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In the context of immunoneuroendocrine cross talk, growth hormone (GH) exerts pleiotropic effects in the immune
system. For example, GH-transgenic mice, as well as animals and humans treated with GH, exhibit enhanced cellularity
in the thymus. GH also stimulates the thymic microenvironment, augmenting chemokine and extracellular matrix
(ECM) production, with consequent increase in ECM- and chemokine-driven thymocyte migratory responses.
Peripheral T cell migration triggered by laminin or fibronectin was enhanced in cells from GH-transgenic versus
wild-type control adult mice, as seen for CD4" and CD8" T cells from mesenteric lymph nodes. Migration of these
T lymphocytes, triggered by the chemokine CXCL12, in conjunction with laminin or fibronectin, was also enhanced
compared with control counterparts. Considering that GH can be used as an adjuvant therapy in immunodeficiencies,
including AIDS, the concepts defined herein, that GH enhances developing and peripheral T cell migration, provide

new clues for future GH-related immune interventions.
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Introduction

In the context of crosstalk between the neuroen-
docrine and immune systems, growth hormone
(GH) exerts pleiotropic effects in central as well
as peripheral compartments of the immune
system.!? For example, in the thymus, a primary
lymphoid organ where T cells differentiate, GH
upregulates proliferation of distinct cell types,
such as thymocytes and thymic epithelial cells.
Accordingly, GH-transgenic mice, as well as animals
and humans treated with exogenous GH, exhibit
an enhanced cellularity in the organ.>* Conversely,
there is a severe thymic atrophy in GH receptor-
deficient mice.” GH also stimulates the secretion
of thymic hormones, cytokines, and chemokines
by the thymic microenvironment, as well as the
production of extracellular matrix (ECM) proteins,
including laminin and fibronectin.!* Importantly,
these effects are largely mediated by an IGF-1/IGF-1

doi: 10.1111/].1749-6632.2012.06637.x

receptor interaction.® Herein, we will summarize
recent data on the role of GH upon the migration
of thymic and peripheral T lymphocytes.

Migration of developing T lymphocytes is
enhanced by GH

From the entry of bone marrow-derived T cell pre-
cursors, to the exportation of mature T cells from
the thymus to the periphery of the immune system,
migration of developing T cells is a key process for
normal thymopoiesis.”

T cells develop in the thymus from bone marrow—
derived precursors that continuously seed the organ
via blood vessels. Interestingly, it has been demon-
strated in a xenogeneic model that GH stimulates
the chemotaxis and the adhesion of human periph-
eral T cells into the thymus of severe combined im-
munodeficiency mice, an event partially mediated
by integrin-type cell adhesion receptors.®
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Within the thymus, the journey of developing
thymocytes is controlled by various cell migration-
related ligand/receptor pairs, such as those involv-
ing ECM proteins and chemokines.’!° Accordingly,
we postulated that the oriented cell movement of
developing thymocytes is a multivectorial process
in which each vector corresponds to a given lig-
and/receptor pair interaction that contributes to the
global biological event of cell migration.'!

Since intratissue lymphocyte migration depends
on sequential events of cell adhesion/de-adhesion,
we tested whether GH could modulate adhesion
of thymocytes to cultured thymic epithelial cells
(TEC), the major component of the thymic mi-
croenvironmental tridimensional network, which
supports the general process of intrathymic T cell
differentiation.'? Treatment of cultured human TEC
with GH resulted in increase of thymocyte/TEC
adhesion, and the effect was due to the enhance-
ment of the amounts of fibronectin and laminin,
together with the expression of their correspond-
ing receptors, VLA-5 and VLA-6, on TEC mem-
branes.” Accordingly, when we treated growing
TEC with neutralizing antibodies either to ECM
ligands or to the corresponding integrin-type re-
ceptors, we were able to abrogate the enhancement
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of thymocyte adhesion to TEC monolayers. In the
same vein, the production of laminin by thymic
nurse cells (TNCs, special lymphoepithelial niches
in the outer cortex of the thymic lobules) derived
from GH-transgenic mice was also increased com-
pared with wild-type controls, and thymocyte re-
lease from TNCs was faster in GH-transgenic ani-
mals.’> Moreover, we found that laminin deposition
was enhanced in GH-treated normal mice and in
GH-transgenic animals, compared with respective
controls.>1* Nevertheless, it remains to be deter-
mined whether the production of various laminin
isoforms is upregulated by GH, or if such an effect is
restricted to a given isoform. In any case, the respon-
siveness of thymocytes to laminin-111 is apparent.
We showed that in GH-transgenic mice thymocyte
adhesion to laminin was higher than in control mice,
and an enhancing effect was also observed ex vivo
when thymocytes were allowed to migrate through
laminin-111-coated transwell chambers. The speci-
ficity of these effects was demonstrated by show-
ing that they could be blocked with an anti-CD49f
monoclonal antibody, which recognizes the alpha-6
chain of the integrin-type laminin receptor VLA-
6.1 Interestingly, membrane expression of VLA-
6 (which recognizes distinct laminin isoforms) on
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Figure 1. GH treatment enhances in vivo homing of CD4" T cells to lymph nodes. The graphics reveal that normal mice
intrathymically treated with GH exhibit more CD4" and CD8" recent thymic emigrants in both subcutaneous (SLN) and mesenteric
(MLN) lymph nodes, compared with controls injected with heat-induced denaturated growth hormone (dGH). In both cases, recent
thymic emigrants were defined by cytofluorometry following intrathymic injection of fluoresceinisothiocyanate, harvest of lymph
node-derived cells and labeling with anti-CD4 or anti-CD8 fluorochrome-labeled monoclonal antibodies. Statistical significance:

