fig. 3.9 Representative flow cytometry plots to identify y8 T and Tconv Cells based on IL-17A or IFNy

production. Reproduced with permission from Springer Nature.
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Fig. 3.10 v T cells in VAT predominantly express IL-17A. a) Percentage of total yd T cells, and b)
Number of y8 T cell per gram of adipose tissue for each intracellular stain. Data are expressed in box plots
from minimum to maximum values with a bar representing the mean; each symbol represents an
individual mouse. Statistical differences were determined by Student’s t-test. *p < 0.05; **p < 0.01. DP,

double positive; DN, double negative. Reproduced with permission from Springer Nature.
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Fig. 3.11 IL-17A and IFNy producing Tconv Cells in VAT. Teony cells from visceral adipose tissue of young
(7 months, n=5) and aged (23-24 months, n=5) mice were assessed for intracellular IL-17A and IFNy
expression. a) Percentage of total T cells and b) Number of Tcony cells per gram of adipose tissue for each
intracellular stain. Data are expressed in box plots from minimum to maximum values with a bar
representing the mean; each symbol represents an individual mouse. Statistical differences were

determined by Student’s t-test. * p < 0.05. Reproduced with permission from Springer Nature.
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Fig. 3.12 IL-17A and IFNy in splenic T cells. yd T cells and Tconv cells from spleen of young (7 months)
and aged (23-24 months) mice were assessed for intracellular IL-17A and IFNy expression. a) Percentage
and b) Total number of T cells for each intracellular stain. Data are expressed in box plots from minimum
to maximum values with a bar representing the mean; each symbol represents an individual mouse.
Statistical differences were determined by Student’s t-test (no significant differences were observed).

Reproduced with permission from Springer Nature.
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3.2.4 Reduced inflammation in aged mice lacking yo T cells (TCRo KO)

To gain insight into the function of yd T cells, we utilized TCRd KO mice, which
lack functional yd T cells due to disruption of the & chain of the TCR which is required for
their development[89]. Aged WT and TCROKO mice were compared to evaluate systemic
and VAT specific inflammation. IL-6, a well-known inflammaging marker was used as a
surrogate for inflammation[90, 91]. A reduction in plasma IL-6 level was observed in the
KO mice which indicates reduced age-associated inflammation systemically (Fig. 3.13a),
IL-6 gene expression was also dramatically decreased in VAT of the KO mice, suggesting
reduced local inflammation in the VAT (Fig. 3.13b) in the absence of yd6 T cells. To
determine which cells in the VAT are responsible for IL-6 production and whether loss of
vd T cells affects the cellular distribution of IL-6, | performed intracellular staining for IL-
6 without stimulation. We identified that nonimmune cells (CD45"9), as opposed to CD45"
immune cells, are the primary producers of IL-6 in the VAT (Fig. 3.14a). Total number of
IL-6" CD45"9 cells per gram of fat was significantly lower in TCR8KO mice, suggesting
that loss of yd T cells reduces IL-6 production from non-immune stromal cells (Fig. 3.14b).
This cellular compartment is primarily composed of committed preadipocytes, adipose-
derived stem cells (ADSC), and endothelial cells. Next, we compared IL-6 positivity
among major immune (lymphocytes, macrophages, neutrophils) and nonimmune
(preadipocytes/ADSCs, endothelial cells) subsets by gating with commonly used cell
surface markers (see gating strategy in Table 2.2). The CD45"9CD31" population, which
excludes endothelial cells and consists of approximately 60% preadipocytes[92], was
identified as the major subset of IL-6- producing cells. Additionally, the number of IL-6"
CD45"9CD31" (preadipocytes/ADSCs) was significantly reduced in TCR6KO mice (Fig.
3.14c), suggesting that yd T cells contribute to the inflammatory status of this cell subset.
Unfortunately, we were unable to differentiate committed preadipocytes from ADSCs.
Although immune cells are not responsible for the majority of IL-6 production in aged
VAT, there is potential for their involvement in the signaling leading to IL-6 production.
Thus, we performed a quantitative comparison of lymphocyte and macrophage subsets
between WT and TCR& KO mice (see gating strategy in Table 2.2). CD4" and CD8" Tconv

cells showed a significant reduction whereas cells negative for CD4 and CD8 (double
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negative (DN) T cells) showed a significant increase in TCR6KO mice (Fig. 3.14d).
Among the macrophage populations, M2-like (CD11c™? CD206") macrophages showed a
significant reduction in TCR6KO mice. On the other hand, M 1-like macrophages gated as
M1.1 (CD11¢*CD2067) and M1.2 (CD11c* CD206'") were not significantly changed. DN
macrophages (CD11c"™ CD206"9) showed a significant increase in TCRd KO mice (Fig.
3.14e). Comparative study in other tissues including kidney, lung, heart, and SAT did not
show significant differences in IL-6, suggesting that reduced IL-6 in the KO mice is largely
due to reduced IL-6 secretion by VAT (Fig. 3.15). Collectively, these data suggest that
depletion of yd T cells in aged mice attenuates age-related inflammation, which results
from an interplay between yd T cells and non-immune adipose stromal cells. All

representative gating plots are shown in Fig. 3.16-3.18).
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Fig. 3.13 Reduced inflammation in aged mice lacking yd T cells (TCR3KO). Aged WT and aged
TCRSKO mice (24-27 months, n = 5-8) were euthanized for assessment of inflammatory cytokine IL-6.
a) IL-6 level in plasma was measured by ELISA and b) IL-6 gene expression in VAT was measured by
gRT-PCR. Statistical differences were assessed by Student’s t-test. *p < 0.05; **p < 0.01. Reproduced

with permission from Springer Nature.
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Fig. 3.14 Non-immune cells are the primary IL-6 producers which decrease in aged mice lacking y6 T
cells (TCRS KO). Intracellular staining of IL-6 in unstimulated cells was assessed by flow cytometry: a)
Percentage of IL-6* cells and b) Number of IL-6* cells per gram of VAT compared between
CD45*immune cells and CD45 negative non-immune cells; ¢) Number of IL-6* cells per gram of VAT
among major immune and non-immune cell subsets. d) Percentage of Teony cell subtypes and e)
Percentage of macrophage subtypes compared between WT and TCRSKO mice. Statistical differences
were assessed by Student’s t-test. *p < 0.05; **p < 0.01. Reproduced with permission from Springer

