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Abstract Introduction

Recombinant human growth hormone (rhGH) promotes
human T cell engraftment in mice with severe combined
immunodeficiency, suggesting that rhGH may have ef-
fects on T cell adhesion and migration in vivo. The ability
of rhGH to directly affect the adhesion capacity of hu-
man T cells to a variety of human or murine adhesion
molecules and extracellular matrix proteins was exam-
ined. rhGH induced significant human T cell adherence
to both human and murine substrates via either fl1 or
.82 integrin molecules. rhGH was capable of inducing
significant migration of resting and activated human T
cells and their subsets. Most of the migratory response
to rhGH was chemokinetic rather than chemotactic. In
vivo engraftment studies in severe combined immunode-
ficiency mice receiving human T cells revealed that treat-
ment with rhGH resulted in improved thymic en-
graftment, whereas treatment with non-human-reactive
ovine GHdemonstrated no significant effects. These data
demonstrate that rhGH directly augments human T cell
trafficking to peripheral murine lymphoid tissues. rhGH
appears to be capable of directly altering the adhesive
and migratory capacity of human T cells to molecules of
either murine or human origin. Therefore, GHmay, un-
der either isogeneic or xenogeneic conditions, play a role
in normal lymphocyte recirculation. (J. Clin. Invest.
1994. 94:293-300.) Key words: chemokines * human se-
vere combined immunodeficiency chimeras - trafficking
* lymphocyte migration * neuroendocrine immune effects
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Growth hormone (GH)1 is a polypeptide of 191 amino acids
produced by acidophilic cells in the anterior pituitary and serves
as the major regulator in the promotion of cell growth and
development of a variety of cell types ( 1). GHexerts its growth-
promoting effects either directly or as a result of secondary
mediators such as IGF-I, which is produced in response to GH
in the liver (2). Although primarily known for its metabolic
and neuroendocrine effects, GHhas also been demonstrated to
influence immune system development and function (3). Sev-
eral in vitro and in vivo studies have demonstrated that GH
can affect T lymphocyte function (4, 5) and promote T cell
development in thymus (6).

Recombinant human GH(rhGH) has been shown recently
to promote peripheral human T cell engraftment in mice with
severe combined immune deficiency (SCID) (7, 8). These re-
sults suggested that GHmay affect T cell migration and traf-
ficking in vivo. However, no direct evidence demonstrating an
effect of GHon T lymphocyte homing or migration has been
reported. In this study, we examine the effects of rhGH on T
cell adhesion and chemotaxis in vitro as well as its ability to
directly promote the engraftment of human T cells in SCID
mice. The results presented here suggest that rhGH directly
promotes T cell adhesion to and migration on a variety of adhe-
sion and matrix molecules and may play a role in the selective
trafficking of T cells in vivo.

Methods

Mice. C.B-17 scid/scid (SCID) mice were obtained from the Animal
Production Facility at the National Cancer Institute-Frederick Cancer
Research and Development Center (Frederick, MD). Mice were used
at 8-12 wk of age and were kept under specific pathogen-free condi-
tions. SCID mice were housed in microisolator cages, and all water,
food, and bedding were autoclaved before use. SCID mice received 40
mg trimethoprim and 200 mg sulfamethoxazole per 320 ml of drinking
water.

Transfer of human cells into SCID mice and treatment with GH.
Human peripheral blood lymphocytes (huPBL) were obtained from
healthy normal donors who had provided informed consent. huPBL were

1. Abbreviations used in this paper: GH, growth hormone; huPBL,
human PBL; ICAM-1, intercellular adhesion molecule-l; MIP-l1,, mac-
rophage inflammatory protein-1,3; ovGH, ovine growth hormone; rhGH,
recombinant human growth hormone; SCID, severe combined immune
deficiency; VCAM-1, vascular adhesion molecule-1.
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purified by counter-current elutriation (6). The lymphocyte fractions
containing > 90% lymphocytes were used for transplantation into SCID
recipients. The huPBL ( 1 x 108) were injected intraperitoneally into
recipient SCID mice. All mice received 20 /1 of anti-asialo GMl (Wako
Chemicals, Dallas, TX) intravenously 1 d before huPBL injection, pre-
viously shown to improve human cell engraftment in SCID mice (9).
SCID recipients received either 10 sg rhGH (Genentech Inc., South San
Francisco, CA), ovine GH(ovGH; provided by the National Institute of
Diabetes and Digestive and Kidney Diseases, the Center for Population
Research of the National Institute of Child Health and HumanDevelop-
ment, and the Agricultural Research Service of the U.S. Department of
Agriculture, as well as the University of Maryland School of Medicine,
Baltimore, MD) in 200 pl of HBSS, or HBSS alone intraperitoneally
every other day until time of assay 6-10 wk later.