*P < 0.05; **P < 0.01. Modified from Ref. 27.
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Figure 2. GH enhances CXCL12-induced transendothelial migration of thymocytes. The left panel depicts the absolute numbers of
thymocytes that migrated in each experimental condition. The right panel shows the percentage of input for each CD4/CD8-defined
thymocyte subset. Transendothelial thymocyte migration was performed in transwell culture inserts. For that, a murine thymic
endothelial cell line was cultured onto the inserts of the transwell chambers for 48 hours. Freshly isolated thymocytes (pretreated
or not with GH 10=® M for 1 h were then added to thymic endothelial cell monolayer. CXCL12 (100 ng/mL) was applied in the
bottom of the transwell chambers. Two million thymocytes were allowed to migrate for 18 h, and migrating cells were harvested in
the bottom of the transwell chambers, counted, and phenotyped by flow cytometry. Each bar represents the mean % standard error

of one of three independent experiments. * P < 0.05.

thymocytes from GH-transgenic mice did not
change significantly, indicating that GH enhances
the activation levels of this integrin rather than in-
creases corresponding gene expression.

Since thymocyte migration is also influ-
enced by chemokines—CXCL12 being one major
component—"" we sought to determine whether
GH could modulate intrathymic CXCL12-driven
migration. In fact, when CXCL12 was applied, thy-
mocyte migration was consistently higher in GH-
transgenic mice, compared with age-matched wild-
type control animals. This response was blocked by
B. pertussis toxin, which is known to inhibit vari-
ous G-protein coupled chemokine receptors. More-
over, we found that when CXCL12 was applied in
conjunction with laminin-111, there was a synergic
enhancing effect upon migration of GH-transgenic
mouse-derived thymocytes. Of note, an increase in
CXCL12 production was seen in TEC from GH-
transgenic animals, compared with wild-type coun-
terparts, both in situ and in vitro, as defined at the
mRNA and protein levels.?

Thymocyte export also seems to be upregulated
by GH. We recently evaluated transendothelial mi-
gration of GH-treated thymocytes freshly isolated

from normal C57BL/6 mice, in the presence of the
chemokine CXCL12 (Fig. 1). When we pretreated
thymocytes with GH and led them to migrate toward
CXCL12, we observed an increase in the numbers of
migrating thymocytes—in particular, those bearing
the CD4"CD8"* phenotype—when compared with
untreated thymocytes.? In addition, in vivo experi-
ments showed that GH favors the trafficking of naive
CD4"CD8 recent thymic emigrants to the periph-
eral lymph nodes, as could be demonstrated in both
normal mice treated with GH intrathymically and
in GH-transgenic mice,” ' as illustrated in Figure
2. Moreover, in acromegalic patients there is an in-
crease in the relative numbers of circulating CD4* T
lymphocytes, compared with age-matched healthy
individuals.!®> Of note, an increase in the export of
CD4" T lymphocytes from the thymus was seen in
a cohort of HIV-infected patients that received GH
as an adjuvant treatment to highly active antiretro-
viral therapy.!®17 Accordingly, in these subjects the
thymus significantly increased in size, as ascertained
in vivo.'®

It has been shown that HIV-positive children
with GH-deficiency exhibit diminished thymus
volume and reduced circulating CD4* T cells,
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Figure 3. Enhanced migration of mesenteric lymph node derived T cells from GH-transgenic mice. Migration values correspond
to the numbers of cells that migrated toward each specific stimulus (fibronectin, CXCL12, or fibronectin combined with CXCL12)
subtracted from the values obtained when cells were led to migrate through BSA, applied as an unrelated protein. Experiments
were done using two- to three-month-old mice, with at least five animals evaluated per group. The unpaired Student’s t-test was
applied for statistical analyses. Results are expressed as mean & SEM, and differences between wild-type and transgenic groups

were considered statistically significant when * P < 0.05.

compared with HIV-positive children without GH
deficiency.'® Taken together, these data show that
replenishment of the peripheral pool of CD4"
T lymphocytes can be enhanced by GH-based
therapy.

