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The Journal of Immunology

Extracellular Matrix of Glioblastoma Inhibits Polarization
and Transmigration of T Cells: The Role of Tenascin-C in
Immune Suppression

Jyun-Yuan Huang,* Yu-Jung Cheng,† Yu-Ping Lin,* Huan-Ching Lin,*

Chung-Chen Su,* Rudy Juliano,‡ and Bei-Chang Yang*,†,x

Dense accumulations of T cells are often found in peritumoral areas, which reduce the efficiency of contact-dependent lysis of tumor

cells. We demonstrate in this study that the extracellular matrix (ECM) produced by tumors can directly regulate T cell migration.

The transmigration rate of several T cells including peripheral blood primary T cell, Jurkat, and Molt-4 measured for glioma cells

or glioma ECM was consistently low. Jurkat cells showed reduced amoeba-like shape formation and delayed ERK activation when

they were in contact with monolayers or ECM of glioma cells as compared with those in contact with HepG2 and MCF-7 cells.

Phospho-ERK was located at the leading edge of migrating Jurkat cells. Glioma cells, but not MCF-7 and HepG2 cells, expressed

tenascin-C. Knocking down the tenascin-C gene using the short hairpin RNA strategy converted glioma cells to a transmigration-

permissive phenotype for Jurkat cells regarding ERK activation, transmigration, and amoeba-like shape formation. In addition,

exogenous tenascin-C protein reduced the amoeba-like shape formation and transmigration of Jurkat cells through MCF-7 and

HepG2 cell monolayers. A high level of tenascin-C was visualized immunohistochemically in glioma tumor tissues. CD3+ T cells

were detected in the boundary tumor area and stained strongly positive for tenascin-C. In summary, glioma cells can actively

paralyze T cell migration by the expression of tenascin-C, representing a novel immune suppressive mechanism achieved through

tumor ECM. The Journal of Immunology, 2010, 185: 1450–1459.

T
umor-specific immune responses are detectable in patients
with cancer (1). The infiltration of immune cells into the
tumor region is a promising indicator of better prognosis

for a variety of cancers (2–4). However, tumor masses are usually
surrounded by a basal membrane-like structure composed of dis-
tinctive extracellular matrix (ECM) components that physically
separate tumor cells from other tissue compartments (5, 6). Iso-
forms of ECMs are uniquely expressed in different tissues and
tumors. ECM acts not only as a protein scaffold to support tissues
and organ assemblies, but also transmits signals through cell-
surface receptors to regulate cell adhesion, migration, prolifera-
tion, and differentiation (7, 8). For tumor-infiltrating T cells, the
PI3K/Akt pathway initiated upon contact with tumor cells through
b-integrins suppresses the Fas-mediated apoptosis in T cells (9).

During the course of infiltration, immune cells have tomigrate out
of blood vessels and travel some distance to get into the tumor site.
There, they encounter a distinct environment composed of various
ECM components, which are very different from those of the
bloodstream. In addition, these immune cells have to penetrate the
ECM-rich capsule surrounding tumor masses. Activated T cells ad-
here strongly to type IV collagen but weakly to type I collagen, in-
dicating that specificECMcomponents have a role in cell infiltration
(10). Marked lymphocyte infiltration occurs outside the collagen I/
II-rich capsule of hepatocellular carcinoma or surrounding com-
pressed hepatocytes near the capsule (11). However, the impact of
tumor ECM on the infiltration of NK and T cells has been disputed.
On one hand, tight basal membrane-like structures found around the
tumor masses potentially prevent direct contact of NK cells or
T cells with tumor nests (12, 13). On the other hand, the infiltration
of immune cells requires the presence of certain tumor ECM mol-
ecules. For instance, activated NK and T cell infiltration is observed
in loose metastatic melanoma masses that contain high amounts of
ECM components including laminin-1, fibronectin, and collagen
(14, 15). As in local hepatoma in the liver, the stroma of colorectal
hepatic metastases is heavily infiltrated by lymphocytes that coloc-
alize with vitronectin, whereas the tumors lacking vitronectin are
devoid of lymphocytes (16).
Migrating lymphocytes are polarized, in which migration-