Nature

- = =] Lt
(=] (4] o (4]
1 1 1 |

IL-6 mRNA
(relative expression)
T

jéﬁgé -

Kidney Lung Heart SAT

o
|

Fig. 3.15 IL-6 expression in tissues of WT vs. TCR3KO mice. IL-6 gene expression in Kidney, lung,
heart, and subcutaneous adipose tissue (SAT) of aged WT and aged TCR3KO mice (24-27 months, n=5)

was measured by gRT-PCR. Reproduced with permission from Springer Nature.
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3.3 Conclusions

vd T cells progressively accumulate over the lifespan in the VAT of mice and
humans. The age-associated increase of y3 T cells is consistent in both male and female
mice. Furthermore, this accumulation is unique for VAT y3 T cells as not observed in other
tissues. Our data show that yo T cells accumulation is age-dependent and independent of
adiposity at old age. However, this yd T cells accumulation is likely dependent on adiposity
at middle age. The majority of vy T cells in VAT are IL-17A producing cells although both
ILL7A" and IFNy* y8 T cells increase with aging. Studies with the genetic deletion mouse
model (TCR3KO) showed reduced systemic and local IL-6 levels in VAT and circulation
compared to wild-type, which confirms that lack of yd T cells results in reduced
inflammation. Preadipocytes/ADSC are the major IL-6 producing cells in VAT and mice
lacking y& T cells have reduced number of IL-6" preadipocytes/ADSC suggesting that 6
T cells partly mediate IL-6 production from this cell type. Further mice lacking yoT cells
have an altered immunophenotype with respect to other populations of lymphocytes and

macrophages suggesting that yoT cells play a role in cellular homeostasis.
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Chapter 4 THE CONTRIBUTIONS OF MIGRATION, PROLIFERATION AND
APOPTOSIS IN AGE-ASSOCIATED y& T CELLS ACCUMULATION IN VAT

4.1 Objective

In the previous chapter my data demonstrated that yd T cells are resident in VAT
where they show an age-associated increase in numbers and contribute to local and
systemic chronic inflammation. However, maintenance of this population and mechanisms
for the age-dependent accumulation are not known. The objective of this chapter was to
understand the contributions of different physiological mechanisms to age-associated yo T
cell accumulation in VAT. We first explored whether recruitment of peripheral y5 T cells
contributes to age-associated accumulation in VAT. In the absence of this finding, we
shifted our focus to the tissue-resident population. Since tissue-resident immune cell
numbers are tightly regulated by a balance between proliferation and programmed cell
death, we further explored these processes to understand their impact on the increased

VAT-resident yo T cell population in aging.
4.2 Results

4.2.1 Minimal peripheral migration of y5 T cells was found in young and aged mice

Previous studies have reported VAT y3 T cells in young mice to be a self-
sustaining, tissue-resident population[45, 66]. Bruno et al 2022 previously showed that
VAT v3 T cells express tissue-resident memory phenotype in young and aged mice using
surface markers[51]. However, as VAT of aged mice is known to produce increased levels
of inflammatory cytokines and chemokines, we tested the hypothesis that the inflammatory
microenvironment of aged VAT provides recruitment signals for peripheral y5 T cells,
which would contribute to accumulation. To address this hypothesis, we have used a
parabiosis mouse model in which two animals are surgically conjoined for an extended
period sharing the circulation. Recirculating cells will migrate into tissues between
conjoined animals and establish equilibrium between the two, while tissue resident cells

will not, demonstrating a lack of recirculation and peripheral migration.
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For my study, isochronic parabiotic pairs of WT and TCR8KO mice at both young
and old age were used to evaluate peripheral yd T cell migration into VAT (Fig.4.1a).yd T
cells in blood showed comparable chimerism between WT and TCR3KO mice at both ages
(Fig. 4.1b, young: 55.4+3.8% in WT vs 44.6+3.8% in KO; aged: 64.1+8.6% in WT vs
36+8.6% in KO) confirming the distribution of circulating cells and validating our model
system. Interestingly, minimal recirculation of y& T cells was observed into the VAT of the
TCRGSKO mouse from its WT pair for either age group (6.6 = 6.02% in young and 2.75 +
2.25% in the aged TCR8KO) and there was no significant difference by aging (p=0.1239)
(Fig. 4.1c) suggesting that yo T cells remain a self-sustaining tissue-resident population in
VAT in both age groups. This is likely to be unique to VAT as we observed recirculation
in liver (Fig. 4.1d young: 62.2+11.5% in WT vs 37.8+11.5% in KO; aged: 67.1£11.6% in
WT vs 32.8+£11.8% in KO) and spleen (Fig. 4.1e young: 60.2+3.5% in WT vs 39.8+3.5%
in KO; aged: 54.5+12.2% in WT vs 45.5£12.2% in KO). From this study we concluded
that peripheral migration plays a minimal role in the age-associated yd T cell accumulation,
which requires exploring potential tissue specific mechanisms that would account for the

age-associated yd T cells accumulation in VAT.
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Fig. 4.1 Peripheral migration has a minimal role in age-associated y3 T cell accumulation in VAT. y8 T
cell chimerism was evaluated 4 weeks after parabiosis surgery in young (h=5 WT:TCR&KO pairs, 5-9mo
old males) and aged (n=4 male pairs and n=4 female pairs, 21-24mo old; data from males and females
were combined because no statistical differences were found between the sex groups) parabiotic pairs.
(a) Representative diagram of isochronic parabiotic pairs. Average y8 T cell chimerism in (b) Blood, (c)
VAT, (d) Liver, and (e) Spleen for each genotype (WT and TCR3KO) of the parabiotic pairs. Pie charts
indicate the average proportion of y8 T cells in each mouse of the parabiotic pair for both age groups.
Proportions were calculated as the percentage of yd T cells in the KO (or WT) mouse over the sum of vy
T cells in each WT and KO mouse of the parabiotic pair. Box plots show percent of y3 T cells present in
the TCR3KO mouse pair at both age groups; each symbol represents an individual mouse, minimum to
maximum values with bars representing the mean; Statistical differences were determined by two sample

t-tests, no significant differences were observed. VAT: visceral adipose tissue.
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4.2.2 Proliferating VAT-resident vy T cells increase in the aged

As de novo generation of yd T cells exists only in the thymus and peripheral
recruitment to the VAT was minimal, we evaluated whether enhanced proliferation of
tissue-resident yd T cells contributes to age-associated accumulation utilizing two different
approaches: in vivo EdU incorporation and intracellular staining with the proliferation
marker Ki67 (flow cytometry gating scheme shown in Fig. 4.2). Contrary to our hypothesis,
the percentage of EdU* yd T cells declined from young to aged (Fig. 4.3a, p=0.0367)
suggesting that the proportion of proliferating to non-proliferating yd T cells decrease in
the aged. The total number of EdU* y8 T cells per grams of VAT, however, showed a
significant 6.3-fold increase in the aged (Fig. 4.3b, p=0.0008).

| subsequently utilized Ki67 as a proliferation marker and added middle-aged mice
to further understand proliferation across the lifespan. The percentage of Ki67*y8 T cells
(Fig. 4.3c) progressively declined from young to old age suggesting that the proportion of
proliferating to non-proliferating y8 T cells decrease by aging. The total number of Ki67*
vo T cells per gram of VAT, however, showed a significant 2-4-fold increase in the aged
(Fig. 4.3d, young vs aged: 4.4-fold p<0.0001, middle-aged vs aged: 2.2-fold p=0.0025).

