Immunology

The Journal of cells, molecules, systems and technologies

« British Society for
immunologq}

IIIANeINeIeA @ ORIGINAL ARTICLE

A cytokine-controlled mechanism for integrated regulation of
T-lymphocyte motility, adhesion and activation

Sten-Erik Bergstrom,">” Eva Berg-
dahl” and Karl-Gésta Sundqvist®

'Department of Medicine, Karolinska Insti-
tute, Huddinge, 2Division of Clinical Immu-
nology, Division of Therapeutic Immunology,
Department of Laboratory Medicine, Karo-
linska Institute, Stockholm, and >Astrid Lind-
gren Children's Hospital, Karolinska
University Hospital, Stockholm, Sweden

doi:10.1111/imm.12154

Received 29 May 2013; revised 04 July 2013;
accepted 14 July 2013.

Correspondence: Karl-Gosta Sundqvist,
Division of Clinical Immunology, Division
of Therapeutic Immunology, Department of
Laboratory Medicine, Karolinska Institute,
Stockholm 141 86, Sweden.

Email: Karl.Sundqvist@karolinska.se

Senior author: Karl-Gosta Sundqvist

Introduction

Summary

The co-ordination of T-cell motility, adhesion and activation remains
poorly understood. It is also unclear how these functions are co-ordinated
with external stimuli. Here we unveil a series of molecular interactions in
cis at the surface of T lymphocytes with potent effects on motility and adhe-
sion in these cells, and communicating with proliferative responses. These
interactions were controlled by the signature cytokines of T helper subsets
interleukin-2 (IL-2) and IL-4. Low-density lipoprotein receptor-related protein
1 (LRP1) was found to play a key role for T-cell motility by promoting devel-
opment of polarized cell shape and cell movement. Endogenous thrombospon-
din-1 (TSP-1) enhanced cell surface expression of LRP1 through CD47. Cell
surface expressed LRP1 induced motility and processing of TSP-1 while inhibit-
ing adhesion to intercellular adhesion molecule 1 and fibronectin. Interleukin-
2, but not IL-4, stimulated synthesis of TSP-1 and motility through TSP-1 and
LRP1. Stimulation of the T-cell receptor (TCR)/CD3 complex inhibited TSP-1
expression. Inhibitor studies indicated that LRP1 regulated TSP-1 expression
and promoted motility through JAK signalling. This LRP1-mediated motogenic
signalling was connected to CD47/Gi protein signalling and IL-2-induced
signalling through TSP-1. The motogenic TSP-1/LRP1 mechanism antagonized
TCR/CD3-induced T-cell proliferation. These results indicate that LRP1 in
collaboration with TSP-1 directs a counter-adhesive and counter-proliferative
motogenic cascade. T cells seem programmed to prioritize movement before
adhesion through this cascade. In conclusion, vital decision-making in
T lymphocytes regulating motility, adhesive interactions and proliferation, are
integrated through a molecular mechanism connecting different cell surface
receptors and their signalling pathways.

Keywords: lipoprotein receptor-related protein 1; lymphocytes; MHGC;
migration; thrombospondin-1.

poorly understood. The responsiveness of cells to external
stimuli is generally assumed to reflect signalling from a

T lymphocytes play a pivotal role for the adaptive
immune system through their uniquely high motility,
which enables them to recognize foreign antigens
throughout the organism and initiate specific responses
while maintaining tolerance to self-antigens and allergens.
T cells exhibit transient adhesive interactions with endo-
thelial cells and antigen-presenting cells and therefore
must co-ordinate motility with adhesion. The coordina-
tion of T-cell motility, T-cell adhesion and proliferation,
and how these functions are influenced by external stim-
uli via adhesion molecules or cytokine receptors, remains

© 2013 John Wiley & Sons Ltd, Immunology, 140, 441-455

preformed landscape of surface receptors to intracellular
networks. We show here that this receptor landscape is
much less pre-assembled than previously thought and
part of a dynamic cell-intrinsic regulation of motility and
adhesion. We therefore report a series of cytokine-con-
trolled interactions between cell surface molecules in cis
which are recruited to the cell surface to promote a
motile response and regulate adhesion to intercellular
adhesion molecule 1 (ICAM-1) and fibronectin. These
interactions are differentially controlled by cytokines and
counteract proliferative responses. The classical view of
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motogenic stimulation in T cells is that a chemokine
induces migration via a Gi-mediated signalling pathway
competing with stop signals delivered by T-cell receptor
(TCR) engagement by antigen.'

Interleukin-2 (IL-2) is essential for the homeostasis and
differentiation of CD4 T cells into T helper 1 (Thl), Th2,
Th17 and regulatory T (Treg) cells.” Interleukin-2 was
originally considered as a growth factor for T cells. Subse-
quent research has elucidated that IL-2 is essential for
down-regulation of immune responses through induction
of T reg cells and also for maintenance of the active sup-
pression.” > It therefore plays a pivotal role for the regula-
tion of the adaptive immune system and maintenance of
immune tolerance and contributes to suppression of
autoimmunity® and allergy and even induces acceptance
of allografts.” Interleukin-2 is also a potent stimulator of
T-cell motility via IL-2 receptor B.*° Interleukin-4 has a
crucial role for the differentiation of Th2 cells that are
indispensable for immunity to extracellular parasites but
inhibits Thl cell differentiation.” In contrast to the pro-
tective role of IL-2, IL-4 is coupled to adverse responses
in the form of allergy and autoimmunity. The mecha-
nisms by which IL-2 and IL-4 exert their actions are still
poorly understood.

Although T cells migrate extensively throughout the
organism and adhesive interactions play a pivotal role for
T-cell function, the mechanisms regulating T-cell motility
and adhesion remain unclear. T cells are therefore capable
of high motility while down-regulating adhesion through
an obscure mechanism.'® Thrombospondin-1 (TSP-1), a
450 000 molecular weight (MW) calcium-binding protein
with binding sites for integrins, integrin-associated protein
(CD47), CD36, low-density lipoprotein receptor-related
protein 1 (LRP1) and calreticulin,"™'® has been implicated
in the regulation of motility and adhesion in T cells.'”'®
The LRP1 is a multifunctional 600 000 MW member of the
LDL receptor family with a broad repertoire of ligand inter-
actions including proteases, growth factors, and matrix
proteins'>*® involved in the regulation of motility of non-
lymphoid cells.”’ > Interestingly, LRP1 on T cells has been
reported to predict unresponsiveness to anti-tumour
necrosis factor therapy in patients with rheumatoid arthri-
tis** but its role for motility and other T-cell functions is
unknown. CD47 is a membrane protein that cooperates
with the TCR to induce T-cell activation® but is also an
inhibitory receptor that mediates inhibition of TCR-
induced T-cell activation and promotes T-cell anergy and
Treg cells.”®*® Calreticulin, a calcium-binding chaperone
protein, is a co-receptor for LRP1.%’

We examined the possible importance of LRP1 for
T-cell motility and adhesion and also attempted to fur-
ther clarify the role of TSP-1. Earlier studies of endoge-
nous TSP-1 in the regulation of T-cell motility and
adhesion were performed with T-cell blasts, did not
include silencing experiments, or examine the influence

442

of LRPL.'® However, understanding of basic motility
probably requires the analysis of non-activated cells. The
present experiments were performed with non-activated
blood T cells from healthy individuals and a birch aller-
gen-specific T-cell clone in type 1 collagen matrices. This
is a well-established test system for analysis of lymphocyte
motility.”>** Adhesion was studied using surfaces coated
with fibronectin and ICAM-1. Our results indicate that
T-cell motility and adhesion are regulated by a molecular
cascade comprising TSP-1, CD47, LRP1 and calreticulin
controlled by IL-2 and IL-4 and antagonizing TCR/CD3-
induced proliferative responses.

