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Abstract

One of the major fundamental causes for the aging of the immune system is the structural and
functional involution of the thymus, and the associated decline in de novo naive T-lymphocyte
output. This loss of naive T cell production weakens the ability of the adaptive immune system to
respond to new antigenic stimuli and eventually leads to a peripheral T-cell bias to the memory
phenotype. While the precise mechanisms responsible for age-associated thymic involution remain
unknown, a variety of theories have been forwarded including the loss of expression of various
growth factors and hormones that influence the lymphoid compartment and promote thymic
function. Extensive studies examining two hormones, namely growth hormone (GH) and ghrelin
(GRL), have demonstrated their contributions to thymus biology. In the current review, we discuss
the literature supporting a role for these hormones in thymic physiology and age-associated thymic
involution and their potential use in the restoration of thymic function in aged and
immunocompromised individuals.
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Introduction

Immune function decreases with age, due to both quantitative and qualitative changes in the
cells of the immune system and the lymphoid environment. The damaging effects of aging
on immunity have been well studied and such changes are believed to lead to increased
susceptibility to infection and autoimmunity, poor antibody and T-cell responses to vaccines
and diminished immunosurveillance of malignant cells. The thymus is critical for the
development, selection and maintenance of the peripheral T cell pool possessing a broad
spectrum of TCR specificities. While the thymus lacks its own self-renewing pool of
progenitors, it is continuously seeded with lymphoid progenitors emigrating from the bone
marrow. The common lymphoid progenitors (CLP) and the early thymocyte progenitor
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(ETPs) decline markedly with age and the ETPs have a reduced proliferative capacity and an
increased rate of apoptosis [1]. Thus, while the thymus is capable of generating T cells
throughout the life span, with advancing age, the thymic space becomes progressively filled
with adipocytes accompanied by a dramatic loss of progenitors, epithelial cells and
differentiating thymocytes in the cortical and medullary areas leading to a reduction in naive
T cell output. This process has been termed “thymic involution” [1-9].

The thymus is a critical organ in mammals as the lack of a thymus in humans (known as
“DiGeorge's syndrome™) and in thymectomized neonatal mice leads to severe
immunodeficiency due to paucity of mature naive CD4+ and CD8+ T cells. During
physiological aging, the total peripheral T cell pool is maintained by homeostatic expansion
of preexisting memory T cells, predominantly CD8+ T cells, rather than replenishment by
thymic export. Consequently, the long-lived naive T cell repertoire is significantly reduced
(diluted) with the expansion of these peripheral memory T cells possessing a more restricted
T-cell receptor repertoire thereby limiting the host's ability to mount responses against
challenges with new antigens. Moreover, defects in the activity of aged naive T cells appear
to be due to the chronologic age of the naive cells themselves rather than the age of the host.
Thus, the involution of the thymus with age and the paucity of newly formed naive CD4*
and CD8+ T cells is believed to be responsible for much of the deterioration in adaptive
immunity and the resultant immune dysfunction in the elderly [1-9].

While the precise mechanisms responsible for thymic involution remain to be identified, it is
believed to be a complex programmed loss of multiple systems that cross communicate with
each other and include the loss of the thymic architecture and epithelial cells to support and
maintain thymopoiesis as well as the loss of various growth factors and hormones that assist
in maintaining the thymic microenvironment. For many years, scientists have believed that,
post-adolescence, the thymus simply becomes a fatty non-functional organ incapable of
supporting T-cell production. However, more recent studies have demonstrated that, despite
significant atrophy, the aged thymus still retains the capacity to promote T-cell
differentiation and produce de novo naive T cells when properly stimulated, albeit at a
significantly reduced rate [2-6]. Thus, a greater understanding of the processes of thymic
involution and strategies to restore thymic function and T cell export in the aged and
immunosuppressed hosts remains an important and promising therapeutic goal. For a more
thorough description of the various changes in the thymus with age and its impact on
thymopoiesis and immunity [1-13].

There exists a complex system of communication between the neuroendocrine and immune
systems. Through the use of shared ligands and receptors, these systems are capable of
significant crosstalk that is believed to play an important role in physiological homeostasis
[14-16]. Many hormones and neuropeptides have been shown to be potent
immunoregulatory molecules that influence various aspects of immune function in healthy
and diseased individuals. Many of the cells within the immune system possess receptors and
demonstrate responses upon stimulation with neurohormones and similarly, neuronal and
endocrine cells respond to immune-derived cytokines and growth factors under normal
physiological and disease conditions. Further, immune and neuronal cells express or can be
induced to express many similar cytokines, hormones and growth factors, thus further
mediating cross communication between these systems within the body. Many attempts to
define the molecular mechanisms responsible for thymic involution have focused on the
examination of changing levels of expression of molecules, such as cytokines, growth
factors, neuropeptides and their receptors, with aging [1]. Mediators that are known to have
some influence on thymic involution include growth hormone (GH), insulin-like growth
factor-1 (IGF1), keratinocyte growth factor (KGF), nerve growth factor (NGF), interleukin-7
(IL-7), gonadotropin releasing hormone (GnRH) [15-23] and increases in atrophic factors,

Curr Opin Pharmacol. Author manuscript; available in PMC 2011 August 1.



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

1duasnuey Joyiny vd-HIN

Taub et al.

Page 3

such as IL-6 and transforming growth factor-p (TGFB) [1-2]. Whether these changes in
expression directly cause, or are a consequence of, involution remain unclear. In addition to
direct thymic factors, aging also affects the bone marrow, demonstrating diminished
lymphoid potential and reduced proliferative capacity or survival of hematopoietic stem
cells (HSCs). This might also contribute to the involution process.

Several neuroendocrine hormones have long been associated with effects on immune cell
function including growth-promoting effects on multiple immune cell lineages. GH is an
important hormone with effects on the immune system. One of the first observations was
that GH levels decreased with age, as thymic involution progresses and this impaired thymic
function could be restored by the administration of GH [1;23-27]. A number of subsequent
reports have demonstrated both thymopoietic and hematopoietic effects for GH, IGF1, GH
secretagogues (GHS) and, more recently ghrelin and leptin, during aging [15-16;23;26-27].
While the use of such hormones to promote immune reconstitution is indeed attractive
considering their pleiotropic effects and low toxicity (in animals) after systemic
administration, additional research is required to adequately evaluate their appropriateness
as agents to promote T-cell recovery in human subjects. The remaining focus of this review
shall examine the effects of two hormones, namely growth hormone (GH) and ghrelin
(GRL) on T-cell and thymic functions and their potential use in boosting thymic activity in
immunocompromised hosts.