Also, recent data derived from a randomized,
placebo-controlled, double-blind study revealed
that low-dose GH therapy in highly active an-
tiretroviral therapy (HAART)-treated HIV patients
(daily injections of 0.7 mg GH) promoted an in-
crease in thymic emigrants, compared with the
placebo group.'® Moreover, the frequency of recent
thymic emigrants, labeled by the detection of T cell
receptor excision circles (TREC), and total TREC
content significantly increased in the GH group,
compared with the placebo group.'’

GH enhances ECM- and chemokine-driven
migratory responses of peripheral T
lymphocytes

We recently showed that young and middle-aged
GH-Tg mice exhibit higher numbers of B and
T lymphocytes in lymph nodes and spleens,
compared with wild-type age-matched controls.?’
Similarly, it has been demonstrated that ghrelin, a
neuropeptide having a strong GH-releasing activity,
induces proliferation of peripheral T lympho-
cytes.”! Functionally, we found that migration of
T lymphocytes from mesenteric lymph nodes of
GH-Tg mice, triggered by the chemokine CXCL12
in conjunction with laminin or fibronectin, was
enhanced compared with lymphocytes from wild-
type age-matched counterparts?® (Fig. 3). Since
such effects were not correlated with the membrane

densities of the corresponding receptors, these
findings indicate that GH enhances the activation
state of cell migration—related receptors. It should
be noted that the contents of CXCL12, fibronectin,
and laminin in peripheral lymphoid organs from
GH-transgenic animals were higher than what
was found in corresponding control animals, as
illustrated in Figure 4. Considering that chemokines
attached to the extracellular matrix appear to be
better presented to lymphocytes, we can conceive
that the efficiency of ligand/receptor pair ligation is
higher in a given microenvironment simultaneously
enriched in chemokines attached to an enhanced
ECM-containing network. These findings indicate
that within the lymphoid organs of GH-transgenic
mice, T cells should migrate more rapidly, leading
to a more rapid recirculation of these lymphocytes.

We also evaluated chemotactic migratory re-
sponses driven by the chemokine CCL21, largely
known to stimulate migration of peripheral T lym-
phocytes. We found that CCL21-driven migration of
spleen-derived T lymphocytes from GH-transgenic
mice, triggered by the chemokine CCL21, was en-
hanced compared with lymphocytes from control
mice. Importantly, such an enhancing effect was
even higher when the chemokine was applied in
conjunction with the ECM proteins fibronectin or
laminin.?’

Conceptually, these data tell us that the GH-
induced increase of migratory responses of lym-
phocytes in peripheral lymphoid organs is at least
partially due to a combined action of selected ECM
components and chemokines, thus similar to what
we had previously demonstrated for thymocytes.®?
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Figure 4. Enhanced deposition of fibronectin and CXCL12 in mesenteric lymph nodes from GH-transgenic mice. The deposition
of fibronectin (in red) and CXCL12 (in green) in mesenteric lymph nodes from wild-type and GH-transgenic mice were analyzed
by confocal microscopy. Magnification: 400x. Experiments were done using 2- to 3-month-old mice, with three animals being

evaluated per group.

In this respect, such data highlight the possibility
that the multivectorial concept of cell migration, ini-
tially postulated for thymocytes, can be applied for
migration of peripheral T lymphocytes within lym-
phoid tissues, as well as sites of immunological activ-
ity. Moreover, the ex vivo cell migration data, using
fixed concentrations of CXCL12, together with the
fact that the presence of such chemokines is actually
enhanced within the lymphoid organs suggest that
the real in vivo effect is likely more important than
the one measured ex vivo. In vivo tracking of these
cells will hopefully shed more light on this issue.

Concluding remarks and perspectives

In addition to the well-known role of GH and
its secretagogue ghrelin on thymopoiesis in both
young and aging individuals,”” the data sum-
marized here clearly illustrate the role of GH in
positively modulating T cell migration, both in
the thymus and peripheral lymphoid organs. Yet,
from a physiological point of view, there are several
issues that deserve to be analyzed. For example,
thus far only chemokines and ECM components
have been examined as being targets for GH.
There are several other interactions involved in the
intrathymic trafficking of lymphocytes, including
those mediated by semaphorins/neuropilins?*~>

and Ephs/Ephrins,?® both having chemorepulsive
roles upon thymocyte migration. In addition,
nothing is known about whether GH plays a role in
a key interaction for thymocyte export, namely, the
interaction mediated by sphingosine-1-phosphate
and the type 1 sphingosine-1-phosphate receptor.?’
In any case, and considering that GH can be
used as an adjuvant therapy in treating immunode-
ficiencies, including AIDS, 617 the concepts defined
herein, that GH enhances migration of both devel-
oping and mature peripheral T cells, provide new
clues for future GH-related immune interventions.
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