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Abstract

Neuroendocrine hormones such as growth hormone (GH) and prolactin (PRL) have been 

demonstrated to accelerate the recovery of the immune response after chemotherapy and bone 

marrow transplantation and to enhance the restoration of immunity in individuals infected with 

HIV and in normal individuals with compromised immune systems associated with aging. As the 

mechanism of action of these hormones has been elucidated, it has become clear that they are 

integral members of the immunological cytokine/chemokine network and share regulatory 

mechanisms with a wide variety of cytokines and chemokines. The members of this cytokine 

network induce and can be regulated by members of the suppressor of cytokine signaling (SOCS) 

family of intracellular proteins. In order to take advantage of the potential beneficial effects of 

hormones such as GH or PRL, it is essential to take into consideration the overall cytokine 

network and the regulatory effects of SOCS proteins.
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Introduction

This review focuses on the effects of GH, PRL and GH-related molecules on the immune 

system, particularly as these molecules are used to alter immune competency. The review 

will summarize some of the experimental model systems and clinical applications in which 

GH and GH-related molecules have been shown to have positive effects on the immune 

system. We will then summarize examinations of the mechanisms of GH activity. Recent 

studies of GH activity have clearly shown that GH must be considered in a broader context 

that includes cytokines and chemokines. All of these molecules share common regulatory 

mechanisms mediated by the suppressor of cytokine signaling (SOCS) family of molecules. 

We will also illustrate some of the ways in which GH-related molecules, cytokines and 

chemokines can interact with each other via the regulatory effects of SOCS proteins. Finally, 

we will summarize recent studies that have taken into account the interplay among these 

systems and then devised strategies to circumvent problems such as GH-resistance.

In vivo and in vitro findings demonstrating the utility of GH and PRL

Bone marrow transplantation

The pituitary-derived hormones GH, PRL and the GH-stimulated molecule insulin-like 

growth factor-1 (IGF-1) have all been demonstrated to accelerate recovery of the immune 

system following transplantation of various types of cells. For example, Murphy, et al., [1] 

transplanted murine thymocytes or human PBL into SCID mice and demonstrated that 

treatment with recombinant human GH (rhGH) stimulated increased engraftment of cells 

from both species. Other studies from this group showed that GH could exert effects both on 

hematopoiesis in the bone marrow (BM) [2] and on thymopoiesis [3]. Subsequently, this 

group [4] demonstrated that rhGH accelerated hematopoietic recovery after syngeneic BM 

transplantation (BMT). Shortly thereafter, this group [5] reviewed their previous studies and 

concluded that treatment with GH or PRL, although less potent than agents such as IL-2 or 

G-CSF, demonstrated real promise in accelerating recovery after BMT. More recent studies 

[5] have examined the effects of PRL in more detail and confirmed its effectiveness in 

accelerating recovery after congenic or syngeneic BMT.

The effects of GH and PRL can also be demonstrated in vitro in fetal thymocyte organ 

cultures (FTOC) under serum-free conditions in which one can carefully control hormone 

exposure. Carreno et al., [6] demonstrated that PRL functions in FTOC to increase 

thymocyte numbers. Similarly, we have compared GH and PRL and demonstrated they 

increase thymocyte numbers as illustrated in Figure 1. Other studies have extended the 

model systems to examine the effects of rhGH or its downstream effector molecule IGF-1 

on allogeneic BMT in mice. In one study [7], T-cell depleted C57Bl/6 (H2b) BM cells were 

transplanted into lethally irradiated Balb/c (H2d) recipients that also received daily injections 

of saline (control) or 20 micrograms of rhGH for 4 weeks after transplantation. The rhGH-

treated mice exhibited accelerated recovery of total thymocytes, B cells and both CD4+ and 

CD8+ T cells. Although the differences between rhGH-treated and controls essentially 

disappeared by day 28 after BMT, the treated mice showed faster rejection of third-party 

allografts.
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GH has also been shown to work in allogeneic settings. For example, the van den Brink 

laboratory [8] examined the effect of rhIGF-1 that was continuously given (4mg/kg/day) 

from days 14–28 after three models of allogeneic BMT, namely, MHC matched/background 

disparate and two models of parent into F1. In these more clinically relevant models, 

rhIGF-1 accelerated recovery of lymphoid and myeloid (granulocytes) cells, but did not 

exacerbate GvHD. Thus, in some murine models, GH, or its principal effector molecule 

IGF-1, can hasten the recovery of T and B cells after allo-BMT without increasing GvHD.