Growth Hormone

Background

GH is a peptide hormone that is synthesized and secreted primarily by somatotrophic cells in
the anterior pituitary gland. The production of GH is pulsatile and primarily nocturnal, and
is controlled by several hypothalamic hormones including GH-releasing hormone (GHRH),
hypothalamic GH release-inhibiting factor (GHRIF), and somatostatin (SMT). Circulating
GH levels are highest during the neonatal period, decrease during childhood, peak again
during puberty and fall dramatically with age [24-27]. Many of these GH effects appear to
be mediated or influenced indirectly by the production of IGF1. Moreover, GH and IGF1
mediate the proliferation of a number of cell types including chondrocytes, fibroblasts,
adipocytes, myoblasts and immune cells [23-29]. It is believed that the declining activity of
this GH-IGF1 axis with advancing age may contribute to the decrease in lean body mass and
the increase in mass of adipose tissue that occurs with aging. Based on these early
correlations, it was initially believed that GH may serve as a potent therapeutic to boost the
integrity and function of many organ systems in the elderly. Speculation regarding GH as an
anti-aging treatment dates back to an early study where GH was used to treat 12 men over
the age of 60 [30-31]. The study revealed that all of the subjects demonstrated significant
increases in lean body mass and bone mineral density, while the control group failed to
demonstrate such changes. While the authors did not claim that GH reversed the aging
process, the results were so misinterpreted and hence the myth was born that GH actually
reverses the aging process. Many subsequent studies have since been performed and failed
to confirm the many benefits ascribed to GH [30-31]. A recent Stanford University survey of
clinical GH studies revealed that the administration of GH to healthy elderly subjects
increased muscle by only approximately 2 kg and decreased body fat by the same amount
[32]. No effects on mineral bone density, cholesterol and other lipid levels, oxygen
consumption, muscle strength or other fitness-associated factors were shown to be increased
by GH administration. Moreover, there are also a number of side effects with GH
administration including fluid retention, joint pain and nerve compression as well as
concerns regarding an increased risk of developing diabetes or cancer. These unresolved
issues have hindered the long term use of GH as a potential therapeutic. Thus, while GH is
indeed not the magical elixir many had hoped for, hormone administration does have some
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beneficial effects on certain organ systems in the aged and immunosuppressed, more
specifically for this review, the immune system.

GH and Immune Function

GH has been shown to exhibit a number of effects on a variety of cells and organ systems,
including immune cells. GH mediates its effects through its cell surface receptors, GH-Rs,
related to type | cytokine receptors, which have been shown to be present on the surface of
peripheral blood mononuclear cells (PBMCs), T- and B-cells, NK cells, monocytes,
thymocytes and hematopoietic cells in humans and/or other species [23;26;32-34]. B cells
and monocytes appear to constitutively express GH-R mRNA and protein on their surface,
while T-cells demonstrate much more variable patterns of expression [23;32-34]. In many
cell types, these receptors have been shown to be functionally active in that stimulation with
purified or recombinant GH results in the activation of several cellular signaling pathways
resulting in effects on the survival, differentiation and/or the proliferation of lymphoid cells
[23-24;26-28]. In addition to expressing functional GH-Rs, immune cell subsets have also
been shown to express their own GH protein. GH mRNA and protein have been shown to be
expressed in T- and B-lymphocytes, macrophages and NK cells in the blood and lymphoid
organs of rats [23-24]. Subsequently, several laboratories have demonstrated that human
PBMCs, lymphocytes, thymus, spleen, tonsils and T- and B-cell lines also express GH
[23-24]. Human lymphocytes secreted GH both at rest and in response to mitogens. The
presence of immune-derived GH suggests that, besides the classic endocrine pathways of
hormone exposure and signaling, this hormone may also serve as an internal signal by which
immune cells communicate with one another as well as with cells in the microenvironment
via autocrine and/or paracrine pathways.

Interestingly, Wu and coworkers [35] as well as others [23-24;26;33] have reported that GH
mMRNA expression was significantly higher in B cells than T cells suggesting that B cells
may be a major source of GH and possibly a site of action. Moreover, GH was also found to
enhance the production of 1gG1, 19G2, 1gG3, 1gG4, 1gAL, IgA2, and IgM by human tonsillar
B cells, which upon stimulation with GH and IGF-1 induced IgE and 1gG4 production by
class switching via an IL-4- and IL-13-independent mechanism [23;36]. While these studies
are interesting, the precise mechanistic role of GH in B cell development and function
remains to be fully defined. In addition, GH has also been shown to have a number of other
biological effects on various inflammatory cell subsets, including neutrophils, monocytes
and macrophages. Several investigators have also reported that GH is capable of priming
macrophages and neutrophils for superoxide and/or hydrogen peroxide production in
response to cellular stimulation [23;26]. Moreover, GH has also been shown to have effects
on neutrophil and monocyte adhesion and migration and to play a role in regulating
apoptosis in human T- and B-cell and monocyte lines and in primary neutrophils and
monocytes [23;26;37-39]. In these studies, GH treatment has been found to diminish Fas-
mediated cell death via increasing the expression of Bcl-2 and inhibiting the activation of
caspase 3 [38] and to protect lymphocytes from irradiation- [39] and methyl
methanesulfonate- [40] induced cell death. Several excellent reviews summarize the various
effects of GH on immune cells and function [23-27;41-44].

Additional reports have also suggested that GH may have direct effects on cytokine
expression, although this literature is a bit controversial. Several studies have shown that
either GH treatment of PBMCs or monocytes directly or in combination with LPS enhanced
the production of interferon and proinflammatory cytokines [23;26;45-46]. Similarly, GH
administration into short stature children also was found to increase serum levels of several
cytokines [47]. In contrast, additional reports have demonstrated that GH treatment of LPS-
stimulated human monocytes and macrophages [23;26] results in diminished levels of TNFa
and other proinflammatory cytokines. Patients with GH deficiency have been shown to
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possess increased plasma and cell-derived levels of TNFa and IL-6 [48], while
administration of GH back into these subjects reduced such cytokine expression. Similar
results demonstrating an ability of GH to inhibit cytokine expression have been reported in
treated patients with cardiomyopathy [49] and in postmenopausal women with abdominal
obesity [50]. Furthermore, in some studies, no differences were observed [51]. Given the
variability in the reports to date, it is difficult to assign a specific function for GH in
regulating cytokine expression. However, more recent studies [23;26;52-55] have suggested
that GH treatment of lymphoid cells results in a rapid dose-dependent increase in suppressor
of cytokine signaling 3 (SOCS3) mRNA expression. If indeed induced and active, then GH
would be expected to suppress proinflammatory cytokine expression. However, as GH has
failed to demonstrate any consistent effect on cytokine expression, it is likely that GH
activation and signaling is much more complicated than simply inducing alterations in
SOCS expression.