In certain experiments, PBLs were incubated with rhGH (10 ng/
ml) overnight in the presence or absence of anti-human CD18 (IOT18)
and anti-human CD29 (IOT29; Amac, Inc., Westbrook, ME) antibodies
(each at 10 tzg/ml). After incubation, the PBLs were washed extensively
and injected intraperitoneally into SCID mice. After 72 h, the thymuses
of these mice were harvested and tested by flow cytometry for the
presence of human T cells.

Flow cytometric analysis. The following anti-human mAbs were
used: HLA-ABC fluorescein isothiocyanate was purchased from Olym-
pus Immunochemicals (Lake Success, NY); CD4 (Leu3a-fluorescein
isothiocyanate), CD8 (Leu2a-biotinylated), and CD3 (Leu4-biotinyl-
ated) were purchased from Becton Dickinson and Co. (Mountain View,
CA). Antibodies were used to label single-cell suspensions of thymo-
cytes. Labeling was done in the presence of 2% human AB serum
(GIBCO/BRL, Grand Island, NY) to saturate human and mouse Fc
receptors. After primary antibody incubation, cells were washed, fixed
with 1% paraformaldehyde, and analyzed using an EPICS flow cyto-
meter. Experiments were done at least six times with two or three mice
per group. Statistics were done by comparing the occurrence and extent
of engraftment with parametric analysis and Student's t test.

T cell adhesion assay. 96-well plates were coated in PBS with
purified fibronectin at 500 ng/well or with purified human intercellular
adhesion molecule-l (ICAM-1; generously donated by Dr. Timothy
Springer, Harvard Medical School, Boston, MA) or vascular adhesion
molecule-l (VCAM-1; generously donated by Dr. Walter Newman,
Leukon, Inc., Boston, MA) at 25-50 ng/well. Plates were coated
overnight at 4°C. Subsequently, plates were decanted, blocked with a
3%BSA solution, and then washed with RPMI 1640 containing 0.5%
FCS. T cells were purified from the huPBL preparations using standard
purification procedures (10). Some T cells were activated for 6-8 h
on anti-CD3 antibody-coated plates as described previously (10). The
T cells (typically > 94% pure) were labeled with chromium-S1 for 1
h at 37°C and then washed. Labeled T cells (2 x 105 cells/well) were
applied to each well along with various concentrations (vol/vol) of
rhGH or PMA. The outer wells on the 96-well plate were not used,
as washing these wells tends to lead to variability. Plates were incu-
bated at 37°C for as short as 0.5 h with noticeable adhesion. Standard
incubation was 1 h. Plates were washed (3X) with wide-mouthed
yellow tips very gently by a swift forceful shake to remove wash liquid.
To assure accurate and unbiased washing, washes were performed in
three different directions. After the final wash, plates were patted dry
on absorbent paper. 100 ql of 1%NaOHwas placed into each well
to lyse adherent T cells, and 50 Ml of the lysed cells was counted on
a gammacounter.