Materials and methods

Chemicals and antibodies

Human plasma fibronectin and rat tendon collagen type I
were purified and prepared as described elsewhere.’*
Poly-1-lysine (5300 MW) was purchased from Miles-Yeda
Ltd (Rehovoth, Israel). Both IL-2 and IL-4 were from Gen-
zyme Diagnostics (Cambridge, MA). Dynabeads were from
Dynal Biotech (Oslo, Norway). ICAM-1 was from R&D
Systems Ltd, Europe (Abingdon, UK). UO126 was from
Promega (Madison, WI), wortmannin, pertussis toxin, and
AG490 from Sigma-Aldrich (St Louis, MO) and GM6001
from Chemicon International (Temecula, CA). Cholera
toxin was from List Biologic Laboratories (Campbell, CA).
Receptor-associated protein (RAP) was obtained from
Oxford Biomedical Research (Oxford, MI). Amiloride was
from Calbiochem (Darmstadt, Germany). Anti-fibronectin
(clone IST1, I1gG1) was obtained from sera Lab (Loughbor-
ough, UK). Anti-CD3 (clone SK7, IgGl) and anti-CD4
(clone SK3, IgG1) were obtained from Becton Dickinson
(Mountain View, CA). Mouse IgG, anti-CD8 (C8/144B,
IgG1) and goat anti-mouse I1gG were from Dacopatts A/S
(Glostrup, Denmark). Anti-TSP-1 clone A6.1 (also called
TSP-Ab-4, IgG1), clone C 6.7 (also called TSP-Ab-3, IgG1)
and clone MBC 200.1 (also called TSP—Ab-9, IgG1) were
from NEO-MARKERS (Fremont, CA). Anti-CD91/LRP1
(clone A2MRa2, IgG1) was obtained from Santa Cruz Bio-
technology (Santa Cruz, CA). Anti-CD18 (clone 7E4, 1gG1)
was obtained from Immunotech (Marseille, France). Anti-
calreticulin (clone FMC75) was from Biosite (Téby,
Sweden). Anti-CD47 (clone CIKm1) was from Chemicon
International, and anti-CD47 (clone B6H12.2) was from
NEO-MARKERS. Biotinylated peroxidase and avidin were
from Vector Laboratories (Burlingame, CA). The birch
antigen Bet v G75 was obtained from ALK (Hoersholm,
Denmark). ELT GAA RKG SGR RLV KGP D (hepl) was
synthesized by the Biomolecular Resource Facility (Univer-
sity of Lund, Sweden). RSK AGT LGE RDL KPG ARV G
(scrambled hepI peptide), KRFYVVMWKK (4N1K) and
KVFRWKYVMK (scrambled 4N1K) were synthesized by
Tri pep (Novum Research Park, Huddinge, Sweden).
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Cells

Blood lymphocytes were purified using Lymphoprep and
depleted of monocytes by treatment with carbonyl iron and
magnetic removal of phagocytic cells. The cell preparations
obtained consisted of 82-93% CD3-positive cells. Further
enrichment of T cells was accomplished by depleting
CD56-, CD19- and CD14-positive cells using beads coated
with the corresponding antibodies. In experiments with the
birch-specific (Bet v) CD4-positive T-cell clone AF24 anti-
CD19 coated beads were used to remove B lymphocytes
used as antigen-presenting cells. AF24 was stimulated with
anti-CD3 or specific antigen presented by autologous B
cells. AF24 was cultured in the presence of 10 ng/ml IL-2.
For stimulation and to investigate the influence of CD3
ligation on T-cell motility and cell surface expression of
TSP-1 and LRP1 the cells were incubated on plastic coated
with goat anti-mouse IgG (2 pg/ml) and anti-CD3 (50 ng/
ml). In the knockdown experiments, cells were cultured in
RPMI-1640 (Gibco Ltd., Paisley, UK) supplemented with
2 mM L-glutamine, 0.16% sodium bicarbonate, 10 000 U/
ml benzylpenicillin, 10 000 pg/ml streptomycin and 10%
fetal calf serum. In the other experiments the cells were cul-
tured in serum-free AIM-V medium (Gibco). To maintain
the cells in the free-floating state they were shaken on an
IKAWERK KS 500 (IKA-Werk, Staufen, Germany) shaker
at an agitation rate 150/min unless otherwise stated. To
optimize the experimental conditions we also tested a
STRG PLATFORM ROCKER and a Swelab MIXER 820
(Boule Medical, Stockholm, Sweden) as well as a flow
system created using a Pharmacia (Bergman Labora, Dan-
deryd, Sweden) peristaltic pump and attaching tubes.

Thrombospondin mRNA expression

Messenger RNA was extracted as previously described®®
and the RNA/protein ratio was measured. The following
primer pairs were used for PCR amplification of TSP-1.
5"-primer, 5'-CGT CCT GTT CCT GAT GCA TG-3'(99—
118); 3'-primer, 5-GGC AGG ACA CCT TTT TGC AGA-
3'(115-1135). Amplification product was mixed with 6x
loading buffer (0-25% xylene cyanol, 30% glycerol in
MQ-water) and separated on a 1-5% agarose gel contain-
ing 0-5 ug/ml ethidium bromide.

Small interfering RNA-mediated gene silencing

The expression of TSP-1 and LRP1 was suppressed using
the human T-cell Nucleofector kit (Lonza, Koln, Germany)
and a Nucleofector device (Amaxa biosystems, Koln,
Germany) as previously described.’” Briefly, 5 x 10° T-
enriched cells were resuspended in 100 ul nucleofector
solution and transfected with 500 num final concentration of
small interfering RNA (siRNA) using protocol Ul4. The
siRNA consisted of TSP-1 siRNA (human) (Alternative 1)
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(A: Sense: CCACGAUGAUGACAACGAULtt. Antisense: AU
CGUUGUCAUCAUCGUGGtt.