Growth Hormone Effects on Thymus

By far, the most published and predominant observations regarding GH and its interactions
with the immune system involve its role in thymus development and function. Earlier
observations documented that thymic atrophy was often associated with ablation of the
pituitary gland and mice with the dwarf mutation had reduced immune functions
[23-24;26;32]. Hypophysectomized rats or Snell dwarf mice (dw/dw), which are both
defective in the production of GH (and also of prolactin and thyroid hormones) displayed
deficiencies in lymphocyte development and function, which were corrected upon
administration of exogenous GH to these animals. Similarly, administration of GH was
found to enhance the development of the thymus and promote the engraftment of murine or
human T cells in SCID mice [23;26]. Among the most promising immune effects of GH
specifically relevant to aging is its potential to improve thymic function, promote thymic
and bone marrow engraftment and stimulate hematopoiesis in immunosuppressed and aged
animals [23;26;32;56]. Administration of GH or IGF-1 has also been shown to enhance T
cell recovery in syngeneic and allogeneic HSCT recipients as well as in aged BMT
recipients [23-26;57-58]. It should be noted that many of the effects of GH in vivo may be
indirectly mediated by IGF1, which is synthesized in the liver in response to GH
stimulation. Similar to GH, administration of IGF1 in vivo has also been shown to partially
reverse age-associated thymic involution, enhance thymopoiesis in aged rodents and also
accelerate the reconstitution of the immune system in immunodeficient animals and in mice
post transplant [24-27;58-60]. Furthermore, GH and IGF1 can synergize with other
cytokines such as GM-CSF in hematopoiesis [25-26], possibly leading to the various
hematopoietic effects attributed to GH. Additional studies have revealed that both GH and
IGF1 can act directly on isolated fetal thymic tissue to expand the number of thymocytes
[26]. Together, these data support the use of GH and/or IGF1 as therapeutic treatments for
patients post transplantation and during states of immunosuppression including aging.

Kelley and colleagues have previously reported on the effects of GH on thymic growth in 16
and 22 month old rats implanted with a pituitary tumor that produced both GH and PRL
[23;26-27;61]. After two months, these rats demonstrated detectable thymus glands, while
little to no thymus tissue was detectable in the untreated animals. These rats also possessed
more T cells and demonstrated greater lectin-induced proliferative responses. More recently,
this same group [61] performed a more extensive series of studies using 24 month old rats
that received the same type of GH-producing tumor cells or recombinant GH. In addition to
the dramatic restorative effects on GH on the aged thymic tissue, they also observed that GH
increased hematopoietic precursor cells and the quantity of adipocytes in the bone marrow
and resulted in more extensive extramedullary hematopoiesis. These results suggest that GH
indeed has profound effects on the thymus and bone marrow of aged mice and rats. While
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these studies are interesting, there are few rodent or human studies to date, focusing
primarily on aging, that have performed an extensive analysis examining the effects of GH
on the various thymic progenitors, thymic T cell output and the impact of GH infusion on
peripheral T cell receptor (TCR) repertoire. To this end, we have included some of our own
unpublished observations here using GH in aged mice to support some of our hypotheses
and conclusions. We have found that GH infusion for 2 weeks not only induced a significant
increase in thymic cellularity of old (but not young) BALB/c mice but it also led to a greater
than two-fold increase in ETPs in thymus (p<0.05) with no significant change in DN2
(lin'oWC-kit*CD25%) DN3 (lin'oWC-kit CD25*) or DN4 populations (Figure 1, panel A; D.
Taub unpublished observations). Moreover, GH infusion also significantly increased
(p<0.05) the number of bone marrow lin'®%scal*ckit* (LSK) populations in old but not
young mice (panel B). GH infusions also increased the number of recent thymic emigrants
in aged mice (panel C) and induced significant and reproducible alterations in the TCR
diversity as assessed by CDR3 length PCR analysis (panel D). The T cells examined from
GH-infused mice were found to possess much more dramatic VB CDR3 differences in their
Gaussian profiles when compared to age-matched sham controls. In agreement with
previous studies [1;16;23;26], GH also appears to exert positive effects on the numbers of
cortical and medullary epithelial cells when infused into aging mice, which may in part
account for some of the reorganization and more defined structures observed in the infused
aged thymus (data not shown). In addition, there is an age-associated reduction in LSKs
from bone marrow, most likely contributing to the resulting in the unavailability of T cell
progenitors to seed the thymus. Thus, it is not surprising that the thymus loses its capacity to
continue support for thymopoiesis over time. As GH treatment results in a significant
increase in both the LSK and ETP populations as well as promoting thymic epithelial cell re-
growth [1;16;24-26], the aged thymus begins to reorganize and compartmentalize, becoming
a much more optimal organ for thymocyte growth and development, and thus enhancing the
output of newly selected naive T cells possessing a more diverse TCR repertoire compared
to untreated age-matched animals.

A very interesting and informative series of studies regarding the direct and indirect effects
of GH on thymocytes and thymic microenvironment have come from studies by Savino,
Dardenne and colleagues [62-68]. They have identified several GH-specific intrathymic
effects on thymocyte development including that (1) GH upregulates the proliferation of
thymocytes and thymic epithelial cells (TECs), (2) GH-transgenic mice and animals treated
with exogenous GH demonstrate enhanced thymic cellularity, (3) GH stimulates the
secretion of thymic hormones, cytokines, and chemokines within the thymic
microenvironment and (4) GH induces the production of extracellular matrix proteins in the
thymus resulting in increased thymocyte migratory responses as well as increased
intrathymic trafficking and thymic T cell output. They have suggested that some of the
observed effects could be attributed to the production of IGF1, most likely systemic
production as well as intrathymic production.

GH has also been shown to enhance the production of the chemokine CXCL12 by TECs
leading to increased chemotaxis through CXCR4 signaling [69]. This finding is fascinating
in that interactions between CXCL12 and its receptor CXCR4 are important not only in
maintaining thymic function but also for the interactions between stem cells and the stromal
cells within the bone marrow. The interaction of CXCL12 with CXCR4 is known to be
mediated through the JAK/STAT pathway [26], which is inhibited by SOCS3 expression
[70]. Thus, during conditions where SOCS3 levels are elevated (such as during
inflammation or upon GH exposure), signaling through the CXCL12-CXCR4 pathway may
be impaired and thus may interfere with T cell generation and activity. Recent work by Pello
and coworkers [71] has demonstrated that GH administration induces the mobilization of
stem cells from the bone marrow into the circulation, and that this results in the increased

Curr Opin Pharmacol. Author manuscript; available in PMC 2011 August 1.



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

1duasnuey Joyiny vd-HIN

Taub et al.

Page 7

expression of SOCS1 and SOCS3. It is believed that the increase in SOCS expression in the
bone marrow cells inhibits the CXCL12-mediated chemotactic signaling leading to the
release of stem cells. Such mobilization could prove invaluable therapeutically in studies
examining transplantation and stem cell biology. Thus, a greater understanding of how these
GH signals interact with the SOCS proteins, chemokines and other cytokines may yield
valuable insight into therapeutic methods to promote stem cell mobilization, cellular
engraftment and hematopoiesis.

