
The role of chemokines and extracellular matrix components in the
migration of T lymphocytes into three-dimensional substrata

Introduction

T-cell infiltration may be defined as migration and accu-

mulation in vivo within tissues, or in vitro migration into

and within three-dimensional (3D) substrata such as col-

lagen type 1 matrices. T lymphocytes exhibit extensive

infiltration of various tissues during diseases of auto-

immune and allergic origin. T lymphocytes also infiltrate

tissues during rejection of foreign grafts or after neoplas-

tic transformation. The immunosurveillance function of

T lymphocytes to infectious agents and neoplastic cells

probably depends on the fact that the cells can recirculate

and migrate within tissues in an ‘infiltrative’ manner. The

mechanisms that mediate and regulate T-cell migration/

infiltration into 3D substrata, including differences com-

pared to migration on two-dimensional (2D) substrata,
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Summary

The role of chemokines and their interactions with extracellular matrix

components (ECM) or the capacity of T cells to migrate into and accu-

mulate within three-dimensional (3D) collagen type 1 substrata was stud-

ied. We examined the influence of chemokines and fibronectin on the

infiltration properties of non-infiltrative (do not migrate into 3D sub-

strata) and spontaneously infiltrative (migrate into 3D substrata) T-cell

lines. Infiltrative and non-infiltrative T-acute lymphocytic leukaemic cell

lines exhibited no consistent differences with respect to the expression of

various chemokine receptors or b1-integrins. Chemokines presented inside

the collagen increased the depth of migration of infiltrative T-cell lines,

but did not render non-infiltrative T-cell lines infiltrative, although they

augmented the attachment of non-infiltrative T-cell lines to the upper sur-

face of the collagen. The presence of fibronectin inside the collagen did

not render non-infiltrative T-cell lines infiltrative, but markedly augmen-

ted the migration of ‘infiltrative’ T-cell lines into collagen. Both infiltra-

tive and non-infiltrative T-cell lines showed migratory responses to

chemokines in Boyden assays (migration detected on 2D substrata). These

results indicate that the process of T-cell infiltration/migration into 3D

substrata depends on a tissue penetration mechanism distinguishable

from migration on 2D substrata and that the basic capacity of T cells to

infiltrate is independent of chemokines and ECM components applied as

attractants.

Keywords: cell adhesion; cell migration; cell motility; chemokines; extra-

cellular matrix; infiltration; T-leukaemia cells

Abbreviations: ALL, acute lymphocytic leukaemic; CCR, CC chemokine receptor; CXCR, CXC chemokine receptor; 2D, two
dimensional; 3D, three dimensional; ECM, extracellular matrix; FACS, fluorescence-activated cell sorter; FCS, fetal calf serum;
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MIP-1b, macrophage inflammatory protein 1b; MMP, matrix metalloproteinase; PBL, peripheral blood lymphocytes; PBS,
phosphate-buffered saline; RANTES, regulated on activation, normal T-cell-expressed and secreted; SDF-1a, stromal-derived
factor-1a; VCAM-1, vascular cell adhesion molecule-1.
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are not understood. This applies particularly to the fre-

quently used 3D collagen invasion assay versus the con-

ventional chemotactic or haptotactic 2D Boyden assay.

Lymphocytes enter tissues by recognition of endothelial

ligands via a selection of selectins, integrins and other

components.1–4 The penetration of subendothelial basal

lamina and extracellular matrix (ECM) is an important

step in the extravasation and migration of lymphocytes in

tissues.5–7 Although T lymphocytes have been extensively

studied with respect to various aspects of motility and

adhesive interactions with endothelial cells and ECM com-

ponents, the understanding of the mechanisms of T-cell

infiltration and its regulation is far from complete.8,9 It is

therefore important to study, in greater detail, endogenous

T-cell factors as well as environmental factors of possible

importance for T-lymphocyte infiltration.