Another area in which GH treatment has been examined is recovery of immune function 

after depletions caused by chemotherapy. Murphy, et al., [2] performed an early study 

examining the effects of GH on recovery following azidothymidine (AZT), a reverse 

transcriptase inhibitor that was used as the first anti-HIV therapy. In the study, normal and 

SCID Balb/c mice were first treated with rhGH alone, which increased the content of 

hematopoietic progenitor cells. Mice were then treated with AZT followed by rhGH, which 

can also bind to the murine PRL-receptor [9], or ovine GH (ovGH) which does not bind the 

PRL-R in mice. Both types of GH accelerated recovery from AZT toxicity demonstrating 

that the effect was mediated through the GH receptor. In clinical settings, GH therapy after 

chemotherapy raises many concerns due to the possible growth-promoting effects on tumor 

cells. In a more recent study [10], patients with hematological malignancies who had 

received intensive chemotherapy were given rhGH (500 micrograms/day) or placebo for 6 

weeks. There was no difference in the time to relapse between groups and the GH-treated 

patients had accelerated platelet recovery. Thus, there may be applications in which GH can 

be used to treat immune depletion following chemotherapy. However, significant questions 

remain concerning the possible effects of GH on tumor cells although the cited studies 

detected no such effects. Although it can be noted that in one clinical trial [11] in which 

patients were given rhGH or placebo after surgery for gastrointestinal malignancies, there 

was no evidence that GH had adverse effects and, in fact, the GH-treated patients has 

slightly increased survival times and time to relapse.

Treating HIV/AIDS

There has been considerable interest in using GH to treat HIV-infected patients, both to 

reverse the wasting that can occur and to attempt to restore the immune system. GH received 

FDA approval for the treatment of HIV patients in 1995 [12] and a number of studies have 

been performed since that time. Many of the early studies had limited or mixed results. For 

example, Nguyen et al., [13] gave rhGH or rhIGF-1 to patients with CD4 counts of 100–

400/microliter for 12 weeks. The treated patients did show modest weight gains (~4kg), but 

there was no significant increase in CD4+ T cell numbers. One patient demonstrated a 

significant increase in IL-2 production elicited in vitro by antigens or polyclonal activators. 

These early studies of GH in HIV patients were summarized in 2004 by Kelley [14]. As 

noted in that review, HIV patients typically required 5–10 fold higher “pharmacological” 

amounts of GH to achieve results that could be obtained in non-HIV infected GH-deficient 

patients by “physiological” amounts of GH. Krentz, et al., [15] demonstrated that AIDS 

patients did not show elevations in IGF-1 if given physiologic amounts of GH, but required 

5–10 fold higher amounts. It was subsequently reported that GH resistance in AIDS was 

related to ongoing inflammation [16]. Other studies [17, 18] showed similar resistance to 
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IGF-1 indicating that even if sufficient GH could be given to induce IGF-1 that resistance 

could still occur. More recent studies have elucidated some of the connections between 

inflammation and GH-mediated effects and these connections will be more fully discussed 

below.

Since those earlier studies, highly aggressive anti-retroviral therapy (HAART) has resulted 

in much more effective control of HIV infection and this improved viral control has almost 

certainly reduced the level of inflammation. Since the widespread use of HAART, there 

have been more studies showing that GH can improve the immune status of HIV patients. 

For example, an elegant study by Napolitano, et al., [19] showed by imaging that GH 

treatment increased thymic mass and this increase was accompanied by increase in 

circulating CD4 cells. More recent studies by this same group have not only demonstrated 

increased T cell numbers but also improved T cell function (personal communication). Pires 

et al [20] have also shown that rhGH given to patients also receiving HAART resulted in 

increased T cell numbers and increased their in vitro antigen-specific responsiveness. The 

potential restorative effects of GH have not been limited to T cells. The same group [21] 

also demonstrated that GH could increase the number and function of CD56Bright NK cells, 

which are typically depleted in patients receiving HAART alone. Thus, under current 

conditions in which more effective anti-retroviral therapy has lowered the baseline state of 

inflammation in HIV-infected individuals, it appears that GH therapy could be effective in 

restoring the immune response.