controlling kinases, including PI3K and AKT, are recruited to the
leading front of migrating cells andmay facilitate actin polymeriza-
tion (17, 18). Preventing the adhesion of cells blocks the mitogen-
induced activation of the canonical MAPK, which is important for
T cell adhesion and migration (19–21). Although individual matrix
proteins such as fibronectin and laminin have been shown to regulate
ERK/MAPKs, the overall signaling for T cellmigration triggered by
tumor ECM with its distinctive protein components is still poorly
understood.
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To understand the impact of tumor ECM on T cell migration, we
investigated the migration behaviors of T cells through tumor cell
monolayers and extracted tumor ECM. We found that the cell
monolayer and ECM of glioblastoma inhibited the transmigration
of T cells. Confocal imaging and time-lapse videomicroscopy
showed that the low migration rate of Jurkat cells correlated with
delayed ERK activation and reduced lamellipodia formation. Fur-
thermore, we demonstrated that tenascin-C expressed on glioblas-
toma cells inhibited the migration of T cells, providing a possible
mechanism for the immune suppression found in brain tumors.

Materials and Methods
Reagents and Abs

Kinase inhibitors for MEK (U0126) and PI3K (LY294002) were purchased
fromCalbiochem(La Jolla,CA).Collage IV, fibronectin, andgoat polyclonal
anti-human CD3 Ab were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). Protein kinase A (PKA) inhibitor (H-89), laminin, phalloidin-
FITC (P5282), and puromycin were purchased from Sigma-Aldrich (St.
Louis, MO). Short hairpin (sh)RNA interference pLKO.1-shTNC for
tenascin-C was obtained from the National RNAi Core Facility of Taiwan
(Taipei, Taiwan). Plasmid pEGFP-N1 was purchased from Clontech Labo-
ratories (Palo, Alto, CA). Rabbit Abs for ERK and phospho-ERK were
obtained from Cell Signaling Technology (Beverly, MA). Rabbit Abs for
CREB and phospho-CREB were purchased from Upstate Biotechnology
(Lake Placid, NY). Mouse anti-human integrin b1- and b2-blocking Abs
and human tenascin-C were obtained from Chemicon International (Teme-
cula, CA). RGD peptide was kindly provided by Dr. Woei-Jer Chuang
(National Cheng Kung University, Tainan, Taiwan). Donkey anti-goat Ab
(Alexa Fluor 488 conjugated), goat anti-rabbit Ab (Alexa Fluor 488 conju-
gated), donkey anti-mouse Ab (Alexa Fluor 594 conjugated), and Hoechst
33258 nucleic acid stain were purchased from Invitrogen Life Technologies
(Grand Island, NY). Functional grade purified anti-human CD3 and CD28
Abs were obtained from eBioscience (San Diego, CA). Dako Ab diluent and
HRP-conjugated goat anti-rabbit IgG Ab were purchased from DakoCyto-
mation (Glostrup, Denmark). Mouse monoclonal anti-human tenascin-C Ab
was obtained from Abcam (Cambridge, U.K.).

Cell cultures and transfections

Human T cell leukemia cell lines Jurkat (E6-1) andMolt-4, breast carcinoma
cell lineMCF-7, glioblastoma cell lines U-118MG,U-373MG, andU-87MG,
and hepatocellular carcinoma cell line HepG2 were obtained from the Amer-
ican Type Culture Collection (Manassas, VA). Human PBMCswere prepared
using Ficoll-Hypaque Plus (Amersham Biosciences, Uppsala, Sweden) den-
sity gradient centrifugation. CD3+ T cells in PBMCs were further purified by
passing through a sterile column of nylon wool. Jurkat, Molt-4, and primary
T cells were cultured in RPMI 1640 medium (Life Technologies) supple-
mented with 10% FBS and 1% antibiotic-antimycotic. Primary T cells were
activated by CD3 plus CD28 Abs (5 mg/ml) for 3 d. MCF-7, U-87MG,
U-118MG, U-373MG, and HepG2 were cultured in DMEM medium (Invi-
trogen, Carlsbad, CA) supplemented with 10% FBS, 2 mM L-glutamine, and
1% antibiotic-antimycotic. Cells were grown at 37˚C in an air/5%CO2 atmo-
sphere at constant humidity. We transfected the enhanced GFP (EGFP) gene
into Jurkat cells. EGFP-expressing Jurkat cells emit green light under fluo-
rescent microscopy and can be unambiguously identified among amixed-cell
population. Jurkat cells expressing EGFP, noted as Jurkat (N1) cells, were
established by transfecting the parental E6-1 cells with plasmid pEGFP-N1
according to the manufacturer’s protocol for MircoPorator MP-100 (Nano-
EnTek, Seoul, Korea). To knock down the tenascin-C gene, U-118MG
cells were transfected with plasmid pLKO.1-shTNC, noted as U-118MG
(TNCshRNA) cells, or a control plasmid according to the manufacturer’s
protocol for Lipofectamine 2000 (Invitrogen).