B: Sense: CGAGACGAUUGUAUGAAGALtt. Antisense:
UCUUCAUACAAUCGUCUCGtt. C: Sense: GAAGAAGC
GUAAAGACUAUtt. Antisense: AUAGUCUUUACGCUU
CUUCtt), LRP1 siRNA (Alternative 1) (human). Sense: AAG
ACUUGCAGCCCCAAGCAGtt. Antisense: CUGCUUGGGG
CUGCAAGUCUULtt) and control siRNA (sc-37007) from
Santa Cruz Biotechnology. TSP-1 siRNASuppl (human):
(Sense: GCAUGACCCUCGUCACAUALtt. Antisense: UA
UGUGACGAGGGUCAUGCca.) and LRP1 SiRNASuppl
(human) (Sense: GCUGUGACAUGGACCAGUUtt. Anti-
sense: AACUGGUCCAUGUCACAGCgg) were obtained
from Applied Biosystems (Stockholm, Sweden). The degree
of gene silencing and the influence of silencing on motility
were determined 40 hr after introducing siRNAs.

Quantitative immunocytochemistry

The expression of various antigens was analysed in cells
fixed in 2% paraformaldehyde at 4° for 20 min attached
to glass slides coated with poly-1-lysine (10 pg/ml) at 4°
overnight. Antigen expression was detected with monoclo-
nal antibodies and a complex of biotinylated peroxidase
and avidin (Vector Laboratories). For detection of intra-
cellular antigens cells were fixed in 2% paraformaldehyde
and permeabilized by 0-1% saponin. The cells were exam-
ined in a Nikon Eclipse E1000M (Nikon Instruments Inc.,
New York, NY) microscope. The intensity of the immuno-
cytochemical staining was quantified using the image pro-
cessing and analysis program mMAGE] (NTH, Bethesda, MA).

Biotinylation and immunoprecipitation

The surface membrane of intact lymphocytes was labelled
with Dp-biotinyl-e-aminocaproic acid-N-hydroxysuccini-
mide ester (biotin-7-NHS) as described by the manufac-
turer (Roche Molecular Biochemical, Bromma, Sweden).
For immunoprecipitation, the adherent cells were biotiny-
lated, released using a cell scraper and then immunopre-
cipitated. The reaction was stopped with 75 ul stop
solution per tube after incubation for 15 min at room
temperature and centrifuged at 300 g for 10 min. The
supernatant was discarded and 5 ml cold PBS was added
to each tube followed by centrifugation at 1500 rpm for
10 min. The cells were lysed in 1 ml lysis buffer (50 mm
core buffer, 150 mm NaCl, 0-1 mg/ml PMSF, 1 ug/ml ap-
rotinin, 1 ug/ml leupeptin, 1% Nonidet P-40 and 0-5%
sodium deoxycholate) and incubated for 30 min on ice.
After incubation for 15 min the cells were resuspended
and centrifuged at 12 000 g for 10 min at 4° and the su-
pernatants were transferred to clean Eppendorf tubes.
Immunoprecipitation was essentially carried out with
protein G agarose beads as described by the manufactur-
ers (Roche). The supernatants were mixed with 1 ug
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antibody at 4° overnight followed by centrifugation at
12 000 g at 4° for 20 seconds. Then the supernatants
were discarded and the beads were resuspended in 1 ml
washing buffer, and centrifuged again at 12 000 g at 4°
for 20 seconds, the same procedure was repeated twice.
After washing, 20 ul reducing buffer (2x, containing
0-15 g dithiothreitol in 5 ml 62.5 mM TRIS, 10% glycine
and 2.5% SDS buffer) was mixed with the beads and
heated at 95° for 4 min and subsequently centrifuged at
7000 g for 1 min to spin down the beads and the pro-
teins were separated by SDS-PAGE. Proteins were trans-
ferred to the Hybond ECL membrane (GE Healthcare
Biosciences, Uppsala, Sweden) and detected using the
BMC chemiluminescence blotting kit (Roche).

Biosynthetic labelling, immunoprecipitation and gel
electrophoresis

Biosynthetic labelling of polypeptides synthesized during a
3-hr culture period was carried out with [**S]methionine
at 50 uCi/ml (Amersham: 54-6 TBq/mmol, 533 MBq/ml)
in methionine-free medium supplemented with 10% com-
plete medium. Material from equal numbers of live cells
was immunoprecipitated. Immunoprecipitation was essen-
tially carried out with protein G-Agarose (Pharmacia)
reacted with goat anti-mouse immunoglobulin and mouse
monoclonal antibodies. The immunoprecipitated material
was solubilized in SDS-PAGE sample buffer containing 3%
SDS. The proteins were separated on 6% SDS-PAGE gels.
After drying of the gels, detection of *>S incorporated into
antigenic material and present in gels was facilitated by use
of fluorography. Bio-Rad (Hercules, CA) reference proteins
were run simultaneously with the samples.

Western blotting

The samples were separated by SDS-PAGE and blotted
onto a nitrocellulose membrane (Amersham), blocked
overnight with PBS, 4% BSA and 0-5% Tween. Filters
were washed with PBS with 1-5% BSA and incubated
with antibodies. ECL Western blotting detection reagents
were used for detection with Hyperfilm TM (Amersham).

Cell motility

Collagen type 1 was diluted in serum-free RPMI-1640 and
H,O (8/1/1), applied in plastic Petri dishes 1 ml/dish
(30 mm; BD Biosciences, Franklin Lakes, NJ) and allowed
to polymerize at room temperature. A total of
1-0 x 10° cells in AIM-V medium was added to each well
and allowed to migrate for different times. Cytochalasin B,
10 pug/ml, prevented migration into the collagen showing
that it is an active cellular process. The cells were fixed in
2:5% glutaraldehyde or for immunocytochemistry in 2%
paraformaldehyde and washed twice with PBS. Cell

444

morphology and cell migration were evaluated in nine fixed
positions in each well and at 50-um intervals throughout
the gel by the use of an inverted microscope (Nikon Eclipse
TE300) and a digital depth meter (Heidenhein ND221,
Skarholmen, Sweden). The results are given as mean num-
ber of infiltrating cells/field (x20 objective) per infiltration
depth (50 um for the first two layers immediately beneath
the gel surface and 100 um for other layers further down),
as total number of infiltrating cells throughout the gel
(x20 objective) or as maximal infiltration depth. The infil-
trating cells were identified in situ in the collagen gels using
immunocytochemistry after fixation in paraformaldehyde.