No significant difference was found between young and middle aged (p=0.2684).

Teonv cells showed similar results. The percentage of EAU™ Teonv cells declined from
young to aged (Fig. 4.4a), whereas the total number per grams of VAT increased in the
aged (Fig 4.4b). Analyzing proliferation in three age groups revealed that the percentage
of Ki67" Tconv cells also declined from youth to middle age without any further change at
old age (Fig. 4.4c). The total number of Ki67* Tconv cells per gram of VAT, showed a
significant 5-6-fold increase in the aged (Fig. 4.4d) without any significant difference
between young and middle aged.

A comparison study in the lymph nodes revealed that the percentage of Ki67*yd T
cells in LN remain unchanged over the lifespan (Fig 4.5a) while the percentage of Ki67*
Teonv Cells showed an increase in the aged (Fig. 4.5b). The total number of Ki67*v5 T cells
significantly increased in the aged (Fig 4.5c) which was not found for Tconv cells (Fig. 4.5d).
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Collectively, these results suggest that although, the proportion of proliferating to
non-proliferating cells is reduced in the aged, the total number of proliferating cells within
the population is increased in the aged and are likely contributing to the age-associated yd

T cell accumulation.

a b EdU Injected Non-injected
ot 4 1t L 1o o
| | . :
g ~ @ ]
1 o . . 2 o 4 aEis
g e = 5 ‘1
@ ] w? w s e
S . ; k f . AN A M N A
FSCArea —» FSCArea ——» FSCArea —p FSCArea ——————p

Fig. 4.2 Representative flow cytometry plots for proliferating T cells. a) Gating scheme for Ki67+ y5 T

and Teonv Cells. b) Gating Scheme for EAU+ y8 T and Teony Cells in EdU injected and non-injected mice.
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Fig. 4.3 Proliferating yd T cell profiling in VAT with aging. a) Percentage and b) number per gram of
VAT of EdU* y3 T cells in young (n=6, 4mo), and aged (n=6, 23mo) male mice. c) Percentage and d)
number per gram of VAT of Ki67* y5 T cells in young (Y, n=13, 4-6mo), middle aged (MA, n=12, 12-
16mo) and aged (A, n=13, 21-25mo) male mice. Data are expressed in box plots from minimum to
maximum values with bars representing the mean; each symbol represents an individual mouse.
Statistical differences were determined by one way ANOVA with Tukey Honest Significant difference
for multiple comparisons. *p<0.05, **p<0.01, ***p<0.001. VAT: visceral adipose tissue; EdU: 5-
ethynyl-2'-deoxyuridine.
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Fig. 4.4. Proliferating Tcony cell profiling in VAT with aging. (a) Percentage and (c) number of EAU* Tcony
cells per gram of VAT in young (n=6, 4mo), and aged (n=6, 23mo) male mice. (d) Percentage and (e)
number of Ki67* Tconv Cells per gram of VAT in young (Y, n=13, 4-6mo), middle aged (MA, n=12, 12-
16mo) and aged (A, n=13, 21-25mo) male mice. Data are expressed in box plots from minimum to
maximum values with bars representing the mean; each symbol represents an individual mouse.
Statistical differences were determined by one way ANOVA with Tukey Honest Significant difference
for multiple comparisons. *p<0.05, **p<0.01, ***p<0.001. EdU: 5-ethynyl-2'-deoxyuridine; VAT:

visceral adipose tissue.
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Fig. 4.5 Proliferating yd T and Tconv cell profiling in LN with aging. (a-b) Percentage and (c-d) number
of Ki67* yd T and Teony cells in LN T in young (Y, n=5, 4-6mo), middle aged (MA, n=12, 12-16mo) and
aged (A, n=5, 21-25mo) male mice. Data are expressed in box plots from minimum to maximum values
with bars representing the mean; each symbol represents an individual mouse. Statistical differences were
determined byone way ANOVA with Tukey Honest Significant difference for multiple comparisons.
*p<0.05, **p<0.01, ***p<0.001. LN: Lymph node.
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4.2.3 Apoptosis of VAT-resident yd T cells declines at middle age

To understand whether aging influences VAT-resident y3 T cell turnover, we
analyzed apoptosis via caspase 3/7 activity. Caspase 3/7-positive cells are considered
apoptotic cells. The proportion of apoptotic y3 T cells significantly declined at middle-aged
compared to young without any further change in the aged (Fig 4.6a). A concomitant
increase in the proportion of live cells was also observed starting at middle aged (Fig 4.6b)
suggesting that yo T cells are protected from apoptosis from middle-age onwards thus
contributing to age-associated accumulation. However, the absolute number of both
apoptotic and live yd T cells, after adjusting for fat mass was significantly higher in the
old-age compared to other age groups, likely due to higher number of cells in this age group
(Fig 4.6¢-d).

To address the roles of anti-apoptotic proteins in vy T cell survival, apoptosis was
induced by treating VAT SVF cells with a combination of two Bcl-2 family inhibitors
called ABT737 (inhibitor of Bcl-2, Bel-xl, and Bcl-w) and S63845 (inhibitor of Mcl-1).
Apoptosis via caspase 3/7 activity in yd T cells was compared between control (treated
with DMSQO) and inhibitor-treated cells (Fig 4.6e). A significant induction of apoptosis was
observed in young yd T cells upon BCI2 family inhibition (Fig. 4.6f). In contrast, no
induction of apoptosis was observed in middle age suggesting that yd T cells are protected
from apoptosis in the middle-aged via another anti-apoptotic mechanism. Interestingly, v
T cells from old mice showed blunted apoptotic induction compared to young which did
not achieve the complete blocking of apoptosis observed at middle-age.

As a comparison, Tconv cells showed a significant decline in the proportion of
apoptotic cells from young to middle age and an increase from middle age to old age (Fig
4.7a). Concomitantly, the proportion of live Tconv Cells increased from young to middle age
and then decreased from middle to old age (Fig 4.7b). The absolute number of apoptotic
and live Tconv cells after adjusting for fat mass showed similar results to yd T cells (Fig
4.7c-d). Regarding the role of specific anti-apoptotic proteins inhibited by ABT737 and

S63845 on the turnover of Teonv Cells, a significant induction of apoptosis was observed in
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all age groups in the presence of the inhibitors, suggesting that Tconv cells in VAT are not

protected from apoptosis by these specific proteins (Fig 4.7e).