Transmigration assay

A transmigration assay was performed using a 24-well transwell system
(6.5-mm diameter, 5-mm pores; Costar, Cambridge, MA). To study the
effect of ECM components, the insert membrane of the transwell was
coated with collagen IV, fibronectin, laminin, or BSA at concentrations
indicated. For transmigration through tumor cell monolayers, MCF-7, U-
87MG, U-118MG, U-373MG, or HepG2 cells were cultured on the insert
membrane at 4 3 104 cells/well for 2 d to confluence. For tumor cell
matrix experiments, the confluent tumor cell monolayers were extracted
with 0.5% Triton X-100, followed by one rinse with 0.1 M NH4OH
and three rinses with PBS (22), and then washed twice with RPMI 1640
containing 1% FBS. A total of ∼5 3 105 (100 ml/well) T cells in 1%

FBS/RPMI 1640 were loaded into the upper well. RPMI 1640 containing
10% FBS was added to the lower wells (600 ml/well). Cells that migrated
to the lower wells after 4 h of incubation in 5% CO2 at 37˚C were counted.
For inhibition experiments, T cells were suspended in human tenascin-C
protein solution (10 mg/ml) or treated for 30 min with anti-human integrin-
blocking Abs (10 mg/ml), RGD peptide (5 mM), U0126 (25 mM),
LY294002 (25 mM), or H-89 (10 nM) before being subjected to the trans-
migration assay.

Morphological observation and confocal microscopy

Jurkat cells were suspended in 1% FBS RPMI 1640 and added directly onto
the cell monolayer or matrix of MCF-7, U-118MG, or HepG2. After 1 h of
incubation, cell morphology was observed by fluorescent microscopy or
time-lapse microscopy. Cell images were captured at 30-s intervals. For pro-
tein staining, Jurkat cells adhering to the cell matrix were fixed with 4%
paraformadehyde for 15 min and permeabilized with 0.1% Triton X-100
for 10 min. F-actin was stained by FITC-conjugated phalloidin (0.5 mM)
for 40 min. Localization of ERK at the lamellipodia was observed by
confocal microscopy. Jurkat cells attached to the tumor matrix were
washed twice with PBS, fixed in 4% paraformaldehyde for 30 min, washed
twice with PBS, then treated with a blocking solution containing 2% FBS
and 1% BSA in PBS for 1 h. Cells were incubated overnight with Abs
recognizing phospho-ERK. After washing with PBS, the cells were in-
cubated with goat anti-rabbit IgG (Alexa Fluor 488 conjugated) and
FITC-conjugated phalloidin. Images were taken using a Leica TCS SPII
confocal microscope (Leica Microsystems, Nussloch, Germany) with ex-
citation set at 488 nm.

RT-PCR

Total RNAwas extracted using TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions. Reverse transcription was performed at 37˚C
for 60 min in a 20-ml reaction containing 2 mg RNA, 500 ng oligo(dT)
primers, 4 ml 53 RT buffer (250 mM Tris-HCl [pH 8.3], 375 mM KCl,
15 mMMgCl2, and 50 mM DTT), 0.5 ml of 40 mM 29-deoxynucleoside 59-
triphosphate, 0.5 ml of 200 U/ml RNase inhibitor (Promega, Madison, WI),
3.5 ml diethyl pyrocarbonate-treated water, and 1 ml of 200 U/ml M-MLV
reverse transcriptase (Promega, Madison, WI). The oligonucleotide pri-
mers used are listed in Table I (23–26). PCR cycles were carried out on
a DNA thermal cycler (Hybaid Omnigene, Middlesex, U.K.). Human b-
actin served as a quantitative control in PCR. PCR products were fraction-
ated with agarose, stained with ethidium bromide, and visualized under
UV light.

