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Abstract

Age-related thymic involution is characterized by reduction in T cell production together with
ectopic adipocyte development within the hematopoietic and thymic niches. PPARY is required for
adipocyte development, glucose homeostasis and is a target for several insulin-sensitizing drugs.
Our prior studies showed that age-related elevation of PPARy expression in thymic stromal cells is
associated with thymic involution. Here, using clinically relevant pharmacological and genetic
manipulations in mouse models, we provide evidence that activation of PPARYy leads to reduction
in thymopoiesis. Treatment of aged mice with anti-hyperglycemic PPARy-ligand class of
Thiazolidinedione drug, Rosiglitazone caused robust thymic expression of classical pro-
adipogenic transcripts. Rosiglitazone reduced thymic cellularity, lowered the naive T cell number
and T cell receptor excision circles (TRECS) indicative of compromised thymopoiesis. To directly
investigate whether PPARYy activation induces thymic involution, we created transgenic mice with
constitutive-active PPARy (CA-PPARQ) fusion protein in cells of adipogenic lineage. Importantly,
CA-PPARYy transgene was expressed in thymus and in Fibroblast Specific Protein-1/S100A4
(FSP1%) cells, a marker of secondary mesenchymal cells. The CAPPARY fusion protein mimicked
the liganded PPARY receptor and the transgenic mice displayed increased ectopic thymic
adipogenesis and reduced thymopoiesis. Furthermore, the reduction in thymopoiesis in CA-
PPARYy mice was associated with higher bone marrow adiposity and lower hematopoietic stem cell
progenitor pool. Consistent with lower thymic output, CAPPARY transgenic mice had restricted T
cell receptor (TCR) repertoire diversity. Collectively, our data suggest that activation of PPARy
accelerates thymic aging and thymus-specific PPARy antagonist may forestall age-related decline
in T cell diversity.

Introduction

According to current predictions, the aging population will steadily increase and by year
2030, approximately 1 in 8 people will be over the age of 65 (Sierra et al. 2009; NIA-
NIH#07-6134. 2007). Aging is known to be associated with T cell defects, reduced immune-
surveillance and higher risk of infections (Miller 1996). Strikingly, approximately 20%
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patients over the age of 65 years have frank diabetes (Morley 2008; Poulsen et al 2009; Lu
et al. 2009). In addition, nearly 40% of Americans age 50 years or older are overweight
(BMI 25-29.9 kg/m?2). Such forecasts translate into 9.3 million more obese (BMI >30 kg/m?2)
adults between 20 to 74 years of age in 2011 than in year 2000. Importantly, 8.3 million of
these additional obese subjects will be older than 50 years of age (Fontaine et al. 2003;
Wang et al. 2007). Obesity is known to promote development of several age-related diseases
and also accelerates thymic involution process and immunosenescence (Dixit et al 2007;
Yang et al 2009a). Furthermore, considering that adiposity and aging are known risk factors
for insulin resistance, the use of antihyperglycemic agents is predicted to rise. The
peroxisome proliferator activated receptor gamma (PPARY) is a member of the nuclear
receptor superfamily of ligand-activated transcription factors that plays a key role in insulin-
sensitivity (Evans et al. 2004; Tontonoz et al. 2008). Various fatty acids serve as
endogenous ligands for PPARs and regulate transcription of several metabolic regulators via
well characterized transactivation and transrepression mechanisms (Evans et al. 2004;
Tontonoz et al. 2008). Accordingly, the PPARYy represents a direct link between fatty acid
concentrations, regulation of gene transcription, adipocyte development and glucose
homeostasis. The synthetic PPARy-ligands, Thiazolidinediones (TZDs) are among the most
widely prescribed drugs to promote insulin-sensitivity in type 2 Diabetes (Yki-Jarvinen
2004; Staels et al. 2005). Although PPARY activating TZDs have potent antihyperglycemic
actions (Saltiel and Olefsky 1996), they also have several off-target safety issues
(Rubenstrunk et al. 2007; Lago et al. 2007; Guan et al. 2005) which includes adipocytic
transformation of mesenchymal cells in bone marrow and increased risk of fractures
(McDonough et al. 2008).

The age-related deterioration of thymic stromal cell microenvironment and ectopic
adipocyte development within thymus is associated with reduction in T cell production, a
process recognized as thymic involution (Linton and Dorshkind 2004; Taub and Longo
2005; Aspinall and Mitchell 2008; Dixit 2008; Lynch et al. 2009). Inability of aging thymus
to replenish the pool of naive T cells is linked to restriction of T cell receptor diversity in
elderly with increased risk of infections, vaccination failures and reduced immune-
surveillance (Nikolich-Zugich et al. 2004; Naylor et al. 2005; Miller 1996; Swain et al.
2005). Magnetic resonance imaging has revealed that by age of 45, majority of thymus in
metabolically healthy humans is transformed into adipose tissue (Yang et al 2009b).
Although, the ectopic adipocytes are predominant cell types that occupy thymic space, the
mechanism of this well documented age-related phenomenon remains to be determined.

