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The decline in adaptive immunity, T lymphocyte output, and the contraction of the TCR repertoire with age
is largely attributable to thymic involution. The loss of thymic function with age may be due to diminished
numbers of progenitors and the loss of critical cytokines and hormones from the thymic microenviron-
ment. We have previously demonstrated that the orexigenic hormone ghrelin is expressed by immune cells
and regulates T cell activation and inflammation. Here we report that ghrelin and ghrelin receptor expres-
sion within the thymus diminished with progressive aging. Infusion of ghrelin into 14-month-old mice sig-
nificantly improved the age-associated changes in thymic architecture and thymocyte numbers, increasing
recent thymic emigrants and improving TCR diversity of peripheral T cell subsets. Ghrelin-induced thymo-
poiesis during aging was associated with enhanced early thymocyte progenitors and bone marrow-derived
Lin-Scal*cKit" cells, while ghrelin- and growth hormone secretagogue receptor—deficient (GHS-R-deficient)
mice displayed enhanced age-associated thymic involution. Leptin also enhanced thymopoiesis in aged but
not young mice. Our findings demonstrate what we believe to be a novel role for ghrelin and its receptor in
thymic biology and suggest a possible therapeutic benefit of harnessing this pathway in the reconstitution of

thymic function in immunocompromised subjects.

Introduction

The thymus is critical for the development, selection, and mainte-
nance of the peripheral T cell pool possessing a broad spectrum of
TCR specificities. The mammalian thymus is capable of generat-
ing T cells throughout the life span. However, after puberty and
with advancing age, the thymic space becomes progressively filled
with adipocytes coupled with a dramatic loss of thymocytes in the
cortical and medullary areas, leading to a reduction in output of
naive T cells. This process is called as thymic involution (1).

The lack of a thymus in humans (DiGeorge syndrome) and thy-
mectomy of neonatal mice lead to severe immunodeficiency due
to paucity of mature T cells. During physiological aging, the total
peripheral T cell pool is maintained by homeostatic expansion of
preexisting T cells rather than replenishment by thymic export
(2). Consequently, the long-lived naive T cell repertoire is reduced
with an expansion of memory phenotype T cells, thereby limiting
a host’s ability to mount responses against new antigenic challeng-
es. It has been demonstrated that defects in naive CD4* T cells are
also due to the chronologic age of the naive cells themselves rather
than the chronologic age of the host (3). Involution of the thymus
with age and lack or paucity of newly formed naive CD4" T cells is
therefore believed to be responsible for much of the deterioration
in adaptive immunity and the resultant immune dysfunction in
the elderly (4). However, several recent studies have demonstrated
that the old thymus still retains the capacity for T cell lympho-
poiesis with the ability to mount functional immune responses,
albeit to a limited extent (3, 5). Thus restoration of thymic func-
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tion and T cell export in the aged host remains a promising thera-
peutic goal. Recent studies have demonstrated that thymus lacks
a pool of self-renewing progenitors and needs continuous seeding
of lymphoid progenitors from the bone marrow (6). Accordingly, it
has been elegantly demonstrated that early thymocyte progenitors
(ETPs) decline markedly with age and that these progenitors have
an increased rate of apoptosis with reduced proliferative capac-
ity (7). The precise mechanisms responsible for thymic involution
with age remain to be identified and presumably involve complex
multisystem interactions, wherein various cytokines, neuropep-
tides, and hormones influence immune compartment.

Ghrelin is a peptide hormone predominantly produced by the
X/A-like enteroendocrine cells (a major endocrine population of
ovoid cells with compact electron-dense granules that are present
in the oxyntic mucosa of rodents and humans) in the stomach in
response to negative energy balance and stimulates hunger and
promotes growth hormone (GH) secretion from the pituitary via
binding to its 7 transmembrane G protein-coupled receptor, the
GH secretagogue receptor (GHS-R) (8, 9). Ghrelin is acylated on
its third serine residue, and this octanoylation is critical for bind-
ing to the GHS-R and the biological activities of ghrelin (10). The
ghrelin receptors were traditionally thought be highly expressed
in the pituitary and the CNS, but recent studies have identified
GHS-Rs in various cells and organs systems including immune
cells (11, 12). Ghrelin and GHS-R are expressed by peripheral
resting and activated human T cells (12) and have been shown to
mediate antiinflammatory signals in several cells types (13, 14),
including mononuclear cells (12, 15), and in various murine mod-
els of acute and chronic inflammation (13-17). Involution of thy-
mus is accompanied by replacement of the T cell compartment
via infiltration of adipocytes and an increase in proinflammatory
cytokines such as IL-6 within the thymic microenvironment (18).
Given the ability of ghrelin to inhibit proinflammatory cytokines
from immune cells and its capacity to stimulate GH-IGF-1 axis,
we hypothesized a role for ghrelin and its receptor in age-related
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Figure 1

The GHS-R expression in thymus. (A) The ghrelin binding sites exist largely in the medullary area of the thymus.
Frozen thymic sections were labeled with FAM-conjugated ghrelin (FAM-GrIn) and stained with medullary epi-
thelial cell marker, Alexa Fluor 594—conjugated anti—Ker5 (K5) antibody and counter-stained with DAPI for nuclei.
Ghrelin binding sites (green) are largely segregated from Ker5-expressing cells in the cortex (C; red), as shown
by lack of a yellow staining pattern, which would suggest colocalization (line depicts the CMJ in the thymus). M,
medulla. (B) Similar to FAM-ghrelin binding, the GHS-R antibody—positive cells displayed only modest colocal-
ization with Ker5+ medullary TECs. (C) GHS-R (red) displayed little to no colocalization with cortical Ker8+ and
medullary UEA-1+ TECs. However, a minor subset of Ker8+ cells in the medulla displayed GHS-R immunoposi-
tivity. (D) Thymus and sorted SP, DP, and DN thymocytes express GHS-R mRNA. DP cells expressed 2-fold
higher GHS-R than did SP and DN cells, with levels comparable to those of the pituitary. Numbers above the blot
indicate the ratio of GHS-R to GAPDH expression. —ve C, negative control. Original magnification, x10.