T cell chemotaxis. T cell migration was quantitated by a modifi-
cation of a Boyden chamber technique described previously ( 11).
Briefly, T cells were suspended at 1 x 106 cells/ml in RPMI 1640
plus 0.5% BSA and were placed in the top wells of a 48-well micro-
chemotaxis chamber. The upper and lower wells were separated by
a 5-um pore polycarbonate filter which separated the cells from the
control and experimental samples, consisting of rhGH or rhRANTES,
in the bottom wells. All polycarbonate filters used in these experi-
ments were coated with either collagen type IV or fibronectin

(GIBCO/BRL) 24 h before use in the assay ( 11 ). The chambers
were incubated for 3 h at 370C in a 5%CO2moist atmosphere, and the
filters were then fixed, stained, and mounted by routine histological
methods. Cell movement was quantitated by counting the total num-
ber of cells migrating completely through the matrix-coated filter in
five high power fields in triplicate samples. Chemokinesis was as-
sessed using a checkerboard analysis to distinguish directional migra-
tion (chemotaxis) from random migration (chemokinesis). The data
are expressed as the number of countable cells per high power field;
however, since there was variable aggregation of migrating cells, this
probably represents a substantial underestimation of the total number
of cells that have migrated into or through the filter.

Results

rhGH directly augments human T cell adhesion to purified
ICAM-J, VCAM-J, and fibronectin. Previous results from our
laboratory have suggested that rhGH treatment of huPBL-SCID
mice promotes human T cell engraftment in the thymus of SCID
mice, suggesting a potential role for rhGH in human T cell
adhesion and trafficking into tissues (7, 8). To test this hypothe-
sis, human T cells and rhGH were tested in a standard adhesion
assay using both human and murine adhesion molecules. Rest-
ing and anti-CD3-activated T cells were labeled with chromi-
um-51 and incubated with various doses of rhGH or PMAfor 1
h on fibronectin-, ICAM-1-, or VCAM-1-coated plates. After
incubation, nonadherent cells were removed, and the percentage
of adherent T cells was quantitated. The results in Fig. 1 show
that rhGH is capable of significantly augmenting both resting
and activated human T cell adhesion to immobilized human
ICAM-1, VCAM-1, and fibronectin. These adhesive effects oc-
curred over a narrow concentration range of rhGH (10-100
ng/ml). It was also of interest to examine the effects of rhGH
on the ability of human T cells to bind to the mouse substrate
ICAM-1. As above, human T cells were incubated in the pres-
ence of an optimal dose of rhGH versus PMAfor 1 h on a
human or murine ICAM-1 -coated plate. The results in Fig. 2
show that human T cells bind to both immobilized human and
mouse ICAM-1 after incubation with rhGH, suggesting that
rhGH may be exerting its in vivo effects on human T cells in
the chimeric SCID model through the use of similar adhesion
molecules. Although not shown, similar effects of rhGH induc-
ing human T cell adhesion were also observed on mouse colla-
gen type IV (data not shown). Subset analysis of the T cell
population responding to rhGH revealed that both CD4+ and
CD8+ T cells adhere in combination with optimal doses of
rhGH (data not shown). This lack of subset specificity was
observed with all substrates.

These results suggest that rhGH may directly induce the
cell-surface expression of adhesion molecules that permit T cell
adhesion and homing into various lymphoid organs. However,
studies performed using purified human T cells treated with
rhGH for 30 min or 24 h revealed no significant alterations in
the cell-surface expression of many of the known adhesion
molecules, including CD4, CD8, CD1la, CD1lb, CD1 ic,
LFA-1, VLA-2, VLA-4, VLA-5, VLA-6, CD18, CD29,
ICAM-1, VCAM-1, or ELAM-1 (data not shown). These re-
sults suggest that rhGH may augment human T cell adhesion
by possibly altering the affinity of expressed adhesion molecules
for their respective ligands.

Additional analysis of the surface adhesion receptors in-
volved in this GH-induced adhesion revealed, through a series
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Figure 1. rhGH directly augments human T
adhesion to purified ICAM-1, VCAM-1, and
fibronectin. T cells, either resting (filled bars)
or activated (hatched bars) with anti-CD3,
were labeled with chromium-51 and incu-
bated with various doses of rhGH or PMA
for 1 h on (A) ICAM-1-, (B) VCAM-1-,
or (C) fibronectin-coated plates. After incu-
bation, nonadherent cells were removed, and
the percentage of adherent T cells was quan-
titated. The results are expressed as percent-

f_______ _______ _______ ____ age of adhesion (±SD) which represents a
ratio between counts per minute bound to the

0 10 20 30 40 50 60 plate versus the counts per minute of the total

number of T cells added to each well. *JP <
% ADHESION (+/- SD) 0.05, **P < 0.01.