At birth the thymic stromal microenvironment is mainly composed of a meshwork of
cortical and medullary epithelial cells together with antigen presenting dendritic cells,
macrophages, endothelial cells and primary mesenchyme-derived fibroblasts (Gray et al.
2006; Muller et al. 2008, Foster et al 2008; Youm et al 2009). The thymic stromal cell
composition as well as organization is severely disrupted post-puberty and with progressive
aging (Gray et al. 2006). The reduction in thymic epithelial cells (TECs), increase in
fibroblasts derived via type 2 epithelial-mesenchymal transition (EMT) and the emergence
of adipocytes are among the most dramatic age-related changes in thymic stroma (Youm et
al. 2009; Yang et al 2009c, Flores et al. 1999). Thymopoiesis is dependent on periodic
import of hematopoietic stem cells (HSC) from bone marrow (Bhandoola et al. 2007). Given
that the HSC in turn depend on TECs for subsequent development into a naive self tolerant
T cells (Anderson and Jenkinson 2001) the integrity of TEC function is critical to efficient
thymopoiesis. Using genetic fate-mapping, we recently demonstrated that TECs can
transition into fibroblasts via the process of epithelial-to-mesenchymal transition (EMT)
(Youm et al. 2009; Yang et al 2009c). The secondary mesenchymal cells generated through
the process of EMT retain multipotency (Mani et al. 2008), however, the FSP1*, type 2
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EMT cells (Zeisberg and Neilson 2009) in aging thymus express PPARy and appear to be
committed to adipocyte lineage (Youm et al. 2009).

The classical dogma that adipocytes are ‘passive filler cells’ that ‘infiltrate” the vacant
thymic and bone marrow niches has been challenged by recent lineage-tracing studies that
demonstrate that adipocytes transition from thymic stromal cells and inhibition of thymic
and BM adipogenesis is coupled with elevated thymopoiesis and hematopoiesis (Youm et al.
2009; Yang et al. 2009c; Naveiras et al 2009). Interestingly, we have recently found that
increase in PPARYy expression in thymus (Yang et al. 2009c) is associated with increased
thymic involution and reduction of PPARYy by caloric restriction can forestall thymic
adipogenesis and involution. In further support of these data, we have shown that ghrelin
and ghrelin-receptor deficient mice, which develop accelerated thymic involution, also
express higher PPARY in thymic stromal cells suggesting that PPARy may be functionally
linked to the loss of thymopoiesis in aging (Youm et al. 2009). Furthermore, the activation
of PPARYy signaling in an in vitro cell culture system lead to direct inhibition of T cell
development from bone marrow derived HSCs. (YYang et al. 2009¢). However, whether
activation of PPARYy signaling in vivo promotes thymic aging is not known. Based on our
primary findings, we hypothesized that constitutive-activation and TZD mediated ligand-
activation of PPARYy induces thymoadipogenesis and reduces thymopoiesis. To this end, we
created adipocyte lineage-specific constitutive active PPARYy transgenic (CA-PPARY)
animals and also utilized Rosiglitazone treatments in aging mice to investigate the impact of
PPARYy activation on thymic function. Using defined genetic and clinically relevant
pharmacological manipulation of PPARYy activity in vivo we provide evidence that activation
of PPARY receptor compromises generation of naive T cell from thymus.

PPAR-y ligand, Rosiglitazone promotes thymic adipogenesis and thymic involution in

aging mice

We have recently demonstrated that thymic PPARYy expression increases in middle-aged
(12mo) mice and pro-longevity metabolic intervention, caloric restriction can prevent
thymic-adipogenesis (Yang et al. 2009c). In further support of our previous findings,
analysis of 18 month old mice revealed that PPARy mRNA expression is significantly
elevated by age and CR is highly effective in forestalling age-related increase in thymic
PPARYy expression (Figure 1A). The quantitation of episomal DNA circles, termed TCR
rearrangement excision circles (TRECS), is used as an index of thymic output (Sempowski
et al 2002; Dixit et al 2007; Yang et al 2009a). Consistent with our hypothesis (Yang et al
2009c), age-related increase in PPARYy expression was correlated with reduction in thymic
output (Figure 1B). The quantitative real-time PCR of splenic CD4* T cells revealed that
inhibition of PPARY by CR significantly increased the TREC numbers in 18m old animals
(Figure 1 B), suggesting increased thymopoiesis.

An important question emerging from our findings is whether the ligand activation of
PPARYy receptor via anti-diabetic Thiazolidinediones (TZDs) in aging mice adversely
impacts thymopoiesis. To this end, the 18 month old C57/BL6 mice, which have elevated
thymic PPARy (Figure. 1A), were treated with synthetic PPARy-ligand, Rosiglitazone at a
dose known to improve insulin-sensitivity (Purushotham et al 2007). Compared to vehicle
(DMSO) infused control animals, 2 week rosiglitazone treatment in 18m old mice reduced
the thymic size, weight and thymocyte numbers (Figure 1C, D, E). Notably, after the
Rosiglitazone treatment there was also a reduction in CD4*CD8- (CD4SP), CD8*CD4-
(CD8SP) and CD4*CD8* (DP) cells without qualitative change or alteration in thymocyte
development stages or CD4°CD8" DN cells (Figure 1F, G). Considering that earliest
thymocyte progenitors (ETP, Lin"CD44*CD25°Kith) are present within DN1
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(Lin'oCD44*CD25Kit") population and are precursor of DN2 (Linl°CD44*CD25* Kithi)
stage of thymocytes (Bhandoola et al 2007), we also analyzed ETPs in thymus. Compared to
vehicle infused mice, no significant differences in ETP frequencies in thymi of rosiglitazone
treated mice were found (Figure 1H). Rosiglitazone reduced the expression of primary
mesenchymal cell derived thymopoietic growth factor, fibroblast growth factor 7 (FGF7 or
KGF) (Figure 11) without affecting the expression of Thymic Stromal Lymphopoietin
(TSLP), Jagl or epithelial cell specific genes, EVA and medullary TEC expressed Aire gene
(Figure 11). Interestingly, rosiglitazone infusions caused marked induction of pro-adipogenic
transcripts, aP2, CD36, perilipin, axin and PEPCK without affecting PPARy mRNA
expression (Figure 1J). These data suggest that Rosiglitazone does not alter the percentages
of ETPs in the thymus but that TZDs may quantitatively reduce the ability of ETPSs to
develop into mature thymocytes because the stromal cells maybe skewed towards
adipogenic programming.