thymic involution. Several potential and promising strategies
for thymic reconstitution associated with aging, HIV infection,
myeloablative chemotherapy, and radiation have been studied
and proposed (19). In addition, recent studies have demon-
strated that autologous peripheral blood stem cell transplants
in breast cancer patients (20), androgen ablation by castration
in old mice (21), and gonadotropin-releasing hormone agonist
treatment in both rodents (22, 23) and prostate cancer patients
(24) can significantly promote thymic renewal. In addition, past
studies have demonstrated a thymopoietic and hematopoietic
effects for GH (25, 26), IGF-1 (27), and GH secretagogues (28)
during aging. Here we provide evidence that signaling of the
orexigenic peptide hormone ghrelin through GHS-R serves an
important biological role in generation of naive T cells and age-
associated thymic involution.
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Results

Ghrelin receptor expression
in thymus. Initial studies
focused on examining the
expression of GHS-R in the
thymus and on developing
T cells. The frozen thymic
sections from 2-month-old
BALB/c mice were labeled
with FAM-conjugated ghre-
lin peptide to localize the
ghrelin binding sites in the
thymus. The majority of
ghrelin binding sites were
found to be present in the
thymic medulla (Figure 1A)
and displayed minor colocal-
ization with the medullary
epithelial cell marker keratin
5 (Ker5) (Figure 1A) (29, 30).
We next confirmed the med-
ullary localization of ghrelin
receptor using the GHS-R1a
antibody. Similar to our

05 08 &1 1.5 22 findings using FAM-labeled
7 QR ghrelin, a higher GHS-R
N expression level in thymic

GAPDH

medulla was observed and
the majority of GHS-R was
found not to be expressed
in KerS* thymic epithelial
cells (TECs) (Figure 1B). In
order to identify whether
GHS-R was expressed in
other TEC subsets, the
frozen thymic sections
of 2-month-old CS7BL/6
mice were stained for Ker8
(Tromal) and UEA-1.
As expected, the majority of
Ker8" TECs were present in
the thymic cortex and the
UEA-1+ TECs were present
in the thymic medullary
region. While the major-
ity of the Ker8 positivity did not colocalize with GHS-R in the
cortex, a subset of Ker8" mTECs did appear to coexpress GHS-R
(Figure 1C). Moreover, we failed to demonstrate any GHS-R
expression on UEA-1" mTECs (Figure 1C).

Ghrelin is currently known to bind specifically to GHS-R (8-10).
In order to determine the GHS-R expression in T cell subsets,
various T cell populations were sorted and analyzed for GHS-R
mRNA expression by regular RT-PCR (Figure 1D) and real-time
quantitative PCR (Supplemental Figure 1; supplemental materi-
al available online with this article; doi:10.1172/JCI30248DS1).
The GHS-R was found to be expressed in the thymus and on
the various thymocyte subsets with highest expression in
CD4*CD8* cells compared with single-positive (SP) and double-
negative (DN) cells (Figure 1D and Supplemental Figure 1A).
These data suggest that GHS-Rs are largely expressed in the
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developing thymocytes and that Ker5-, Ker8-, and UEA-1-
expressing subsets of epithelial cells may not be the primary sites
of ghrelin’s action within the thymus.

Ghrelin and GHS-R expression decline with age in the thymus. Given that
ghrelin is expressed and secreted by T cells (12) and that the presence
of growth factors in the thymic microenvironment is believed to
play a critical role in T cell development (30), we next examined the
expression of ghrelin and GHS-R in the thymus of mice of various
ages. In comparison with 2-month-old mice, we observed an increase
in the expression of thymic ghrelin mRNA in 4-month-old ani-
mals, followed by a subsequent decline in both ghrelin and GHS-R
expression with progressive thymic aging (Figure 2A). To confirm
these observations, we examined the expression of GHS-R and acyl-
ated (active) ghrelin protein in thymi of mice of varying ages. Similar
to our results shown in Figure 1, we observed ghrelin binding sites
to be present in the thymic medulla with an observable decrease in
expression in aging mice (Figure 2B). Total ghrelin (Figure 2C) and
bioactive acylated ghrelin (Figure 2D) protein expression in the thy-
mus also displayed a dramatic reduction by 12 months of age in
thymus (Figure 2C). This loss of expression strongly correlated with
the thymic involution and an increase in adipocyte infiltration.

Ghrelin infusion partly reverses age-associated thymic involution. Intra-
thymic loss of cytokines such as IL-7 (31) and increased expres-
sion of IL-6 and cytokines of the GP130 family (18) with age have
2780

The Journal of Clinical Investigation

http://www.jci.org

Figure 2

Ghrelin expression declines with age in
thymus. (A) Real-time PCR analysis of
mice (n = 5-6) at various ages revealed
an age-dependent reduction in ghre-
lin and GHS-R mRNA expression.
Threshold cycle values from individual
animals (n = 6) in each group were col-
lapsed and normalized with GAPDH
and expressed as average fold change
in comparison with 2-month-old mice.
(B) The GHS-R expression revealed
by FAM-ghrelin binding displayed pri-
marily medullary GHS-R expression,
which appears to decrease with age.
Medullary regions are outlined with
white lines. (C) The total ghrelin protein
expression was studied in thymus of 2,
4,12, 18, and 24-month-old mice. Each
section is representative of 4-5 thymi in
each group. High ghrelin immunoposi-
tivity (brown staining) was observed
in cortex as well as medulla of 2- to 4-
month-old mice and declined in aging
thymus. Original magnification, x10
(left); x40 (right). (D) Acylated ghrelin
protein expression (arrowheads) also
declines with age. Note the significant
increase in large lipid vacuoles of adi-
pocytes (A) in the septa (S) of thymus
of 12-month-old mice. In contrast to
12-month-old mice, ghrelin expression
was expressed in thymic cortex and the
medulla in 4-month-old mice. Original
magnification, x10 (B and D).

also been hypothesized to contribute to age-associated thymic
involution. The loss of ghrelin and ghrelin receptor with aging
might similarly contribute to the involution process. Therefore
additional studies were aimed at assessing the ability of acylated
ghrelin to reconstitute thymic function in aged mice. Ghrelin
infusion into 14-month-old mice via s.c. osmotic mini-pumps
over a 2-week time period led to a significant increase in thymic
mass (Figure 3A) and a greater than 2-fold increase in thymo-
cyte numbers in 14-, 20-, and 24-month-old but not in 2-month-
old BALB/c mice (Figure 3B). Similar pro-thymic effects were
observed in 8-month-old C57BL/6 mice upon ghrelin infusion
(Supplemental Figure 1C), suggesting that effects of ghrelin on
thymic cellularity are not strain dependent. It has been previous-
ly reported that activation of the GH-IGF-1 axis can significantly
attenuate thymic involution (25) and promote hematopoiesis
(26). Ghrelin is also known to be a potent stimulator of the
somatotropic axis in the young animals (8); therefore, we next
examined the impact of ghrelin infusion on the GH-IGF-1
axis in old mice. While we observed a significant increase in body
weight in ghrelin-infused 14-month-old mice (Figure 3C) and an
increase in GH immunopositivity in the anterior pituitary (Sup-
plemental Figure 1B), we did not detect significant differences in
the serum IGF-1 levels (Figure 3D) or IGF-1 mRNA expression in
liver (data not shown) upon ghrelin treatment. As GH is pulsatile
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Figure 3