Aging

Decreased levels of GH and thymic involution occur with increasing age leading to 

experiments to test whether GH could reverse the adverse effects on the immune system. 

Kelley, et al [22] examined the effect of GH in an interesting model in which pituitary tumor 

cells that produced GH and PRL were implanted subcutaneously into 16 and 22 month old 

rats. When the rats were sacrificed and examined two months later, the treated rats had 

readily detectable thymus glands whereas thymus tissue was essentially undetectable in the 

untreated animals. Treated rats had more T cells and more helper type T cells and their 

splenocytes had substantially higher responses to lectin stimulation. More recently, the 

Kelley group [23] performed a similar but more extensive set of studies on 24 month old rats 

that received the same type of GH-producing tumor cells or rhGH. In addition to the effects 

on GH on thymic tissue, they also observed that GH increased hematopoietic precursor cells 

and reduced adipocytes in the bone marrow and resulted in more extensive extramedullary 

hematopoiesis. The Dorshkind laboratory [24] has examined the ability of IGF-1 to improve 

the effectiveness of BMT into 18 month old mice. In their model system, 18 month old 

BALB/c mice were given IGF-1 for 2 weeks or were sublethally irradiated and transplanted 

with syngeneic young BM cells alone or with IGF-1. IGF-1 given alone increased thymic 

cellularity by approximately two-fold. However, there was a much greater increase in 

thymic function in mice that were irradiated, given two injections of BM cells 4 hr and 7 

days post irradiation, followed by implantation of a minipump loaded with saline or IGF-1 

three weeks after the second dose of cells. A group at Merck [25] has extended these types 

of studies by examining the effects of a non-peptide agent that stimulates GH secretion. This 

drug was given for three weeks to 5–6 week old (young) mice or 16–24 month old (aged) 
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mice. In the young mice, the drug stimulated increased numbers of blood lymphocytes, but 

had no detectable effect on T or B cell proliferative responses. On the other hand, the treated 

aged mice did not have increased numbers of blood lymphocytes but did have increased 

thymic cellularity and displayed increased resistance to a transplantable tumor (EL4). Thus, 

these studies have shown that treatment with a drug that stimulates GH secretion, treatment 

with GH itself or treatment with IGF-1, the downstream effector of GH, can all have 

positive effects in restoring aspects of the aged immune system.

Mechanism of GH actions and Regulation

While detailed accounts of the mechanisms by which GH and its upstream and downstream 

related molecules act on cells and how these signaling pathways are regulated are well 

beyond the scope of this review, it is important to emphasize that GH stimulated effects 

share mechanisms with a large family of cytokines and chemokines. The shared pathways 

suggest that these molecules have common regulatory mechanisms. In fact, there are shared 

regulatory components and these components exhibit a high degree of cross-talk such that 

feedback mechanisms stimulated by inflammatory cytokines, e.g., IL-6 or TNFα, can also 

exert their inhibitory effects on other pathways including GH. This section will summarize 

these regulatory processes and point out observed biological effects in which these processes 

may be directly involved.

GH-mediated stimulation

Detailed studies of GH action have been possible because GH itself was cloned over 20 

years ago [26], [27] [28] and the GH receptor (GHR) was cloned shortly thereafter [29], 

[30]. The human GHR (hGHR) is a type I transmembrane protein of 687 residues that has no 

sequence homology with known kinases in its cytoplasmic region. The most widely 

accepted model of GH-stimulated GHR activation involves GH binding initiating 

dimerization of the GHR [31]. However, a more recent model is based upon the GHR being 

in a constitutive dimeric state. In this model, the binding of GH to the existing GHR dimer 

causes a rotation within the complex that creates the sites for kinase binding discussed 

below [32].

Regardless of whether GH-stimulated GHR dimerization is an essential step, there continues 

to be agreement that GH-GHR interaction leads to the creation of a binding site for a 

member of the Janus kinase family (JAK2) of tyrosine kinases [33]. JAK2 phosphorylates 

itself and the GHR creating in turn a binding site for members of the signal transducers and 

activators of transcription (STAT) family of transcription factors via their SH2 domains. 