ECM-degrading enzymes are important tools facilitating

the infiltration of non-lymphoid tumour cells such as car-

cinomas.10,11 In analogy with the role of matrix metallo-

proteinases (MMP) that are capable of degrading collagen

type IV for the extravasation of metastatic tumour cells,

ECM-degrading enzymes are thought to play a role in the

infiltration of T lymphocytes.12 Thus, T lymphocytes have

been reported to secrete the matrix metalloproteinases

MMP-2 and MMP-9 as a consequence of interaction with

the integrin ligand vascular cell adhesion molecule-1

(VCAM-1) and exposure to chemokines.13,14 Inhibitors of

MMPs have also been reported to interfere with the penet-

ration of T cells through artificial 3D ECM substrata,15,16

but failure to inhibit T-cell migration into such a sub-

strate (Matrigel) with MMP inhibitors has also been

reported.8,9

Chemokines constitute a large group of low-molecular-

weight (8000–20 000) secreted molecules currently

classified into four groups regulating the trafficking of

leucocytes to normal and inflamed sites.17–27 Chemokines

deliver their activity by interacting with cell surface-

expressed chemokine receptors that belong to the family

of seven transmembrane domain G-protein-coupled

receptors.28,29 The engagement of a chemokine receptor

by a chemokine ligand leads to the activation of phosp-

holipase C, which generates inositol triphosphate and dia-

sylglycerol, which in turn generates elevated levels of

intracellular Ca2+ and activation of protein kinase C.30

Binding of chemokines to their receptors leads to receptor

internalization, receptor desensitization and, in some

cases, even cross-desensitization.31,32 Chemokines and

their receptors are critical elements for controlling lym-

phocyte migration and localization, and leucocytes can

respond sequentially to chemokines.33

Lymphocyte migration into 3D substrata, such as colla-

gen type I gels, has been proposed to be independent of

adhesive interactions.34–36 However, it is reasonable to

assume that migration within a complex 3D ECM sub-

stratum would be influenced by adhesion to components,

such as fibronectin, to which lymphocytes can bind via

multiple b1-integrins. Furthermore, integrins are potent

triggering receptors for T-lymphocyte motility, and func-

tion as mechanical connectors and physiological signal

transducers between the cell exterior and the cytoskele-

ton.37,38 Besides adhesion receptors, chemokines have

been studied quite extensively to determine their role

in lymphocyte migration, including the migration of

T cells.39–41 Although chemokines have been applied to

stimulate T-cell migration in numerous studies, only a

few studies have examined the influence of chemokines

on the basic capacity of lymphocytes to migrate into 3D

substrata. Such studies are highly relevant with respect to

the understanding of T-cell infiltration of tissues in

inflammatory diseases of autoimmune and allergic origin,

as well as in graft rejection, and for the possibility of

developing new therapeutic methods for these conditions.

Chemokines have been shown to activate MMPs, pre-

sumably to create a path for infiltrating T cells.20,42 In the

present investigation we analysed the role of chemokines

and adhesive interactions with ECM components for the

capacity of T cells to infiltrate. We used collagen type 1

gels as model substrata, taking advantage of the fact that

T-acute lymphocytic leukaemia cell lines differ markedly

with respect to the capacity to infiltrate. Furthermore, we

determined chemokine receptor expression in spontane-

ously infiltrative and non-infiltrative T-cell lines, respect-

ively, as well as in normal T cells. We also studied

whether chemokines could render non-infiltrative T-cell

lines infiltrative. Collagen type I gels are relatively ‘non-

adhesive’ in terms of participation of b1-integrins in

migration.36 To analyse the possible influence of adhesive

interactions on T-cell migration, we therefore added

fibronectin to the collagen gels. Although both chemo-

kines and fibronectin stimulated the migration of ‘infiltra-

tive’ T-cell lines into 3D substrata, they did not render

T cells without such competence capable of migrating in

a 3D manner.

Materials and methods

Cell preparations and culture conditions

Mononuclear cells [peripheral blood lymphocytes (PBL)]

were isolated from healthy blood donors by centrifuging

heparinized venous blood on a Ficoll gradient (Lympho-

prep, Nycomed, Oslo, Norway). Recovered cells in the

interface were carefully washed in phosphate-buffered sal-

ine (PBS) and the remaining erythrocytes were lysed in a

buffer containing 0�15 m NH4Cl, 0�01 m KHCO3 and

0�1 m EDTA. The remaining mononuclear cells were then

treated with carbonyl iron, and phagocytic cells were

removed by a magnet. Recovered cells were resuspended

in RPMI 1640 (Life Technologies Inc., Paisley, UK) sup-

plemented with 2 mm l-glutamine, 0�16% (w/v) sodium
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bicarbonate, 100 IU/ml benzyl penicillin, 100 g/ml strep-