Ghrelin enhances thymic size and cellularity in aging mice. (A) Ghrelin infusion for 2 weeks via s.c. osmotic pumps caused a significant increase
in thymic size in 14-month-old animals. (B) Ghrelin did not alter thymocyte counts in the 2-month-old mice but significantly increased total thymo-
cyte numbers in 14-, 20- and 24-month-old mice. (C—E) Ghrelin treatment significantly increased body weight in 14-month-old mice (C) without
a significant change the peripheral IGF-1 (D) or leptin (E) levels. *P < 0.05. (F) Ghrelin infusion into 14-month-old mice led to increased GHS-R
expression (green) with partial colocalization with CD11c* cells. In addition, ghrelin administration resulted in an enhanced number of CD11c*
dendritic cells in the thymic medulla. (G—J) Compared with 14-month-old vehicle-infused animals, ghrelin infusion significantly improved the thy-
mic architecture. Ghrelin infusion is associated with increased cellularity, clear delineation (arrowheads) of cortex (dark stain) from medulla (light
stain) and well defined CMJ (dotted line), the site where progenitors arrive in thymus. (K and L) Frozen thymi from 14-month-old mice stained
for Oil Red O displayed an increased number of “adipocyte-like” lipid-laden cells (arrowheads) in the parenchyma and perivascular space, while
in ghrelin-infused mice, a marked reduction in PVS (K and L) with reduced numbers of lipid droplet—containing cells (L). Original magnification,
x5 (G and H); x10 (F, I, and J); x20 (K and L).

in nature, IGF-1 is often utilized as a surrogate marker of GH
activity. These data suggest that GH may not be playing a major
role in the observed responses.

We have previously reported that ghrelin inhibits leptin-induced
proinflammatory cytokine expression in vitro and in vivo (12). To
determine whether there is any possible interaction by leptin in
the pro-thymic effects of ghrelin, we also analyzed the circulating
leptin levels in vehicle- and ghrelin-infused mice. Interestingly,
we observed that ghrelin supplementation in 14-month-old mice
(n=15) led to a modest increase in serum leptin levels (Figure 3E);
however, this increase did not reach statistical significance due to
individual variations in the mice. However, given that leptin-defi-
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cient ob/ob mice have highly involuted thymus (32) and leptin can
attenuate LPS-induced thymic involution (33), it is possible that
leptin-ghrelin interactions may play some role in thymopoiesis.
Histological examination of thymus from ghrelin-infused 14-
month-old mice revealed marked improvement of the thymic
architecture following treatment. Typically the ghrelin-infused
thymi display an increase in cortical and medullary cellularity
along with well defined corticomedullary junctions (CMJs) when
compared with vehicle-infused thymi (Figure 3, G-J). It has been
suggested that increased infiltration by lipid-bearing adipocyte-
like cells correlate with loss of thymic cellularity and involution
(1). We observed a marked reduction in lipid droplet-contain-
Volume 117 2781
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Ghrelin renews the TEC compartment during aging. The thymus from
young mice displays abundant UEA-1+ cells (A—C; red) and Ker8+ cells
(D-F; green) in the medulla and cortex. (B, E, H, and K) The aging
thymus of 14-month-old mice displayed diffuse and reduced medul-
lary UEA-1+ cells and Ker8+ cortical TECs. (C, F, I, and L) However,
compared with vehicle-treated aged mice, ghrelin infusion resulted in a
significant increase in both medullary and cortical TECs based on the
increase in UEA-1 and Ker8 staining. (G-1) DAPI staining to visualize
the nuclei of the cells. (J-L) Combined images of the upper panels.
Yellow staining denotes colocalization. Original magnification, x10.

ing cells in the thymic perivascular space of 14-month-old mice
infused with ghrelin (Figure 3, K and L). A reduction in adipocyte
deposition in ghrelin-infused mice may facilitate the generation
of T cells by preserving the thymic architecture and improving the
aged thymic microenvironment.

Thymic dendritic cells present self-antigens to developing thy-
mocytes, play a crucial role in central tolerance induction, and
facilitate the process of negative selection. We therefore examined
whether the thymic improvements associated with ghrelin infu-
sion led to a change in the numbers of thymic dendritic cells. Com-
pared with vehicle-infused 14-month-old mice, we did observe a
significant increase in the CD11c* dendritic cells in the aged thymi
of ghrelin-infused animals (Figure 3F). Interestingly, the double-
labeling experiments revealed that ghrelin infusions also increased
medullary GHS-R expression, which displayed a partial colocaliza-
tion with CD11c* cells (Figure 3F).

It has recently been suggested that cortical and medullary TECs
have potent capacity to stimulate naive T cells (comparable with the
capacity of thymic dendritic cells) and that age-associated thymic
involution is associated with aberrations in the TEC compartment
(30, 34). Analysis of UEA-1* medullary and Ker8" cortical TECs
revealed a marked reduction in both cortical and medullary TECs
in the aging thymus (Figure 4, B, E, and K). Interestingly, ghrelin
infusion into 14-month-old animals led to a significant increase
2782
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in Ker8* cortical TECs (Figure 4, E and F). In addition, compared
with diffused and reduced UEA-1 positivity in thymic medulla of
14-month-old mice, we observed that ghrelin infusion also led to an
increase in the numbers of UEA-1* medullary TECs compared with
vehicle-infused mice (Figure 4, B, C, E, F, H, I, K, and L) without sig-
nificant changes in Aire mRNA expression (Supplemental Figure 2).
Collectively these data suggest that ghrelin significantly restores the
age-associated decline in the TECs within the thymus.