Activated JAK2 is known to phosphorylate at least four members of the STAT family, 

namely STAT 1, 3, 5a and 5b [34]. Phosphorylated STATs dimerize, move to the nucleus 

and become activators of transcription factors. Activated JAK2 can also mediate effects via 

the Ras-mitogen-activated protein (Ras-MAP) kinase pathway leading to expression of 

several transcription factors including fos, jun and egr1 [35] [36].

The possibility of cross-talk among GH and various cytokines is partially based on the fact 

that the JAK-STAT pathway is involved in numerous receptor-mediated signaling processes 

as summarized by Imada and Leonard [37]. In Table 1 of that review, it is noted that JAK2 
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is involved in signaling by GH, PRL, erythropoietin (EPO), IFN-γ, IL-13, IL-3, IL-5, IL-6, 

IL-12 and GM-CSF among others. Other members of the JAK family, (i.e., JAK1, JAK3, 

TYK2), are involved in signaling by other cytokines including IL-2, IL-4, IL-7 and IL-15 

that are central players in many aspects of the immune response. Thus, regulatory 

mechanisms that affect signaling by one of these molecules could also affect others.

Suppressor of cytokine signaling (SOCS) proteins

In the late 1990’s, a group of molecules now known as the suppressor of cytokine signaling 

(SOCS) family was described and these molecules comprise a common regulatory 

mechanism for GH, cytokines and chemokines. The SOCS literature is voluminous 

consisting of more than 1000 papers including more than 150 reviews. Thus, our goal here is 

to point out some of the ways in SOCS proteins can regulate and cross-regulate GH relevant 

processes in immunity.

The SOCS family consists of 8 members, i.e., SOCS1-7 and CIS, that all share two 

structural features, namely an SH2 domain and a region known as the SOCS box [38]. 

Production of the SOCS proteins is induced by cytokine signaling via the JAK-STAT 

pathway and these proteins can then mediate feedback inhibition of the JAK-STAT pathway 

via several mechanisms. In addition to the common domains, SOCS1 and SOCS3 uniquely 

contain a kinase inhibitory region (KIR) that can bind to JAKs and directly inhibit JAK 

activity [39], [40]. The SH2 domains of the SOCS proteins mediate binding to 

phosphorylated JAKs and other intermediates and in turn interfere with STAT binding and 

activation. Finally, the SOCS box domain is involved in the ubiquitin pathway that leads to 

degradation via proteasomes [41]. With that broad overview in mind, we can now point out 

some specific examples of how SOCS family members can be involved in GH relevant 

processes in immune cells.

It is first important to note that GH interaction with the GHR stimulates the production of 

SOCS2, SOCS3 and CIS [42] which in turn inhibit GH stimulation. The mechanisms of 

negative regulation of GH stimulations have recently been reviewed in detail [43]. In 

addition to the JAK inhibition mediated by the KIR domains, the SOCS box domains can 

down-regulate GHR expression by ubiquitination and targeting to proteasomes for 

degradation. Gene knockout mice have helped to clarify the relative importance of the 

SOCS proteins in GH mediated effects. For example, it is clear that SOCS2 is a key player 

in normal GH feedback inhibition since Socs2−/− mice exhibit gigantism and are 30–40% 

larger than normal littermates [44] [45]. However, there are other layers of complexity since 

SOCS proteins can also target SOCS proteins for degradation [46]. Thus, Socs2Tg mice that 

over express SOCS2 are not dwarf mice but instead are also larger than normal littermates 

[47] [48]. It has been interpreted that SOCS2 over expression leads to accelerated 

degradation of one or more other members of the SOCS family that can also provide 

feedback inhibition to GH signaling. SOCS3 is a likely target since it has been demonstrated 

that GH leads to SOCS3 upregulation which in turn renders cells GH refractory by blocking 

JAK2 activation [49]. It should also be noted that the response to PRL, which utilizes the 

JAK-STAT pathway, can also be regulated by SOCS proteins [50]. Thus, the SOCS 

proteins, while not the only mechanisms of GH regulated effects, are clearly important. 
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Furthermore, if SOCS proteins are upregulated by activation through other cytokine 

systems, then the result can be an effect on GH signaling. These commonalities in signaling 

were recognized several years ago to place both GH and PRL in the “cytokine network” 

[51].