There has also been considerable interest in using GH and IGF1 to treat HIV-infected
patients, as the HIV-infected thymus is quite atrophied even at an early age and T cell output
is quite low [5-6]. There have been several studies performed looking at these parameters
since 1995 yielding many mixed results, and are summarized by Kelley and others [72-73].
Based on these studies, HIV patients typically required 5-10 fold higher “pharmacological”
doses of GH to achieve results that could be obtained in non-HIV infected GH-deficient
patients using physiological quantities. It was subsequently reported that AIDS patients
demonstrate GH resistance, which was believed to be related to ongoing inflammation
[26;72-73]. Today, with the use of highly aggressive anti-retroviral therapy (HAART) and
more control of the ongoing inflammation in these subjects, there have been more studies
showing that GH can improve the immune status of HIV patients. Several recent studies by
Napolitano and coworkers [74] have demonstrated a prothymic role for GH upon
administration into human subjects. They initially examined the effects of GH on the thymus
of 5 HIV-1-infected adults receiving GH as part of a lipodystrophy study. They observed
several promising findings including a marked increase in thymic mass and circulating
CDA4+ T cells in all GH recipients suggesting an enhancement of thymic function. However,
due to the small sample size, the patients' lipodystrophy, the lack of more detailed
immunological markers of thymic activity and the absence of an internal control arm,
drawing any formal conclusions from these results was difficult. Thus, these investigators
subsequently have been performed in a prospective randomized study specifically designed
to assess the effects of GH on thymopoiesis in HIV-1-infected adults with persistently low
CD4* T cell counts despite virologic suppression with effective anti-retroviral therapy [75].
Of the 22 HIV-1 infected subjects being examined, one half of study participants were
randomly assigned to continue their usual HIV therapy and to receive GH in the first year,
while the other half of the subjects continued their usual HIV therapy without GH treatment
(control). In the second year of the study, the treatment was reversed and the control
participants received GH, while the prior GH recipients had GH treatment stopped. The
results were very encouraging as Napolitano's team found that GH treatment markedly
increased thymic mass and appeared to double the number of newly made T-cells. On
average, GH treatment was associated with a 30% increase in CD4+ T-cells (approximately
2.4 fold higher than the control group). These gains continued to increase at least 3 months
beyond GH discontinuation and appeared to persist for at least one year after GH
discontinuation. Pires and coworkers [76-77] have also shown that rhGH given to patients
also receiving HAART resulted in increased T cell numbers, their in vitro antigen-specific
responsiveness and the number and function of CD56BM9ht NK cells, which are typically
depleted in patients receiving HAART alone. Interestingly, Geenan and his colleagues [78]
have revealed similar prothymic activities upon GH administration in subjects with adult
GH deficiency (AGHD). They found that withdrawal of GH treatment of AGHD patients
(who routinely receive GH) results in diminished thymic T cell output as well as intrathymic
proliferation. These thymopoietic parameters were found to be partially restored upon
resumption of GH treatment.

In all of these in vivo studies, the persistence of these thymic gains upon the removal of
administered GH is interesting as they suggest that GH may be conditioning the atrophied
thymus to become more permissive to progenitor thymocyte entry, thymocyte and TEC cell
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growth and T-cell output. An atrophied thymus, especially with age and in AIDS patients,
loses much of its structure and compartmentalization and it can be difficult to find well-
defined cortical and medullary regions where thymocyte development, selection and
maturation can occur. The effects of GH on thymic stroma and epithelial cells as well as its
adipolytic activities may make these thymi more permissive to progenitor entry and
thymocyte growth. Obviously, the ideal scenario would be to find a long term means to
maintain the thymus and retain these prothymic effects. Most likely, combinatorial
conditioning regiments with GH, IGF1 and/or other growth factors, alone or in parallel, may
be necessary to optimally maintain thymic function and integrity on a long term basis,
especially in the aged, diseased and/or immunosuppressed subjects.

While it would be remarkable to be able to state that “GH works all of the time” and that it
is universally accepted as the “ideal means to promote thymic regeneration”, there have
been several red flags raised regarding the legitimacy and reproducibility of the use of GH in
vivo. First, there have been studies that have failed to demonstrate similar positive
prothymic and pro-engraftment effects using GH. For example, eight children with growth
hormone deficiency (ages 1-17 years) were examined before and during treatment with
human growth hormone for 12 to 16 months [79]. A number of immunological parameters
were examined including immunoglobulins, cell surface markers, mitogen responses, and
polymorphonuclear cell function. Before treatment immune functions were normal in all
children and during treatment, GH did not significantly affect serum immunoglobulins,
polymorphonuclear cell function, or percent T cells. However, a significant loss of B cells
was noted in 7 out of 8 patients, the T helper/suppressor ratios decreased in all patients and
the mitogen responses decreased to below normal in all. While the depression of immune
functions did not result in an increased rate of infections during the observation period, these
researchers had some concern about the effects of prolonged GH treatment and therefore
cautioned against the indiscriminate use of human growth hormone. Moreover, studies
reported by Dorshkind and Horseman [24] have shown little evidence that GH is required
for primary lymphopoiesis or for B and T cells to generate humoral- or cell-mediated
immune responses in GH and GH receptor deficient mice. Indeed, the failure to observe a
“loss of function” in these deficient mice does make one wonder if the mere presence of
hormones and their receptors by immune cells is simply an evolutionary artifact of no
significant value or benefit or if their presence and activity require certain metabolic or
environmental conditions to observe their role in lymphopoiesis and thymopoiesis.
Dorshkind and colleagues [80] have suggested that the non-obligate role of GH in immunity
could be reconciled with its potential augmentation of the immune system if one considered
the primary role of GH to be to counteract negative immunoregulatory signals such as can
be seen during states of stress. Under these circumstances, these hormones could stimulate
immune cell development and function and the secretion of GH may be increased to
counteract the negative immunoregulatory effects of glucocorticoids, for example. The idea
that stress may influence the effect of GH on a host are supported by a joint study by
Dorshkind and Murphy [81] where substantial differences in the T cell development of the
Snell Dwarf (dw/dw) mouse strain (which are deficient in the production of anterior
pituitary hormones) were observed between the laboratories. Several laboratories have
demonstrated a dependence on GH for optimal T cell development within these Dwarf mice,
while others have observed normal thymopoiesis. In an effort to understand this
discrepancy, these investigators examined these mice in separate facilities and under distinct
housing conditions. They found that when female dw/dw mice were housed together with
their normal-sized littermates, thymic cellularity and the frequency of double positive
thymocytes were markedly reduced. Administration of GH into these mice reversed these
effects suggesting that stress may be the unifying parameter that may explain the disparate
results using not only the dw/dw mouse model but also in the reported effects of GH on the
T-cell development in various rodent models and human studies.
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In summary, based on the predominance of the data described so far, it would appear that
GH administration into aged or immunosuppressed human subjects and in many rodent
models facilitates thymic re-growth by expanding the number of thymocytes within the
thymus, possibly via the recruitment of de novo T cell progenitors from the bone marrow or
by enhancing their proliferation. We have shown in this review that GH infusion into aged
mice does indeed promote an increase in LSKSs in the bone marrow as well as ETPs in the
thymus compared to age-matched vehicle-infused control animals (Figure 1). Further, while
the typical aged thymus has lost many of the boundaries separating the specific
compartments responsible for T cell development and selection, GH administration favors a
much more defined thymus by stimulating the growth of thymic epithelial cells (TEC), the
production of extracellular matrix proteins and creating a more hospitable microenvironment
leading to more defined cortical and medullary structures capable of supporting thymocyte
development. Moreover, GH infusion also results in a loss of thymic fat. While it is unclear
if thymic fat has any specific function other than filling the perivascular space where
thymocyte used to reside, adipocyte entry and/or development in the old thymus appears to
correlate with the loss in thymic mass, thymocyte and thymic epithelial cell numbers as well
as a loss in T-cell output. Thus, the ability of infused GH to reduce thymic fat may open the
available immunological space promoting re-growth and restructuring and may also serve as
one of the key measures of an active prothymic, anti-aging hormonal interventional strategy.
Several additional findings have demonstrated GH-mediated increases in intrathymic
thymocyte trafficking and thymic cytokine/chemokine expression are also likely in play in
such rejuvenation processes. While it is indeed possible that all of the above described
effects of GH administration are solely due to GH-GHR interactions, it seems more likely
many of the findings with GH are mediated by additional hormonal or growth factor
intermediates such as IGF1 or KGF, etc. More extensive studies are necessary to more fully
understand the various autocrine, paracrine and endocrine communication pathways
involved in these processes. Finally, as exogenously-administered GH mediates several
positive effects on the aging thymus, this begs the question “what is the precise role and
function of intrathymic GH in normal thymic physiology?” Thymic GH levels appear to
diminish with advancing age (Figure 2), in a manner quite similar to systemic GH levels,
and thus it is possible that thymus-associated GH levels are required for thymic maintenance
and with the accumulation of damage with advancing age, homeostasis is lost and the
thymus and its microenvironment begins to implode and atrophy over time. It is also of
interest to know if the intrathymic hormone levels are systemically controlled and the loss of
peripheral signals with aging may have a similar impact on thymic homeostasis.