Ghrelin promotes generation of recent thymic emigrants with a diverse
TCR repertoire. The T cell output and generation of newly formed T
cells from the thymus can be evaluated by quantifying the presence
of TCR excision circles (TRECs) in peripheral T cells that have not
proliferated after rearrangement of their TCR (35). Given that ghre-
lin induces an increase in thymic cellularity and improvement of
thymic architecture in aging mice, we next quantified thymopoiesis
and recent thymic emigrants (RTEs) by measuring the excisional
DNA of TCR gene rearrangement. Compared with control animals,
we observed that ghrelin infusion increased the levels of signal-joint
TRECs in purified splenic T cells by greater than 2-fold, suggesting
increased thymopoiesis in 14-month-old animals (Figure SA). Given
that both aging and decline in thymic output compromise the T
cell diversity (36), we next analyzed the effects of ghrelin infusion
on TCR diversity through the use of complementarity-determining
region 3 (CDR3) length polymorphism analyses (37). The exquisite
antigen specificity of TCR is largely dependent on the hypervariable
CDR3 region of the (3 chain. Analysis of peripheral CD4* and CD8*
T cells from ghrelin-infused mice (Supplemental Figures 3 and 4)
revealed a significant improvement in Vf spectral profiles. More
specifically, we observed significant improvement in the diversity of
VP8.1,-8.2,and -8.3 (Figure 5, B and C) in total peripheral T cells as
well as in CD4* and CD8" subsets and additionally VB4, -16,and -19
in the CD8* T cell subset (Figure 5, C and D). Thus the emergence
of RTEs in the periphery upon ghrelin infusion was associated with
an improvement of TCR diversity from an oligoclonal-like pattern
to a more polyclonal Gaussian profile.

Ghrelin promotes thymopoiesis by increasing the lymphoid progenitors. It
has previously been reported that the earliest thymocyte precursors
(negative for CD4 and CD8) arrive at CM]J in thymus and subse-
quently differentiate into mature T cells (30, 34, 38). The devel-
opmental progression of these progenitors can be monitored by
expression of CD44 and CD25. These DN progenitors develop into
CD44*CD25" DN cells followed by CD44*CD25* DN2, CD44~
CD25* DN3, and CD44-CD25- DN4 cells (39). It has been hypoth-
esized that there is a specific block in the transition of DN1 to DN2
stages with aging and that this is one of the possible mechanisms
responsible for reduced thymopoiesis in old animals. IL-7 and castra-
tion have been reported to reverse the age-associated DN1 block (24,
40). However, recent work has revealed that the DN1 compartment
is developmentally diverse and includes cells of B, NK, and myeloid
lineages (6). Utilizing a broad array of cell surface markers to exclude
Lin* cells, it has been observed that ETPs within the DN1 popu-
lation are identified as Lin"CD127-CD25-CD44*cKit". The ETPs,
unlike the total DN1 cells, have been shown to decline with age (7).
Recent work from Bhandoola and colleagues (41) has demonstrat-
ed that a significant number of DN1 cells express CD4, hence the
lineage cocktail for ETP enumeration excluded the CD4 antibody.
Furthermore, Lin"CD25 cKit" cells in the adult thymus uniformly
express high levels of CD44. Therefore, based on these studies we
next analyzed the ETP, DN2, DN3, and DN4 populations in thymus
of aging mice excluding the CD44 antibody from the cocktail (41).
Volume 117
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Figure 5

Ghrelin increases thymopoiesis in old animals. (A) Ghrelin increased the number of RTEs in aged mice. Equal amount of DNA (0.5 ug) from
purified ghrelin- or vehicle-infused 14-month-old BALB/c splenic T cells was analyzed for signal-joint TRECs by quantitative PCR. (B) The
RNA from purified splenic T cells was isolated and pooled from 6 individual vehicle- and ghrelin-infused 14-month-old BALB/c mice and then
analyzed for TCR diversity by CDR3 length PCR analysis. The immunoscopic profile of TCR Vf families with a polyclonal repertoire for a spe-
cific VP family is represented by 6—8 peaks arranged in a Gaussian profile, with the highest-intensity CDR3 segment in the center. (C) Ghrelin-
treated 14-month-old mice displayed a significant improvement of V38 diversity in splenic T cells and purified CD4+ and CD8* lymphocytes.
CDR3 sizes are shown on the x axis, and the peak fluorescence intensity is shown on the y axis. (D) Ghrelin also specifically improved V4,

-16, and -19 polyclonality of CD8* cells.

We have observed that ghrelin infusion induces a greater than 2-fold
increase in the ETPs in 14-month-old mice (Figure 6, B and C). The
increase in ETP in the DN1 compartment of aging mice following
ghrelin infusion was not associated with significant changes in DN2
(Lin"cKit*CD25*), DN3 (Lin cKit CD25*), or DN4 subpopulations.
In addition, neither ghrelin nor des-acyl ghrelin affected peripheral
CD4/CDS8 ratios (Figure 6A). Furthermore, in addition to ETPs, the
DN1 population is comprised of Lin"CD117-CD25 CD44*CD45R*
cells characteristic of the common lymphoid progenitor (CLP). The
aging thymus lacks the self-renewing pool of thymocyte progenitors
and requires seeding by bone marrow-derived hematopoietic stem
cells characterized as Lin-Scal*cKit* (LSK) cells (6). We also observed
that ghrelin-induced increase in the thymic lymphocyte progenitors
was associated with a significant increase in the BM-derived LSK
population in 14-month-old mice (Figure 6, D and E).

Ghrelin’s regulatory counterpart, leptin, enhances thymopoiesis in aged,
but not young, mice. We have previously demonstrated that, similar to
their opposing metabolic effects on food intake, leptin and ghrelin
also exert reciprocal regulatory effects on proinflammatory cytokine
production (12). Ghrelin inhibits activation- and leptin-induced pro-
inflammatory cytokine production by human T cells and monocytes
(12). Given the interplay between these 2 hormones, we next exam-
ined whether leptin might also influence thymopoiesis in aged mice.
Similar to ghrelin, we observed that leptin infusion also significant-
ly increased thymocyte counts (Figure 7A) and increased the RTE
(Figure 7B) in aged but not young mice. However, unlike ghrelin,
leptin infusion increased the peripheral IGF-1 levels (Figure 7C)
and upregulated keratinocyte growth factor (KGF) expression in
aging thymus (Figure 7D). In addition, the action of ghrelin and
leptin on thymus appeared to be distinct, as only ghrelin specifi-
cally inhibited TNF-a. (Figure 7F) and enhanced SCF (Figure 7E)
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expression in the aging thymus. We also observed that leptin, similar
to ghrelin, improves thymic architecture (Figure 7G) but interest-
ingly, unlike ghrelin, leptin was able to mediate prosurvival effects in
aging thymocytes (as demonstrated by fewer annexin-positive cells
compared with controls; Figure 7H). This leptin-mediated increase
in thymopoiesis was also reflected in improvement of the peripheral
T cell compartment as demonstrated by TCR spectratyping analysis
(Figure 7I). These data suggest that both leptin and ghrelin exert
pro-thymic effects in aged but not young mice, possibly through
distinct mechanisms based on the differential induction of IGF-1,
KGF, and SCF. A balance between these 2 metabolic hormones may
be critical in the regulation of thymopoiesis.