tomycin and 10% fetal calf serum (FCS). The cells were

cultured in Nunclon Bottles (Nunc, Delta, Denmark) in a

humidified CO2 incubator at 37�, and the cell infiltration

assays were performed the following day. A total of

91–100% of the PBLs infiltrating collagen type I were

CD3 positive. The T-cell lines CCRF HSB2, CCRF CEM,

MOLT4, Jurkat, PEER and P30 are derived from patients

with acute lymphoblastic leukaemia (ALL), and Hut 78 is

a Sézary cell line (American Type Culture Collection,

Manassas, VA). The T-leukaemia cell lines were cultured

in complete RPMI supplemented with 10% (v/v) FCS, as

described above.

Migration assays

Infiltration assays were performed on normal PBL and on

T-leukaemia cell lines. Collagen type I was prepared as

previously described,43 diluted in serum-free RPMI and

PBS (8 : 1 : 1), and 300 ll was applied to a cell culture

plate (24 wells, Ø 15�5 mm, Falcon). The gel was allowed

to polymerize at 37� for 30–40 min, and 300 ll
(1�0 · 106 cells/ml) of cell suspension was added to each

well and incubated for 24 hr in a humidified CO2 incuba-

tor at 37�. The chemokines macrophage inflammatory

protein 1b (MIP-1b), stromal-derived factor-1a (SDF-

1a), interferon-c-inducible 10 000 molecular weight pro-

tein (IP-10), and lymphotactin (50 ng/ml) were either

co-polymerized in the gel or added to the cells 30 min

before the assay, or both. Fibronectin (10 lg/ml) was

either co-polymerized in the gels or allowed to bind to

the collagen overnight. Plates were routinely fixed with

2�5% (v/v) glutaraldehyde and washed twice with PBS,

except when used for immunocytochemistry (see below).

Infiltration was evaluated in seven fixed positions in each

well by the use of an inverted microscope (Axiovert 100;

Zeiss, Wetzlar, Germany) and a digital depth meter

(Heidenheim ND221; Dr. Johannes Heidenhaim GmbH,

Traunreut, Germany). The cells were counted at every

10 lm throughout the depth of the gel. The results are

given as mean number of cells ‚ HPF (200·) ± standard

error of the mean (SEM). All experiments were per-

formed in triplicate and repeated three times.

To identify PBL attaching to the collagen, cells were

allowed to attach for 15 min and fixed in 2% (v/v) para-

formaldehyde in PBS for 20 min. The cells were reacted

with anti-CD3 immunoglobulin for 1 hr at room tem-

perature. The reactivity of antibodies to the cells was

assessed by using a biotin-avidin detection system (Vecta-

stain ABC kit; Vector Laboratories, Inc., Burlingame,

CA). The results were analysed by using light microscopy

(Leica DMRB; Leica GmbH, Wetzlar, Germany).

Migration was also studied by using a modified Boy-

den chamber assay system (Neuro Probe, Cabin John,

MA). Poly(vinyl pyrrolidone)-free polycarbonate filters

with an 8-lm pore size (Porotics Co., Livermore, CA)

were coated on the lower surface, overnight, with fibro-

nectin (10 lg/ml) or collagen type I (40 lg/ml), subse-

quently washed in distilled water and air dried. The

lower wells were filled with RPMI containing 10% (v/v)

FCS. The upper wells were filled with 50 ll of cells

(2 · 106 cells/ml) in RPMI containing 10% (v/v) FCS.

The chambers were incubated for 5 hr in a humidified

incubator at 37�. Following incubation, the filters were

removed, fixed in methanol and stained with Giemsa

(Reidel-de Haën, Seeize, Germany). The filters were sub-

sequently placed onto glass slides and the remaining cells

on the upper side of the filter were wiped off. The num-

ber of migrating cells was counted by light microscopy

at a magnification of · 400. All experiments were repea-

ted three times.