The story of ghrelin biology actually starts with the discovery of its receptor and a search for
synthetic analogues that mimic the positive effects of GH. Early work by Cyril Bowers and
coworkers revealed that several synthetic opioid analogues elicited significant GH release
from pituitary cells upon binding to unknown receptor(s) distinct from known endogenous
opioid and growth hormone releasing hormone (GHRH) binding sites [82]. This class of
synthetic nonpeptidyl compounds eventually became known as GH secretagogues (GHS)
based on their ability to promote GH release [83-84]. It was thought that GHS could be
utilized therapeutically to mimic the in vivo effects of GH but without the toxicities
associated with long-term administration. Recent preclinical and clinical studies have
demonstrated the efficacy of GHS in facilitating muscle development and the strengthening
bones in the elderly [84]. Critical studies by Howard and colleagues [84] revealed that GHS
promote the release of GH by acting on a specific G protein-coupled receptor, which they
called the “growth hormone secretagogue receptor” (GHS-R). However, the biological
significance of this receptor, other than being a target for a variety of GHS compounds, was
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for the most part unknown until the discovery of its natural endogenous ligand, ghrelin, in
1999 [82-88].

The ghrelin gene encodes a 117 amino acid peptide, pre-pro- ghrelin, which is subsequently
cleaved into the mature 28 amino acid form in which it is secreted [85-88]. It is acylated on
its third serine residue and this octanoylation appears to be critical for the binding of ghrelin
to GHS-R. More recently, lysophospholipase-1 found in blood and expressed by various
cells is believed to cleave the acyl linkage rendering the hormone inactive [86;89-90]. Early
reports have suggested that the des-acyl form of ghrelin is biologically inactive, despite
being present at 3-times higher levels than acylated ghrelin in stomach. Interestingly, des-
ghrelin has can be re-acylated in vivo by ingested long chain fatty acids giving rise to the
speculation that there is a balance between the circulating levels of des-acyl and acylated
ghrelin in the body [88]. While des-acyl ghrelin does not bind GHS-R1a, both the acylated
and des-acyl form of ghrelin bind to common sites on cardiomyocytes and endothelial cells
in vitro and work similarly to inhibit apoptosis [23;85-88;90] suggesting that both forms of
ghrelin may bind and signal through a novel receptor other than GHS-R1a. Moreover,
Avriyasu and colleagues (2005) have reported that transgenic mice with up to 44-fold higher
levels of plasma des-ghrelin compared to wild-type mice exhibit a dwarf phenotype with a
suppressed GH-1GF-1 axis [91]. This phenotype was actually quite surprising in that it is
exactly opposite phenotype of what one would observe with acylated ghrelin transgenic
mice. These opposite phenotypes suggest a possible role for des-ghrelin as a counterbalance
to the effects of acylated ghrelin.

Similar to GHS, ghrelin function was initially described by its ability to strongly stimulate
the GH release from the pituitary upon binding to the GHS-R [84-88]. Subsequently, ghrelin
was also found to be a potent inducer of food intake and also increases host adiposity
[84-88]. Ghrelin is predominantly expressed by the X/A-like cells of the stomach and during
states of fasting, ghrelin is released from the stomach into the circulation where it mediates
it effects on the feeding centers in hypothalamus to induce hunger. Ghrelin mediates its
orexigenic effects via inhibition of leptin expression and the signaling of the neuropeptide Y
(NPY), agouti-related peptide (AGRP) and orexin pathways. Ghrelin administration
typically stimulates food intake within an hour of administration, and continuous ghrelin
treatment results in sustained feeding eventually leading to increased bodyweight and
adiposity. Ghrelin is believed to be the major regulator in humans as a pre-prandial rise in
serum ghrelin levels induces feeding behavior [82-85]. Also, while ghrelin is considered to
be a potent GHS, it is unclear whether this property is physiologically important and it has
been hypothesized that ghrelin may actually serve as an adjuvant enhancing the magnitude
of GH pulse in response to the growth hormone releasing hormone (GHRH). In addition to
these functions, ghrelin has also been shown to mediate or influence a number of other
biological actions, including effects on hormone secretion, glucose homeostasis, pancreatic
function, gastrointestinal motility, cardiovascular function, neurogenesis, immunity,
inflammation, cell proliferation and survival, bone metabolism, reproductive organ
functions, memory, sleep, gastric emptying and gastric acid secretion, and more [84-88].
While the physiologic relevance of many of these actions remains to be defined, the role of
ghrelin in energy homeostasis is currently considered its most important functions. Ghrelin
administration has also been shown to attenuate cachexia associated with chronic heart
failure in rats [92], whiles the GHS-R analogue, GHRP-2 counteracts protein
hypercatabolism, skeletal muscle proteolysis and osteoporosis in critically ill patients with
wasting condition [93]. Despite ghrelin's participation in a variety of biological functions,
the initial reports failed to note any significant metabolic or physiological abnormalities
were found in the ghrelin or GHS-R knockout mice [84]. However, a more recent study [94]
has concludes that adult congenic ghrelin KO and GHS-R KO mice are not resistant to diet-
induced obesity but under conditions of negative energy balance demonstrate impairment in

Curr Opin Pharmacol. Author manuscript; available in PMC 2011 August 1.



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

1duasnuey Joyiny vd-HIN

Taub et al.

Page 11

maintaining glucose homeostasis. These results support a role for ghrelin modulating
glucose sensing and insulin sensitivity, rather than directly regulating energy intake and
energy expenditure. Perhaps more detailed studies in these mice using various disease and
stress models or with progressive aging or metabolic interventions may reveal more specific
defects in various organ compartments.