SOCS effects on receptor tyrosine kinases

The network of regulatory effects mediated via SOCS proteins can also extend to receptor 

tyrosine kinases including the IGF-1 receptor that mediates the effects stimulated by IGF-1 

produced as the result of GH signaling. It was recognized several years ago that SOCS2 

could interact with and inhibit the IGF-1R [52]. It has been subsequently demonstrated that 

not only could IGF-1R be affected by SOCS proteins, but that IGF-1R signaling could 

upregulate the expression of SOCS3 directly [53]. Stem cell factor (SCF) receptor (kit) is 

another receptor tyrosine kinase that is relevant to hematopoietic recovery since it is 

expressed on a variety of stem cells. SOCS1 can block signaling through kit [54] and this 

group [55] later showed that SOCS6 may be specific for receptor tyrosine kinases. 

Therefore, SOCS proteins can be involved in cell signaling in hematopoietic cells from the 

earliest stage of HSCs through cells expressing GH or PRL receptors to cells responding to 

IGF-1, the downstream effector molecule of GHR stimulation.

Distribution of GH and PRL receptors

Bearing in mind that GH-related effects on the immune system can be affected by and can 

affect many other systems, how might GH and/or PRL mediate the biological effects 

summarized above? One important consideration in determining whether the effects are 

direct and/or indirect is the distribution of receptors for GH, PRL and IGF-1. These 

receptors are widely expressed on many tissues including cells of the immune system. For 

example, Badolato et al. [56] used fluorescent antibody to GHR and fluorescent hGH and 

flow cytometry to show that GHR and GHR binding activity was present on human T, NK 

and B cells with higher levels of expression on B cells. Likewise, Gagnerault et al. [57] used 

antibody to murine GHR and flow cytometry to examine their expression on lymphoid cells. 

GHR expression was found on all lineages of hematopoietic cells in the bone marrow and on 

several subsets in the thymus. In the spleen and lymph nodes, substantial fractions of both T 

and B cells expressed GHR molecules. T cell activation with Con-A or anti-CD3 caused 

increased expression. This group [58] subsequently reported that cells expressing GHR also 

expressed receptors for PRL. Similarly, GHR mRNA was found to be widely distributed in 

the lymphoid tissues of fowl [59]. Chen, et al., [60] examined cells from bovine fetal spleen 

and thymus tissue and found GHR expression in early to mid-gestational age with 

expression diminishing in later gestation. In vitro experiments showed that incubation of 

GHR+ cells with GH resulted in downregulation of GHR expression. GHR expression has 

also been shown on human lymphoid and myeloid cell lines [61]. Pankov [62] reviewed 

these and other studies that showed that lymphoid tissues including the spleen, thymus, 

lymph nodes and peripheral blood cells expressed GH, GHR and IGF-1, the downstream 

effector of GH. Thus, GH and PRL can act directly on hematopoietic cells including 

lymphocytes to mediate effects such as enhanced proliferation [63] [64] and/or inhibition of 

apoptosis, e.g., [65], [66], [67], [68].
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GH effects on the thymus

Because of the great interest in the thymic-dependent generation of T cells, there has been 

particular attention devoted to examining the ways in which GH, PRL and IGF-1 could 

mediate effects on the thymus. As we illustrated above (Fig. 1), GH and PRL can act 

directly on isolated fetal thymic tissue to expand the number of thymocytes. From studies of 

the mechanism(s) responsible, it has emerged that these molecules could act on thymic 

function in several ways. First, as noted above, GH, PRL and/or IGF-1 can directly expand 

the number of thymocytes by enhancing their proliferation [63] [64]. Second, it was 

recognized several years ago that GH and IGF-1 could stimulate the growth of thymic 

epithelial cells (TEC) which are needed to support thymic function, e.g., [69], [70]. 

Expanded numbers of TEC produce increased amounts of extracellular matrix material such 

as laminin that are essential for thymocyte adherence [71]. Third, PRL can act indirectly to 

support the proliferation of thymocytes by directly stimulating the production of IL-2. 