Ghrelin- and GHS-R-deficient mice display accelerated age-associated thy-
mic involution. In order to better understand the physiological rele-
vance of the ghrelin-GHS-R pathway on thymic development, both
ghrelin and GHS-R knockout mice were examined for any alterations
in T cell development and thymic function. Compared with WT lit-
termates, no significant differences in thymic size or cellularity were
observed in the young ghrelin/- and GHS-R”/- mice (Figure 8A).
However, in 24-month-old ghrelin/- and GHS-R7/- mice, a signifi-
cant reduction in thymic size and thymocyte counts (Figure 8, Aand
B) was observed in comparison with the WT littermate controls.
There was also an increased presence of adipocytes in the thymic
medulla as well as cortex of GHS-R7/~ mice (Figure 8, B and C). Thus
the knockout mice appeared to have an accelerated thymic aging
phenotype. We did not observe a statistically significant difference
in serum IGF-1 levels in the 24-month-old GHS-R knockout mice
(Figure 8D). To ascertain whether the thymopoietic effects of ghre-
lin are mediated via a GHS-R-specific mechanism, the 24-month-
old GHS-R knockout mice (n = 5) were infused with ghrelin fora 2-
week period. The 24-month-old GHS-R*/* mice treated with ghrelin
Volume 117 2783
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Ghrelin increases lymphoid progenitor populations in aging mice. (A) Ghrelin increased lymphoid progenitor populations in 14-month-old mice
without altering the peripheral CD4/CD8 ratios. (B) The ETPs were identified as Lin'%cKit*tCD25-. The lineage cocktail included antibodies
against CD3¢, CD8a,, TCRap, ydTCR, NK1.1, TER119, CD11b, CD11¢c, CD19, CD127, and B220 but not CD4. For ETP analysis, 108 thymocytes
from 14-month-old BALB/c mice were stained for Lin-PE, CD25 PerCP, and c-kit FITC, and 700,000 total events were acquired. Lin'¥ cells were
analyzed for c-kit and CD25 expression. (C) Ghrelin infusion in 14-month-old mice led to a 2-fold increase in ETPs in thymus (P < 0.05) with no
significant change in DN2 (Lin'ovcKit*CD25+), DN3 (Lin'o%cKit-CD25+), or DN4 populations. (D) Bone marrow cells were analyzed for LSK popula-
tions. (E) Ghrelin infusion significantly increased (P < 0.05) the BM LSK cells in 14-month-old animals. Data is represented as mean + SEM of

2-month-old and 14-month-old mice (n = 6 per group).

exhibited a significant increase in thymocyte numbers (P < 0.05),
while the age-matched GHS-R/- mice did not show increased thy-
mopoiesis in response to ghrelin (Figure 8E). These data suggest
that ghrelin’s effects on aged thymus are GHS-R specific.

Reduced thymopoiesis in absence of ghrelin signaling is associated with
deficits in lymphoid progenitors and contraction of TCR repertoire of
peripheral CD4* T cells. Quantitation of TRECs in splenic T cells
in the 24-month-old ghrelin”/- and GHS-R”/- mice revealed a
marked reduction in the RTEs (Figure 9A). This was also reflect-
ed in a decreased number of circulating T cells in the blood of
14-month-old GHS-R”/- mice (Supplemental Figure SA). The 14-
month-old ghrelin”/- mice did not exhibit any significant differ-
ences in the T cell development as evidenced by similar percentag-
es of DN1, DN2, DN3, and DN4 cells (Supplemental Figure 5B).
Interestingly, we observed a marked reduction of LSK cells in the
bone marrow of both 24-month-old ghrelin-deficient (Figure 9B
and Supplemental Figure SC) and GHS-R-deficient animals
(Figure 9B and Supplemental Figure 5D), suggesting that ghrelin
might play an important role in the maintenance of the hema-
topoietic stem cell niche. In addition, we observed a marked per-
turbation in the TCR diversity of splenic CD4" T cells derived
from 24-month-old GHS-R knockout animals (Figure 9C). We
also observed a striking lack of amplification of VB9 in the CD4*
T cells of 24-month-old GHSR/- mice. These data clearly suggest
that the ghrelin-GHS-R axis is an important physiological player
in regulating thymic function during aging.
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Discussion

Ghrelin is currently known to be the only endocrine hormone that
stimulates food intake and meal initiation (10). However, since
its discovery in 1999 (8), many functions have been attributed to
ghrelin including its emerging role as an immune regulator and its
antiinflammatory function in various cell types (13). The ghrelin
receptors have been identified in monocytes and human T cells,
however its potential role in age-associated thymic involution
remains to be investigated. Here we provide evidence that ghre-
lin can significantly promote T cell output from an aging thymus
by promoting the recruitment of lymphoid progenitors from the
bone marrow in a GHS-R-specific pathway.

Contraction of T cell repertoire and reduced thymic output with
age is one of the primary causes of late life predisposition to various
infections and suboptimal responsiveness to vaccination. Genera-
tion of naive T cells declines rapidly at the onset of puberty and
continues to plummet with advancing age. Previous studies have
demonstrated that an increase in sex steroid levels contribute to
the process of thymic involution, and indeed castration can signifi-
cantly augment thymic function (21, 24). However, during physi-
ological aging the peripheral T cell compartment is maintained by
the proliferation of preexisting naive T cells. It is currently believed
that exposure to pathogens over the lifetime leads to continuous
attrition of naive T cells with a resultant accumulation of memory
cells. The depletion of ETPs and CLPs with age results in inability
of the thymus to maintain thymopoiesis (6, 7). The generation and
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Figure 7

Leptin enhances thymopoiesis in aging mice. (A) Similar to ghrelin, leptin infusions in 14-month-old C57BL/6 mice significantly increased the total
thymocyte number. (B) Leptin also enhanced the number of RTEs in aged (6- and 18-month-old) but not young (2-month-old) mice. Moreover,
leptin but not ghrelin significantly increased the circulating levels of IGF-1 (C) and thymic KGF expression (D) in the thymus of aged mice. In
contrast, ghrelin but not leptin significantly enhanced SCF (E) and inhibited TNF-a (F) mRNA expression in the aged thymus. (G) Furthermore,
leptin infusion into 14-month-old BALB/c mice restored the age-related loss of cortical and medullary cellularity and the defined architecture
of thymus and reduced the number of apoptotic thymocytes (H) compared with age-matched vehicle controls. Original magnification, x10. (I)
Similar to ghrelin infusion, exogenous leptin administration also increased the peripheral TCR diversity in aged (14-month-old) but not young