GRL and Immune Function

While the stomach is considered the major source of peripheral ghrelin, recent studies have
demonstrated ghrelin to be widely distributed in body throughout several major organ
systems including the brain, jejunum, duodenum, colon, lungs, liver, fat and placenta as well
as the spleen, lymph nodes and thymus [84-88;95-97]. We have recently described ghrelin
expression by peripheral human T cells, monocytes and dendritic cells [96; D Taub, personal
observations]. Moreover, ghrelin has also been shown to be constitutively expressed by a
number of cancers influencing their growth and motility and it has been hypothesized that
the ghrelin-GHS-R axis may serve an autocrine-paracrine role in cancer biology [88;98-99].
In addition, GHS-R mRNA and protein has also been shown to be present on a number of
human and rodent T- and B-cell and myeloid cell lines as well as by human and rodent T
cells, B cells, monocytes and neutrophils, although there are wide individual variations
between donors and with the state of cellular activation [23;84;87-88]. We have recently
demonstrated that GHS-R protein in present in the lipid rafts on human T cell subsets and
monocytes using immunofluorescence and flow cytometric staining [96]. In addition, human
T lymphocytes also express the pre-pro form of ghrelin, and both acylated and des-ghrelin
are produced and secreted upon T cell activation [96]. We also found that immune-derived
ghrelin was present in a polarized fashion in association with lipid rafts, in a fashion similar
to GHS-R expression in activated T cells. This raft localization of ghrelin may assist in the
targeting of acylated ghrelin to the sites where its receptors are abundant and also to areas
where T cell signaling is taking place. These data suggest that, similar to the GH, ghrelin has
the capacity to act and signal on a wide various types of immune cells that possess ghrelin-
specific receptors and thus may be stimulated via classical endocrine-derived ligands
derived from the circulation and tissues and/or by autocrine/paracrine ligands produced
within the immune microenvironment.

Immune cells are highly sensitive to changes in the energy balance in a tissue
microenvironment and thus require proper receptors and ligands to sense such metabolic and
physiological changes, which may influence immune responses and cytokine production.
Conversely, cytokines and growth factors derived from immune cells also serve to act on the
cells within the endocrine and central nervous systems to control food intake and energy
homeostasis. Given the wide distribution of functional GHS-R on various immune cell
subsets and their ability to express both the des-acyl and acylated forms of ghrelin, Taub and
colleagues in 2004 [96] hypothesized that ghrelin may exert immunoregulatory effects on
immune cell subpopulations. Our laboratory found that acylated but not des acylated ghrelin
exerted potent inhibitory effects on the mRNA and protein expression of the
proinflammatory cytokines, IL-1p, IL-6 and TNFa, by activated T cells, monocytes,
dendritic cells and NK cells [D. Taub, personal observations] upon binding to cell surface
GHS-Rs. This regulatory effect was found to be both dose- and time-dependent. It is
currently unclear how ghrelin mediates its inhibition of cytokine mRNA and protein levels,
although several studies have suggested direct effects on cytokine mRNA transcription or
stability or possibly effects on protein translation. Interestingly, we have also found that
ghrelin significantly attenuates leptin-induced proinflammatory and Th1-responses in human
mononuclear and T cells [96] and ghrelin infusion also attenuates age-associated
inflammatory cytokine expression in mice [100]. Moreover, knockdown of ghrelin
expression in human T cells using siRNA resulted in increased levels of IFNy, IL-17 and
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other proinflammatory cytokines and chemokines upon cellular activation suggesting that
endogenous ghrelin expression influences and possibly regulates the cytokine expression
pattern of a given T cell [100].

Several additional reports have supported a potential role for ghrelin in various
proinflammatory disease states in humans and in animal models including increased levels
of ghrelin in ulcerative colitis (UC), Crohn's disease (CD), ankylosing spondylitis, sepsis,
pancreatitis, colitis, and possibly arthritis [23;84;87-88;101-105]. However, it is unclear how
nutritional status, the degree of inflammation and the timing at which ghrelin levels were
measured may influence its association with the status of the disease. Given the influence of
ghrelin on proinflammatory cytokine expression, it seems likely that changes in the systemic
levels of ghrelin may be influenced by the inflammatory status of the host as well as the
effects on of an inflammatory signal on the host's energy balance. This point seems a bit
controversial in that endotoxin and TNFo administration have been shown both to induce
and suppress ghrelin levels in humans and rodents [106-111]. However, ghrelin
administration decreases the mortality of septic shock in rats and mice [112-117]. Additional
studies have demonstrated that ghrelin attenuates TNFa and peroxide-induced cytokine
expression by human endothelial cells [118], pancreatic damage in a rat model of cerulein-
induced pancreatitis [119], hepatopancreatic injury and inflammation in rats induced by
pancreaticobiliary duct ligation [120], inflammatory pain in carrageenan-induced
hyperalgesia in rats [121], the clinical severity of the trinitrobenzene sulfonic acid-induced
colitis in mice [122], experimental allergic encephalomyelitis (EAE) development in a
mouse model [123] and arthritis [124]. Moreover, Granata and coworkers [125] have
demonstrated that ghrelin treatment also prevents the apoptosis and nitric oxide release
induced by interferon and TNFa from human pancreatic cells and Waseem and colleagues
[126] have reported that GRL treatment of LPS-stimulated RAW 264.7 macrophage line not
only inhibited the production of the pro-inflammatory cytokines IL-1p and TNFa but also
resulted in an inhibition of NF«B activation and an increase in IL-10 production. These data
suggested that GRL exerts its anti-inflammatory effects via the regulation of both pro- and
anti-inflammatory cytokine expression. We have since confirmed and extended these data
using purified in human and murine macrophages [D. Taub, personal observation]. A
number of other effects of ghrelin on immune function can be found in the following
reviews [23;26;82-88;127]. Together, these data suggest that ghrelin possesses potent anti-
inflammatory properties, and that such changes in the systemic levels of ghrelin during
disease and inflammatory states may be a means to maintain the energy balance by
controlling the body's response to systemic inflammation and stress and also to a degree,
immune activation. The ability of ghrelin to control cytokine expression and the reciprocal
regulatory effects of this hormone on leptin-induced activity on immune cells suggests the
existence of a novel immunoregulatory network controlling cytokine expression, cellular
activation and trafficking, and apoptosis have implications on the control of the cellular and
inflammatory responses. These findings also have implications on the degree of “crosstalk”
between the neuroendocrine, metabolic, and immune systems.