A comparative, study in the lymph nodes showed an increase in the proportion of
apoptotic yd T cells at old age (Fig 4.8a), with a concomitant decline in the percentage of
live cells (Fig 4.8b). However, the total number of both apoptotic (Fig 4.8¢) and surviving
cells (Fig 4.8d) did not significantly change over the lifespan. An induction of apoptosis
was observed only in the young yo T cells and were absent in the other age groups (Fig
4.8e). Teonv Cells in lymph nodes also showed an increase of apoptosis at old age compared
to middle age (Fig 4.9a) with a concomitant decline in the percentage of live cells (Fig
4.9b). The total number of apoptotic cells declined in middle age compared to young
without further changes into old age (Fig 4.9c). Total number of surviving cells showed a
decline from young to old age, however, no change was observed in the middle age group
(Fig 4.9d). Induction of apoptosis by selectively inhibiting several anti-apoptotic proteins

was observed in young and old age but was not present in middle age (Fig 4.9e).

54



ns b 100+

d » 50— " * ns
3 ns o
40— T 90-
” i}
i - .
+ 30— 7= 80_ (o] P
% T o o J_
_ > . o
2 20 < 2 70
5 )
gw— o o 60-
;*1
2
0 T T T 50 T T T
4 \\\Y A 4 @? \dl
c d
.  200- e 200-
3 * %K
o ns 2
=, 150+ 38 o 150
- -
= -
s 2 X
1004 = = 100
A o<
3 > 2s
g =] - o
S~ 504 S — 50
R -
#
D——*—ﬁﬁ_ 0

s v
e f $E %
o = "] 60+ * %
Control " " &
(omso) |- : ns
1 2. 40
™ +
f D
5 7]
: i @
@ 20
,s' 1]
Inhibitor HIES o ?
(ABT737 =i & |*=r s
+ ‘5 X 0
21 T I
W= . Y A
1 DMSO  E= Inhibitor

Fig. 4.6 v T cells in VAT are protected from apoptosis at the middle age. (a-b) Percentage and (c-d)

number per gram of VAT of apoptotic (Caspase 3/7+) and live (Caspase 3/7neg) yd T cells in young (Y,
n=9, 4mo), middle age (MA, n=6, 12mo) and aged (A, n=11, 22mo) male mice. (e) Flow cytometry plots
of yd T cells treated with DMSO (control) and Bcl2 inhibitors following analysis of () activated caspase
3/7 expression in ¥y T cells in young (Y, n=6, 4mo), middle age (MA, n=6, 12mo) and aged (A, n=7,
22mo) male mice. Data are expressed in box plots from minimum to maximum values with bars
representing the mean; each symbol represents an individual mouse. Statistical differences were
determined by one way ANOVA with Tukey Honest Significant difference for multiple comparisons and
Paired T test. *p<0.05, **p<0.01, ***p<0.001. VAT: visceral adipose tissue; VAT: visceral adipose

tissue; g: gram.
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Fig. 4.7 Analysis of apoptosis in Tcony cells in VAT with aging. (a-b) Percentage and (c-d) number per
gram of VAT of apoptotic (Caspase 3/7+) and live (Caspase 3/7neg) Tconv Cells in young (Y, n=9, 4mo),
middle age (MA, n=6, 12mo) and aged (A, n=11, 22mo) male mice. (e) Tconv Cells treated with DMSO
(control) and Bcl-2 inhibitors following analysis of activated caspase 3/7 expression in Teony Cells in
young (Y, n=6, 4mo), middle age (MA, n=6, 12mo) and aged (A, n=7, 22mo) male mice. Data are
expressed in box plots from minimum to maximum values with bars representing the mean; each symbol
represents an individual mouse. Statistical differences were determined by one way ANOVA with Tukey
Honest Significant difference for multiple comparisons. *p<0.05, **p<0.01, ***p<0.001. VAT: visceral

adipose tissue; g: gram.
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Fig. 4.8 Analysis of apoptosis in y6 T cells in LN with aging. (a-b) Percentage and (c-d) number of
apoptotic (Caspase 3/7%) and Live (Caspase 3/7™9)y3 T cells in LN in young (Y, n=9, 4mo), middle age
(MA, n=6, 12mo) and aged (A, n=11, 22mo) male mice. (e) yd T cells treated with DMSO (control) and
Bcl-2 inhibitors following analysis of activated caspase 3/7 expression in ¥y T cells in young (Y, n=6,
4mo), middle age (MA, n=6, 12mo) and aged (A, n=7, 22mo) male mice. Data are expressed in box plots
from minimum to maximum values with bars representing the mean; each symbol represents an
individual mouse. Statistical differences were determined by T-test and one way ANOVA with Tukey
Honest Significant difference for multiple comparisons. *p<0.05, **p<0.01, ***p<0.001. LN: Lymph

node.
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Fig. 4.9 Analysis of apoptosis in Tcony cells in LN with aging. (a-b) Percentage and (c-d) number per gram
of VAT of apoptotic (Caspase 3/7%) and Live (Caspase 3/7™9) Tcony cells in young (Y, n=9, 4mo), middle
age (MA, n=6, 12mo) and aged (A, n=11, 22mo) male mice. (€) Tconv Cells treated with DMSO (control)
and Bcl-2 inhibitors following analysis of activated caspase 3/7 expression in Ty Cells in young (Y,
n=6, 4mo), middle age (MA, n=6, 12mo) and aged (A, n=7, 22mo) male mice. Data are expressed in box
plots from minimum to maximum values with bars representing the mean; each symbol represents an
individual mouse. Statistical differences were determined by T-test and one way ANOVA with Tukey

Honest Significant difference for multiple comparisons. *p<0.05, **p<0.01, ***p<0.001 LN: Lymph
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4.3 Conclusions

In vivo parabiosis study between WT and TCR3KO mice at both young and old age
groups demonstrated a minimal recruitment of peripheral yo T cells into VAT without a
significant change by aging, suggesting a minor contribution of migration to yo T cell
accumulation with aging. However, it is impossible to eliminate the contribution of
migrating yo T cells into VAT, as the small number of cells that do migrate into VAT may

account for some accumulation over the lifespan.