Fluorescence-activated cell sorter (FACS) analysis

The experiments were performed on both PBL and

leukaemic T-cell lines. The flow cytometry was per-

formed in microtitre plates with U-shaped wells and

with 250 000 cells in 25 ll of FACS buffer [Tris

Hank’s + 0�2% (v/v) human serum albumin + 0�02%
(w/v) NaN3], per well. After blocking with goat gamma

globulin (3 ll/106 cells) for 30 min at room tempera-

ture and centrifugation at 500 g, the supernatant was

removed. The cells were diluted in FACS buffer mixed

with 2 ll of RPE-conjugated monoclonal antibodies

(mAb) against CXCR-1, -2, -3, -4, -5 and CCR-1, -2, -

3, -5, -6 (500 lg/ml) (R & D Systems, Abingdon, UK),

and the samples were incubated for 30 min on ice with

slow shaking. After this incubation, the cells were

washed with 100 ll/well of FACS buffer and with 50 ll
of FCS at the bottom of each well. The plates were

centrifuged at 800 g for 10 min at 4� and the superna-

tant was removed. Dead cells were excluded by using

propidium iodide. In the experiments with PBL, the T

lymphocytes were also mixed with 2 ll of fluorescein

isothiocyanate (FITC)-conjugated mAb against CD4 and

incubated for 30 min on ice with slow shaking. Subse-

quently, 100 ll of FACS buffer and 50 ll of FCS were

added to the bottom of each well, the plates were cen-

trifuged at 800 g for 10 min at 4� and the supernatant

was removed. All samples were then diluted in FACS

buffer and the cell-bound fluorescence was determined

in a FACScan (Becton Dickinson, Mountain View, CA).

All analyses were repeated three times.

Statistical methods

The findings were analysed by using two-way analysis of

variance (anova) with repeated measures. Post hoc com-

parison of means was performed by using the Tukey HSD

test.

� 2005 Blackwell Publishing Ltd, Immunology, 114, 53–62 55

Factors influencing migration of T cells into 3D substrata



Results

Capacity of various T-cell lines to migrate
into 3D substrata

Various T-leukaemia cell lines and blood T cells were

compared with respect to their capacity to migrate into/

infiltrate a type 1 collagen matrix in the absence of serum

or other attractants. The presence of cells on top of the

collagen (0–20 lm) is defined as attachment, while the

presence of cells below this level is defined as infiltration.

The cell lines CCRF HSB2 and CCRF CEM infiltrated

> 410 lm (leading front) during a 24-hr time-period

(Fig. 1a, 1b) while Jurkat infiltrated to a minor extent, or

not at all, during the same period (Fig. 1c). The cell lines

MOLT4 (Fig. 1d), Peer (not shown) and P30 (not shown)

showed no infiltration into the collagen, although they

attached to the upper surface of the collagen to the same

extent as the infiltrating cell lines. Furthermore, the num-

ber of cells of P30 attaching to the collagen was higher

than in all other cell lines, showing that attachment to

the collagen and infiltration are distinguishable events.

Normal T cells showed a pronounced capacity to infiltrate

collagen (Fig. 1e).

To elucidate the possibility to include ‘adhesive’ ECM

components as attractants in the collagen, the adhesion of

different T-cell lines to ECM components was studied. As

shown in Table 1, all T-cell lines had fibronectin-binding

integrins and attached to fibronectin (not shown), with

one exception (HUT 78). Therefore, fibronectin was used

as an attractant in the collagen gels.

It can be seen in Fig. 2 that the presence of fibronectin

in the collagen did not render the non-infiltrative T-cell

lines Peer and MOLT infiltrative, although it increased

the number of cells on top of the collagen. In contrast,

fibronectin present inside the collagen markedly increased

the number of cells migrating into the collagen of the

infiltrative T-cell line CCRF HSB2, while fibronectin on

top of the collagen seemed to interfere with attachment

of the same cell line. The results presented in Fig. 2 dem-
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Figure 1. Infiltration capacity distinguishes separate T-cell lines. The