Cell adhesion

To study cell adhesion, plastic Petri dishes (90 mm; Heger
A/S, Svaddeveien, Norway) were coated with ICAM-1
(2 pg/ml), fibronectin (10 pg/ml) or poly-1-lysine (10 ug/
ml) and extensively washed before use. The cells (10 000/
position) in AIM-V medium were incubated on the sub-
strates in a humidified CO, incubator at 37° for 15 or
30 min. Cells were fixed in 2-4% cold glutaraldehyde for
10 min, unbound cells were removed by gentle aspiration
or for identification using immunocytochemistry after fixa-
tion in 2% paraformaldehyde. The number of adherent
cells per microscopic field (20x objective) was counted.
Cell adhesion was evaluated in nine fixed positions.

Cell proliferation

Cell proliferation was determined as previously described.*®

Statistical analysis

Staining intensity in immunocytochemistry experiments
and number of migrating cells are presented as mean
arbitrary units & SD and the Mann-Whitney U-test was
used to evaluate differences between groups. For determi-
nation of differences in cell proliferation and adhesion
paired Student’s t-test was used. Values of P < 0-05 were
considered statistically significant.

Results

Silencing of TSP-1 and LRP1 differentially affects
T-cell motility and adhesion

To examine the possible influence of LRP1 and TSP-1 on
T-cell motility, siRNA-mediated gene silencing of these
proteins was performed (see Supplementary material,
Fig. S1). The silencing was performed in serum-contain-
ing medium whereas subsequent experiments were per-
formed under serum-free conditions to exclude any
interference of exogenous proteins and peptides, such as
exogenous TSP-1. The exposure to the stimulatory effects
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of serum and two more days of culture before the experi-
ments yielded a higher basic motility level than in the
rest of the experiments. Cells transfected with scrambled
control siRNA exhibited variable morphology (Fig. la).
Transfection with LRP1 siRNA generally inhibited the
variations in cell shape seen after transfection with
scrambled control siRNA and > 80% of the cells exhib-
ited apolar rounded morphology (Fig. la—c). LRP1 siR-
NA further inhibited migration of lymphocytes into
collagen matrices (Fig. 1d). Since > 85% of the cells
migrating into collagen generally were identified as CD3-
positive the effects of siRNA silencing on motility were
characteristic of T cells. Transfection with TSP-1 siRNA
also inhibited migration in collagen matrices but to a les-
ser extent than transfection with LRP1 siRNA and in
contrast to LRP1 siRNA-transfected cells and cells trans-
fected with control siRNA many cells were polarized and
elongated (Fig. 1a,b) indicating that TSP-1 counterbal-
ances polarization. Transfection with both LRP1 siRNA
and TSP-1 siRNA had a pronounced inhibitory effect on
migration and the cells showed a rounded shape. The
pronounced inhibition of migration by LRP1 siRNA
(Fig. 1d) probably means that the LRP1-dependent polar-
ization was necessary for migration into the collagen.
However, TSP-1 also seems to have an important role for
the regulation of motility.

Transfection with LRP1 siRNA increased the number of
CD3-positive cells adhering to ICAM-1 in comparison with
cells transfected with scrambled control siRNA (Fig. le).
Cells transfected with LRP1 siRNA also generally showed
pronounced cytoplasmic spreading (dark when observed
by phase-contrast microscopy owing to flattening of the
nucleus and cytoplasm) compared with cells transfected
with scrambled control siRNA and an apolar shape
(Fig. 1d, inserts). This enhancement of adhesion could be
inhibited with an anti-f}, integrin antibody (Fig. le). Cells
transfected with scrambled control siRNA were indistin-
guishable from non-transfected cells with respect to ten-
dency to adhesion and pattern of spreading (not shown).
After transfection with TSP-1 siRNA, CD3-positive cells
showed reduced adhesion measured both as number of
adherent cells and cytoplasmic spreading in comparison
with cells transfected with scrambled control siRNA
(Fig. 1d).

Knockdown of TSP-1 increased anti-CD3-induced
DNA synthesis (Fig. 1f). This strongly argues against the
possibility that the inhibitory and stimulatory effects on
motility and adhesion respectively in the silencing exper-
iments were the result of toxicity and suggests that
endogenous TSP-1 inhibits TCR/CD3-induced T-cell
activation.

Additional support for the conclusion that LRP1
induces motility and modulates adhesion was obtained
using RAP, an endoplasmic reticulum-resident protein
that binds tightly to multiple sites in LRP1 and prevents

© 2013 John Wiley & Sons Ltd, Immunology, 140, 441-455

T-cell regulation and motility

ligand binding to this receptor.’” Hence, RAP inhibited
migration into collagen gels and enhanced adhesion of
CD3-positive cells to ICAM-1 (Fig. 1g,h).

The validity of the siRNA silencing experiments was
further examined using separate LRP1 and TSP-1 siRNAs
(see Supplementary material, Fig. S2). These vyielded
essentially the same results as the LRP1 and TSP-1 siR-
NAs used in the primary experiments, which argues
against the possibility that off-target effects were responsi-
ble.** Experiments performed to study the duration of
siRNA silencing of TSP-1 and LRPI led to the observa-
tion that IL-2, but not activation of the cells with anti-
CD3, restored the expression of TSP-1 and LRP1 (Fig. 2a,
b). Further studies of this effect showed that IL-2 was a
specific driver of TSP-1 synthesis in T cells, as will be
described below.

IL-2 stimulates TSP-1 production and T-cell motility

In the light of the evidence that IL-2 stimulated TSP-1 pro-
duction (Fig. 2¢,d) we examined its influence on TSP-1
expression. Culture in the presence of IL-2 stimulated bio-
synthesis of TSP-1 as shown by the birch-specific T-cell
clone AF24 (Fig. 3a). Culture in the presence of both IL-2
and IL-4 had a stimulatory effect on the biosynthesis of
TSP-1 that was virtually the same as or weaker than that of
IL-2 alone, showing that IL-4 did not contribute to TSP-1
synthesis (Fig. 3a). AF24 cells stimulated with anti-CD3
and IL-2 plus IL-4 for 5 days exhibited significant TSP-1
production not observed after stimulation with anti-CD3
alone and culture in the presence of anti-CD3 even
decreased TSP-1 synthesis in comparison with cells in
medium only. The RT-PCR confirmed that IL-2 stimulated
whereas anti-CD3 inhibited TSP-1 mRNA expression as
determined over a 7-day period (Fig. 3b). After 7 days, IL-
2 seemed to overcome the inhibitory effect of anti-CD3
(Fig. 3b) consistent with the results in Fig. 2(a) that anti-
CD3 plus IL-2 plus IL-4 yielded a substantially higher TSP-
1 synthesis than anti-CD3 only. It is also evident that AF24
exhibited a markedly increased IL-2-dependent rate of syn-
thesis of TSP-1 with time detectable as release of protein
into the medium (Fig. 3c).