Considering that thymic involution is associated with reduction in naive T cells and
homeostatic expansion of effector-memory (E/M) T cells (Miller 1996; Swain et al 2005),
we investigated thymic output by TREC analysis and naive, E/M T cell numbers. We found
that Rosiglitazone treatment did not affect total splenocyte count (data not shown) and did
alter CD4:CD8 ratio in spleen (Figure 2A). Interestingly, we found that rosiglitazone
markedly lowered the number of naive CD4 cells (Figure 2B, C). Furthermore, increase in
thymic adipogenesis via PPARy-ligand dependent activation led to reduction in naive CD8
cells (CD44-CD62L™") (Figure 2D) and significantly expanded the effector/memory T cells
in spleen (Figure 2C, E), typically seen as a consequence of age-related thymic involution
(Swain et al. 2005). Concurrent with decreased thymic cellularity, Rosiglitazone treatment
also reduced the number of TREC* CD4 cells in the spleen (Figure 2F) indicative of lower
thymic export. Together, these data reveal that anti-hyperglycemic drugs like TZDs may
accelerate thymic involution and compromise naive T cell production during aging.

Constitutive-active PPARYy transgenic mice exhibit increased thymoadipogenesis and
bone marrow adiposity

To directly assess the role of PPARYy in age-related thymic involution; we created a
transgenic mouse line expressing a constitutive-active PPARy (CAPPARY) gene driven by
aP2 promoter which is known to be highly expressed in adipocyte-lineage cells. The
CAPPARYy transgenic mice were generated by mutating a negative-acting MAP kinase
phosphorylation site at serine 82 residue of mouse PPARy1 gene, and fusing the P300
binding domain of the adenovirus Ela gene to the C-terminus of the gene (Figure 3A). The
rationale for utilizing the E1la CR1 region was based on its well characterized ability to bind
to the transcriptional coactivator P300 (Goodman and Smolik 2000). P300 normally
functions as a potent transcriptional coactivator of PPAR upon ligand binding (Dowell et al
1997). We reasoned that the presence of the Ela domain would mediate P300 binding to the
CA-PPARYy protein in the absence of ligand binding and faithfully mimic the coactivator
recruitment function of wild-type PPARYy that occurs in the presence of a ligand. Therefore,
we next determined whether the CAPPARY fusion protein mimics the liganded PPARYy
receptor.

We studied adipogenesis in Swiss 3T3 fibroblast cells in response to constitutive-active
PPARYy construct. The Swiss 3T3 fibroblasts do not differentiate into adipocytes unless
PPARY protein is provided along with an activating ligand (in this case Troglitazone). As
expected, exposure of WT Swiss 3T3 cells with adipogenic cocktail
(methylisobutylxanthine, dexamethasone and insulin; MDI) without addition of PPARYy
ligand Troglitazone did not induce adipogenesis and aP2 (Figure 3B). Addition of
Troglitazone together with MDI in WT cells induced aP2 expression (Figure 3B).
Importantly, consistent with our construct design, we found that in CAPPARYy transfected
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Swiss 3T3 cells, MDI alone without the PPARY ligand Troglitazone led to robust expression
of aP2 (Figure 3B). Further characterization of constitutive-active PPARy construct in
NIH3T3 fibroblast cells revealed that ligation of wild type PPARY receptor by Rosiglitazone
achieved comparable transcriptional activity to the constitutive-active PPARYy fusion protein
(Figure. 3C). Collectively, these data indicate that the CAPPARY fusion protein functions in
the fibroblast cells without causing overt toxicity and is able to induce adipogenesis by
mimicking the physiologically liganded PPARY receptor.

The CAPPARY transgene was expressed under the control of adipocyte-lineage specific aP2
promoter and as expected we detected high CAPPARY expression in adipose tissue (Figure
3D). In addition, we observed robust expression of CAPPARY transgene in bone marrow
with modest expression in thymus (Figure 3D). Considering that adipocytes are thought to
originate from mesenchymal lineage (Gesta et al. 2007) and PPARY is required for
differentiation of fibroblasts to adipocytes (Tontonoz et al. 2008), we investigated the
cellular localization of CAPPARY fusion protein in thymus. Consistent with our recent
findings that Fibroblast Specific Proteinl (FSP1¥) type 2 mesenchymal cells express
adipogenic markers (Youm et al 2009; Yang et al 2009b), we observed that in thymus
CAPPARY fusion protein (identified by anti-HA antibody) displayed partial co-localization
with FSP1* thymic fibroblasts (Figure 3E).