Analyses of proliferation showed that the absolute number of proliferating yo T
cells significantly increase in the aged VAT compared to young and middle age, indicating
that an increase in the local proliferating yd T cell population contributes to age-associated
accumulation. A protection from age-associated apoptosis was observed not only in y6 T
cells as well as Tconv Cells in VAT, which resulted in a concomitant increase of the surviving
population. This data indicates that lymphocytes in the aged VAT are likely to escape
apoptosis. Furthermore, selective inhibition of several anti-apoptotic proteins revealed that
the apoptosis in VAT yd T cells is regulated by differential mechanisms, which correspond
to particular age groups over the lifespan. Collectively, these data suggest that increased
number of proliferating yd T cells and increased survival due to a protection from apoptosis
starting at middle age that continued into old age are the primary contributors to yo T cell
accumulation in VAT with aging. However, a minor contribution of peripheral migration

cannot be excluded.
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Chapter 5 THE SUBPOPULATIONS OF yd T CELLS IN VAT

5.1 Objective

Unlike conventional T cells which display the af TCR, yd TCR consists of one
v and one & chain. There are different subtypes of yo T cells due to V(D)J recombination.
My v/6-TCR profiling study is based on Heilig & Tonegawa nomenclature[73]. Previous
studies in adipose tissue of young mice detected the expressions of Vy1, Vy2, Vy4, Vy6
and V41, V&3, Vo4 genes by PCR indicating the presence of these subtypes[50]. Flow
cytometric analyses confirmed that VAT of young mice is primarily composed of Vy6*
cells, while Vy1* and Vy4* cells appear in low abundance[45]. The objective of this chapter
is to further characterize yo T cells in the aged VAT by determining which subpopulations

of yd T cells are altered by aging.
5.2 Results

5.2.1 TCR-Vy/V4 profiling by PCR

The yd T cells in VAT were characterized by evaluating the gene expressions of
different gamma (y) and delta (8) chains which constitute different subpopulations of yo T
cells based on the rearrangements of the TCR with y and & chains. Pooled (n=4) PCR
products for young (5mo) and aged (25mo) mice were used to identify the presence of the
following subsets of y5 T cells in the VAT: Vy1, Vy2, Vy4, VVy5 Vy6, Vy7 and V31, V&2,
V83, Vé4, V6. Blood and spleen were used for comparison (Fig 5.1). Based on this gene
expression analysis, y6 and y7 appear to be the most abundant gamma chains in VAT
while 51 is the most abundant delta chain. An age-associated increase in expression was
observed for y1, y2, y4, and y6 suggesting that these subpopulations may be increased by
aging. In comparison, similar to VAT, vy6 and y7 appear to be the most abundant gamma
chains in blood as well, while 51 and 54 expressions were observed. An age-associated
increase in expression was observed for y2 and y6 suggesting that these subpopulations

may be increased by aging in blood. An age-associated decrease in expression was
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observed for y5, 81 and &4 suggesting that these subpopulations may be decreased by
aging in blood. Vy2, Vy4, Vy6, appear to be the most abundant gamma chains in spleen
and 81, and 66 is the most abundant delta chain. An age-associated increase in y5

was observed suggesting an increase of this populations, while age-associated decrease in
expression was observed for 62, 63 and 66 suggesting that these subpopulations may be
decreased by aging in spleen. Individual samples were also analyzed to understand the
variability among the mice and the gene expressions showed similar results to the pooled
samples (Fig. 5.2).

The Tm was adjusted for individual primers. Of note, a smear was observed in
several lanes i.e.,Vy1, V54 along with a band at the predicted size[87], suggesting the
presence of multiple subpopulations within the VVy1 and V&4 populations as per Mehta et
al[50]. A limitation of my study is that all the PCR reactions had equal number (38
cycles) of cycles which may have caused oversaturation for several bands. Further

optimization of PCR cycles for individual genes may resolve this issue.
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Fig. 5.1 Age-associated comparison of relative gene expressions of y-8 chains by PCR. Data shown in
VAT, blood, and spleen with pooled (n=4) samples of young (5mo) and aged (25mo) mice. Y: Young,
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5.2.2 TCR-Vy/V? profiling by flow cytometry

After identifying the gene expressions of different subpopulations in VAT, the next
goal was to quantify y3 T cells subpopulations in VAT in different age groups. | performed
flow cytometry analysis in an attempt to determine the specific subpopulations that are
increased in number in the aged. Surface staining was performed to the SVF cells with
commercially available antibodies specific to Vyl, Vy2, Vy4, Vy5, Vy 6 (Table 5.1).
However, several experiments in different tissues revealed that the commercially available
antibodies lack specificity. Each of these antibodies must bind to a unique constant region
of each gamma chain to provide a single-positive expression for individual subpopulations.
In reality, all of the antibodies for each gamma chain showed co-expression with one or
more antibodies for other chains (Fig 5.3a-e) demonstrating non-specific binding. With this
technical limitation and lack of other commercially available antibodies, |1 was unable to

reach reliable conclusions from this study.

Table 5.1 Antibodies used for the Flow cytometry studies with y chains.

Antigen ‘ Conjugate Manufacturer Identifier
Mouse

Vyl(Vyl.1) FITC BioLegend 141103
Vyland 2(Vyl.1+ Vyl.2) PE BioLegend 142703
Vvy4 PerCP/Cyanine5.5 BioLegend 137711

Vy5 APC BioLegend 137505

Vy6 Purified BioLegend 160602

Vy7 Purified BioLegend 161702
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5.3 Conclusions

Studies from this chapter suggest that y6 and y7 appear to be the most abundant
gamma chains in VAT while 81 is the most abundant delta chain. An age-associated
increase in expression was observed for y1, y2, y4, and y6 suggesting that these
subpopulations may be increased by aging. However, as this data is based solely on gene

expression by PCR, further studies are required to confirm this result.
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Chapter 6 DISCUSSION, LIMITATIONS AND FUTURE DIRECTIONS

6.1v5 T cells progressively accumulate in VAT over the lifespan in mice

Changes in the immune profile are one of the major contributors of adipose tissue
dysfunction[25, 27]. The majority of current knowledge regarding changes in the immune
profile of visceral adipose tissue (VAT) with aging is focused on macrophages and
regulatory T cells (Treg)[93-95]. Kohlgruber et al. recently showed that the number of y
T cells increase in VAT from juvenile (5weeks) to adult (28weeks) mice[45]. Previous
studies from Dr. Starr’s laboratory reported an age-associated (4mo vs. 24mo) increase in
expression of T-cell receptor gamma, constant region (Tcrg-C) in VAT, a gene expressed
exclusively by vo T cells[88], which provided the platform to conduct my research on v
T cell accumulation in VAT with aging. Our initial experiments confirmed an age-
associated increase in yd T cells in VAT that was independent of sex and adiposity by
comparing two age groups. Importantly, we further showed that the age-associated increase
in vy T cells in VAT was consistent in humans. Comparisons among different tissues
demonstrated this increase to be specific to VAT. However, whether the age-associated
increase in yd T cells is a late age-event or occurs linearly over the lifespan was not known.
Seven age groups of mice were studied to identify the trend of y& T cell increase in VAT
over the lifespan. The percentage of y8 T cells among CD3" lymphocytes increased in a
progressive manner with a proportional decrease in Teonv Cells. The actual number of vy T
cells showed an initial increase in VAT at middle aged (12-16mo) compared to young (2-
4mo), likely due to midlife weight gain as the trend follows the raise in body weight and
epididymal fat weight. Supporting this, the number of vy T cells per gram of VAT is not
significantly different in young and 12mo old mice suggesting dependence on adiposity at
this age. Other studies have previously shown that high-fat diet feeding for short term
increases the number of yd T cells, which was proportional to the increase of fat mass[45,
50,72, 75]. vy T cell numbers further increase significantly at the old age groups (20-24mo)
compared to the late middle age (16mo) without an increase in the body weight or fat mass.
The number of Tconv cells showed similar results until middle age without further