of antibody blocking studies, that the 132 and /1 integrin mole-
cules are involved in the binding to the substrates ICAM-1 and
VCAM-1/fibronectin, respectively (Fig. 3). Although a direct
change in the affinity of these receptors for their substrates has

not been measured, the data suggest that rhGH is capable of
augmenting T cell adherence to various adhesion proteins and
that this may be the mechanism by which rhGH promotes hu-
man T cell peripheral engraftment in the SCID recipients.
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rhGH induces an increase in the random migration of rest-
ing and activated human T cells. Since T cell adhesion and
migration are interrelated, it was also of interest to investigate
the ability of rhGH to mediate a chemotactic response and
induce the directional T cell migration in vitro. Purified T cells
were placed in a 48-well microchemotaxis chamber with rhGH
at various concentrations on fibronectin-coated filters. After in-
cubation, the number of migrating cells was assessed by histo-
logical examination of this matrix-coated polycarbonate filter.
The results in Table I demonstrate that rhGH is capable of
inducing both resting and anti-CD3-activated T cell migration
at the dose range of 0.1-1 Ag//ml. Wealso compared the effects
of rhGH on T cell migration with a beta chemokine, rhRANTES
( 10, 11). rhRANTES induced significantly greater T cell migra-
tion with 100-fold less protein. Similar migratory responses
were observed with another chemokine, macrophage in-
flammatory protein- 11 (MIP-1,8) ( 10). In addition, similar mi-
gratory responses were observed on mouse collagen type IV-
and laminin-coated filters (data not shown). In an effort to
determine whether rhGH is inducing the directional migration
(chemotaxis) or random migration (chemokinesis) of human
T cells, a checkerboard analysis was performed using rhGH at

Figure 2. rhGH augments T cell binding to
both human and mouse ICAM-1. Resting
(solid bars) or activated (hatched bars) T
cells were labeled with chromium-51 and in-
cubated with various doses of rhGH or PMA
for 1 h on (A) mouse ICAM-1- or (B) hu-
man ICAM-l -coated plates. After incuba-
tion, nonadherent cells were removed, and
the percentage of adherent T cells was quan-

titated. The results are expressed as percent-
age of adhesion (±SD) which represents a

ratio between counts per minute bound to the
plate versus the counts per minute of the total
number of T cells added to each well. * P <

0.05, **P < 0.01.

various concentrations in the top and/or bottom wells of the
microchemotaxis chamber. The results demonstrated that
> 50% of the migration induced by rhGH is chemokinesis
rather than true chemotaxis (Table II).

These results suggest that rhGH may promote trafficking of
T cells to peripheral lymphoid organs by a variety of mecha-
nisms, including augmenting T cell adherence to endothelium
and subsequent migration into lymphoid tissues.

rhGH but not ovGHadministration increased human T cell
engraftment in the thymus of SCID mice. Previous results from
this laboratory have demonstrated that continuous injection of
SCID mice with rhGH induces significant human T cell en-

graftment in the lymphoid organs of these animals, particularly
in the thymus (7, 8). However, it has been difficult to determine
whether rhGH is mediating its effects on engraftment directly
through the binding of GHreceptors on the human T cells or

by binding murine GHreceptors present on various murine cells
in the SCID recipient. In an effort to distinguish between these
two possibilities, we have tested ovGH for its effects on human
T cell engraftment in the murine thymus. While ovGH cannot
bind human T cells through their GH receptors, it can affect
murine cells through their GH receptors (6, 12). Mice were
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Table L GHInduces the Migration of Human T Cells In Vitro

Cells per high power field (+SD)*

Unstimulated Activated
Group Concentration T cells T cells

Medium - 4±2 11±4
rhGH 1 mg/ml 32±9 16±7
rhGH 500 ng/ml 23±11 42±7
rhGH 250 ng/ml 35±7 36±12
rhGH 100 ng/ml 18±5 32±9
rhGH 50 ng/ml 3±1 16±2
rhGH 10 ng/ml 6±2 19±3
rhGH 1 ng/ml 10±6 14±3
rhGH 0.5 ng/ml 15±8 8±3
rhGH 0.1 ng/ml 4±1 22±16
RANTES 10 ng/ml 28±6 46±9
RANTES 1 ng/ml 46±4 65±15
RANTES 0.1 ng/ml 8±3 25±7

Purified human T cells were placed in a 48-well microchemotaxis cham-
ber with rhGH at various concentrations on fibronectin-coated filters.
After 4 h of incubation, the number of migrating cells was assessed by
histological examination of this matrix-coated filter. * The results are
expressed as the average number of migrating cells per high power field
(±SD) from a total of 10 high power fields counted.

