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SUMMARY

 

The chemokine stromal cell-derived factor 1

 

a

 

 (SDF-1

 

a

 

) is a potent stimulator of T cell infiltration into
three-dimensional type I collagen matrices as demonstrated using T cells freshly isolated from blood
and an activated T cell clone. The neuropeptide somatostatin selectively inhibits SDF-1

 

a

 

 induced T cell
infiltration by the same T cells including CD4 as well as CD8 positive cells, while somatostatin does not
inhibit ‘spontaneous’ T cell infiltration. A number of other neuropeptides and opioids do not inhibit
SDF-1

 

a

 

-induced T cell infiltration, indicating that the inhibitory effect is somatostatin-specific. The neu-
ropeptide antagonist cyclosomatostatin abrogated the inhibitory effect of somatostatin on T cell infil-
tration, indicating that the effect of somatostatin is mediated via specific somatostatin receptors.
Somatostatin does not inhibit SDF-1

 

a

 

-induced T cell attachment to the collagen substrate, which indi-
cates that this neuropeptide specifically inhibits the process of chemokine-induced T cell penetration
and migration through the collagen.
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INTRODUCTION

 

Lymphocytes can migrate to specific sites in tissues by passage of
endothelial cells and subsequent infiltration of perivascular extra-
cellular matrix (ECM) [1,2]. The capacity to migrate and localize
in tissues is of vital importance for the protective function of lym-
phocytes against infectious agents. However, the capacity to
migrate and infiltrate tissues is also a major reason why lympho-
cytes can cause autoimmunity, allergy and graft rejection or why
neoplastic lymphocytes accumulate in tissues.

T lymphocytes can migrate into/infiltrate three-dimensional
(3D) matrices of collagen type I or matrigel [3–6]. The capacity to
infiltrate 3D substrata is distinguishable from migration on two-
dimensional (2D) substrates, such as plastic or lymphocyte migra-
tion through the holes of Boyden chamber filters. Thus, T cell infil-
tration seems to be a specific property distinguishable from
migration 

 

per se

 

, as illustrated by the fact that virtually all leu-
kaemic T cell lines can migrate in Boyden assays but only some
cell lines can penetrate a 3D-matrix [7]. Infiltrative capacity cor-
relates with the expression of matrix metalloproteinases, indicat-
ing that degradation of ECM may be a prerequisite for the cells to
penetrate [6].

Chemokines are secreted basic proteins of 8–10 kDa that
represent the largest family of cytokines encoded in the human
genome with close to 50 members [8]. The chemokine system has
emerged as the critical regulator of lymphocyte trafficking 

 

in
vivo

 

. Chemokines deliver their activity by interacting with cell
surface receptors that belong to the family of seven transmem-
brane domain G-protein coupled rhodopsin-like receptors [9,10].
Chemokines and their receptors are critical elements for control-
ling lymphocyte migration and localization [11–13].

Chemokines have been studied extensively to determine
their role in T lymphocyte migration [14–16]. Given the critically
important role of chemokines in regulating T cell migration, it is
important to find ways to interfere with chemokine-induced T
cell infiltration of tissues in inflammatory diseases of autoim-
mune and allergic origin and in rejection of transplants. There-
fore, in the present study we have examined whether it is
possible to interfere with chemokine-induced T cell infiltration
using a collagen type I matrix as an 

 

in vitro

 

 model of the ECM
and with the chemokine SDF-1

 

a

 

, which has a single receptor on
T cells (CXCR4), as an attractant [17]. We were particularly
interested in neurotransmitters as possible regulators of the infil-
trative capacity of T cells. T cells express specific receptors for
neurotransmitters on their surface [18,19] and all primary and
secondary lymphoid organs are massively innervated [20].
Therefore, T cells are likely to be exposed to a variety of neu-
rotransmitters. Neurotransmitters are also released from nerve
terminals at various extravasal sites to which T cells are attracted
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under inflammatory conditions. Here we show that the neu-
ropeptide somatostatin, which has multiple receptors on T lym-
phocytes [21,22], specifically inhibits chemokine-induced but not
spontaneous T cell infiltration of a collagen type I matrix, while a
number of other neuropeptides and opioids do not interfere with
chemokine-induced T cell infiltration.