Western blot

Jurkat cells were collected and lysed in a buffer consisting of 250 mM Tris-
HCl (pH 7.5), 150 mMNaCl, 1 mM EDTA, 1 mMEGTA, 1% Triton X-100,
1 mM Na3VO4, 1 mM PMSF, and a protease inhibitors mixture containing
500 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride, 1 mg/ml aprotinin,
1 mM E-64, 500 mM EDTA, and 1 mM leupeptin (Calbiochem). Proteins
were separated by 12% SDS-PAGE and transferred to the polyvinylidene
difluoride membrane. The membrane was then incubated with blocking
solution (5% BSA in 0.15% TBST) for 1 h, followed by incubation with
the primary Ab at 4˚C overnight, then probed with HRP-conjugated goat
anti-rabbit IgG Ab. Immunocomplexes were made visible by fluorography
using an ECL detection kit (Amersham Biosciences).

Immunofluorescent stain

Glioma tissues were obtained from the National Core Facilities of the
National Research Program for Genomic Medicine-Tumor Tissue Bank in
Southern Taiwan. Five-micrometer serial tissue sections were prepared and
mounted on slides. After treating with ice-cold acetone for 2 min, the slides

Table I. The oligonucleotide primers used in this study

Collagen type IV F: 59-GGGCTACCTGGAGAAAAAGG-39
R: 59-TCCTGGAGAGCCACCAATAC-39

Fibronectin F: 59-AAGGTTCGGGAAGAGGTTGT-39
R: 59-TGGCACCGAGATATTCCTTC-39

Laminin g1 F: 59-CACTGTGAGAGGTGCCGAGAGAAC-39
R: 59-CATCCTGCTTCAGTGAGAGAATGG-39

Tenascin-C F: 59-GTGAAGGCATCCACTGAACAAGC-39
R: 59-TTGTGCTGAAGTCCTGAGTGACC-39

b-actin F: 59-GATGAGATTGGCATGGCTTT-39
R: 59-CACCTTCACCGTTCCAGTTT-39

F, forward; R, reverse.
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were incubated with PBS containing 10% FBS at room temperature for
30 min. The slides were then incubated overnight at 4˚C with a mouse
anti-human tenascin-C mAb and a goat polyclonal anti-human CD3 Ab
diluted 1:100 in Ab diluent. Secondary hybridization was done using
a donkey anti-goat Ab (Alexa Fluor 488 conjugated) and a rabbit anti-
mouse Ab (Alexa Fluor 594 conjugated). Cell nuclei were stained with
Hoechst 33258 (Life Technologies). The tenascin-C– and CD3+-labeled
cells, showing red and green, respectively, were observed with a fluorescent
microscope system (Olympus, Tokyo, Japan).

Statistical analysis

The data were obtained from at least three independent experiments and are
expressed as mean6 SEM. The differences between groups were analyzed
using the Student t test, and p , 0.05 was considered significant.

Results
Interaction of ECM and integrins plays a role in the
transmigration of T cells

JurkatandMolt-4cellseasily transmigratedacross themonolayersof
MCF-7 andHepG2 cells grown on transwell filters toward nutrition.
At 4 h,∼10–20%of Jurkat andMolt-4 cells transmigrated across the
cell monolayers of MCF-7 and HepG2. By contrast,,5% of Jurkat
and Molt-4 cells transmigrated across the cell monolayers of U-
373MG, U-87MG, and U-118MG (Fig. 1A, upper panels). Simi-
larly, transmigration of nonactivated primary T cells through the cell
monolayers of U-87MG, U-118MG, and U-373MG was less than
that through the cell monolayers of MCF-7 and HepG2. However,

FIGURE 1. The transmigrations ofT cells through the tumormonolayers andECM.MCF-7,U-87MG,U-118MG,U-373MG, andHepG2cellsweregrownon the

insertmembrane of a transwell unit.A, Jurkat,Molt-4, or primaryT cells suspended in 1%FBS/RPMI 1640 that transmigrated through the cellmonolayer to the lower

well containing 10% FBS/RPMI 1640 were counted at 4 h. Primary T cells were activated by CD3 plus CD28 Abs (5 mg/ml) for 3 d before being subjected to

transmigration experiments. The transmigration ratesofTcells throughgliomacellmonolayerswere comparedwith those throughMCF-7orHepG2cellmonolayers.