Ghrelin Effects on the Thymus

In addition to effects on inflammation, it was believed that the ability of GHS and ghrelin to
stimulate the GH-IGF-1 axis may also influence the thymus and T cell output. To this end,
Koo and colleagues treated 14-month old mice with a synthetic GHS-R agonist for three
weeks and then subsequently examined the effects on the thymus and bone marrow [128].
The results revealed that GHS administration significantly increased the cellularity of the
thymus in these older mice and also demonstrated an improvement in bone marrow
engraftment using a SCID model. These investigators proposed that the observed effects
were being mediated through GH induction in response to the GHS administration. This is
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supported by a study by Poppi and coworkers in 2002 [129] that demonstrated through the
use of synthetic GHS-R analogues that GH secretion can be induced in peripheral immune
cells as well as systemically. However, the precise role for GH or IGF1 in mediating these
effects was never defined. Thus, these GHS effects may have been mediated alone or in
combination with endocrine- or immune-derived GH or IGF1. More recent studies by Taub
and colleagues [97] have demonstrated that both ghrelin, GHS-R and GH levels decline with
progressive thymic aging (e.g., Figure 2). The loss of thymic acylated ghrelin protein
expression in the thymus with age strongly correlated with thymic involution as well as with
the loss the loss of thymic GH expression. As the loss of ghrelin and ghrelin receptor
expression appeared to correlate with the aging and the involution process, additional studies
were performed to assess if restoration of acylated ghrelin in the aged thymus may
rejuvenate thymic function in aged mice. Administration of acylated but not des-acylated
ghrelin into aged (14 to 22m) but not young (2 to 4m) mice resulted in a partial reversal of
age-associated thymic involution. Infusion of ghrelin into young mice failed to induce any
significant effects on thymic size or cellularity. This effect appeared to be independent of
IGF1 as ghrelin infusion failed to induce an increase in IGF1 levels, suggesting that these
effects are direct and not mediated through GH-1GF-I pathways. However, more detailed
studies would be necessary to support this claim. Surprisingly, the actions of ghrelin
infusion on the aging thymus appeared to be quite similar to the effects observed using its
metabolic counterpart, leptin [97]. They both appeared to partially reverse age-associated
thymic involution and increase thymic T cell out and peripheral T-cell diversity; however,
only ghrelin specifically inhibited thymic TNFa levels and enhanced SCF expression, while
leptin infusion increased the peripheral IGF1 levels and upregulated KGF expression in the
aged thymus. These data suggest that while both leptin and ghrelin exert pro-thymic effects
in aged but not young mice, they appear to mediate these effects through distinct
mechanisms based on the differential induction of IGF1, KGF and SCF. Such a distinction is
also suggested by other studies using leptin in an endotoxin model of thymic atrophy [130].
Thus, a balance between these two metabolic hormones may be critical in the regulation of
thymopoiesis.

Besides increasing thymocyte numbers and weight, infusion of acylated ghrelin also
significantly improved the thymic architecture and more defined cortical and medullary
regions and a loss of a large percentage of thymus adiposity were observed post infusion.
Interestingly, ghrelin also facilitated an increase in the numbers of both cortical and
medullary epithelial cells, possibly playing a role in the restructuring of the aged thymi.
Ghrelin infusions also increased the number of thymic and peripheral recent thymic
emigrants (as assessed by examining the numbers of T-cell receptor excision circle [TREC]
positive cells as well as the peripheral memory/naive T-cell ratios), an improvement in the
peripheral TCR diversity of both CD4+ and CD8+ T cells, increased numbers of early
thymocyte progenitors (ETP) in the thymus as well as increased numbers of bone marrow-
derived pluripotential stem cells and the common lymphoid progenitors (CLP) in the bone
marrow [97]. Studies using GRL-and GHS-R-deficient mice revealed enhanced thymic
involution with age compared to control animals along with reduced thymopoiesis,
contraction of bone marrow stem cells and major perturbations in the TCR repertoire of
peripheral T lymphocytes. These mice also appear to express diminished levels of the
transcription factor, Pit-1 in their pituitary gland and in the thymus, which may account for
the lower pituitary GH and prolactin levels as well as diminished levels of GH and IGF1
expressed in the circulation and the thymus [131]. The lower GH levels in these mice may
also contribute to the premature thymic aging phenotype observed in these deficient mice.
More recently, Dixit and colleagues [132] have demonstrated that caloric restriction also
promotes greater T cell output in aged mice and that this increased output correlates with
increased ghrelin levels. Moreover, these investigators [133] as well as our studies [1;88;97]
have also shown that adipose development in the mouse thymus can be influenced by
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ghrelin infusion and signaling. Together, these results reveal a novel role for ghrelin and its
receptor in thymic biology and T cell development.

Conclusions

The interplay between these hormones and their receptors in the thymic and BM
compartments appear to play an important role in rejuvenation of thymic output in old
animals. These data support the existence of a functional immunoregulatory network
involving neuroendocrine hormones that appear to play a significant role in cytokine
regulation, cellular activation and survival. Immune-associated expression of GH, GRL,
IGF1 and even leptin as well as their receptors appear to significantly diminish with age in
specific immune subsets and lymphoid organs, including the thymus. While the relevance of
immune-derived hormones remains to be defined, we believe that the loss of lymphoid
expression with age may be associated with a loss of homeostatic control of cytokine and/or
growth factor expression, possibly resulting in immune dysfunction and increased levels of
proinflammatory cytokines (as is commonly observed in older frail subjects). Re-
administration of these hormones into older subjects may, in part, restore hematopoietic,
thymic and peripheral immune activity. While the ultimate goal of many regenerative
studies is to restore lymphoid function and cell numbers to those matching much younger
individuals, partial restoration or recovery may be all that is possible as the accumulation of
age-associated damage in DNA, lipids and proteins, the loss and/or diminished function of
cellular repair pathways, the increased levels of oxidative damage, adipocyte accumulation
in the primary lymphoid organs and the changes in cellular and host metabolism with age do
not provide the “youthful” environment for optimal cellular regeneration, differentiation and
maturation. The proposed hormonal strategies may be able to target one or more tissues and
thus may have an impact in certain organ environments, such as lymphoid tissues. However,
the treated individual is still aging and many other organ systems in the body remain
damaged.

The age-associated reduction in LSKs and CLPs from the bone marrow and the resultant
inaccessibility of sufficient ETP progenitors to restock the thymus may be one of several
reasons for the loss of thymopoiesis with age. Both GH and GRL infusions appear to
influence this process and induce significant increases in these hematopoietic progenitor
populations, resulting in increased trafficking and accumulation of ETP numbers in the
thymus and hence greater de novo T-cell output. These data suggest that these hormones
play a role in the maintenance of the hematopoietic stem cell pool. In addition, the recent
findings that GH administration induces the mobilization of stem cells from the bone
marrow into the circulation falls in line with this theory and could be quite important to
clinical studies to facilitate bone marrow engraftment and thymic regeneration [26;71]. This
study has also suggested that GH mediates an increase in SOCS protein expression post
infusion, which in turn inhibits CXCL12-CXCR4 signaling resulting in the release of stem
cells from their stromal layers. Whether IGF1 or GRL mediates similar effects on SOCS or
related factors remains to be determine but the observed increases in LSK and CLP numbers
post infusion with these hormones suggest some similarities to GH. Such hormone-mediated
stem cell and progenitor mobilization could prove invaluable therapeutically in bone marrow
transplants, where bone marrow and stem cell engraftment and thymic re-growth are
necessary for the host's survival.