We next compared the influence of IL-2 and IL-4 on
the cell surface expression of TSP-1 and LRP1 in blood T
cells. Interleukin-2 was found to increase cell surface
TSP-1 within 30 min, whereas IL-4 did not (Fig. 3d,e). In
contrast, IL-4 seemed to increase cell surface LRP1. The
IL-2 also stimulated T-cell migration into a three-dimen-
sional collagen matrix (Fig. 3f). Interleukin-4 inhibited T-
cell migration into collagen, which as far as we have been
able to determine has not been described before. The siR-
NA silencing of LRP1 and TSP-1 abrogated the stimula-
tory effect of IL-2 on T-cell motility (Fig. 3g) indicating
that IL-2 stimulates T-cell motility through TSP-1 and
LRP1.
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Figure 2. Silencing of thrombospondin 1 (TSP-1) and low-density lipoprotein receptor-related protein 1 (LRP1) using separate small interfering
RNAs (siRNAs). (a, b) Influence of interleukin-2 (IL-2) and anti-CD3 on the expression of TSP-1 (a) and LRP1 (b) in permeabilized cells after
transfection with scrambled control siRNA, TSP-1 siRNA and LRP1 siRNA as determined by immunocytochemistry. After transfection the cells
were incubated for 2 days and subsequently in the presence and absence of IL-2 or anti-CD3 for 7 days (#). There was no hidden stimulatory
effect of anti-CD3 using shorter incubation times. *P < 0-05 versus control siRNA; **P < 0-01 versus control siRNA; ***P < 0-001 versus con-
trol siRNA. The results in (a) and (b) show mean values of three independent experiments. The results in ¢, d show one representative experi-
ment of two independent experiments.

. - CD47/Gi protein complex (Fig. 4d) but did not inhibit
Elifl;ll stimulates T-cell motility through CD47 and the expression of TSP-1 (not shown). The increased TSP-

1 expression induced by 4NI1K probably reflects inhibi-
tion of interaction of endogenous TSP-1 with CD47.
4N1K did not stimulate motility after knockdown of
LRP1 and did so to a lesser extent after knockdown of

To further elucidate the role of LRP1 and TSP-1 for
motility we examined whether peptides mimetic of the
N-terminal calreticulin-binding site (hepl) and the

C-terminal CD47-binding site in TSP-1 (4N1K) as well as
scrambled control peptides affected the expression of
endogenous TSP-1 and LRP1 and motility.'"*" 4NIK
increased the cell surface expression of TSP-1 and LRP1
and also motility substantially (Fig. 4a—c) in agreement
with the evidence in Fig. 1 that LRP1 and TSP-1 are mot-
ogens. Pertussis toxin inhibited the 4N1K-induced cell

TSP-1 (Fig. 4e). Knockdown of LRP1 also markedly
increased the cell surface expression of TSP-1, further
indicating that cell surface-expressed TSP-1 disappears
through LRP1 (Fig. 4f). Together with the evidence that
4N1K increased cell surface expression of TSP-1 (Fig. 4a)
this suggested that TSP-1 interacts with CD47 and with
LRPI. Hepl increased TSP-1 expression on the cell sur-

surface expression of LRPI indicating involvement of a face and inhibited motility (Fig. 4a,b). This probably

Figure 1. Silencing of thrombospondin 1 (TSP-1) and low-density lipoprotein receptor-related protein 1 (LRP1) differentially affects T-cell motil-
ity and adhesion. (a) The influence of transfection with scrambled control small interfering RNA (siRNA), LRP1 siRNA (alternative 1 see Materi-
als and methods), TSP-1 siRNA (alternative 1 see Materials and methods) or both LRP1 siRNA and TSP-1 siRNA on the appearance of cells
allowed to infiltrate a collagen gel for 30 min. (b) The influence of silencing, as described in (a), on cell shape expressed as per cent polarized
cells. It is evident that silencing of LRP1 inhibits whereas silencing of TSP-1 enhances polarized cell shape. (c) Migration of cells into a collagen
gel after transfection with scrambled control siRNA, LRP1 siRNA, TSP-1 siRNA or both LRP1 siRNA and TSP-1 siRNA. The number of cells at
different depths was determined after 30 min. The results show that silencing of LRP1 as well as TSP-1 inhibits migration but that the silencing
of LRP1 is more effective in this regard. (d) Adhesion of CD3-positive lymphocytes to intercellular adhesion molecule 1 (ICAM-1) and photo-
graphs showing pattern of spreading after transfection with control siRNA, TSP-1 siRNA and LRPI siRNA as determined after 30 min. (e) Influ-
ence of an antibody to f8, integrin on adhesion of CD3-positive lymphocytes to ICAM-1 after transfection with LRP1 siRNA as determined after
30 min. (f) Influence of transfection with control siRNA and TSP-1 siRNA on anti-CD3-induced T-cell activation as determined by incorporation
of radioactive thymidine after different times. (g, h) Influence of receptor-associated protein (50 ug/ml) on migration in collagen (g) and adhe-
sion of CD3-positive cells to ICAM-1 (h). The results in the different figures represent mean values of three independent experiments or a repre-
sentative experiment of three and four individual experiments (a, ¢, f). Between 86 and 98% of the cells in collagen in different experiments were
identified as CD3-positive. **P < 0-01 versus control siRNA; ***P < 0-001 versus control siRNA.

© 2013 John Wiley & Sons Ltd, Immunology, 140, 441-455 447



S.-E. Bergstrom et al.

(a) (b)

kDa TSP-1 (Ab-9) Fibronectin (IST-1)

TSP- 1

Ohr 5hr 24 hr 72 hr 168 hr|5hr 24 hr 72 hr 168 hr
IL-2 | IL-2 + Anti-CD3

(c) CeIIs cultured with IL-2 Cells cultured without IL-2

TSP-1 (Ab-4) Fibronectin (IST-1) TSP-1 (Ab-4)

TSP1- - -

Day 0 Day1 Day3 Day7 Day O Day1 Day3 Day7 DayO Day1 Day3 Day7

(€) 140 1 aTSP-1 R
g 120 { oLRP1 | M I
2 100 A
g 80 |
£ 60
2 ns
g 40
<20
@
0
n 0 Control  IL-2 IL-4 IL-2+IL-4
® «
45 *
40 (9) 70+
© 35 sControl 60 - B0-50 ym
§ 30 alL-2 2 504 l ©50-100 pm
o p olL-4 I} ST ©100-200 pym
a—) 25 ° - S
g * o 8L-2 + IL-4 5 40 b
€ 20 p o Q ns ns
2 30 1 Tl -
EJ o
=z 15 [S S l
ns * S2041 & I
10 * * b4 =
* Q 4 ns ns |
5 ¥ . 10 - _L ﬂ - ;
0 0 r T T : - :
0-50 50-100 100-200 200-300 —IL-2 +IL-2 —IL-2+IL-2 —L-2 +IL-2
Depth of migration (um) Control siRNA TSP-1 siRNA LRP1 siRNA