significant increase at the old age groups. To eliminate adiposity as a primary factor, cell
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numbers were adjusted for fat mass. The absolute number of yo T cells after adjusting for
fat mass showed a unique age-associated increase which reaches plateau after 16months of
age, whereas the increase in Tconv cells were primarily adiposity-dependent. The
proportionate increase in the percentage of yd T cells compared to Tconv Cells in VAT with
aging indicates a functional replacement of the lymphocytes within the tissue which led to
the studies to understand the role of y5 T cells in inflammation and cellular homeostasis in
the aged VAT,

6.2 Adipose tissue-resident yd T cells promote inflammation

IL-17A is a pro-inflammatory cytokine that is considered a kick starter of
inflammation [96]. A prior report highlighted that the majority of adipose tissue yo T cells
produce IL-17A, and that adipose tissue IL-17A is derived primarily from yo T cells[72].
One study with high fat diet fed mice showed a role for y3 T cells in promoting obesity-
driven inflammation by demonstrating reduced infiltration of pro-inflammatory
macrophages into VAT, and reduced inflammation in VAT, skeletal muscle and liver in
the mice lacking y8 T cells[50]. Kohlgruber et al. identified the PLZF* y3 T cell subset as
the largest subset in VAT which are IL-17A- producing cells in young adult mice. Age-
associated changes in vy T cell phenotypes were not studied before. My study further
confirmed that the majority of VAT vd T cells are IL-17A-producing and both percentage
and total number of IL-17A" y8 T cells increased significantly by aging. This finding
indicates that VAT v4 T cells are not likely to lose functionality with age which raises the
hypothesis that the increase in IL-17A* v3 T cells in VAT promotes chronic adipose tissue

inflammation in the aged.

We studied the functional importance of yé T cells on inflammation using aged
mice lacking yo T cells (TCROKO). We identified a significant reduction in gene
expression of IL-6 in VAT and plasma of the aged TCR3KO mice compared to WT mice.
This is suggestive of a more youthful phenotype given that increased IL-6 in aging is a
well-known inflammaging marker and has long been associated with a decline in physical
function, heightened inflammation, senescence, and mortality[27, 32, 90, 91]. A recent
study demonstrated that I1L-6 itself can drive frailty in mice[97]. My study showed that a
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population of cells including preadipocytes and ADSCs (CD45"9CD31"9 cells) are the
major IL-6-producing cells in VAT of aged mice, and that a significant reduction of IL-6*
cells in this subset is responsible for the overall reduction of IL-6 in aged mice lacking yd
T cells. This suggests that yo T cells mediate IL-6 production by preadipocytes/ADSCs,
either by direct communication or via signaling with other immune cells. IL-17A, which is
almost exclusively produced by yd T cells in VAT, has been shown to induce the
expression[72] and secretion[79] of IL-6 in cultured preadipocytes as well as
fibroblasts[98], supporting the premise that yd T cells may directly induce preadipocyte
IL-6 production via IL-17A signaling. Further studies are required to test this hypothesis.
Additionally, changes in the abundance of other immune cell populations mediated by the
loss of yo T cells may contribute to the overall decrease in inflammation. For example,
CD4" and CD8" Tconv cells are increased in adipose tissue with age and promote
inflammation[99-101]. My data showed a decrease in the number of these cells in the aged
TCROKO mice which could potentially reduce age-related Tconv cell-mediated
inflammation. Adipose tissue macrophages (ATM) play an important role in mediating
inflammation during obesity and are well-known IL-6 producers. However, alterations in
macrophages are distinct in aging when compared to obesity. While macrophage
infiltration in obesity is well studied, their numbers do not significantly change during
aging[93]. While the numbers do not change, one study identified macrophage as major
IL-6 producers in adipose tissue and observed an age-associated increase in IL-6
production by ATM[99]. However, my data did not show macrophages as primary IL-6
producers in VAT.

Another mechanism in the adipose tissue known to promote inflammation is
senescence[27, 102]. Senescent preadipocytes are known to accumulate in adipose tissue
with age and secrete a wide array of inflammatory mediators in detriment of metabolic
homeostasis[102, 103]. While we did not directly evaluate senescence in my studies, IL-6
is often utilized as a marker of senescence. Our data show that IL-6 is specifically decreased
in the preadipocyte fraction of TCRS KO mice. This may suggest a decrease in the
proportion of senescent to non-senescent preadipocytes in VAT and raises the hypothesis
that yo T cells contribute to preadipocyte senescence. Such hypothesis also requires further

investigation.
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6.3 Adipose tissue-resident yo T cells mediate cellular homeostasis

Very few studies have reported physiological roles of yd T cells in adipose tissue
regarding cellular homeostasis[45, 50]. Obese mice lacking yo T (TCRSKO) cells have
reduced accumulation of pro-inflammatory macrophages in VAT compared to obese WT
mice, specifically CD11c"CD206° M1 and TNFoa+ macrophages. Additionally, no
differences in the accumulation of anti-inflammatory M2 macrophages in the obese
TCRSKO vs. obese WT mice suggest a role of yd T cells in the infiltration of pro-
inflammatory macrophages during obesity. Moreover, increased number of anti-
inflammatory M2 macrophages were observed in obese Vy4 and Vy6 double knock-out
mouse model demonstrating a role of Vy4 and Vy6 subsets to preventing the accumulation
of M2 macrophages[50]. In vivo studies with TCR3KO mice showed that y5 T cells act on
the adipose stromal cells via IL-17A to produce IL-33 which is required for Treg
accumulation and homeostasis in VAT of young adult mice. The lack of inflammation in
young VAT raises the possibility of the existence of a feedback loop which prevents local
inflammation as the accumulation of pro-inflammatory yd T cells is concomitant with
increase in anti-inflammatory Treg cells accumulation. My study with aged TCRSKO mice
demonstrated a significant reduction of CD4" and CD8" T cells and M2 macrophages
compared to aged WT mice, suggesting a role of yd T cells in the maintenance of these cell
types in the aged VAT. Reduced inflammation in the aged VAT of TCR6KO mice may
also compensate the necessity of anti-inflammatory M2 accumulation to maintain tissue
homeostasis. On the other hand, an increase in CD4'CD8 T cells and CD11c CD206
macrophages in the TCR3KO mice indicates that yd T cells may prevent enrichment of
these cells in aged VAT. No changes in the M1 macrophage population suggests that, in

contrast to obesity, aging has distinct mechanisms to influence macrophage accumulation.
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6.4 Peripheral migration plays a minor role in age-associated yd T cell accumulation in
VAT