(4-month-old) mice. *P < 0.01.

maintenance of lymphoid progenitors and T cell selection, matura-
tion, and export to the periphery is probably under the control of
multiple endogenous cytokines, chemokines, and growth factors.
Deficiency of IL-7 (42), for example, results in premature involu-
tion of thymus and has been hypothesized to result in decreased
efficiency of maintenance of naive T cells. Long-term peripheral
IL-7 infusions have been reported to augment total TREC num-
bers; however, no improvements in thymic function were observed
in ref. 43. The intrathymic supplementation of IL-7 in mice also
failed to increase RTE during aging (40). Furthermore, a recent
study in 44 centenarians noted the presence of TREC-bearing cells
in the periphery, but no difference in IL-7 or IL-7 receptor-o. mRNA
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could be detected in elderly compared with young and middle-aged
individuals, suggesting a limited role for IL-7 alone in strategies for
thymic renewal in aging (44). A number of studies have shown that
activation of somatotropic axis and ablation of gonadal steroids
promote thymic rejuvenation (24-27, 30), clearly suggesting the
resilient nature of the thymus and its capacity for renewal. We have
identified that ghrelin and its receptors are expressed in the devel-
oping thymocytes and thymus and their expression decline with
advancing age. While the majority of GHS-R was not expressed in
TECs, partial colocalization was observed in thymic dendritic cells.
The decline in ghrelin and GHS-R expression in thymic microen-
vironment positively correlated with reduction in thymic output.
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Ghrelin and GHS-R—deficient mice demonstrate accelerated age-associated thymic involution. (A) Thymocyte counts in ghrelin-- and GHS-R-~
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serum IGF-1 levels. (E) Ghrelin promoted thymopoiesis in 12-month-old mice via GHS-R-specific pathway. The 2-week-long ghrelin infusions

increased the thymocyte number in WT mice but not in GHSR~- mice.

Such a decline in IL-7 expression with age has been reported to
contribute to thymic involution (31). Given the very small size of
thymus in old mice and the challenge associated with direct intra-
thymic delivery, we used osmotic minipumps to supplement the
ghrelin in 14-month-old animals. Interestingly, ghrelin infusion led
to a marked increase in thymic size, cellularity, and output in 14-
month-old but not in 2-month-old mice.

It has recently been suggested that TECs undergo dynamic
changes throughout the life span and age-associated thymic invo-
lution might occur as a result of inability to maintain steady-state
levels of TEC populations (34). Furthermore, reduced thymic
output and aberrations in TEC turnover and composition that
accompany the age-associated thymic involution process can be
reversed by interventions that deplete endogenous sex steroid
hormones (24, 30). We observed no significant alteration in DN,
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SP, or double-positive (DP) thymic subsets following ghrelin infu-
sions in 14-month-old animals, but we did observe significantly
improved TEC and dendritic cell compartments. The changes in
the thymus after ghrelin infusion appeared to affect the aging phe-
notype in mice and were not associated with any apparent pathol-
ogy in peripheral organs or tumor development (data not shown).
The lack of ghrelin-induced thymopoiesis in 2-month-old mice
(when the thymic size and function were optimal) was interesting.
This age-dependent increase in thymic output following ghrelin
infusions raises the possibility of tight regulation of immunologic
space within the thymus. Such control of organ growth and avail-
able immunologic space in an atrophied thymus might also explain
the absence of thymomas in ghrelin-treated animals. Furthermore,
lack of ghrelin and GHS-R in mice is not manifested in reduced
thymic cellularity in young animals, suggesting a redundant role
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Lack of ghrelin signaling reduces thymopoiesis. (A) Compared with WT littermates, the 24-month-old ghrelin and GHS-R knockout mice had
reduced TREC* RTEs. *P < 0.05. (B) Ghrelin-- and GHS-R-~ mice demonstrated a marked decrease in LSK in bone marrow. GHS-R—deficient
mice show a marked decline in TCR repertoire in peripheral CD4+ cells with age. (C) CDRS3 size spectratyping was used to analyze the TCR rep-
ertoire. Total RNA from splenic CD4+ cells was reverse transcribed and amplified by PCR with 23 pairs of TCR-BV—and FAM-labeled Cp-specific
primers. Results are shown for V3 families showing major perturbation as a density peak histogram. CDR3 sizes are shown on the x axis, and
peak fluorescence intensity is shown on the y axis. Results are representative of 4 experiments. The VB7, -11, -13, and -19 of GHS-R-- mice
displayed a markedly monoclonal spectratype (marked increase in the intensity of single peak/band), while V1, -3.1, -5.2, -6, -8.1, -10, -14, and
-15 showed a typical oligoclonal pattern and distortion from Gaussian distribution. Interestingly, none of GHS-R~- mice had amplification of V39

compared with WT littermates.

for this ligand-receptor pair in thymus or possibly redundant sig-
naling pathways compensating for the ghrelin/GHS-R loss in the
knockout mice. However, as these animals age physiologically, a
markedly accelerated thymic involution phenotype was observed.
Similarly, the 2-month-old IL-12 knockout mice did not exhibit
any apparent defects in the thymic structure or T cell develop-
ment but did display an accelerated thymic involution phenotype
as they got older (45). Ghrelin is a potent endogenous stimulator
of GH secretion (8), and activation of GH-IGF-1 is known to aug-
ment thymopoiesis (25, 26). However, we did not observe a signifi-
cant difference in peripheral IGF-1 levels after ghrelin infusion in
14-month-old vehicle-infused mice or in ghrelin”/- mice that dis-
played increased age-associated thymic involution. IGF-1 is com-
monly utilized as a surrogate marker for changes in circulating
GH levels. Moreover, given that GH release in blood is pulsatile in
nature, the determination of GH by a single blood draw in mice is
unreliable. Therefore, we examined the GH expression directly in
the pituitary of ghrelin-treated 14-month-old mice and observed a
greater number of GH* cells following ghrelin infusion. These data
suggest that there might be an uncoupling of the ghrelin-IGF-1
axis in old animals and a ghrelin-induced increase in thymic out-
put in aging may be independent of GH and/or IGF-1.