Figure 3. Interleukin-2 (IL-2) stimulates thrombospondin 1 (TSP-1) expression in T cells and motility through TSP-1 and low-density lipoprotein
receptor-related protein 1 (LRPI). (a) Gel analysis (6% SDS-PAGE) showing immunoprecipitation of biosynthetically labelled TSP-1 from the
birch antigen-specific T-cell clone AF24 ([*>S]methionine; 3-hr pulse) after culture under different conditions for 5 days. IL-2 and IL-4 were used
at a concentration of 10 ng/ml. (b) Agarose gel electrophoresis showing RT-PCR-amplified TSP-1 and f-actin fragments using mRNA isolated
from AF24 cells cultured for different times with IL-2 and IL-2 and anti-CD3 as templates. Fragments were visualized by ethidium bromide stain-
ing and UV illumination. (c) Western blotting of material from conditioned medium of unprecipitated material from AF24 cells cultured with IL-
2 for different times and separated on a 6% SDS-PAGE gel. After different times the cells were cultured in AIM-V medium over night. It is evident
that the synthesis of TSP-1 increases with time and is IL-2-dependent. (d, e) Interleukin-2 stimulates cell surface expression of TSP-1 whereas IL-4
rather inhibits TSP-1 expression but stimulates LRP1 expression. The cells were incubated in the presence of IL-2 (10 ng/ml) or IL-4 (20 ng/ml)
for 30 min and the cell surface expression of TSP-1 and LRP1 was subsequently determined using immunoprecipitation of material from surface
biotinylated cells (d) or quantitative immunocytochemistry (e). (f) Influence of IL-2 (10 ng/ml) and IL-4 (10 ng/ml) on T-cell migration into a
collagen matrix. Motility was determined after 30 min. (g) Silencing of TSP-1 and LRP1 abrogates the stimulatory effect of IL-2 on T-cell motility.
Migration into a collagen gel was determined after transfection with control siRNA, TSP-1 siRNA (Alternative 1), or LRP1 siRNA (Alternative 1).
The number of cells at different depths was determined after 30 min. (a—e) One representative experiment of three to six independent experiments;
(f) mean values of three independent experiments and (g) one representative experiment of two independent experiments.
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means that hepl inhibited an interaction that promotes
disappearance of TSP-1 and suggests a role of LRPI-
dependent processing of TSP-1 for motility.

Western blotting of whole cell material indicated that
hepl prevented the appearance of a 130 000 MW TSP-1
fragment, suggesting that interaction with calreticulin/
LRP1 induces cleavage of TSP-1 (Fig. 4g). Western blotting
of whole cell material further demonstrated that the
cells contained a 40 000 MW N-terminal fragment of
TSP-1, the appearance of which was decreased by a 15-min
exposure to the metalloproteinase inhibitor GM6001
whereas intact TSP-1 concomitantly increased, further sug-
gesting that TSP-1 undergoes cleavage (Fig. 4h). The
results in Fig. 4(a—h) indicated that interaction of the C-
terminal domain of TSP-1 with CD47 stimulates cell sur-
face expression of LRP1 and motility and that subsequent
LRP1-dependent processing of TSP-1 further stimulates
motility.

A JAK/STAT pathway inhibitor mimics silencing of
LRP1 in its effect on cell surface TSP-1, motility and
adhesion

To elucidate which signalling pathways that regulate T-cell
motility were dependent on LRP1 and TSP-1 we applied
various inhibitors. Striking effects were obtained using
AG490, which inhibits the Janus kinase—signal transducer
and activator of transcription 1 (JAK-STAT) signalling
pathway, and UO126, which inhibits extracellular-signal
regulated kinase (ERKs),** a family of mitogen-activated
protein kinases. AG490 inhibited T-cell motility (Fig. 5a).
In contrast, AG490 increased adhesion to fibronectin and
ICAM-1 substantially (Fig. 5b) and induced apolar cyto-
plasmic spreading almost indistinguishable from cells after
knockdown of LRPI1 or exposed to RAP (not shown).
Notably, AG490 increased the cell surface expression of
TSP-1 (Fig. 5¢). In contrast to AG490, UO126 decreased
the expression of TSP-1 (Fig. 5¢). UO126 had a suggested
stimulatory effect on motility and an inhibitory effect on
adhesion (Fig. 5b,c). The results in Fig. 5 indicated that
TSP-1 undergoes processing as a consequence of interac-
tion with LRPI/calreticulin and that this is coupled to
motility. The effect of AG490 on cell surface expression of
TSP-1, motility and adhesion therefore mimicked the
effect of silencing of LRP1.

Based on the evidence that flow stimulates T-cell adhe-
sion,'® we examined the possible influence of the free-
floating state on TSP-1 expression. Free-floating cells
exhibited a marked up-regulation of the cell surface
expression of TSP-1 (Fig. 5d). As previously reported,'
they also showed increased adhesion to ICAM-1 (not
shown). This suggested that the free-floating state affects
the motogenic TSP-1/LRP1 mechanism and is consistent
with the finding using AG490 that up-regulation of cell
surface TSP-1 supports adhesion as well as with the

© 2013 John Wiley & Sons Ltd, Immunology, 140, 441-455
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evidence from knockdown experiments that TSP-1 stimu-
lates adhesion.

The motogenic TSP-1/LRP1 mechanism inhibits TCR/
CD3-induced proliferation

To further examine the evidence in Fig. 1(f) that the mo-
togenic TSP-1/LRP1 mechanism suppresses TCR-induced
T-cell proliferation, we examined the influence of stimu-
lation of this mechanism through CD47 using 4N1K. In
addition, we examined the influence of a monoclonal
anti-CD47 antibody (C1Km1l) that we found to stimulate
motility compared with another antibody (B6H12) that
did not stimulate motility (Fig. 6a). 4N1K caused a
marked inhibition of TCR-induced DNA synthesis in the
birch allergen-specific CD4-positive T-cell clone AF24,
which was most pronounced at the initial determination,
whereas control peptides did not inhibit DNA synthesis
(Fig. 6b, ¢). C1Kml also inhibited DNA synthesis whereas
B6H12 did not inhibit it. The results in Fig. 4(b) there-
fore indicated that stimulation of motility correlates with
inhibition of T-cell proliferation. In addition, culture of
the T-cell clone in the presence of an antibody to TSP-1
increased DNA synthesis (Fig. 6¢) consistent with the evi-
dence in Figs 1(f) and 4(b) that inhibition of participa-
tion of TSP-1 in motility would stimulate proliferation.
There was no significant difference between the viability
of the cells exposed to the peptides in Fig. 6(b) (not
shown). These results further strengthened the conclusion
that the motogenic TSP-1/LRP1 mechanism antagonizes
TCR-induced T-cell proliferation.