Consistent with our hypothesis, the CAPPARY transgenic mice displayed increased
thymoadipogenesis as evidenced by significantly higher levels of PPARYy, aP2, C/EBPa,
perilipin, CD36 and PPAR gamma angiopoietin related (PGAR) mRNA (Figure 4A).
Surprisingly, despite high CAPPARYy fusion protein expression in peripheral adipose tissue,
oral glucose tolerance test (OGTT) in chow fed 6 month CAPPARYy transgenic mice
revealed no significant change in glucose homeostasis (Figure 4B). Furthermore, at this age
no significant differences in body weight or fasting plasma glucose levels were detected
(data not shown) suggesting that observed thymic effects in CAPPARYy transgenic mice are
independent from systemic metabolic alterations. We found that consistent with increase in
pro-adipogenic PPARYy target genes; there was an increase in lipid-expressing cells in the
thymus which co-localized with PPARy in thymic medulla as well as cortex (Figure 4C).
The thymic architecture of CAPPARYy transgenic mice was compromised as evidenced by
increase in lipid droplet accumulation and contraction of thymic cortex and an inversion of
cortical and medullary zones (Figure 4D). In addition, compared to WT control mice, the
CAPPARYy transgenic animals show a significant reduction in TREC* CD4 cells in spleen
suggestive of reduced thymopoiesis (Figure 4E). These data suggest that induction of
thymoadipogenesis by CAPPARY led to a significant reduction in thymopoiesis (Figure.
4E).

Considering that HSCs such as Lin"Scal*Kit* (LSK) are required for thymopoiesis, high
expression of CAPPARY transgene in bone marrow prompted us to analyze the frequency of
HSCs. Interestingly, we found that genetic gain of function of PPARy in BM was coupled
with increase in ectopic BM-adipocytes (Figure 5A, B) and reduction in LSK cells (Figure
5C, D). Interestingly, recent report suggests that pharmacological inhibition of PPARy can
reduce BM adiposity and enhance the ability of BM derived Hematopoietic Stem Cells
(HSCs) to reconstitute immune system (Naveiras et al. 2009). Taken together, our findings
indicate that reduced thymopoiesis in CAPPARY transgenic animals may be linked to
alterations in stromal microenvironment in primary lymphoid organs and an overall
reduction in lymphoid progenitor pool in BM.

Constitutive-active PPARYy transgenic mice display reduced T cell repertoire diversity

It is well recognized that reduction in naive T cell output with aging is associated with
reduced TCR diversity (Nikolich-Zugich 2004; Naylor et al 2005). Considering that diverse
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repertoire of naive T cells is essential for efficient adaptive immune response we next
investigate the impact of PPARYy driven adipogenesis on TCR diversity. The diversity of the
TCR repertoire is generated in the thymus through imprecise assembly of V, D, J, and C
gene segments to form T cells expressing apTCR (von Boehmer et al 1998). The TCR
diversity is mainly conferred through third hypervariable region of the receptor chains,
called complementarity determining region -3 (CDR3) (Pannetier et al. 1993). Given VDJ
recombination involves imprecise joining, in a sample of T cells, a range of CDR3 sizes can
exist which typically vary in length by 8-10 amino acids (Pannetier et al. 1993). The CDR3
polymorphism analysis or TCR spectratyping allows for global analysis of the TCRs of the
sampled T cell population. Also, CDR3 length spectratyping allows analysis of TCR
repertoire at a higher-resolution as each V/-JB combination shows a Gaussian distribution of
6-10 CDR3 lengths with consecutive additions of 3 base pair that represent in-frame
rearrangement. Using TCR spectratyping, we analyzed the sizes of the CDR3s in pool of T
cells derived from control and CAPPARYy Tg mice by analyzing VB-Cp PCR products which
have been labeled with a runoff reaction on a sequencing gel (Pannetier et al. 1993;
Gorochov et al. 1998). Compared to WT mice, in the 3 month old CAPPARy Tg animals,
the TCR repertoire diversity was maintained (Figure. 6A). To understand if progressive
aging and reduced thymopoiesis affects TCR diversity we also examined 7 month old
CAPPARYy Tg animals (Figure 6B, C). A polyclonal diverse TCR V3 family is characterized
by Gaussian distribution of peaks, while a skewed profile is distinguished by deviations
from Gaussian distribution (37, 38) and aberrant amplification of peaks (Figure. 6C). The
Gaussian distribution profiles were translated into probability distributions as functions of
the area under the curve for each CDR3 length as described previously (31, 34). By these
methods we demonstrate that T cells of CAPPARY transgenic mice exhibited significant
perturbations in the TCR repertoire diversity (Figure. 6B, C) in an age-dependent manner.
Collectively, these findings provide direct evidence that thymic gain of function of PPARy
causes increased thymoadipogenesis and reduces T cell repertoire diversity.

Discussion

The synthetic TZDs serve as PPARYy ligands and are widely used antihyperglycemic
therapeutic agents. Emerging evidence suggests that prolonged use of TZDs in elderly
increases the risk of cardiovascular events, fluid retentions, edema and also cause
osteoporosis and fractures (Rubenstrunk et al. 2007; McDonough et al. 2008; Guan et al.
2005). Therefore selective and tissue specific PPARy modulators (SPARMS) are under
development with the goal to safely harness the insulin-sensitizing actions of PPARy-ligands
without systemic adverse effects (Sporn et al. 2001). Herein we present data that
demonstrates that PPARYy is expressed in thymus and increases upon physiological aging
and ligand-activation of PPARY reduces naive T cell production and restricts TCR repertoire
diversity.