The thymic output and emergence of RTEs in the periphery can
be assessed by quantitation of TRECs, which are episomal DNA
fragments released in naive T cells as a result of rearrangement
of TCR. We observed that exogenous ghrelin infusion in old mice
increased the peripheral TREC levels by greater than 2-fold, and
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the old ghrelin- and GHS-R-deficient mice displayed a greater loss
of TREC-positive T cells. These data strongly support a physiologi-
cal role for ghrelin in thymopoiesis.

An optimum TCR diversity of naive T cells is critical for the
ability of the host to mount successful immune responses against
various foreign pathogens while avoiding reaction against the self
antigens (36). Other than physiological aging, contraction of the
TCR repertoire is commonly observed in patients with SCID,
HIV infection, and various cancers and those who have under-
gone bone marrow transplantation, and currently no endogenous
growth factors or cytokines have been identified that exert a posi-
tive impact on broadening the spectrum of TCR during aging.
We observed that ghrelin improved the TCR diversity by improv-
ing the VB8.1, -8.2, and -8.3 in peripheral CD4* and CD8" cells.
In addition, CDR3 length analysis revealed an enhancement of
VP4, -16,and -19. The exact functional relevance of this improve-
ment of TCR repertoire during aging remains to be ascertained,
but previous studies have suggested that resolution of MOPC-
315 tumors in mice is critically dependent on VB8.1,-8.2, and -8.3
(46). Ghrelin has been proposed as a possible therapeutic against
cancer-associated cachexia. However, the direct effects of ghrelin
on cancer require further investigation, as some of our recent data
has suggested that ghrelin may promote astrocytoma cell growth,
migration, and invasion in vitro (47).

Previous studies have demonstrated that in humans with SCID,
the HLA- or haploidentical T cell-depleted allogeneic bone mar-
row transplantation results in a marked increase in TREC values
Volume 117~ Number 10
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in recipients with a concomitant enhancement of peripheral TCR
diversity (48). Similarly, the 24-month-old GHS-R knockout mice
that had reduced RTEs displayed marked perturbation in TCR
spectratype of peripheral CD4" T cells with monoclonal or oligo-
clonal expansion and also showed skewing from a more Gauss-
ian distribution of Vf-specific peaks. Most strikingly, we did not
detect VB9-specific peaks in the TCR repertoire of 24-month-old
GHS-R knockout mice compared with littermate controls. It has
previously been reported that the protozoal parasite Plasmodium
yoelii in murine models of malaria can cause specific deletion of
VB9 possibly due to the superantigenic activity due to sporozoites
or erythrocytic stage of Plasmodium (49). The strains of mice lack-
ing VB9 were more susceptible to infection with a greater dura-
tion and peak of parasitemia (49). Based on our findings, it seems
feasible that deficiency of GHS-R signaling might have a severe
impact on the clearance of intracellular pathogens and further
deteriorate the capability of the immune system to respond to
antigenic challenge during aging. Conversely, the pharmacologi-
cal activation of signals emanating from ghrelin receptor could
facilitate enhancing immunity during various conditions associ-
ated with immune deficiency.

In order to study the possible mechanisms behind the effects of
ghrelin on thymic renewal, we analyzed the hematopoietic progen-
itors with lymphoid potential in the thymus as well as bone mar-
row. It has been reported that loss of ETPs and reduced homing of
bone marrow progenitors to thymus results in progressive reduc-
tion of newly formed naive T cells from the thymus with age (7).
Ghrelin significantly increased the ETPs in the DN1 compartment
without significantly affecting other stages of T cell development.
The augmentation of ETPs in the aging thymus after ghrelin infu-
sion was also associated with an increased percentage of LSK cells
in the bone marrow. Furthermore, a physiological role for ghrelin
and GHS-R in maintenance of hematopoietic cell progenitors was
evident, as 24-month-old mice deficient in ghrelin as well as GHS-R
Oexhibited a reduced number of LSK cells in the bone marrow.
An age-associated reduction in LSK cells from BM niches and the
resultant unavailability of T cell progenitors may lead to a loss of
thymopoiesis over time. Lack of an overt phenotype in young ghre-
lin and GHS-R knockout mice has previously been noted (50, 51);
however, recent studies indicate that exposing these mice to the
metabolic stress of high-fat and high-sugar diets results in resis-
tance to weight gain and obesity (52, 53). Our data suggest that
during physiological aging, lack of ghrelin signaling leads to an
accelerated thymic involution.

Given that leptin is known to be a proinflammatory hormone
and that ghrelin and leptin exert reciprocal regulatory effects on
metabolism and cytokine expression (12, 13), we have further
investigated whether such mechanisms might also exist within
the aging thymus. While ghrelin infusion did not appear to sig-
nificantly affect circulating leptin levels or thymic leptin mRNA
levels (data not shown), leptin infusion into aged but not young
mice did significantly enhance thymopoiesis. Furthermore, unlike
ghrelin, leptin infusion resulted in a marked increase in thymic
KGF mRNA expression with little effect on TNF-a or SCF mRNA
expression. Recent work has demonstrated that exogenous KGF
administration can significantly abrogate age-associated thymic
involution (54). Thus it might be feasible that the prothymic effects
of leptin may be related to its effects on thymic KGF expression. In
addition, given that leptin can also promote thymic output in an
LPS model of endotoxemia (33) and our current data that leptin
2788
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significantly attenuates age-related thymic involution, the ability
of leptin to promote inflammation (12) may not be a critical factor
in thymic renewal. Our data suggest that leptin and ghrelin may
operate through distinct pathways to regulate thymopoiesis and
thymic restoration in aged mice.

These findings describe a previously unrecognized function for
ghrelin in thymic biology and aging and suggest that this orexi-
genic peptide hormone may play an important role in coupling
energy balance to T cell lymphopoiesis. Interplay between ghrelin
and ghrelin receptor interactions in the thymic compartment and
bone marrow stem cell niches leads to rejuvenation of thymic out-
put and improved T cell repertoire in old animals. Given ghrelin’s
potent orexigenic effects, several pharmacological (55) and vac-
cine-based strategies (56) to disrupt ghrelin signaling have been
proposed as an intervention against obesity. However, additional
detailed studies in rodent or primate models are warranted, as
long-term neutralization of already suboptimal ghrelin signaling
in obesity might be fraught with potentially harmful effects on the
thymic output and immune responsiveness to antigenic challenge.
Ghrelin inhibits inflammation (12, 16), increases GH and appetite,
and promotes learning and memory (57) and is therefore proposed
as a hormone of significant therapeutic benefit (58). With identifi-
cation of ghrelin’s thymopoietic effects during aging, we propose
that harnessing the ghrelin-GHS-R pathway might significantly
benefit the aged and immunocompromised host in promoting T
cell output and TCR repertoire.