 

MATERIALS AND METHODS

 

Chemicals

 

Somatostatin-14, neuropeptide Y (NPY), substance P, vasoactive
intestinal peptide (VIP), 

 

b

 

-endorphin and metenkephalin were
purchased from Sigma Chemical Co., St Louis, MO, USA. For
flow cytometry we used antibodies to SDF-1

 

a

 

 and CXCR4 from
R&D Systems Europe Ltd, Abington, UK; antibodies to 

 

b

 

1-
integrins 

 

a

 

1-

 

a

 

6 and the 

 

b

 

1-subunit from Immunotech, Marseille,
France; goat gamma globulin from Jackson Immunoreserch Lb.
Inc., West Grove, PA, USA; and FITC-GAM secondary antibod-
ies from Daco A/S, Glostrup, Denmark. The human T cell clone
AF 24 was a gift from R. J. J. van Neerven, ALK Research Lab-
oratories, Hoersholm, Denmark.

 

Cell preparations and culture conditions

 

Mononuclear cells were isolated from healthy blood donors by
centrifuging heparinized venous blood on a Ficoll gradient
(Lymphoprep, Nycomed, Oslo, Norway). Recovered cells in the
interface were washed carefully in phosphate buffered saline
(PBS) and remaining erythrocytes were lysed with a buffer con-
taining 0·15 

 

M

 

 NH

 

4

 

Cl, 0·01 

 

M

 

 KHCO

 

3

 

 and 0·1 

 

M

 

 EDTA. The
remaining mononuclear cells were then treated with carbonyl
iron and phagocytic cells removed by a magnet. Recovered cells
were resuspended in RPMI-1640 (Life Technologies Inc., Pais-
ley, Scotland, UK) supplemented with 2 m

 

M

 

 

 

L

 

-glutamine, 0·16%
sodium bicarbonate, 100 IU/ml benzyl penicillin, 100 g/ml
streptomycin and 10% fetal calf serum (FCS). The cells were
cultured in Nunclon Bottles (Nunc, Delta, Denmark) in a
humidified CO

 

2

 

 incubator at 37

 

∞

 

C and the cell infiltration assays
were performed the following day. We also performed experi-
ments with the human T cell clone AF 24. The cell lines were
cultured in complete RPMI supplemented with 10% FCS as
described above.

 

Cell infiltration assays

 

Collagen type I was prepared as described previously [5],
diluted in serum free RPMI and H

 

2

 

O (8 : 1 : 1) and 1 ml was
applied in plastic Petri dishes (30 mm, Becton Dickinson,
Mountain View, CA, USA). The gel was allowed to polymerize
at room temperature for 30–40 min. The chemokine SDF-1

 

a

 

(50 ng/ml), one of the peptides somatostatin-14, NPY, sub-
stance P, VIP, 

 

b

 

-endorphin and metenkephalin (10

 

–8

 

-

 

10

 

–12

 

 

 

M

 

) or
SDF-1

 

a

 

 and one of the peptides were present in the gel. Infil-
tration into a collagen type I gel without the addition of SDF-
1

 

a

 

 or peptides served as a negative control. Cells (1·0 

 

¥

 

 10

 

6

 

)
were added to each well and incubated for 4 h in a humidified
CO

 

2

 

 incubator at 37

 

∞

 

C. Plates were fixed with 2·5% glutaralde-
hyde and washed twice with PBS. Infiltration depth and cell
number was evaluated in five fixed positions in each well by the
use of an inverted microscope (Nikon Eclipse TE300) and a
digital  depth  meter  (Heidenheim  ND221)  The  results  are
given as mean number of infiltrated cells/microscopic field
(100

 

¥

 

)/100 

 

m

 

m infiltration depth.