Given the purpose of thymus is to establish and maintain T cell arm of immunity and not
energy homeostasis, the thymic adiposity during healthy aging process is a puzzling
phenomenon and it remains unclear why this maladaptive process is initiated early in life.
Recent studies demonstrate that removal of thymus in children undergoing cardiac surgery
leads to immunosenescence and premature onset of age-related decline in immune function
(Sauce et al. 2009). These data further underscores that thymopoiesis in adult life is required
to maintain T cell repertoire diversity. However, the regulators responsible for inducing
ectopic adipocyte development within the thymic space during middle-age are incompletely
understood. Based upon a variety of experimental approaches, we demonstrate that PPARy
driven thymic-adipogenesis plays a key role in reducing thymopoiesis and causing
involution of thymus with increasing age. Although, it is well known that thymic space is
replaced with adipose tissue in elderly (Flores et al 2004; Yang et al 2009), the thymus
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specific adipogenic mechanisms that generate ectopic intrathymic adipocytes have not been
considered as major contributors toward thymic loss. We have recently demonstrated that
loss of ghrelin-receptor mediated signaling leads to ectopic adipocyte development in
thymus with greater expression of PPARYy in thymic stomal cells (Youm et al. 2009).
Furthermore, inhibition of PPARYy signaling and thymoadipogenesis by CR is coupled with
maintenance of thymic function that prevents erosion of T cell diversity seen during aging
(YYang et al 2009). Our findings also suggest that inhibition of adipogenic cellular
differentiation within aging thymus by CR due to reduction in PPARy maybe important to
maintenance of thymic function (Yang et al. 2009). Interestingly, despite well known broad
metabolic effects of CR, the insulin sensitizing effects of CR are not associated with any
significant difference in white adipose tissue expression of PPARy (Masternak and Bartke
2006). Consistent with greater insulin-sensitivity in CR mice, the effects of CR on pro-
adipogenic gene expression were selective and not associated with reduction in PPARYy in
adipose depots (data not shown).

Interestingly, the constitutive-active PPARY expression in bone marrow and thymus lead to
greater ectopic adipocyte development. It has recently been shown that pharmacological
inhibition of PPARY reduces bone marrow adiposity and increases hematopoiesis post
cytoreductive conditioning regimens of irradiation (Naveiras et al. 2009). Our data from
constitutive-active PPARY tranagenic mice provide further evidence that excessive
adipocyte development in BM microenvironment lowers the pool of LSK hematopoietic
stem cells. Given thymopoiesis is dependent on periodic homing and seeding of thymus with
BM-derived progenitors, we observed reduced thymopoiesis and naive T cell production in
both CA- PPARY tg as well as rosiglitazone treated mice. Consistent with reduced thymic
output, constitutive-activation of PPARY lead to marked restriction of TCR repertoire
diversity. The generation and expression of a broad TCR repertoire on the surface of
lymphocytes are critical for development and function of an effective adaptive immune
system. Accordingly, restriction of TCR diversity is associated with greater risk of
infections and reduced immune-surveillance (Nikolich-Zugich et al. 2004; Yager et al.
2008). Increasing the thymopoiesis is considered as an important means to maintain and
expand TCR repertoire. Therefore the activation of PPARy induced thymic involution and
reduction in TCR diversity may lower immune-surveillance.

TZDs are also known to promote generation of new adipocytes from resident preadipocyte
via the PPARy pathway. Mounting clinical evidence suggests that sustained TZD use causes
higher bone marrow adipogenesis and increased bone loss in aging diabetic patients
(McDonough et al. 2008). New evidence suggests that PPARy expression also promotes
osteoclastogenesis and bone resorption (Wan et al. 2007). The 2 week rosiglitazone
treatment in 18m old mice caused dramatic thymic loss as evident by lower thymic mass and
total thymocyte numbers. Rosiglitazone treatment increased thymic adipogenesis and
reduced KGF expression, a key mesenchymal cell derived prothymic growth factor.
Reduction in thymocyte counts, thymocyte subsets and TRECs post Rosiglitzone suggests
reduction in thymic output. The analysis of splenic naive and E/M subsets also revealed
significant alterations. Although the reduction of splenic naive cells is reflective of reduced
thymic export, expansion of E/M cells post rosiglitazone can also be attributed to direct
effects on peripheral T cell proliferation and homeostasis. Overall, these findings suggest
that Rosiglitazone accelerates age-related thymic involution and may promote
immunosenescence.