pp,0.05.B, The transmigrations of Jurkat cells and nonactivated andCD3/CD28-activatedT cells across tumorECM layers in 4 hwere compared (#p, 0.05, higher

thanBSAcontrol; pp, 0.05, lower thanBSAcontrol).Mediumcontaining 10%FBS/RPMI 1640 served as the attractant. ECMsweremade ofMCF-7,U-87MG,U-

118MG,U-373MG, or HepG2monolayers by extractionwith 0.5%TritonX-100, as described inMaterials andMethods. BSA-coated (10mg/ml)membrane served

as control. Transmigration of Jurkat cells through membranes coated with fibronectin, collagen, and laminin (3, 5, and 10 mg/ml) were compared.

1452 TUMOR ECM INHIBITS T CELL INFILTRATION
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CD3/CD28-activated T cells tended to adhere to tumor monolayers
and showed reduced transmigration through the tumor monolayer
than nonactivated T cells (Fig. 1A, lower panels). Further, we pre-
pared tumorECMsby extractingmonolayers ofMCF-7,U-87MG,U-
118MG, U-373MG, and HepG2 with 0.5% Triton X-100 and 0.1 M
NH4OH, as described inMaterials and Methods. Jurkat cells moved
across the insertmembranecoatedwithECMofMCF-7cells toa level
similar to that of the BSA-coated control. ECM of HepG2 cells stim-
ulated Jurkat cell transmigration.By contrast, the transmigration rates
of Jurkat cells through ECM of U-373MG, U-87MG, and U-118MG
cells were only ∼40% of BSA control (Fig. 1B, left upper panel).

Similarly, nonactivated and CD3/CD28-activated T cells showed
a low transmigration rate across the gliomaECM(Fig. 1B, right upper
panel and left lower panel). In addition, we found that a higher trans-
migration rate of Jurkat cells was observed for collagen and fibronec-
tin, about two and five times higher than that of the BSA control,
respectively. Laminin did not enhance the transmigration rate of
Jurkat cells (Fig. 1B, right lower panel).

Adhesion and morphological change of Jurkat cells

When Jurkat cells were in contact with HepG2 and U-118MG cells,
a strong adhesion was quickly established, and many Jurkat cells

FIGURE 2. Adhesion andmorphological change of Jurkat cells on themonolayers or ECMof tumor cells.A, Jurkat cells expressingEGFPwere added onto cell

monolayers of confluentMCF-7, U-118MG, andHepG2 cells grown on 4-cm culture dishes or incubated on ECMof tumors extracted by TritonX-100.After 1 h of

coculture, the cell suspension was removed. The culture plate was gently washed once with PBS. Representative images of Jurkat cells in contact with tumor cell

monolayers and Triton-extracted tumor matrix (original magnification3200). B, Adherent Jurkat cells were counted in 10 randomly selected observations using

amicroscope. Themean6SEMobtained from three independent experiments are shown.C, Jurkat cells on tumor cellmonolayers or ECMwere observed at a high

magnification (3200) using time-lapsemicroscopy.D, Imageswere recorded every 30 s for 1 h. Based on the cell shape, Jurkat cells were classified as round, rough,

and amoeba-like.Thepercentagesof eachcell type after 1 h incubationwere calculated. F-actinwas stainedbyFITC-conjugatedphalloidin (C, lowerpanel; original

magnification3400).
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were still attached to tumor cell monolayers after gentle shaking
and washing with PBS. Jurkat cells sitting on theMCF-7 cell mono-
layer were easily shaken off (Fig. 2A, upper panels). Similarly,
Jurkat cells adhered tightly to the ECM of HepG2 and U-118MG
cells, but loosely to the ECM of MCF-7 cells (Fig. 2A, lower
panel). Under the same shaking conditions, the number of Jurkat
cells staying on HepG2 and U-118MG cell monolayers or ECM
was about five times more than that on the MCF-7 cell monolayer
or ECM (Fig. 2B).
Jurkat cell morphology started to change when the cells adhered