Discussion

These results provide new information about the action
of the major cytokines IL-2 and IL-4 and unveil a mecha-
nism for integrated regulation of T-cell motility and adhe-
sion to ICAM-1 and fibronectin. Knockdown experiments
and the effect of RAP first indicated that LRP1, with the
support of TSP-1, are of crucial importance for T-cell
motility and adhesion, LRP1 by promoting polarized cell
shape and TSP-1 through a counter-polarizing effect. Pep-
tides mimetic of TSP-1 binding sites for CD47 (4N1K)
and calreticulin (hepl) together with various inhibitors
confirmed and extended these findings, indicating that a
cell surface cascade comprising TSP-1, CD47, calreticulin
and LRP1 combines the regulation of motility and adhe-
sion. This cascade antagonizes TCR/CD3-induced prolif-
eration, seems to coordinate distinct signalling pathways
and mediates inter-regulation of IL-2 and IL-4, as
depicted in the model in Fig. 7. Interleukin-2 stimulated
synthesis of TSP-1 as well as motility through TSP-1/
LRP1 interaction in cis, whereas IL-4 inhibited motility.
The effects of AG490 (Fig. 5) indicated that LRP1 pro-
motes TSP-1 processing and probably also T-cell motility
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while inhibiting adhesion to ICAM-1 and fibronectin via
JAK signalling. In contrast, ERK-dependent protection of
TSP-1 seems to support adhesion while inhibiting motil-
ity. LRP1 signalling through JAK and suppression of the
ERK pathway is consistent with data from non-lymphoid

cells.*> *® TSP-1 enhances cell surface expression of LRP1
through a CD47/Gi protein complex. The fact that inhibi-
tion of TSP-1 processing stimulates whereas knockdown
of TSP-1 inhibits adhesion further indicates that TSP-1
promotes adhesion. Furthermore, the results point to the
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Figure 5. T-cell motility and cell surface expression of thrombospondin 1 (TSP-1) depends on Janus kinase (JAK) and extracellular signal-regu-
lated kinase (ERK) signalling and flow. (a) Influence of AG490 and UO126 on T-cell migration into collagen as determined after 30 min. (b)
Influence of AG490 and UO126 on T-cell adhesion to intercellular adhesion molecule 1 (ICAM-1) and fibronectin as determined after 30 min.
(c) Gel analysis (6% SDS-PAGE) of material from AG490- and UO126-treated surface biotinylated cells (30 min) immunoprecipitated with anti-
TSP-1 and anti-CDA47. It is evident that AG490 enhances whereas UO126 inhibits TSP-1 expression. (d) Influence of incubation of cells for
10 min under different conditions on the cell surface expression of different antigens. It is evident from the results that the free-floating state
induces cell surface expression of TSP-1 and that this increased expression is reversible after incubation for 30 min under static conditions. The
results in (a) and (b) show mean values of three independent experiments, (c) shows a representative experiments of three independent experi-
ments and (d) one representative experiment of two independent experiments.

possibility that the free-floating vascular state inhibits the connecting signalling via cytokine receptors with CD47/
motogenic JAK-pathway, while protecting TSP-1, which Gi protein signalling and LRPI signalling through JAK
enhances adhesion to ICAM-1. Hence, our results indi- coupled to inhibition through ERK. The trimolecular
cate that T cells are endowed with a cell surface cascade TSP-1 structure with binding sites for CD47 and calreti-

Figure 4. Thrombospondin 1 (TSP-1) stimulates T-cell motility through CD47 and low-density lipoprotein receptor-related protein 1 (LRP1).
(a) The influence of peptides mimetic of the CD47-binding site in TSP-1 (4N1K), the calreticulin-binding site of TSP-1 (hepl), and scrambled
(sc) control peptides on the cell surface expression of TSP-1 and LRP1 as determined after 30 min using quantitative immunocytochemistry. (b,
¢) The influence of 4N1K, sc4N1K, hepl and sc hepl on T-cell motility measured as maximal depth of migration into a collagen gel (b) and
number of cells at different levels throughout the gel (c) after 30 min. (d) Influence of incubation with pertussis toxin (10 ug/ml) or cholera
toxin (10 pg/ml) on 4N1K-induced cell surface expression of LRP1 as determined after 30 min by quantitative immunocytochemistry. The results
show mean values of three independent experiments. (e) The influence of 4N1K and sc4N1K on T-cell motility measured as maximal infiltration
depth into a collagen gel after transfection with scrambled control small interfering (si) RNA, TSP-1 siRNA, LRP1 siRNA or both LRP1 siRNA
and TSP-1 siRNA. The cells were allowed to migrate for 30 min. (f) The influence of transfection with scrambled control siRNA, TSP-1 siRNA,
LRP1 siRNA or both LRP1 siRNA and TSP-1 siRNA on the cell surface expression of TSP-1. (g) Western blotting (6% SDS-PAGE) of material
from lysed cells showing that incubation with hepl, but not a scrambled control peptide, for 15 min inhibits a 130 000 MW TSP-1 fragment.
The reactivity with anti-fibronectin antibodies is shown as a control. (h) Western blotting (6% SDS-PAGE) of material from lysed cells demon-
strating a 40 000 MW N-terminal fragment with a monoclonal antibody specific for the N-terminal domain (AB-9). It can further be seen that
GM6001 (10 pum) but not amiloride (50 um) inhibits this fragment and increases the intensity of intact 170 000 MW TSP-1 as demonstrated
using another TSP-1 antibody (Ab-4). The results in (a—e) represent mean values of three individual experiments; (f~h) are representative of four
or five individual experiments. *, **, *** refer to statistical comparisons with control cells.
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Figure 6. The motogenic thrombospondin 1 (TSP-1)/ low-density
lipoprotein receptor-related protein 1 (LRP1) mechanism inhibits
Tcell receptor-induced T-cell proliferation. (a) The anti-CD47 anti-
body C1Kml stimulates whereas B6H12 inhibits T-cell motility as
determined by maximal depth of migration into a collagen gel.
Migration was determined after 30 min. (b) 4N1K and C1Km1 inhi-
bit proliferation. AF24 T cells were stimulated with antigen in the
presence of various peptides and antibodies. The values show [*H]
thymidine incorporation. (c¢) Anti-TSP-1 antibodies (Ab-3) stimulate
anti-CD3-induced activation of AF24 as determined by [*H]thymi-
dine incorporation. (a) Mean values of three independent experi-
ments; (b, ¢) representative experiments of two or three independent
experiments.

culin/LRP1 at different ends of the molecule may be
essential for this.