 

Flow cytometry

 

The cells were incubated in the absence and presence of soma-
tostatin 10

 

–6

 

-

 

10

 

-

 

10

 

 

 

M

 

 for 2 h before flow cytometry, which was per-
formed in microtitre plates with U-shaped wells and with 250 000
cells in 25 

 

m

 

l FACS buffer (Hanks’s TRIS +0·2% HSA + 0·02%
NaN

 

3

 

) per well. After blocking with goat gamma globulin (3 

 

m

 

l/10

 

6

 

cells) for 30 min at room temperature and centrifugation at
1500 r.p.m. the supernatant was removed. The cells were diluted
in FACS buffer mixed with 2 

 

m

 

l RPE conjugated monoclonal anti-
bodies (MoAb) against CXCR4, the 

 

b

 

1-integrins 

 

a

 

1–

 

a

 

6 or the 

 

b

 

1-
subunit to a final concentration of 0·37 

 

m

 

g/ml and the samples
were incubated for 30 min on ice with slow shaking. After this
incubation the cells were washed with 100 

 

m

 

l FACS buffer/well
with 50 

 

m

 

l FCS at the bottom of each well. The plates were cen-
trifuged at 2000 r.p.m. for 10 min at 4

 

∞

 

C and the supernatant was
removed. The cells were then mixed with 2 

 

m

 

l FITC-conjugated
MoAb against CD4 and incubated for 30 min on ice with slow
shaking. Subsequently 100 

 

m

 

l FACS buffer and 50 

 

m

 

l FCS were
added to the bottom of each well, the plates centrifuged at
2000 r.p.m. for 10 min at 4

 

∞

 

C and the supernatant was removed.
The samples were diluted in FACS buffer and the cell-bound flu-
orescence was determined in a FACScan (Becton Dickinson,
Mountain View, CA, USA).

 

Statistical analysis

 

Each experiment was repeated at least three times. Student’s 

 

t

 

-
test was used to asses the influence of neuropeptides and endor-
phins on the depth of T cell infiltration.

 

RESULTS

 

The influence of neuropeptides and opioids on spontaneous and 
chemokine-induced T cell infiltration

 

To analyse the influence of neuropeptides and opioids on T cell
infiltration, blood T cells and a T cell clone (AF24) were allowed
to migrate into a type I collagen gel containing SDF-1

 

a

 

. The neu-
ropeptides and opioids were also present inside the collagen gel.
The number of cells at different levels of the collagen was deter-
mined and the results summarized as described in Figs 1–3 for
blood T cells

 

.

 

 It can be seen in Figs 1 and 3 that SDF-1

 

a

 

 signifi-
cantly stimulated T cell migration/infiltration into the collagen
matrix (

 

P 

 

<

 

 0·05). Blood T cells and the T cell clone (AF24) also
exhibited spontaneous infiltration in the absence of chemokines
but to a lower extent, indicating that SDF-1

 

a

 

 has an important
role as a stimulator of infiltration (Figs 1–3). The results in Figs 2
and 3 show further that somatostatin significantly inhibited the
SDF-1

 

a

 

 induced T cell infiltration (

 

P 

 

<

 

 0·05). In contrast, soma-
tostatin did not inhibit the ‘spontaneous’ infiltration of T cells into
the collagen but in the absence of SDF-1

 

a

 

 seemed, rather, to aug-
ment the attachment of T cells to the upper layers of the collagen.
The  inhibitory  effect  of  somatostatin  on  T  cell  infiltration  in
the  different  cell  types  tested  was  maximal  at  concentrations
10

 

–8

 

-

 

10

 

–12

 

 

 

M

 

.
Preincubation of the lymphocytes with the somatostatin

antagonist cyclosomatostatin abrogated the inhibitory effect of
somatostatin on chemokine-induced T cell infiltration. This indi-
cates that somatostatin inhibits SDF-1

 

a

 

-induced T cell infiltration
via specific somatostatin receptors SSTR1-5. Figures 2 and 3 dem-
onstrate that the neuropeptide vasoactive intestinal peptide
(VIP)  did  not  inhibit  SDF-1

 

a

 

-induced  T  cell  infiltration,  nor
did the  neuropeptides  substance  P,  neuropeptide  Y  and  the
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opioids 

 

b

 

-endorphin and metenkephalin affect SDF-1

 

a

 

-induced T
cell infiltration into the collagen (Fig. 2). It follows from the
results in Figs 1–3 that somatostatin is a specific inhibitor of SDF-
1

 

a

 

-induced T cell infiltration.