Carreno, et al., [6] demonstrated that thymocytes expressed PRL receptors and then showed 

that PRL-stimulated proliferation could be blocked by an antibody to the IL-2R alpha chain 

(CD25) indicating that PRL stimulated a process involving IL-2/IL-2R interactions. Fourth, 

GH can enhance the production of the chemokine CXCL12 (formerly known as stromal 

derived factor-1 or SDF-1) by TEC leading to increased chemotaxis of CXCR4 expressing 

thymocytes [72,73]. It should be noted that CXCR4 is a JAK/STAT dependent receptor that 

is also affected by SOCS proteins [74] and some of the resulting implications will be further 

discussed below. Thus, there are multiple mechanisms by which PRL, GH and its 

downstream effector IGF-1 can increase thymic mass and improve thymic function. These 

mechanisms can help explain the biological effects that were summarized above.

CXCR4 and CXCL12 interactions

The effects mediated by the interaction of CXCL12 with its receptor CXCR4 are important 

in thymic function, as noted above, and equally important in the interactions of stem cells 

with bone marrow stromal cells. In the context of HIV infection, CXCR4 is also an 

important molecule since it is utilized as a binding protein by HIV along with CD4 and 

CCR5 leading to impaired thymic function, e.g., [75]. The interaction of CXCL12 with 

CXCR4 is mediated through the JAK/STAT pathway [76] and is inhibited by SOCS3 [77]. 

The inhibition is not associated with a loss of CXCR4 expression but SOCS3 acts in this 

system primarily to block JAK binding and activation [77]. These observations are of 

importance because conditions that elevate SOCS3 expression, such as inflammatory 

cytokines or GH itself, could lead to impaired CXCL12-CXCR4 mediated functions 

illustrating yet another way in which inflammation can interfere with T cell generation and 

activity. However, these activities can also be utilized to good effect in some situations. For 

example, Pello et al. [78] has recently described the use of GH to mobilize stem cells from 

the bone marrow into the circulation. In their system, GH was shown to increase both 

SOCS1 and SOCS3 expression which in turn inhibited the chemotactic activity normally 

stimulated by the binding of CXCL12 to its receptor CXCR4 leading to the release of stem 

cells from the bone marrow. SOCS-mediated effects on CXCR4 signaling are likely also 

involved in G-CSF stimulated stem cell mobilization since the G-CSF receptor also acts 

through the JAK/STAT pathway [79].
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Ghrelin

Although the discussion to this point has focused primarily on the direct and downstream 

effects of PRL and GH and how these effects interact with regulate and can be regulated by 

cytokines and chemokines, upstream molecules that stimulate GH production have 

interesting and somewhat unexpected effects that should also be noted. In some cases, 

upstream effector molecules produce exactly the sorts of effects that one would expect as 

illustrated by two types of findings. The production of GH by pituitary cells is stimulated by 

another pituitary product known as growth hormone releasing hormone (GHRH), e.g., 

reviewed by Mayo, et al. [80]. Subsequent studies examining transgenic mice over-

expressing either GH or GHRH [81] have shown that both types of mice had similar 

phenotypes including enlarged spleens and lymph nodes. Similarly, it was noted above that a 

synthetic agent that stimulated GH production independently of the GHRH receptor 

produced effects resembling those produced by GH [25]. In these cases, upstream 

stimulation of the GH system produced predictable and expected results. However, 

additional studies with the synthetic GH secretagogue led to characterization of a new 

receptor and its natural ligand, i.e., ghrelin, that have produced unexpected results and that 

have opened new areas of study that will be briefly summarized.

Howard, et al. [82] in 1996 described how small molecule GH secretagogues were used to 

clone and characterize a receptor in pituitary cells in addition to the GHRH receptor that 

stimulated GH secretion. Subsequently, Kojima, et al. [83] isolated a peptide of 28 residues 

from rat stomach that bound the GHS-R which they named ghrelin. The peptide is unusual 

in that the serine residue in position 3 is n-octanoylated and this acyl group is required for 

activity. Ghrelin was shown to function in humans also and to be a more powerful stimulus 

for GH production that GHRH [84]. Although ghrelin was initially isolated from rat and 

human stomach tissue, later studies showed that tissues other than the stomach could also 

produce it. For example, mRNA for ghrelin and for its receptor were found in all human 

tissues that were examined including lymph nodes, circulating lymphocytes and spleen [85]. 