16 -

14 -

z
w
m

z
x

12 -

10 -

8-

6 -

4 -

2 -

0 -

N.S.
-I

1-p<O.02 I
I-.___I

+

+

+

+

+

+

+

++++++ ++ ++++

PBS rhGH ovGH

Figure 4. rhGH but not ovGH administration increased human T cell
engraftment in the thymus of SCID mice. SCID mice were given 10-
Isg injections of rhGH or ovGH every other day starting the day of
human peripheral blood lymphocyte transfer. Mice were then analyzed
6 wk after transfer by flow cytometric analysis of the cells in the thymus
of these treated mice. The results are expressed as the percentage of
CD3+ HLA-ABC+ cells engrafted in the murine thymus.

given 10-I g injections of rhGH or ovGH every other day start-
ing the day of huPBL transfer. Then, thymocytes from these
mice were analyzed 6 wk after transfer by flow cytometric
analysis. As demonstrated previously, rhGH treatment signifi-
cantly increased both the incidence and extent of human cell
engraftment in the rnurine thymus (Fig. 4). The predominant
cell type to engraft was CD3', HLA+ lymphocytes (7, 8).
However, ovGH treatment failed to promote significant human
T cell engraftment in either the murine thymus (Fig. 4) or other
peripheral lymphoid organs (data not shown). These results
suggest that rhGH is directly stimulating human T cells to pro-
mote peripheral engraftment in the murine thymus.

Pretreatment of human T cells with rhGH permits lympho-
cyte engraftment in the thymus of SCID micV via human P2
and (1 integrins. While the results in Figs. 1-3 demonstrate

Table II. Checkerboard Analysis of the Effects of rhGH on
Human T Cells

rhGH in rhGH in top wells of chamber (ng/ml)*
bottom

wells 0 10 50 100

0 9±2 11±3 43±6 57±5
10 15±4 14±4 35±7 48±3
50 38±4 36±3 46±4 49±4

100 64±6 53±5 45±6 58±5

Purified T cells (5 X 106 cells/ml) were tested for their ability to migrate
in response to rhGH. Various dilutions of rhGH were placed either in
the top and/or bottom wells of a microchemotaxis chamber. * The
results are expressed as the number of migrating T cells per high power
field (±SD).

in vitro evidence that rhGH directly stimulates human T cell
adhesion to various substrates, they fail to provide direct evi-
dence that rhGH-induced adhesion is responsible for the en-
graftment of human cells in the murine thymus. In an effort to
determine if rhGH directly mediates T cell engraftment through
human adhesion molecules, we have pretreated human PBLs
with 10 ng/ml of rhGH overnight in the presence or absence
of anti-human CD18 and anti-human CD29 antibody, after
which the cells were washed extensively and tested for their
ability to engraft in the SCID thymus. Thymocytes from these
mice were then analyzed 72 h after PBL transfer by flow cyto-
metric analysis. The results in Fig. 5 demonstrate that rhGH
pretreatment significantly increased both the incidence and ex-
tent of human cell engraftment in the murine thymus. Preincuba-
tion of these same cells with antibodies specific for the ,B1 and
,/2 chains of human integrin molecules inhibited T lymphocyte
engraftment in the SCID thymic tissue. PBLs incubated in the
absence of rhGH overnight in culture failed to promote T cell
engraftment. The fact that rhGH pretreatment promotes T cell
engraftment suggests that this hormone directly alters T cell
adhesion in vitro after overnight incubation. Similar pretreat-
ment studies using ovGH treatment failed to promote significant
human T cell engraftment in either the murine thymus or other
peripheral lymphoid organs (data not shown). Together, these
results suggest that rhGH promotes human T cell engraftment
in SCID mice by directly altering the adhesive capacity of T
cells via human adhesion molecules on the surface of the trans-
ferred lymphocytes.