The extreme flattening of adherent cells by LRP1 knock-
down, and the enhancement of adhesion by RAP or JAK
inhibition, probably reflect the disappearance of a counter-
adhesive LRP1 effect. Therefore, the TSP-1/CDA47/calreticu-
lin/LRP1 cascade may also be considered as a potent
mechanism for regulation of adhesion. It is an intriguing
possibility that this cascade may endow the T-cell with its

452

migratory phenotype by prioritizing motility over adhesion
whereas inhibition of the cascade promotes transient
up-regulation of adhesion. In agreement with the present
evidence that LRP1 counteracts adhesion, knockdown of
LRP1 increases adhesion of carcinoma cells to matrix
substrates.*’

The  TSP-1/CD47/calreticulin/LRP1  cascade  may
account for the high motility of T cells and their constant
repositioning within the organism. This autocrine regula-
tion of motility and adhesion by endogenous compo-
nents, which are not anchored to other cells or the
extracellular matrix and hence do not restrict movement,
may be a prerequisite for this behaviour. The role of
LRPI1 as a major T-cell motogen is consistent with the
fact that it is a transmembrane protein capable of trans-
ducing a cell surface signal to cytoskeletal components.*

Our findings may explain several unresolved therapeutic
effects as well as effects induced through cell surface recep-
tors reported in the literature by putting them into a
broader mechanistic context. Accordingly, it is possible
that the inhibition of graft-versus-host disease, type 1 dia-
betes and experimental autoimmune encephalomyelitis by
AG490 treatment*®™° depends on inhibition of the moto-
genic cascade and infiltration of effector cells into target
organs. The inhibitory effect on TCR-induced T-cell acti-
vation of exogenous TSP-1 via CD47°®*® may also be
accounted for by stimulation of this cascade. Inhibition of
the motogenic cascade by shear force may account for the
capacity of T cells to undergo rapid adhesion to endothe-
lial cells.'® It is also conceivable that the generation of
Treg cells by TSP-1 via CD47, as well as by IL-2 and the
ERK inhibitor U0126,**”** may reflect up-regulation of
the motogenic cascade, so enhancing the capacity to exe-
cute suppression by moving in close contact with other
cells. Another possibility is that IL-2-induced TSP-1 main-
tains the function of T-cell subsets such as Treg cells. In
support of this contention, migration is required for effi-
cient suppression of effector cell responses®’ and mainte-
nance of the Treg cell effect requires presence of IL-2.?

The antagonistic effect of the motogenic cascade on
TCR-induced proliferative responses may play a critical
balancing role for immune regulation. This antagonistic
effect is consistent with the idea that T-cell migration and
activation leading to division are distinct and incompatible
steps of the immune response.”® The motogenic cascade
may therefore play an important physiological role through
inhibition of antigen-induced T-cell proliferation. In this
context our finding that T cells produce TSP-1 and that
this production can be up-regulated and enhance the mo-
togenic cascade may also have bearing on the fact that
defective expression of TSP-1 promotes inflammation in
most tissues whereas over-expression of TSP-1 protects
against inflammation.>>** Up-regulation and dominance
of the motogenic cascade over the effects of TCR-induced
T-cell activation and IL-4 may explain why IL-2 promotes
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Figure 7. A cell surface cascade for integrated regulation of T-cell motility, adhesion and T-cell receptor (TCR)- and cytokine-induced responses.

Motility is directed by cell surface-expressed low-density lipoprotein receptor-related protein 1 (LRP1) and thrombospondin 1 (TSP-1). LRP1

expression at the cell surface promotes the processing of TSP-1 and probably also polarized cell shape and migration through Janus kinase (JAK)

signalling while concomitantly inhibiting adhesion to intercellular adhesion molecule 1 (ICAM-1) and fibronectin. Extracellular-signal regulated

kinase (ERK) inhibits this motogenic effect. Cell surface expression of LRP1 is enhanced by interaction of the C-terminal domain of endogenous

TSP-1 with CD47, whereupon interaction of the N-terminal domain with LRP1 further enhances the motogenic effect of LRP1. Interleukin-2

(IL-2) stimulates synthesis and cell surface expression of TSP-1 and hence up-regulates the motogenic mechanism; IL-4 inhibits the motogenic

mechanism. The motogenic mechanism inhibits TCR-induced T-cell proliferation. TCR-induced proliferative responses and IL-4 inhibit the mo-

togenic mechanism. + denotes stimulatory effect; — denotes inhibitory effect.

tolerance and protects against autoimmune diseases and
allergy.>”> The motogenic cascade may therefore endow
the immune system with an immunoregulatory pathway in
addition to the tolerance-promoting interactions of pro-
grammed cell death 1 and cytotoxic T-lymphocyte antigen
4 with their ligands.”®* Interleukin-2-induced TSP-1
expression may also regulate immune responses through
transforming growth factor-f (TGF-f), since TSP-1 is an
activator of TGF-B.”> This may play a critical role in the
down-regulation of immune responses, as illustrated by
development of multi-organ autoimmunity in TGF--defi-
cient mice.”®*® The inhibition of T-cell motility by IL-4
probably reflects an effect on LRP1 but it is also possible
that IL-4 affects TSP-1 and hence indirectly LRP1 and
motility. This suggests that IL-2 and IL-4 inter-regulate and
balance Th1 and Th2 responses through antagonistic effects
on TSP-1 and LRP1 consistent with the evidence that Thl
and Th2 responses may co-exist in vivo although one
response dominates functionally.®’

© 2013 John Wiley & Sons Ltd, Immunology, 140, 441-455

In conclusion, T-cell regulation through the TSP-1/
CD47/calreticulin/LRP1 cascade may provide rapid con-
trolled adaptation to different needs and demands. The
finding that a cell surface cascade directs T-cell functions
also has bearing on the plasticity of T-cell subsets and
their regulation is often discussed in relation to T17 and
Treg cells." The present results provide a conceptual
background for better understanding of T-cell regulation
and adaptive immune responses.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Western blot analysis (4-12% SDS-PAGE
gels) of expression of low-density lipoprotein receptor-
related protein 1 (LRP1) and thrombospondin 1 (TSP-1)
after transfection with scrambled control small interfering
RNA (siRNA), LRP1 siRNA (alternative 1 see Materials
and methods) and TSP-1 siRNA (alternative 1 see Materi-
als and methods).

Figure S2. (a) Expression of low-density lipoprotein
receptor-related protein 1 (LRP1) and thrombospondin 1
(TSP-1) in permeabilized cells after transfection with
scrambled control small interfering RNA (siRNA), TSP-1
siRNA suppl (see Materials and methods), LRP1 siRNA
suppl (see Materials and methods) or both LRP1 siRNA
and TSP-1 siRNA and incubation with brefeldin A for
30 min before detection using quantitative immunocyto-
chemistry. (b) Migration of cells into a collagen gel after
transfection as in (a). The number of cells at different
depths was determined after 30 min. The results show
that silencing of LRP1 as well as TSP-1 inhibits migration
but that the silencing of LRP1 is much more effective.
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