figure shows a comparison of the infiltration of the leukaemic T-cell

lines CCRF HSB2, CCRF CEM, Jurkat, MOLT4 and normal blood

T lymphocytes [peripheral blood lymphocytes (PBL): 92–100% of

the PBL cells attaching the collagen were identified as CD3 positive

by immunocytochemistry] into collagen type I gels. For each cell

line, adhesion and infiltration into the collagen were determined at

10-lm intervals (PBL at 100-lm intervals) by the use of an inverted

microscope (magnification · 200) and a digital depth meter. The cell

lines CCRF HSB2 and CCRF CEM infiltrated > 410 lm (leading

front) over a 24-hr time-period (a) and (b), while Jurkat infiltrated

to a minor extent, or not at all, during the same period (c). The cell

line MOLT4 (d) showed no infiltration into the collagen, although

the cells attached to the upper surface of the collagen to the same

extent as the infiltrating cell lines. Normal T cells showed a pro-

nounced capacity to infiltrate collagen (e). The figure shows mean

values ± standard error of the mean (SEM) (expressed as mean

number of cells per cm2) of seven positions after 24 hr in three

single wells.
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onstrate that an adhesive component inside the collagen

does not change the infiltrative behaviour of the cells.

These results further support the conclusion that the

T-cell lines either attach to the upper surface or migrate

into the collagen and that there is no direct relationship

between cell attachment to the upper surface of the colla-

gen and infiltration.

The infiltrative and non-infiltrative T-cell lines were

also compared with respect to haptotactic migration to

fibronectin and collagen type I in Boyden chambers.

The haptotactic Boyden assays detected no consistent

differences in migration capacity between infiltrative

and non-infiltrative T-cell lines (Fig. 3). Furthermore,

the non-infiltrating T-cell line, Peer, migrated on both

collagen and fibronectin. Normal PBL, which showed

pronounced infiltration into collagen, showed the same

or a somewhat lower magnitude of hapotactic migra-

tion as the T-cell lines. It follows that the different

capacity of the T cells to migrate within a 3D substrate

does not correlate with their capacity to migrate in a

2D migration assay.

It can be seen, in Table 1, that the expression of

b1-integrin a-chains, as well as the b1-chain, varies

among the separate cell lines. However, it is obvious
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Figure 3. Migration of T-cell lines and peripheral blood lympho-

cytes (PBL) through Boyden filters coated on the lower side with

fibronectin (10 lg/ml) (a) or with collagen type I (40 lg/ml) (b).

The Boyden assays detected no consistent differences in migration

capacity between infiltrative (CCRF HSB2, CCRF CEM) and non-

infiltrative (MOLT, Jurkat, P30) T cells. Furthermore, the T-cell line

Peer migrated on both collagen and fibronectin, despite its failure to

infiltrate. Normal PBL, which showed pronounced infiltration into

collagen (Fig. 1e), showed the same, or a somewhat lower, magni-

tude of hapotactic migration than the T-cell lines. The number of

migrating cells represents the mean number ± standard error of the

mean (SEM) per field of six microscopic fields (magnifica-

tion · 400).

Table 1. Fluorescein isothiocyanate (FACS) analysis of b1-intregrins
in T-leukaemia cell lines*

T-cell line CD49a CD49b CD49c CD49d CD49e CD49f CD29

P30 0 2 100 100 100 90 100

CCRF-CEM 7 3 98 98 98 34 99

Molt-4 15 9 84 99 99 31 99

Jurkat 58 20 97 99 99 34 99

CCRF-HSB2 5 94 100 92 100 83 100

Peer 0 55 99 99 4 86 95

HUT-78 0 0 99 99 99 98 96

*Expression of different molecules involved in adhesion, as analysed

by FACscan (% positive cells). There was no obvious correlation

between the expression of b1-integrins and cell behaviour in adhe-

sion, migration and infiltration experiments. The figures show repre-

sentative data of two to three experiments with the different cell

lines.
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Figure 2. The influence of fibronectin (FN), present inside and on

top of collagen type I gels (Coll I), on T-cell attachment to the gel

(a) and on infiltration into the gel (b). The attachment refers to all

cells throughout the collagen per microscope field (· 200) (a), and

infiltrative cells refer to the percentage of cells migrating > 20 lm
into the collagen gel (b). The presence of fibronectin in the collagen

did not render the non-infiltrative T-cell lines Peer and MOLT infil-

trative, although it increased the number of cells on top of the colla-

gen. In contrast, fibronectin present inside the collagen markedly

increased the number of cells migrating into the collagen in the infil-

trative T-cell line, CCRF HSB2. The results shown in this figure

demonstrate that an adhesive component inside the collagen does

not change the infiltrative behaviour of the cells. The figure shows

the results of one representative experiment.
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that differences in the expression of the collagen type

I-binding integrins a1 and a2 can not account for the

fact that CCRF CEM, CCRF HSB2 and HUT migrated

into collagen matrices, while MOLT, Jurkat, Peer and

P30 did not.