 

Somatostatin does not influence the expression of chemokine 
receptors or 

 

b

 

1-integrins on T cells

 

To elucidate the mechanism of the somatostatin-induced inhibi-
tion of T cell infiltration we examined the possibility that soma-
tostatin interfered with the expression of relevant chemokine
receptors or integrins. Flow cytometry analysis before and after
incubation with somatostatin detected no differences with respect
to expression of the chemokine receptor for SDF-1

 

a

 

 CXCR4 and

 

b

 

1-integrin subunits, as shown for CD29 and CD49d in Fig. 4; 

 

a

 

1,

 

a

 

2, 

 

a

 

3, 

 

a

 

4 and 

 

a

 

5 were tested with similar results (not shown).
The flow cytometry results probably exclude that the inhibitory
effect of somatostatin on SDF-1

 

a

 

-induced T cell infiltration
reflects an alteration of the expression of integrins or chemokine
receptors for SDF-1

 

a

 

.

 

DISCUSSION

 

This study presents new information regarding the cross-talk
between the nervous and immune systems. Thus, the neuropep-
tide somatostatin appears to be a specific inhibitor of chemokine-
dependent T cell infiltration while the other neuropeptides anal-
ysed did not affect chemokine-dependent T cell infiltration. The
mechanism of the somatostatin-induced inhibition of T cell infil-
tration is not understood at present. It may be relevant in this con-
text that somatostatin is an established inhibitor of two key
cellular processes, secretion and cell proliferation [23,24]. Thus,
somatostatin has been shown to inhibit the release of a number of
hormones and has a generalized inhibitory effect on gut exocrine

secretion [23,25]. Somatostatin further inhibits proliferation and
induces apoptosis of neoplastic cells [26,27]. However, it is highly
unlikely that the inhibitory effect of somatostatin on lymphocyte
infiltration reflects inhibition of proliferation. In contrast, inhibi-
tors of secretion have been shown to inhibit T cell infiltration [5]
and therefore it is possible that somatostatin induces its inhibitory
effect on T cell infiltration via inhibition of secretion or intercom-
partmental transport of molecules which play a role for the
infiltration process, such as matrix metalloproteinases (MMPs).
Accordingly, MMPs have been proposed to play a role for infil-
trative T cell behaviour and chemokines stimulate MMP release
[28,29]. However, recent evidence has demonstrated that the T
cell infiltration into 3D collagen gels, the substrate used for the
present migration studies, is independent of MMPs [30]. Another
possibility is that somatostatin affected the expression of the
chemokine receptor CXCR4 (the receptor for SDF-1

 

a

 

) and that
this led to inhibition of T cell infiltration. However, flow cytome-
try detected no somatostatin-induced alteration of the cell surface
expression of CXCR4 and therefore this explanation seems
unlikely. Other mechanisms to be considered include somatosta-
tin-inhibition of chemokine binding to its receptor or desensitiza-
tion of the chemokine receptor [31]. Functional inactivation of
chemokine receptor-mediated responses through up-regulation
of suppressors of cytokine signalling (SOCS) proteins have also
been shown to impair the response to chemokines [32]. Further
studies are needed to elucidate the mechanism of the inhibitory
action of somatostatin on chemokine-induced T cell infiltration.

The finding that somatostatin inhibits chemokine-induced T
cell infiltration is relevant to the understanding of the functional
role of neuropeptides for the immune system. Somatostatin-
producing cells are distributed widely in the central and periph-
eral nervous systems, in the endocrine pancreas and gut, but they
also occur in the thyroid, prostate, placenta, adrenals, kidneys and

 

Fig. 2.