Ghrelin has generated tremendous interest since its initial description and has been recently 

reviewed, e.g., [86]. Despite the extensive studies, there are basic questions remaining 

concerning ghrelin and its receptor. For example, adenosine is a partial agonist for the 

ghrelin receptor that binds to the receptor via a different site [87] and that mediates signals 

through different pathways [88]. In addition, while the acyl group on ghrelin is essential for 

it to stimulate GH production, both acyl and des-acyl ghrelin have anti-apoptotic effects on 

cardiac myocytes [89]. This finding demonstrating biological activity for des-acyl ghrelin 

supports the speculation that an additional receptor may exist for ghrelin. Attempting to 

discuss the full range of studies concerning ghrelin is beyond the scope of this review (see 

Patel and Taub in this review series), so we will focus on unexpected findings concerning 

the ability of ghrelin to suppress inflammatory responses and promote thymopoiesis.

One of the most interesting activities of ghrelin is its ability to inhibit inflammatory 

responses both in vitro and in vivo. The occurrence of ghrelin receptors on lymphoid tissue 

was implied by the presence of mRNA in those tissues [85] and has been subsequently 

confirmed at the level of protein [90]. After finding ghrelin receptor expression on human 

lymphocytes and monocytes, the Taub laboratory showed that ghrelin blocked the 
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production of the inflammatory cytokines IL-1α, IL-1β, IL-6 and TNFα in vitro and also 

blocked the generation of inflammatory processes in an in vivo mouse model [90]. The anti-

inflammatory effects are not limited to lymphocytes, monocytes and dendritic cells (D. 

Taub, personal observation) since ghrelin can also inhibit the production of inflammatory 

cytokines from endothelial cells by blocking the activation of NFκB [91]. The anti-

inflammatory effects have been confirmed in other in vivo models. For example, in a model 

of adjuvant-induced arthritis in rats, a ghrelin agonist significantly reduced the symptoms 

[92]. Ghrelin also significantly reduced the inflammatory gastrointestinal damage in a 

murine model of colitis [93]. These studies clearly have shown that ghrelin can reduce 

inflammation; however, it is unclear if ghrelin also mediates its effects via SOCS family 

members that inhibit beneficial immune responses. It has been demonstrated that a cell-

permeate recombinant form of SOCS3 could protect animals from LPS-induced damage in 

vivo presumably by blocking the response to IL-6, TNFα, etc., [94]. It has also been 

reported that SOCS proteins could inhibit Toll-like receptor (TLR) signaling that lead to the 

production of inflammatory cytokines [95]. However, more detailed studies showed that 

SOCS proteins did not directly regulate the activation of NFκB leading to cytokine 

production [96]. The effect of SOCS proteins was indirect by blocking downstream 

autocrine/paracrine responses from type I interferons that were stimulated by the TLR 

signaling. Thus, the anti-inflammatory effects of ghrelin and ghrelin agonists appear to be 

mediated by processes independent of SOCS proteins.

Based on the ability of GHS-R agonists to stimulate the GH-IGF-1 axis, Koo and colleagues 

[25] treated 14-month old mice with a synthetic GHS-R agonist for three weeks and 

examined the effects on the thymus and bone marrow. As discussed earlier in this text, their 

results revealed that oral GHS administration resulted in a significant increase in thymic 

cellularity in old mice along with improved 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. However, the precise role for GH in 

mediating these effects remains to be defined. More recently, Taub and colleagues [97, 98] 

have demonstrated that administration of acylated but not des-acylated ghrelin into aged (6-, 

14- and 24-month old) but not young (2- and 4-month old) mice resulted in a partial reversal 

of thymic involution. Infusion of ghrelin also significantly improved the age-associated 

changes in thymic architecture and thymocyte counts along with an increase in recent 

thymic emigrants, an improvement of TCR diversity of peripheral T cell subsets and 

increased numbers of early thymocyte progenitors (ETP), common lymphoid progenitors 

(CLP) and bone marrow-derived pluripotential stem cells [97]. Furthermore, the ghrelin and 