Chemokine receptor expression of various
T-cell lines and of normal T cells

Figure 4 shows chemokine receptor expression of two

infiltrative (CCRF CEM and CCRF HSB2), and two non-

infiltrative (Jurkat and MOLT) T-cell lines. We also

analysed the T-cell lines Peer and P30 with respect to

expression of chemokine receptors; the results obtained

were similar to those shown in Fig. 4 (data not shown).

It can be seen, in Fig. 4, that the T-cell lines expressed a

relatively broad repertoire of the chemokine receptors

CXCR-1, CXCR-2, CXCR-3, CXCR-4, CXCR-5, CCR-1,

CCR-2, CCR-3, CCR-5 and CCR-6, although the number

of chemokine receptor-positive cells in each cell line dif-

fered markedly between the receptors. Certain receptors

were more commonly expressed in all T-cell lines. A high

percentage of all T-cell lines were CXCR-4, CCR-3 and

CXCR-5 positive. The T-cell lines showed a variable

expression of CXCR-1, CXCR-2, CXCR-3 and CCR-5,

and a low expression of CCR-1, CCR-2 and CCR-6. Thus,

we found no consistent differences in chemokine receptor

expression between infiltrating and non-infiltrating T-cell

lines.

The surface expression of chemokine receptors on

T cells from 20 healthy blood donors was also analysed

(results not shown). CXCR-4 and CCR-3 were present on

the majority of blood T cells, similarly to the findings in

T-cell lines (90% and 69%, respectively). CXCR-5, CCR-5

and CCR-6 were present on 10–50% of the T cells from

different healthy individuals, while CXCR-1, CXCR-2,

CXCR-3, CCR-1 and CCR-2 were present on 5–20% of

the cells.

Chemokines stimulate migration in a 2D assay, but
do not render ‘non-infiltrative’ T cells infiltrative

We have shown previously that the chemokines RANTES

(regulated on activation, normal T-cell-expressed and

secreted) and MIP-1b stimulate the migration of both

infiltrative and non-infiltrative T cells on fibronectin and

collagen type IV in chemotactic Boyden assays.44 This

means that infiltrative and non-infiltrative T cells can

respond to these chemokines under appropriate condi-

tions, which is consistent with the findings above that all

cell lines except P30 show a similar expression of various

chemokine receptors.

Figure 5(a–d) shows the influence of the chemokine

SDF-1a presented in different ways, on the invasion of

collagen type I matrices by ‘non-infiltrative’ and ‘infiltra-

tive’ T-cell lines, respectively. The chemokine, when pre-

sent with the cells or inside the collagen, exerted a

significant stimulatory effect on the adhesion of non-infil-

trative T-cell lines to the upper surface of the collagen

(Fig. 5c, 5d). Notably, there was no obvious stimulatory

effect of the chemokine on the infiltration of non-infiltra-

tive T cells into the collagen. In contrast, the chemokine

further enhanced the infiltration into collagen of one of

the ‘infiltrative’ T-cell lines (Fig. 5b). The chemokine did

not stimulate infiltration when present with the cells on

top of the collagen and was most effective when presented

inside the collagen. The chemokine, when seeded on the

opposite side of the collagen layer, only marginally affec-

ted the infiltration of infiltrative T-cell lines, and had no

stimulatory effect on the infiltration of non-infiltrative

T-cell lines (Fig. 6). Experiments with the chemokines

MIP-1b, IP-10 and lymphotactin showed similar results

(data not shown).

In conclusion, our results imply that chemokines do

not render non-infiltrative T-cell lines infiltrative, but can

stimulate migration of the same T-cell lines in a 2D assay.

On the other hand, chemokines can stimulate the infiltra-

tive behaviour of T cells that are competent to infiltrate

(Fig. 5b). These findings indicate that the basic infiltrative

capacity of T cells is independent of chemokines.