As de novo generation of y3 T cells exists only in the thymus[104, 105], we
investigated different physiological mechanisms to elucidate the age-associated yo T cell
accumulation in VAT. The initial migration of y5 T cells into peripheral tissues to take
residency during the gestation period are well known[106]. Previous studies have found
VAT y8 T cells to be a tissue-resident population in young mice, using a parabiosis model
with congenic CD45.1 and CD45.2 pairs[45, 66]. However, aged VAT serves as a primary
source of inflammatory mediators in the body and pro-inflammatory cytokines and
chemokines have been shown to recruit yo T cells into several tissues[107-109]. Moreover,
the number of circulating yd T cells declines in aged mice[51] and humans[52-58],
suggesting potential redistribution to VAT. Whether peripheral yo T cell recruitment to the
VAT is enhanced by the inflammatory microenvironment in the aged was determined by
comparing migration of y5 T cells in young and aged WT:TCRJKO isochronic parabiotic
pairs. While blood and other peripheral tissues showed chimerism between WT and
TCRGSKO mice, minimal migration of yo T cells into TCR6KO VAT of both age groups
was observed, suggesting that the majority of yo T cells remain as a self-sufficient tissue
resident population over the lifespan. However, it is impossible to eliminate the
contribution of a small amount of migrating yd T cells into VAT. In the young adult
parabiotic pair, the VAT of the TCRSKO animal achieved 7% chimerism on average
indicating that circulating yd T cells are indeed able to migrate into the VAT. While on the
low end compared to other tissues which ranged from 35-65% chimerism, this level of
infiltration could lead to accumulation of cells over the lifespan. In the aged parabiotic pair,
chimerism in the VAT of the parabiotic pair was lower, 2% on average, although not
significantly different from the young. This low level chimerism was similar to those
observed by others using young CD45.1:CD45.2 parabiotic pairs[45, 66]. A decline in
migration in the aged could be explained as the number of the vy T cells within VAT may
already have reached capacity to provide exclusion signals preventing the further

recruitment of additional cells.
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6.5 Increased number of proliferating y& T cells contribute to age-associated accumulation
in VAT.

Minimal migration of yd T cells into VAT indicated a self-sustaining tissue resident
population. My findings identified a progressive trend of yd T cells accumulation over the
lifespan which may occur due to a clonal expansion of the y& T cell population via
proliferation. Contrary to our hypothesis, the proportion of proliferating to non-
proliferating yd T cells progressively declines from young to old age suggesting a decrease
in the proliferative capacity by aging. However, the absolute number of proliferating y6 T
cells in VAT showed a significant age-associated increase which was sustained after
adjusting for fat mass. Collectively, these results suggest that while the proportion of
proliferating to non-proliferating yo T cells declines with age, the actual number of
proliferating cells increases in accord with the total increase in the population of cells due
to the exponential nature of clonal expansion. The presence of higher numbers of cells
within the tissue and clonal expansion of these cells in VAT not only maintains, but rather
expands the population contributing to age-associated yd T cell accumulation.
Interestingly, there was no difference in the number of proliferating y5 T cells from young
to middle-age suggesting that the initial increase of yd T cells at middle age is not due to
proliferation. It is possible that middle-age weight gain results in yd T cell recruitment
which expands the population during aging. This could be tested with parabiosis in middle-
aged mice. In fact, our data show that the middle-age increase in yd T cells corresponds
with weight gain uniquely at that age. VAT 3 T cells also express CD69, a signature
phenotype of tissue-resident memory (TRM) cells[50, 51] which further corroborates that
once yo T cells move into VAT, they lose exit signals. This population expands into older
age with clonal expansion and contributes to maintaining the increased population. Another
possibility is that a particular subpopulation of yo T cells may proliferate to increase the
population in the aged. At this time, we are unable to determine subpopulation specifics

due to lack of commercially available antibodies for the different y and & chains.
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6.6 Decreased apoptosis beginning at middle-age contributes to increased survival and age-

associated accumulation of vy T cells in VAT

DNA damage and oxidative stress during aging has a profound impact on cellular
turnover, which generally results in increased cellular apoptosis with aging. However, the
continuous accumulation of yd T cells in VAT over the lifespan without an increase in the
proportion of proliferating cells indicate a potential increase in cell survival. To address
this possibility, | evaluated the effect of aging on apoptosis of vy T cells in VAT. My data
showed a decrease in the proportion of apoptotic yo T cells with a concomitant increase in
the live (non-apoptotic) population in the middle-aged which continued into old age
indicating that yo T cells in VAT are protected from apoptosis from the middle age
onwards. Recent studies have shown that VVy6* v T cells in the skin are protected from
apoptosis via Bcllal family proteins[110]. Using a similar experimental design, | explored
this possible mechanism for VAT y3 T cell protection from apoptosis. An induction of
apoptosis was observed with the inhibition of Bcl-2, Bel-xI, Bcl-w or Mcll proteins in
young and aged VAT v& T cells suggesting a role of these anti-apoptotic proteins, either
individually or in combination, to provide protection from apoptosis in these age groups.
Whereas middle-aged VAT y3 T cells are protected from apoptosis via other anti-apoptotic
Bcl-2 family proteins that was not inhibited in my study, which is likely to be Bcl-2al
proteins, as Bcl-2al has been shown to protect skin yd T cells from apoptosis [110].
Overall, my data showed that the anti-apoptotic Bcl-2 family proteins act differentially on

VAT y3 T cells in different age groups.

Teonv Cells showed similar results with a significant increase in live cells and a
decrease in the apoptotic population in middle-age. Contrary to the effect of aging on
different cells of other tissues, the data collectively suggest that VAT lymphocytes are
likely to escape apoptosis through aging. My data indicates that apoptosis in the Tconv cells
are primarily regulated by Bcl-2, Bcl-xI, Bcl-w or Mcll or a combination of them in all
three age groups: young, middle-age and aged. On the other hand, both y& T cells and Tcony

cells in the lymph nodes have an increased age-associated apoptosis with a reduced live
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cell population indicating that the protection from age-associated apoptosis is unique to

VAT lymphocytes.