In light of our present findings, further work is necessary to determine whether prolonged
TZD use in middle aged and elderly insulin-resistant patients presents an added risk of
accelerated thymic involution and immunosenescence. Furthermore, several clinical studies
have shown improvement that TZDs can lower inflammation and enhance cognition and
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memory in elderly Alzheimer Disease patients (Landreth et al 2008). Based on our data, the
prolonged use of Rosiglitazone in AD and potential adverse impact on adaptive immunity
deserves greater scrutiny. Interestingly, similar to TZDs, the synthetic aP2 inhibitors can
also reduce inflammation and type 2 diabetes (Furuhashi et al. 2007). Thus taken together
with our current findings, it is possible that such aP2 inhibitors, in addition to being effective
insulin sensitizing agents, could potentially reduce thymic involution and
immunosenescence process. It is important to note that despite massive fatty degeneration of
thymus in elderly, naive T cells produced from thymic remnants can be detected in blood
(Hale et al. 2006; Nasi et al. 2006). In addition, several studies in mice and humans suggest
that naive T cell production from aging thymus can be partially restored (Dixit et al. 2007;
Napolitano et al 2008; Chidgey et al. 2007) suggesting that thymic rejuvenation to promote
T cell immunity is an achievable therapeutic goal in several clinical immunodeficiency
disorders. In conclusion, our data provides evidence that activation of PPARy accelerates
age-related thymic involution and reduces T cell diversity. The future development of safer
alternatives such as selective and tissue specific PPARy modulators (SPARMS) drugs for
treatment of insulin-resistance require careful evaluation for potential adverse effects on
mechanism regulating T cell generation from thymus. Based on our findings, it is likely that
cell specific inhibition of PPARY signaling in thymus may be an additional strategy to
prevent deterioration of thymic stromal environment and to enhance naive T cell production.

Experimental procedures

Mice

The Constitutive-active PPARy was generated from the mouse PPARy1 gene by mutating a
negative-acting MAP kinase phosphorylation site {Camp, 1997, PMID 9099735; Camp,
1999, PMID 9886850} at serine 82 to alanine, and by attaching the adenovirus Ela CR1
region to the C-terminus of the PPARYy coding sequences. An HA-tag antigenic epitope was
attached to the C-terminus for recombinant protein detection. This construct produces a
constitutive-active PPARYy protein that activates transcription from a PPARy-dependent
reporter in the absence of ligand, to the same level as fully liganded wild-type PPARy. The
CA-PPARYy construct was designed using PPARy1 instead of PPARy2 because of its slightly
lower transcriptional activity relative to PPARy2 in many cell types (personal observations)
and its lower adipogenic potential. In vitro analysis of the transcriptional activity of the CA-
PPARYy protein supports this contention, showing that it activates transcription from a
PPARy-dependent reporter in the absence of ligand, to the same level as fully liganded
wildtype PPARYy (Fig 3C). The CA-PPARYy construction was placed under control of the
mouse aP2 gene regulatory sequences on a 5 kb fragment containing both the aP2 enhancer
and promoter. The aP2-CA-PPARYy transgenic mouse line was produced by standard
procedures at the University of Michigan Transgenic Animal Model core
(http://lwww.med.umich.edu/tamc/) by injection into C57BL/6 x SJL F2 eggs. Four
transgenic founder lines where identified, one of which showed detectable expression of the
transgene in adipose tissue. This line was bred into C57BL/6J for 8 generations. The animals
used in this study were maintained on a standard chow diet.

The female chronically calorie restricted (CR) (n = 12) mice and ad libitum (AL) fed (n =
12) 18 month old C57BL/6 mice were purchased from NIA-aging rodent colony (Harlan
Sprague-Dawley, Indianapolis, IN). The 18m old female C57BL/6 mice were treated with
rosiglitazone or vehicle at the previously reported (Purushotham et al 2007) insulin-
sensitizing dose of (10mg/kg/day) for 2 weeks via s/c osmotic minipumps as described
previously (Dixit et al 2007). All protocols were approved by the Institutional Animal Care
and Use Committee of Wayne State University and Pennington Biomedical Research
Center.
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Immunofluorscence microscopy and Histology

The immunofluorescent and histological staining was performed as described previously
(Dixit et al 2007; Yang et al 2009c), briefly thymi obtained from mice were fixed in 20%
sucrose and prepared for cryosectioning. Immunostained sections were observed with a
Zeiss Axioplan 2 and Zeiss confocal microscope. The anti-PPARYy antibody recognizes both
v1 and y2 isoforms of PPAR protein and was purchased from Santa Cruz Biotechnology.
The anti-HA and anti-FSP1/S100A4 rabbit polyclonal antibody were purchased from
Abcam.

Transfections and assays

For the transient transfection experiment shown in Fig. 2, NIH3T3 cells were transfected
with CMV driven PPARYy constructs (wild type or constitutive active) together with and a
PPRE (ap2) driven luciferase reporter as described (PMID 17227883). Rosiglitazone (Ros)
20 micro-molar was added 16 hours after transfection and the cells harvested 24 hours later.
For the adipocyte differentiation wild type and CA-PPARY genes were introduced in the
pBMN retroviral vectors and high titer viral stocks were prepared. Swiss 3T3 fibroblasts
were infected with pBMN-LacZ, pPBMN-CA-PPARy or pPBMN-WT-PPARY virus. Equal
expression levels of wild type and CAPPARYy were confirmed by western blot. The
adipogenic cocktail used for differentiation contained dexamethasone (1 uM), 3-isobutyl-1-
methylxanthine (M1X, 0.5 mM), and insulin (1.67 uM). Total RNA was prepared using
Trizol according to the manufacturers instructions and northern blotting was performed to
analyze aP2 mRNA expression.