Discussion

We have previously examined the T-cell lines, analysed

here using 3D collagen, with respect to their capacity to

migrate into Matrigel.8 The results of the previous and of

the present study, when compared, show that the migra-

tion of individual T-cell lines into collagen and Matrigel,

respectively, is virtually identical. Therefore, migration

into these substrata seems to reflect the same functional

property. Our findings show further that while the capa-

city to migrate on 2D substrata is a general property of T

cells, the capacity to migrate within 3D substrata/infiltrate

represents a distinct functional property. Consequently, T

cells may show excellent migration on 2D substrata, but

no infiltration/migration into 3D substrata. Fibronectin

or chemokines, present as an attractant on the top of or

inside the 3D collagen, did not change the basic beha-

viour of the T-cell lines as infiltrative or non-infiltrative.

The fact that T-cell lines generally can be classified as

either infiltrative or non-infiltrative on substrata that dif-

fer chemically shows that the capacity to migrate within

3D substrata/infiltrate represents a distinct functional

property.

The findings of the present study indicate that the

migration/infiltration of T cells into various organs, which

is a hallmark of autoimmunity, allergy and graft rejection,

is distinguishable from migration on 2D substrata

with respect to the effect of chemokines and ECM

components. Although chemokines play an important
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role for T-cell infiltration by stimulating and directing the

migration of the T cells, it has not been elucidated how

the interaction between chemokines and their receptors

influences T-cell infiltration. There are few previous

reports concerning chemokine effects on T-cell infiltration

in the literature where infiltration can be distinguished
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Figure 4. Chemokine receptor expression does

not differ between infiltrating and non-infiltra-

ting T cells. The figure shows flow cytometry

analysis of the expression of chemokine recep-

tors in two infiltrative (CCRF HSB2, CCRF

CEM) and two non-infiltrative (MOLT4,

Jurkat) T-leukaemia cell lines. A high percent-

age of the T-cell lines were CXCR-4, CCR-3

and CXCR-5 positive. The T-cell lines showed a

variable expression of CXCR-1, CXCR-2,

CXCR-3 and CCR-5, and a low expression of

CCR-1, CCR-2 and CCR-6 (data not shown).

The symbols M1-4 denote different com-

parisons of the area under the curves of the

immunoglobulin G (IgG) control and the

monoclonal antibodies to the chemokines,

respectively.
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from migration in a 2D manner. Chemokines stimulate

MMP expression in T cells, which may be consistent with

an augmentation of infiltration.20,42 However, the vast

majority of published reports of chemokine effects on

T-cell motility concerns migration in 2D assay systems, or

have been performed in 3D systems by using cells that

have an inherent infiltration capacity, even in the absence

of chemokines. It is therefore important to define infiltra-

tion-specific experimental conditions in order to study

endogenous T-cell factors, as well as environmental fac-

tors of possible importance for T-lymphocyte infiltration.

To elucidate the role of attractants (such as ECM com-

ponents or chemokines and chemokine receptors) for the

capacity of T lymphocytes to migrate/infiltrate into 3D

substrata, we studied the effect of fibronectin and chem-

okines on the migration of spontaneously infiltrative and

non-infiltrative T-cell lines on/within 2D and 3D sub-

strata. The present experimental approach using T-cell

lines with different competence to migrate/infiltrate into

3D substrata enables us to define the role of chemokines

and ECM attractants for the infiltration of T cells.

None of the T-cell lines used in our investigation pro-

duced endogenous chemokines.44 It is therefore highly

unlikely that T cells have an autocrine chemokine regula-

tion of migration, although some other autocrine mech-

anism may play a critical role for their capacity to

migrate.