GHS-R deficient mice displayed enhanced age-associated thymic involution with reduced 

thymopoiesis, contraction of stem cells and major perturbations in the TCR repertoire of 

peripheral T lymphocytes [97]. These findings demonstrate a novel role for ghrelin and its 

receptor in thymic biology and T cell development. The overall 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 [98]. Furthermore, it should 

be noted that the expression of ghrelin and GHS-R as well as GH appear to be significantly 

diminished with age within specific immune subsets and lymphoid organs, including the 

thymus. While the relevance of immune-derived hormone deficiency with age remains to be 
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defined, we believe that this loss of GH and ghrelin secretion may be associated with a loss 

of control of cytokine expression resulting in increased levels of circulating and tissue-

associated IL-6 and other proinflammatory cytokines (commonly observed in older 

subjects), possibly playing a role in thymic loss and immune dysfunction. Moreover, loss of 

lymphoid-associated ghrelin and GH may also result in significant changes in the thymic 

anatomy and the mediators playing a role in the maintenance of thymic structure and 

thymocyte development [98]. Thus, the loss of ghrelin or GHS-R (and GH) expression in 

aging subjects may actually influence the rate of thymic involution as well as the diminished 

hematopoiesis and thymopoiesis observed with advancing age.

Future Directions

We began this review by noting some of the many studies demonstrating that 

neuroendocrine hormones such as GH and PRL can have beneficial effects on the immune 

system, particularly when it has been compromised by disease, therapy or aging. However, 

these hormones use the same pathways and are subject to the same feedback regulatory 

effects of SOCS proteins as do inflammatory cytokines and others required for normal 

immune responses. Elevated levels of SOCS proteins can be protective by inhibiting the 

deleterious effects of inflammatory cytokines such as TNFα or IL-6 but can also reduce 

overall immune capabilities by blunting the development of effective immunity as the result 

of blocking the actions of cytokines such as IL-2, IL-4, IL-7 and IL-15. Therefore, 

combination treatments of anti-inflammatory agents and hormones such as GH would 

appear to be much better than simply administering agents such as GH to restore damaged 

immune systems. As noted above, ghrelin or ghrelin agonists could be particularly effective 

by combining their ability to stimulate GH production with their inherent anti-inflammatory 

effects. This approach is currently being used clinically to treat inflammatory bowel disease 

(IBD) by combining an antibody to TNFα, i.e., infliximab, with GH as recently reviewed 

[98]. IBD is not an immunodeficiency disease but depletion of TNFα overcomes the 

resistance to GH permitting it to mediate effects to stimulate the repair of damaged tissue. In 

the future, it will be of interest to determine if anti-inflammatory therapy can improve the 

effectiveness of GH treatments in conditions such as aging that are accompanied by 

increased levels of inflammatory cytokines. Moreover, the potential therapeutic use of 

ghrelin and GHS-R agonists in the management of acute and chronic inflammation and 

cancer and in restoration of thymic function in aged and immunocompromised individuals 

needs to be explored. Such GH-inducing agents may be quite valuable in the patients 

undergoing bone marrow transplantation where it is necessary to engraft and replenish the 

host after radiation treatment with donor cells.
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Figure 1. Promotion of Thymopoiesis by rhGH or rhPRL in Fetal Thymic Organ Cultures
Thymic lobes from day 14.5 gestation age C57BL/6 fetal mice were cultured for 13 days 

over transwell membranes containing serum-free media (Stemspan Expansion Medium, 

StemCell Technologies, Vancouver, CA) with the indicated concentration of rhGH (Serono 

Inc, Rockland, MA), rhPRL (kindly provided by Genzyme Corp., Cambridge, MA) or 10 

ng/ml rhIL-7. At the end of the culture, cells were dissociated from the lobes, viable cells 

numbers were assessed using the Viacount method (Guava Technologies, Hayward, CA), 

labeled with CD45-FITC, CD4-PE and CD8-PC5 and analyzed by flow cytometry. A. 

Representative dotplots demonstrating normal distribution of thymocytes in lobes cultured 

with rhGH or rhPRL. Cells were gated on CD45+ expression. B. Significant increases in 

total viable cells in FTOC cultured with 10 ng/ml of rhGH (ANOVA with Dunnett’s post-

hoc test p< 0.05).
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