Discussion

Wedemonstrate here that rhGH is capable of promoting human
T cell adhesion and migration to both human and murine matrix
proteins in vitro and directly affects human T cell engraftment
in SCID mice. GHmay induce the expression or activation of
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of these treated mice. The results are expressed as the percentage of
CD3+ HLA-ABC+ cells engrafted in the murine thymus.

certain adhesion molecules or homing receptors on the surface
of the T cell, which may permit lymphocyte movement and
entry into lymphoid tissues. Although the molecular mecha-
nisms involved in GHpriming of T cells for enhanced adhesion
are not yet defined, the fact that GH treatment of purified T
cells results in no increase in the cell-surface expression of
known adhesion molecules suggests that GHmay alter the af-
finity of adhesion receptors for their respective ligands. This
hypothesis seems more likely as an increase in T cell-binding
to purified ICAM-1 and VCAM-I was observed within a 30-
min period. Similar observations have been made recently with
various members of the chemokine superfamily (11). While
the ability of rhGH to promote T cell adhesion is highly support-
ive, it fails to provide direct evidence that the in vitro changes
in T cell adhesion are responsible for enhanced T cell en-
graftment in the SCID thymus. The pretreatment and neutraliza-
tion studies in Fig. 5 demonstrate that rhGH affects human T
cells directly by altering lymphocyte adhesion to various sub-
strates in vitro and by promoting T cell engraftment in vivo.
These GH-mediated interactions require the presence of active
human /62 and 31 integrin molecules on the T cell surface.
While these data are highly suggestive, a direct quantitation of
changes in the affinity of integrin receptors after GHtreatment
has not yet been performed.

Our finding that GH is capable of inducing T lymphocyte
migration was quite unexpected. However, a recent report has
described the ability of rhGH to stimulate human monocyte
chemotaxis in vitro (13). Our initial studies were performed in
an effort to assess ability of GHto facilitate T cell migration
on various extracellular matrix proteins. Surprisingly, GH in-
duced T cell locomotion at concentrations as low as 0.1 ug/ml

on both fibronectin- and collagen-coated filters. No migration
was observed on noncoated polycarbonate chemotaxis filters,
suggesting that cellular adhesion to matrix molecules plays an
important role in GH-induced migration. As positive controls,
the /3 chemokines MIP-1# and RANTES were also used in
the adhesion and migration assays. RANTEShas been shown
previously to induce the directional migration and adhesion of
both resting CD4+ and activated CD4+ and CD8+ T cells in
vitro (10). Similarly, MIP-l/3 preferentially induces the adhe-
sion and migration of activated CD4+ T lymphocytes (10).
However, preliminary data suggest that GHincreases only ran-
dom movement rather than the directional migration of both
CD4+ and CD8+ T cells. Random migration or chemokinesis
is thought to be an important mechanism by which cells move
within a given lymphoid tissue after cellular activation. The
fact that GH also augments T cell adhesion to extracellular
matrix proteins suggests that this hormone may enable T cells
to bind and randomly migrate on various substrates via their
"activated" integrin molecules within a tissue. Cellular migra-
tion into the various compartments within a lymphoid organ
plays an important role in T cell activation by antigen-presenting
cells and B cell activation and expansion through interaction
with T cells as well as in the education of developing T cells
within the thymus. Wehave demonstrated previously that rhGH
treatment increases T cell progenitor development in mice defi-
cient in GH(5, 6). The chemokinetic role of GHin facilitating
immune responses and thymic development in vivo is currently
under investigation.

Thus, GH is capable of promoting human T cell adhesion
and migration in vitro, which may be the mechanism underlying
the effects of rhGH on human T cell engraftment in SCID mice.
The data presented here demonstrate that there is also sufficient
homology between human and murine adhesion molecules to
permit productive xenogeneic interactions, both in vitro and in
vivo. These results also suggest that rhGH may be of potential
clinical use to promote T cell development and recirculation in
instances of T cell deficiencies.
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