Methods
Mice and in vivo treatments. Balb/c mice were maintained under the specific
pathogen-free conditions of the National Institute on Aging (NIA) animal
facility using protocols approved by the animal care and use committee
of the NIA Intramural Research Program located in Baltimore, Maryland,
USA. We utilized 2-, 14-, 20- and 24-month-old Balb/c and 8-month-old
female C57BL/6 mice for ghrelin infusions using osmotic minipumps. The
osmotic Alzet minipumps (Durect) were prepared according to the manu-
facturer’s recommendations, and pumps containing ghrelin or vehicle were
implanted s.c. under xylazine/ketamine anesthesia. Ghrelin was infused at
a concentration of 1.25 ug/h for 2 weeks, and control mice were implanted
with osmotic minipumps containing the PBS vehicle alone. Recombi-
nant mouse leptin (Sigma-Aldrich) was infused at a dose of 292.2 ng/h
for 2 weeks using s.c. osmotic minipumps in 2-, 6-, and 18-month-old
C57BL/6 mice and 4- and 14-month-old Balb/c female mice. All mice were
purchased from the NIA aging rodent colony.

Generation of the ghrelin”/~ and GHS-R”/- mice has been previously
described (50, 51). Ghrelin and GHS-R knockout mice and WT littermates
were aged for 12 to 24 months at the Baylor College of Medicine, and
subsequent experiments were performed on these mice after providing at
least 3-4 days of rest upon arrival at the NIA animal facility. A group of
GHS-R7/- mice and WT littermate control mice were also infused with ghre-
lin in order to study the specificity of ghrelin’s thymic effects. Moreover,
female Balb/c mice at 2,4,12, 14,18, and 24 months of age were utilized to
generate the aging thymus tissue sections shown in Figure 1.

Cell enrichment, antibodies, flow cytometry, and cell sorting. Peripheral T cells
were isolated from single cell suspensions of splenocytes using mouse T cell
enrichment columns (R&D Biosystems) according to the manufacturer’s
instructions. Thymocytes, splenocytes, bone marrow, and peripheral blood
mononuclear cells were immunolabeled with optimal dilutions of FITC-,
PE-, APC- or PerCP-conjugated antibodies. The thymocytes were labeled
with CD4-FITC and CD8-PE and purified for DP, SP, and DN thymocyte
subsets using flow sorter (MoFlow Cytomation; DAKO). We studied DN1
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cells for the ETP and CLP population by employing a dump gating scheme
as described previously (6, 7, 41). Briefly, to identify ETPs, thymocytes
were labeled for Lin* cells by utilizing PE-conjugated anti-CD11b, -Gr-1,
-CD45R, -CD3, -CD8, -afTCR, -ydTCR, -pan-NK, -NK1.1,-CD11c,-CD19,
-Ter119,and -CD127 antibodies. The PE-labeled Lin- cells lacking CD25 and
expressing c-Kit were designated ETPs as previously described (41). The BM
and blood LSK populations were identified as previously described (6).

Real-time RT-PCR. Total RNA was isolated from cells using RNeasy mini
columns (QIAGEN). The cDNA synthesis and RT-PCR was performed as
described previously (12).

IGF-1 assay. Mouse serum was diluted 500-fold, and the levels of cir-
culating IGF-1 were analyzed by ELISA (R&D Systems) according to the
manufacturer’s instructions.

Quantification of signal-joint TRECs. DNA was isolated from purified splen-
ic T cells using DNA purification kit (Gentra Systems). PCR was performed
using mdRec- and Ja-specific primers and an mORec-pJa fluorescent
probe as described previously (35, 43). The standard curves for murine
TRECs were generated using a ORec-ypJa. TREC PCR product cloned into
a pCR-XL-TOPO plasmid, a generous gift from Yu-Waye Chu (National
Cancer Institute, NIH, Bethesda, Maryland, USA).

Tmmunobistochemistry. For GHS-R and ghrelin staining of thymic sections,
paraffin-embedded thymi were sectioned and deparaffinized using xylene,
100% ETOH, 95% ETOH, 75% ETOH, and H,O series, and antigens were
retrieved by steaming samples in DAKO target retrieval buffer (DAKO) for
20 minutes. After blocking the nonspecific binding sites, sections were
incubated overnight at 4°C with appropriate antibodies (Phoenix Phar-
maceuticals). Sections were stained with 3,3'-diaminobenzidine substrate
and counterstained with Meyer hematoxylin and eosin. Negative controls
generated by the exclusion of the primary antibody and through the use of’
an unrelated isotype-matched IgG failed to demonstrate any specific label-
ing. In addition, for the visualization of lipid droplet and adipocyte popu-
lations, thymi were flash frozen and subsequently embedded in Stephens
Scientific Frozen Section Medium and cut into 5-um-thick cryostat sec-
tions using the Microm HM 500 OM microtome. At least 3 serial sections
were utilized for each staining. Tissue sections were then fixed with 3.7%
paraformaldehyde and stained with Oil Red O to visualize lipid droplets in
cells and regions in the thymic tissue.

VB TCR spectratyping analysis. The analysis of hypervariable CDR3 of
chain offers a practical approach for the global qualitative assessment of’
diversity of TCR repertoire. For TCR spectratyping and CDR3 length PCR
analysis, a FAM-labeled nested constant 3-region primer was used in com-
bination with 24 multiplexed forward murine VB-specific primers. PCR
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was performed for 35 cycles with denaturation at 94°C for 30 seconds,
annealing for 55°C for 30 seconds and 1 minute extension at 72°C, and
the PCR products were analyzed on ABI3100 genetic analyzer (Applied
Biosystems). Each VfB-JP rearrangement was visualized by 6-8 bands, and
each band or peak represented 1 or a set of T cell clones bearing the same
CDR3 length. A typical polyclonal repertoire for a specific VP family was
represented by 6-8 peaks arranged in a Gaussian profile with the highest
intensity CDR3 segment in the center.

Statistics. The results are expressed as the mean + SEM. The differences
between the means and the effects of treatments were determined by
1-way ANOVA using Tukey’s test, which protects the significance (P < 0.05)

of all pair combinations.
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