onto the tumor cell monolayer and ECM (Fig. 2C), and it can be
classified into three distinct groups based on the cell shape: round,
rough, and amoeba-like (Fig. 2D).We used a time-lapsemicroscope
to study the dynamic change of cell morphology (Supplemental
Videos 1–3). Jurkat cells with a round shape did not actively move
during the observation time period. Rough Jurkat cells showed short
podia-like protrusions, which retracted frequently. Amoeba-like
cells, very active in migration, showed a polarized body with full
extension of filopodia and lamellipodia at the leading edge. We
occasionally observed that some Jurkat cells with the amoeba-like
shape squeezed into the cell–cell junction of the tumor monolayer
and crawled underneath. To correlate the morphology with cell
migration, we stained with F-actin (Fig. 2C, lower panels). F-
actin colocalized with lamellipodia at the leading edge of polarized
Jurkat cells on the ECM of MCF-7 and HepG2 cells.

By counting the distinct shapes of Jurkat cells, we found that cell
contact inducedmorphological changes to the Jurkat cells ina tumor-
specific manner. Although Jurkat cells strongly adhered to the U-
118MG cell monolayer, they tended to stay round in shape and were
relatively less amoeba-like. In contrast, Jurkat cells stably adhered
onto the HepG2 cell monolayer, yet they quickly became amoeba-
like. Although Jurkat cells only loosely adhered to the MCF-7 cell
monolayer, most of them became amoeba-like in 1 h. Jurkat cells
showed similar behavior in response to tumor ECM (Fig. 2C, upper
panels). Tumor ECMs induced similar morphological changes in
Jurkat cells. ECM extracted from MCF-7 and HepG2 cells were
more effective in inducing Jurkat cells to become an amoeba-like
shape than ECM from U-118MG cells. When plated on a culture
dish coated with the ECM of HepG2 and MCF-7 cells, 20% of the
Jurkat cells were round, 10% were rough, and 70% were amoeba-
like. Jurkat cells on the ECM from U-118MG cells were relatively
lessmobile and different in cell shape;∼20%were round, 40%were
rough, and 40% were amoeba-like (Fig. 2D).

Tumor cells express different levels of tenascin-C, collagen IV,
laminin-g1, and fibronectin

To distinguish the ECM composition of tumor cells, we analyzed
the expressions of collagen, fibronectin, laminin, and tenascin-C
(Fig. 3A; primers see Table I). The transcripts of fibronectin and
laminin-g1 were detected in MCF-7, HepG2, U-87MG, U-118MG,

FIGURE 3. Expression of tenascin-C in tumor cells. A, The transcripts of COL IV, FN, LAM, and TN-C were detected by RT-PCR with primer sets as

described inMaterials andMethods. B, To knock down the expression of tenascin-C, U-87MG, U-118MG, and U-373MG cells were transfected with plasmid

pLKO.1-shTNC.Reduced expression of tenascin-C is confirmed byWestern blot analysis. ECM layersweremade of glioma cellmonolayers by extractionwith

0.5% Triton X-100 as described inMaterials and Methods. Medium containing 10% FBS/RPMI 1640 served as the attractant. The transmigrations of Jurkat

cells and CD3/CD28-activated T cells through the tumor monolayer and ECM in 4 h, respectively, were measured. Morphology of Jurkat cells was observed

postcontact with the U-118MG (TNCshRNA)monolayer (C) and ECM (D) for 1 h using time-lapsemicroscopy (original magnification3200). Representative