One obvious question arises from several of the studies discussed in this review, namely
why does GRL appear to distinctly regulate cellular activation and inflammatory cytokine
expression compared to GH and IGF1? GRL is anti-inflammatory by nature, while GH
appears to be much more variable in its ability to influence cytokine expression (although a
number of reports appear to favor a potentiating effect for GH on immune activation and
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cytokine expression). More consistently, IGF1 has been shown to be a potent immune
activator and anti-apoptotic hormone and increases cytokine expression. As GRL is a GH
secretagogue, one might expect GRL infusion to induce GH expression and thus the
combination of these hormones might yield some similar or more uniform activities on
immune function. GH is known to induce IGF1 as one of its effector intermediates, while
GRL does not appear to induce such expression, at least based on our studies in middle aged
and old mice infused with GRL. Perhaps additional distinct intermediates and/or paracrine
mediators influence the activities of GRL or these other hormones and serve to distinguish
the activities of these hormonal mediators. Or the differences in the activities between GH
and GRL may simply be due to differential receptor expression on immune subsets and their
associated downstream signaling pathways activated upon ligand binding. Moreover, as the
expression of these hormones and their receptors diminish with age (especially on lymphoid
cells), the efficacy of exogenous hormone administration may become more limited in aged
VS. younger subjects, thus making clinical interventions more problematic in the older
patient cohorts. While each hormone has it's advantages and disadvantages, the anti-
inflammatory nature of GRL and GRL mimetics make them optimal for clinical use in the
transplant setting in that GRL not only facilitates bone marrow and thymus engraftment and
activity, but also suppresses age- and disease-related inflammation as well as and the
cytokine storm associated with graft-vs.-host disease and graft rejection. In addition to age, a
number of other factors may also influence hormonal responsiveness in vivo and in vitro
including the activation and differentiation state of the target cell populations, the
nutritional-metabolic status of the donor and/or host and the host's sensitivity to the
hormones being administered (as hormone insensitivities occur during states of
inflammation and metabolic imbalance). A greater understanding of the inter-relationships
between these various hormones, their receptors and the downstream signaling pathways
and the variables associated with hormonal responsiveness may provide more ideal
treatment regiments for use in immunosuppressed subjects.

Based on the various publications discussed in this report, GH, IGF1 and GRL appear to
function in three main areas on thymic function, namely (1) progenitor output, (2) the
restoration of thymic structure/architecture and subsequently T cell output and (3) peripheral
immune function. The use of hormones is a “big plus” for systemic therapeutic
administration as they are typically secreted into the circulation in a steady or pulsatile
manner, exposing many different organ systems to their presence, albeit at physiologic
levels, without any significant toxicities. Moreover, hormones have longer half lives in vivo
when compared to various cytokines and growth factors, and these agents are typically more
toxic at the levels necessary to mediate therapeutic effects. In addition, cytokines and growth
factors tend to be more rapidly cleared when administered systemically. Thus, the use of
these hormones or bioactive mimetics, alone or in combination with other hormones,
cytokines or growth factors, may assist in conditioning the bone marrow and thymus in
patients pre- and post transplant or in aged subjects to enhance lymphoid trafficking,
engraftment and function and in the end, optimal immune responses to pathogens and
antigens. Such combinations are supported by studies by Van den Brink [58] who
demonstrated that IL-7 in combination with IGF1 demonstrated an additive effect above
IGF1 alone in increasing the numbers of pro-, pre-, and mature B cells and myeloid cell
populations in the spleens of allo-BMT recipients on day 28 without aggravating GVHD. It
would appear that these agents operate through distinct signaling mechanisms, which
augment the responses when utilized in combination. Perhaps a combination of hormonal
treatments in conjuction with specific cytokines and/or growth factors with specific
thymotropic cytokines or growth factors may also prove more effective as interventions for
aged and immunosuppressed.
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Figure 1. GH enhances thymic cellularity and thymopoiesis in aged mice

(A) GH infusion for 2 weeks via s/c osmotic pumps causes a significant increase in thymic
cellularity in 14m old BALB/c mice. (B) GH infusion in old mice led to a >2 fold increase in
ETPs in thymus (p<0.05) with no significant change in DN2 (linloWC-kit*CD25%) DN3
(linlowC-kit-CD25*) or DN4 populations (data not shown). In addition, the bone marrow
cells were analyzed for linl®scal*ckit* (LSK) populations where GH infusion also
significantly increased (p<0.05) the bone marrow LSK cells in old but not young mice. Data
is represented at mean = SEM (n = 6) of 14m old mice. (C) GH infusions also increased the
number of recent thymic emigrants in aged mice. (D) GH induced significant and
reproducible alterations in the TCR diversity as assessed by CDR3 length PCR analysis. In
comparison to ghrelin and leptin, GH was found to induce much more dramatic changes in
the Gaussian profiles of infused mice compared to sham controls. The CDR3 sizes are
shown in x-axis and the peak fluorescence intensity is shown on the y-axis. While not
shown, similar results were observed using 6m and 18-20m old mice but not using 2m old
mice suggesting that this hormone mediates it optimal effects when immunological space is
available and age-associated thymic atrophy or involution has initiated. Moreover, an
increase in spleen cellularity was also observed in the aged mice infused with GH vs.
vehicle (data not shown). The GH doses utilized in these studies did not result in significant
weight gain or loss demonstrating that the effects on immune parameters occur using doses
of GH that do not induce appreciable anabolic effects. It should also be noted that it is quite
possible that the mechanisms by which GH exerts its pro-thymopoietic effects may be via
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the production of other hormonal/cytokine survival factors such as IGF1, KGF or possible
even GRL.
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Figure 2. Intrathymically-expressed GH and acylated GRL proteins appear to co-localize in the
murine thymus and this co-expression appears to diminish with age

(Upper Panel) GH (green) and acylated GRL (red) immunopositivity appears to be quite
strong in both the cortical and medullary regions of the 2- and 4-month old thymi shown
here. The majority of the thymic GH staining appears to co-localize with the acylated GRL
protein (yellow). Over time, the thymic GH and acylated GRL levels start to diminish. In
18- and 24-month old mice (Lower Panel), the total intrathymic GH and acylated GRL
levels are almost entirely absent in these sections. These results have since been confirmed
using real time RT-PCR analysis of whole thymi and thymocytes derived from mice at

Curr Opin Pharmacol. Author manuscript; available in PMC 2011 August 1.



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

1duasnuey Joyiny vd-HIN

Taub et al.

Page 27

different ages (data not shown). These sections are representative of 2 or more thymi in each
group,
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Figure 3. Acylated GRL increases thymic size and cellularity in aging mice

(A) Acylated GRL is infused for 2 weeks via s/c osmotic pumps after which thymic size,
weight and cellularity is examined. A significant increase in thymic size in 20m mice
infused with acylated GRL compared to vehicle controls. (B) GRL infusion is also
associated with increased cellularity and much clearer delineation of cortex from medulla as
well as a well defined CMJ, the site where progenitors enter the thymus. (C) Moreover,
acylated GRL infusion into aged (20m) mice increases the total thymocyte numbers and
thymic weight (not shown) compared to vehicle (Sham) control animals. More detailed
studies on the prothymic effects of GRL can be found in Ref. 97.
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