FACS analysis

The thymocytes, splenocytes and bone marrow single cell suspensions were prepared and
stained using anti - CD4-PerCP, CD8-APC, CD44-FITC, and CD4-PE, CD4-FITC, CD4-
PerCP, CD11b, Gr-1-PE, CD45R-PE, CD3-PE, CD8-PE, apTCR-PE, y6 TCR-PE, pan-NK-
PE, NK1.1-PE, CD11c-PE, , CD19-PE, Terl19-PE and CD127-PE and, , CD25-APC and C-
kit-FITC, Scal-PE (ebiosciences) as described previously (Dixit et al 2007; Yang et al
2009c). The ETP were defined as Linl°CD25-CD44*Kith (Bhandoola et al 2007). A total of
5 million thymocytes were stained using a panel of lineage specific antibodies, CD44 and C-
kit as described previously (Dixit et al 2007; Yang et al2009a; Yang et al 2009c). All FACS
analyses were performed on BD FACS Calibur and data was analyzed using post collection
compensation and single color isotype 1gG control using FLOWJO software.

Real-time RT-PCR and signal joint-T cell receptor excision circle (TREC) analysis

The total RNA was prepared with RNAzol (Isotex Diagnostics). The cDNA synthesis and
real-time RT-PCR was performed as described previously (BioRad Real-time RT-PCR
analyses were done in duplicate on the ABI PRISM 7900 Sequence Detector TagMan
system with the SYBR Green PCR kit as instructed by the manufacturer (Applied
Biosystems). The primer pairs and methods to perform RT-PCR have been described in our
prior work (Dixit et al 2007; Youm et al 2009; Yang et al 2009a; Yang et al 2009b; Yang et
al 2009c).

The CD4 cells were isolated from splenocytes using mouse positive selection kit
(Invitrogen) per manufacturer's instructions. The PCR for performed with méRec and yJao
specific primers and méRec-yJa fluorescent probe as described previously (Dixit et al 2007;
Youm et al 2009; Yang et al 2009a; Yang et al 2009b; Yang et al 2009c). The standard
curves for murine TRECs were generated by using 6Rec wJa TREC PCR product cloned
into a pCR-XL-TOPO plasmid, a generous gift from Dr. Gregory D. Sempowski, Duke
University Medical Center.
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Complementarity Determining Region 3 (CDR3) polymorphism - TCR Spectratyping

Analysis

The T cells were used to prepare total RNA and cDNA was prepared as described previously
(Dixit et al. 2007, Yang et al. 2009a). A FAM-labeled nested constant B-region primer was
used in combination with 24 multiplexed forward murine Vf-specific primers top measure
the CDR3 lengths as described previously (Dixit et al 2007; Yang et al 2009a; Yang et al
2009c). Each peak was analyzed and quantified with ABI PRISM GeneScan analysis
software (Applied Biosystems), based on size and density. Data were used to calculate the
area under the curve (AUC) for each V family. Each peak, representing a distinct CDR3 of
a certain length, was quantified with BioMed Immunotech software.

The oral glucose tolerance test (OGTT)

The OGTT experiments were performed on 6 month WT and CA-PPARg transgenic male
mice. All mice were fasted for 2h and given an oral glucose gavage. The glucose was
measured in tail blood immediately at Omin, 15, 30, 60 and 120 min using a glucometer
(Breeze , Bayer Health Care, USA).

Statistical Analyses

The results are expressed as the mean £ SEM. The differences between means and the
effects of treatments were determined by one-way ANOVA using Tukey's test (Sigma Stat),
which protects the significance (p < 0.05) of all pair combinations.
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Figure 1.

PPAR-y ligand, Rosiglitazone promotes thymoadipogenesis and increases thymic involution
during aging. The thymi from young, old and age-matched CR mice were used to quantitate
PPARYy by real time PCR analysis. (B) The T cell receptor excision circles (TRECS) in
splenic CD4* T cells were analyzed using quantitative PCR. (C, D, E) Rosiglitazone (Rosi)
infusion (10mg/kg/day) for 2 weeks via s/c osmotic minipumps reduces the thymic size,
thymic weight and total thymocyte counts in 18m old ad libitum fed C57/B6 mice. (F, G)
The representative FACS plots of thymocytes stained with CD4 and CD8, from sham and
rosiglitazone treated 18m old mice are shown. Rosi infusion reduces number of developing
T cells without inducing defects in thymocyte development. (H) The earliest thymocyte
progenitors (ETP; Lin°CD25"CD44*Kith) were gated on lineage low/negative cells
(including CD25 in lin cocktail; Yang et al 2009c). The ETP cells (percent gated) did not
show any significant difference between sham (0.23+0.02) and Rosiglitazone (0.19 +0.03)
treated mice. (1) Rosiglitazone treatment reduces the thymic mRNA expression of FGF7/
KGF without significantly affecting, TSLP, Jagl, EVA and Aire. (J) Compared to vehicle
infused mice, Rosiglitazone treatment led to significant upregulation of aP2, CD36,
Perilipin, PEPCK and axin with no change in PPARy mRNA expression. All data is
expressed as mean SEM (n=8).
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Rosiglitazone reduces naive T cells and expands effector-memory cells. (A) Rosi infusion
doesnot alter CD4 and CD8 frequency in spleen. (B). Rosiglitazone infusion causes
significant decrease in naive (CD62L*CD44" , red box) and increases the expansion of E/M
(CD62L"CD44" , blue box) CD4 (B and C) and CD8 (D and E) T cells. (F) Quantitative -
PCR analysis of TRECs in splenic CD4* T cells post Rosiglitazone infusion. All data is
expressed as mean SEM (n=6-8).

Aging Cell. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Youm et al.