Chemokines and fibronectin stimulated the migration

of both infiltrative and non-infiltrative T-cell lines, but

did not render non-infiltrative T-cell lines infiltrative.
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Figure 5. Chemokines stimulate adhesion and migration, but do not

render non-infiltrative T cells infiltrative. The figure shows the influ-

ence of stromal-derived factor-1a (SDF-1a) (50 ng/ml) on the adhe-

sion and infiltration on/into collagen type I gels of infiltrative (CCRF

HSB2, CCRF CEM) (a) and (b) and non-infiltrative (Jurkat, MOLT4)

(c) and (d) T-cell lines. The chemokine was presented to the T cells in

different ways: –/–, no chemokines; +/–, chemokines added in the cell

culture medium; –/+, chemokines added in the collagen type I gel; and

+/+, chemokines added both in the medium and in the gel. Adhesion

to and infiltration into collagen was determined in three experiments

(in seven positions per experiment) at every 10 lm throughout the gel

(magnification · 200), and the figure shows the mean values ± stand-

ard error of the mean (SEM). SDF-1a increased the number of cells

infiltrating > 60 lm into collagen of ‘infiltrative’ T-cell lines (CCRF

HSB2, P < 0�05; CCRF CEM, P < 0�001) when presented in the gel,

but the chemokine had no effect on infiltration when present with the

cells (a) and (b). In contrast, SDF-1a exerted a significant stimulatory

effect on the adhesion of non-infiltrative T-cell lines to the upper sur-

face, comprising > 50 lm of the collagen, when present with the cells

(MOLT4, P < 0�05) or in the gel (Jurkat, P < 0�05; MOLT4, P < 0�05),
but the infiltrating capacity of the cells was not affected (c) and (d).
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Figure 6. The influence of stromal-derived factor-1a (SDF-1a) on

the maximal infiltration depth of infiltrative and non-infiltrative

T-cell lines when the chemokine was presented on the opposite side

of the collagen layer at a concentration of 50 ng/ml. SDF-1a only

marginally increased the infiltration of infiltrative T cells (CCRF

HSB2, CCRF CEM, HUT), and had no stimulatory effect on the

infiltration of non-infiltrative T-cell lines (MOLT, P30, Jurkat, Peer).

The figure shows the mean maximal infiltration depth ± standard

error of the mean (SEM) determined from 10 microscopic fields per

cell line (· 100) of cells allowed to migrate for 24 hr.
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Chemokines and fibronectin stimulated the attachment of

both infiltrative and non-infiltrative T cells to the upper

surface of the collagen. It follows that attachment to a

collagen matrix, migration on 2D collagen and migration/

infiltration into the same collagen in 3D form probably

represent distinct functions. These results indicate that

the basic capacity of T cells to infiltrate is independent of

chemokines or adhesive ECM components. Chemokines

and adhesive ECM components can, however, stimulate

infiltration of T cells that possess the capacity to migrate

into a 3D substrate.

One major conclusion from the fact that chemokines

do not endow T cells with competence to migrate into

3D substrata/infiltrate is that inhibition of chemokine

activity will not prevent cells from infiltrating. However,

inhibition of chemokine action may be one way to

abrogate the targeting of T cells to certain organs or

sites. For example, there is evidence that T cells in syn-

ovial tissue show an up-regulation of CXCR-3 and

CCR-5.45

The observation that the infiltrative capacity of T-cell

lines essentially is independent of chemokines and chemo-

kine receptors, although chemokines can increase the dis-

tance of migration of lines that are competent to

infiltrate, is interesting and merits further investigation

and analysis. Noteworthy is the fact that normal CD4+ T

cells, which have a pronounced capacity to infiltrate colla-

gen, show an expression of chemokine receptors which is

similar to that of T-leukaemia cell lines. The capacity to

infiltrate/migrate into 3D substrata may reflect several

interesting, to date undiscovered, properties of the plasma

membrane, such as high receptor turnover or expression

of matrix-degrading metalloproteinases.16,20 However, the

role of matrix-degrading metalloproteinases in 3D T-cell

migration has recently been challenged,9 suggesting that

other factors determine this function.

The present results demonstrate that chemokines, inde-

pendent of presentation with the cells or within the colla-

gen, stimulate attachment of non-infiltrative T cells to the

upper surface of a collagen matrix. This stimulatory effect

of chemokines is consistent with previous findings that

various chemokines stimulate T-cell binding to ECM

components.17,46

In conclusion, chemokines or adhesive components

seem to function as regulators of adhesion and migration

of T cells on/to components of the ECM, but they are

not of critical importance for the basic capacity of T cells

to infiltrate, although they may target infiltrating T cells

to specific organs, or sites within organs.
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