In conclusion, yd T cells showed a progressive trend of accumulation in VAT over
the lifespan in mice and humans. Reduced inflammation, both locally and systemically,
was observed in the absence of y& T cells, demonstrating their role in promoting
inflammation. Consequently, mechanisms of age-associated accumulation of vy T cells
were explored. In the absence of evidence suggesting that yo T cells traffic to VAT with
aging, we focused on mechanisms supporting tissue-resident cell homeostasis. My findings
indicated that yd T cells in VAT are protected from apoptosis from middle age onwards
contributing to enhanced cell survival. This, in combination with an increased number of
proliferating cells in the aged due to clonal expansion, not only maintains the growing
population, but leads to the observed age-associated accumulation of yd T cells. These
mechanisms are illustrated in a model (Fig 6.1). These findings are important to better
understand how immune cells mediate adipose tissue dysfunction with aging and will aid
in finding novel therapeutic interventions to reduce the burden of inflammaging associated

diseases among the elderly.
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Fig. 6.1 A putative model demonstrating the interplay of global mechanisms to yd T cells accumulation

in VAT with aging.
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6.7 Limitations and future directions

The mice obtained for all of my studies were from either The Jackson Laboratory
or National Institute on Aging. | acknowledge that various housing strategies in different
institutes have an impact on mouse health, body weight, food habit and intake, microbiome,
and overall adiposity, and thus influence the result. | also recognize that it would have been
ideal to perform the studies with littermates and to age all the mice in the same
environment. However, the use of at least three or more biological replicates for each
experiment performed over several months along with high statistical power for each

experiment have substantially minimized technical errors.

Another limitation of this study specific to the parabiosis model, is that TCR6KO
mice might lack the necessary recruitment signals for y5 T cells due to lacking these cells
in the system. This could be resolved by using congenic CD45.1 and CD45.2 parabiosis
pairs; however, these mice would have to be aged for 2 years. Thus, we opted to use our
available aging TCR3KO colony to pursue the migration study. Although my studies were
focused on young and aged groups, it would be of interest to identify whether migration is
enhanced during middle-age by constructing parabiotic pairs at 12 months of age; however,
we were not able to complete those studies at this time. It would be of interest to identify
whether migration was enhanced during the middle age. Use of middle-aged mice would
help us to understand whether y5 T cell recruitment to VAT occurs during middle-age when

weight gain and adiposity are also increased.

Another limitation is that yo T cell accumulation in the aged VAT can be
subpopulation specific as it has been found in lymph nodes[63]. We were not capable of
identifying different subpopulations in VAT as the commercially available antibodies
showed co-expression with one or more antibodies for different proteins demonstrating
non-specific binding. A single-cell RNA-Seq study in the future will help better understand
the yo T cells subpopulations in VAT. Previous studies found that the majority of VAT y3
T cells are Vy6*[45]. Lymph node and thymic Vy6* cells are believed to have higher
motility and traffic between tissues under homeostasis and in response to

inflammation[110], which leads us to speculate that a certain population of Vy6* y5 T cell
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could migrate into VAT over the lifespan and maintain this population. Proliferation and
apoptosis may also affect subpopulations differently and unique differences may be
masked by our data on the total yo T cell population. We are currently conducting
ScCRNAseq to address subpopulations specific differences which will allow us to generate
additional hypotheses regarding the importance of different subpopulations to age-

associated yo T cell accumulation and role in inflammaging.

It is established that the number of yd T cells increase with adiposity[50, 51],
however, the source of these cells is yet to be explained. Previous studies have shown that
circulating y8 T cells are TNFa-producing and exhibit an activated CD69* phenotype in
the elderly due to presence of an inflamed environment known as inflammaging [54, 55].
VAT y3 T cells demonstrate an activated phenotype in both young and aged mice[51] and
maintain functionality with an increased number of IL-17A-producing cells in the aged.
Whether the aged VAT microenvironment with elevated inflammatory mediators play any
role in this activation and drive the proliferation is yet to be studied. Also, the functional
importance of selective expansion of IL-17A* y& T cells among lymphocytes requires

further exploration.

My data demonstrated that the population of cells which includes preadipocytes
and ADSC are the primary IL-6 producers in aged VAT and the number of IL-6-producing
preadipocytes and ADSC cell subsets decreases in absence of y6 T cells. Whether vy T
cells directly act on preadipocytes via cytokine such as IL-17A or acts via other cellular
crosstalk are yet to be studied. It is also possible that vy T cells may promote senescence
of preadipocytes, which would become the primary IL-6 producers. The hypothesis that y5

T cells contribute to preadipocyte senescence also requires further investigation.

In summary, my dissertation work has helped to elucidate how yd T cells come to
be expanded in the VAT with aging. Future research to further elucidate their role in
inflammaging both locally in VAT and systemically are warranted and will provide

important information for aging biology.
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Table 6.1 Nonstandard abbreviations and Acronyms.

Abbreviations

AT Adipose tissue
BAT Brown adipose tissue
VAT Visceral adipose tissue or visceral gonadal fat pads
SAT Subcutaneous adipose tissue or inguinal fad pads
LN/pLN Peripheral lymph node
TCR T cell receptor
YT Gamma delta T cells
Teonv Conventional T cells
Treg Regulatory T cells
Thl7 T-helper 17 cells
MSC Mesenchymal stem cells
WT Wild type
KO Knock out
TCR3KO T cell receptor delta knock out (lacks functional y5 T cells)
Terg-C T-cell receptor gamma, constant region
RPE Retinal pigment epithelium
IvVC Inferior vena cava
RBC Red blood cell
WBC White blood cell
SVF Stromal vascular fraction
DNA Deoxyribonucleic acid
RNA Ribonucleic acid
mi-RNA MicroRNA
PCR Polymerase Chain Reaction
RT-PCR Reverse transcription-polymerase chain reaction
gRT-PCR

Quantitative real-time RT-PCR

IL-17A and IL-17F

Interleukin 17A and F

IL-17RA and IL-17RC

IL-17 Receptor A and C

IFNy Interferon gamma
TNFo Tumor necrosis factor alpha
IL-6 Interleukin 6
IL-33 Interleukin 33
TGFp Transforming growth factor beta
DP Double positive
DN Double negative
CD Cluster of differentiation protein
PLZF

promyelocytic leukemia zinc finger
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Table 6.1 Nonstandard abbreviations and Acronyms (Continued)

Abbreviations

BCL2 B-cell leukemia/lymphoma 2 protein
PPARYy Peroxisome proliferator-activated receptor gamma
UCP1 Uncoupling Protein 1
AdipoR1 Adiponectin receptor 1
Trm Tissue-resident memory phenotype
SASP Senescence associated secretory phenotype
HFD High fat diet
T2 diabetes Type 2 diabetes
AMD Age-related macular degeneration
EdU 5-ethynyl-2'-deoxyuridine
FACS fluorescence activated cell sorting
MFI Mean fluorescence intensity
ANOVA Analysis of variance
g Gram
mo Month
Y Young
MA Middle-aged
A Aged
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