 

Somatostatin (SOM) inhibits chemokine (SDF-1

 

a

 

)-induced infil-
tration of T cells. Blood T lymphocytes were allowed to migrate into a
collagen type I gel (

 

>

 

90% of the infiltrating cells were CD3

 

+

 

). SDF-1

 

a

 

(50 ng/ml) in the gel increased the infiltration depth of T lymphocytes
(Fig. 1). This increase was inhibited significantly in the presence of
somatostatin (10

 

-

 

8

 

 

 

M

 

) in the gel, while neuropeptide Y (NPY, 10

 

-

 

8

 

 

 

M

 

),
metenkephalin  (MET,  10

 

-

 

8

 

 

 

M

 

),  

 

b

 

-endorphin  (END,  10

 

-

 

8

 

 

 

M

 

),  substance
P (SP, 10

 

-

 

8

 

 

 

M

 

) and vasoactive intestinal peptide (VIP, 10

 

-

 

8

 

 M) in the gel had
no effect on SDF-1a-induced infiltration. The figure shows mean maximal
infiltration depth determined from three independent experiments and of
10 microscopic fields in each experiment (¥100).
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Fig. 1. Somatostatin does not influence spontaneous T cell infiltration.
The figure shows the effect of neuropeptides, endorphins and the chemok-
ine stromal cell-derived factor 1a (SDF-1a) on the depth of infiltration of
blood T lymphocytes into a collagen type I gel (>90% of the infiltrating
cells were CD3+). The chemokine SDF-1a (50 ng/ml) in the gel increased
significantly the infiltration depth of T lymphocytes, while somatostatin
(SOM, 10-8 M), vasoactive intestinal peptide (VIP, 10-8 M), neuropeptide
Y (NPY, 10-8 M), substance P (SP, 10-8 M) metenkephalin (MET 10-8 M)
and b-endorphin (END, 10-8 M) in the gel did not influence T cell infiltra-
tion. The results show mean maximal infiltration depth of three indepen-
dent experiments and of 10 microscopic fields in each experiment (¥100).
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skin [23,25]. Somatostatin can be released from nerve endings and
secreting cells in lymphoid tissues, which implies that this neu-
ropeptide is normally present in close proximity to lymphocytes.
The present finding that somatostatin inhibits chemokine-induced
T cell infiltration and is distributed widely throughout the organ-
ism suggest that this neuropeptide prevents cells from penetrating
into and accumulating in tissues, particularly the ECM when
attracted by chemokines, such as SDF-1a. This is consistent with
a counter-inflammatory role of somatostatin, while this neuro-
peptide does not affect basic chemokine-independent T cell
migration. In light of the inhibitory effect of somatostatin on
chemokine-induced T cell infiltration, it seems reasonable to
speculate that somatostatin renders potentially chemokine-
responsive infiltrative T cells to choose a non-infiltrative ‘basic’
migration pattern, rather than a chemokine-dependent migration
pattern with penetration of the ECM, which may cause T cell
infiltration  of  tissues.  It  follows  that  somatostatin  modulation
of the pattern of T cell migration may constitute a suppressive

mechanism against potentially harmful T cell infiltration leading
to autoimmunity or allergy. More information is required to elu-
cidate the fact that somatostatin inhibits selectively chemokine-
induced infiltration but not basic T cell migration. Thus, there is
growing evidence indicating that the control of T cell migration is
complex, involving multiple regulatory mechanisms that modu-
late in a delicate manner the motile behaviour of the cells within
the organism. One important question in this context is to define
clearly the factors that distinguish T cell migration in a 2D manner
from T cell infiltration/migration into 3D substrate. The present
findings indicate that infiltration is a controlled T cell function,
which is stimulated by chemokines and suppressed by the neu-
ropeptide somatostatin.
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Fig. 3. (a,b) Somatostatin (Som) inhibits chemokine (SDF-1a)-induced infiltration of T cells. Blood T lymphocytes were allowed to migrate
into a collagen type I gel (> 90% of the infiltrating cells were CD3+). It can be seen that SDF-1a (50 ng/ml) in the gel increased the number
of infiltrating T lymphocytes and the infiltration depth (a, b), while this infiltration was inhibited in the presence of somatostatin (10-8 M)
in the gel (a). VIP (10-8 M) in the gel did not influence this SDF-induced infiltration of T lymphocytes (b). The figures show the number of
infiltrating cells at different levels from the top of the gel as a mean of five microscopic fields (¥100) in a single representative experiment.
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