Page 16

A
. S82A HA
aP v v
S mPPARy 1 [cri]]
B LacZ WT CAPPARy
DMMTTDMMTT D MMTT
Actin » - L L LI . -
aP2 » .. - .
C D
[ veh
o | TG wr
g 33352588
@ CAPPARy B
(=
o 1
S
=
I PPIA B~
0 — |
Vector  WT-PPAR; CA-PPARy
E

Figure 3.

The constitutive-active PPARYy transgenic mice. (A) The constitutive-active PPAR-y1 (CA-
PPARY) transgene construct contains the full length 476 aa PPAR-y1 gene linked 80 aa CR1
region of adenovirus-2 Ela gene (containing a P300 interaction domain) and a mutation in
the negative-acting MAP kinase phosphorylation site at serine 82. This construct was placed
under the control of mouse aP2 promoter/enhancer region (-5528 to +22 relative to aP2
transcriptional start site. (B) CA-PPARY induces adipocyte differentiation in the absence of
an activating ligand. Swiss3T3 cells expressing wild type or CA-PPARYy were generated by
infection with retroviral vectors expressing the PPAR constructs, or control virus expressing
LacZ. Infected cultures were treated with DMSO (D), standard MDI adipogenic hormonal
cocktail (M), the cocktail plus 10 uM Troglitazone (MT) or Troglitazone alone (T) for six
days. Total MRNA was prepared and adipogenesis was estimated by measuring aP2 mRNA
by northern blotting. (C) The transient transfection showing ligand independent
transcriptional activity of the CA-PPARYy construct. NIH3T3 cells were transfected with
wild type or CA-PPARYy constructs (driven by the CMV promoter) together with a PPRE
driven luciferase reporter. Cells were treated for 24 hours with 20 uM Rosiglitazone (Rosi)
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or vehicle (Veh). Luciferase activity was normalized to -galactosidase activity from a co-
transfected reference plasmid and is presented as the mean (+ standard deviation) of three
separate experiments. (D) CA-PPARY is selectively expressed at high levels in adipose
tissue and bone with modest transgene expression in thymus. (E) Thymic crypsections from
3mo old CA-PPARYy tranegenic mice were stained with anti-HA (to detect CA-PPARYy
fusion protein) and FSP1/S100A4 (marker of secondary mesenchynmal cells) and nuclei
were stained with DAPI. Arrow heads show co-localization of CA-PPARYy fusion protein
with FSP1* cells in thymus.
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Figure 4.

Activation of PPARy induces thymic adipogenesis and thymic involution. (A) Real-time
PCR analysis of PPARY, aP2, C/EBPa, perilipin, CD36 and PGAR mRNA in thymi of 7
month old WT and CA-PPARyTg mice. (B) The oral glucose tolerance test (OGTT) in 6 mo
old chow fed WT and CA-PPARg transgenic mice revealed no significant change (P >0.05)
in glucose homeostasis. (C) The immunoflouorescence analysis of thymic cryosections from
7m old WT and CA- PPARYy were labelled with anti- PPARy and neutral lipid. Thymic
denoted cortex is denoted by C and medulla by M. Arrow heads show co-localization of
lipid expressing cells and PPARYy. (D) Oil-red-O and methyl green staining shows greater
lipid accumulation in thymic medulla of 7m old CA- PPARy mice. The thymic cryosections
were also stained with hematoxylin and eosin, thymic involution is evident by cortical
thinning (red arrows). (E) Quantitative - PCR analysis of TRECs in splenic CD4* T cells of
3m and 7m old WT and CA-PPARyTg mice. All data is expressed as mean SEM (n=8).
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Figure 5.

CA-PPARy promotes bone marrow adiposity and reduces hematopoietic stem cells. (A)
Hematoxylin and eosin stain in decalcified femoral head of 3m and (B) femur of 7m old WT
and CA-PPARY transgenic mice. (C) Representative FACS plot gated on lineage negative
bone marrow cells and stained with Scal-APC and C-kit-FITC. (D) The percent gated

Lin Scal*Kit* (LSK) cells from 3m and 7m old WT and CA-PPARy mice. All data is
expressed as mean SEM (n = 4 per group).
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TCR BV CDR3 spectratyping profiles of CD4+ T cells in 3 month old C57bi/6 mouse
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Figure 6.

CA-PPARYy reduces thymopoiesis and restrict TCR diversity. (A) The representative TCR
spectratyping analysis of peripheral CD4* cells of 3m old WT and CA-PPARyTg mice (n =
4) revealed no change in CDR3 lengths of TCR-V families. (B) The TCR spectratyping
analysis of peripheral CD4" cells of 7m old WT and CA-PPARyTg mice. The perturbations
in TCR diversity are represented as landscape surfaces, in which smooth (blue) landscapes
represent an unchanged TCR repertoire (diversity). The Mountain (in green, yellow and
orange) depicts area under the curve and diversion from Gaussian amplified peaks of CDR3
lengths. Each line crossing on the y axis of the landscape denotes change from WT specific
CDR3 length or size (x-axis) of a particular V3 family (z-axis). (C) The spectratype analysis
with representative Vp families from 7m WT and CA-PPARy Tg mice are shown. The
CDR3 size is shown on the x-axis and relative peak area as fluorescence intensity is shown
on the y-axis. The peak perturbation corresponding to a CDR3 length of 8-10 amino acids
are shown for VB family 1, 3.1, 12, 16, 17, 18 and 20.
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