images are shown. The percentage of each cell type was calculated. pp, 0.05. COL IV, collagen IV; FN, fibronectin; LAM, laminin-g1; TN-C, tenascin-C.
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and U-373MG. Collagen IV transcripts were detected in U-118MG
and U-373MG cells, but not in MCF-7, HepG2, and U-87MG cells.
Tenascin-C transcripts were detected in U-87MG, U-118MG,
and U-373MG cells, but not in MCF-7 and HepG2 cells. In cell
culture, U-87MG, U-118MG, and U-373MG showed strong stain
intensities for tenascin-C, not only in the cell body but also in
extracellular space (Supplemental Fig. 1). It has been shown that
tenascin-C, but not collagen IV, exhibits the immune-suppression
effect and suppresses chemotaxis of human monocytes and neutro-
phils (27, 28). Therefore, we specifically knocked down the expres-
sion of tenascin-C in U-87MG, U-118MG, and U-373MG cells
using the shRNA strategy (Fig. 3B, upper panel). Suppression of
tenascin-C did not alter the morphology of these glioma cells.
Transmigrations of Jurkat cells and CD3/CD28 activated T cells
through the monolayer and ECM of U87MG (TNCshRNA), U-
118MG (TNCshRNA), and U373MG (TNCshRNA) cells, respec-
tively, were significantly increased as compared with that obtained
from the control groups (Fig. 3B, lower panels). This finding of
a markedly elevated transmigration rate of Jurkat cells toward U-
118MG (TNCshRNA) cells is consistent with an increase in the
amoeba-like cell population (Fig. 3C). Jurkat cells still adhered stably
to the U-118MG (TNCshRNA) cell monolayer, but many of them
started to become amoeba-like. Similarly, Jurkat cells underwent
morphological changes on the tumor matrix extracted from U-
118MG (TNCshRNA) cells. Jurkat cells with an amoeba-like shape
increased ∼2-fold on the U-118MG (TNCshRNA) cell matrix as
compared with those on the U-118MG (V) cell matrix (Fig. 3D).
We then suspended Jurkat cells in human tenascin-C solution and
performed the transmigration assay. We found that there was a 2-fold

reduction in the transmigration rate of Jurkat cells through
MCF-7 and HepG2 cell monolayers in the presence of additional
human tenascin-C at 10 and 5 mg/ml, but not at 2.5 mg/ml (Fig.
4A). The exogenous tenascin-C also significantly reduced the trans-
migration rate of CD3/CD28 activated T cells through ECM of
MCF-7 and HepG2 cells (Fig. 4B). Human tenascin-C protein also
decreased the formation of amoeba-like Jurkat cells on the
MCF-7 and HepG2 cell monolayers (Fig. 4C).

The effects of blocking Abs and RDG peptide on the
transmigration

Treating Jurkat T cells with integrin b1- and b2-blocking Abs or
RGD peptide reduced the transmigration rates through the MCF-7
and HepG2 cell monolayers by ∼20–40%, but did not affect that
through the U-118MG cell monolayer (Fig. 5A). The blocking anti–
tenascin-C Ab (BC-24) showed no effect on the transmigration of
Jurkat T cells through glioma cell monolayers (Fig. 5B).

The expression of tenascin-C in glioma tissue correlates with
CD3+ T cell distribution

The effect of tenascin-C on T cell infiltration was established in vivo
by immunofluorescent stain (Fig. 6). Glioma cells were stained
positive with tenascin-C. An accumulation of tenascin-C around
blood vessels in all glioblastoma tissues has been reported (29),
and, in support of this, we found that many CD3-positive cells
accumulated in the blood vessels stained strongly with tenascin-C.
Few CD3-positive cells transmigrated into brain tumor tissue. In
addition, tenascin-C inhibited the LPS-induced in vivo migration of
leukocytes into the mouse air pouch model (Supplemental Fig. 2).

FIGURE 4. The effect of tenascin-C on the trans-

migration and morphological changes of Jurkat

cells. A, The transmigrations of Jurkat cells through

MCF-7 and HepG2 cell monolayers in the presence

of human tenascin-C solution (2.5, 5, 10 mg/ml) in

4 h were measured. B, CD3/CD28-activated T cells

suspended in human tenascin-C solution (10 mg/ml)

were tested. Medium containing 10% FBS/RPMI

1640 served as attractant. C, Jurkat (N1) cells sus-

pended in tenascin-C (10 mg/ml) were added onto

monolayers of MCF-7 and HepG2 cells grown on

a 96-well culture plate. After 1 h incubation, the

amoeba-like shape cells were counted for Jurkat

cells attached to MCF-7 and HepG2 cell mono-

layers in 10 randomly selected observations using

a fluorescent microscope (original magnification

3200). pp, 0.05.
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Tumor contact activates focal adhesion kinase, ERK, and PKA
activities in Jurkat cells, which are required for the
transmigration of these cells

Given the marked effect of the tumor cell matrix on the morphology
of Jurkat T cells, we concerned ourselves with the nature of the
signaling proteins that mediate this event. Activation of focal
adhesion kinase (FAK) has been demonstrated in cell adhesion at
a very early stage. FAK phosphorylation in Jurkat cells was in-
duced in 10 min by contact with MCF-7, U118MG, and HepG2
cells (Fig. 7A). We further examined the migration-related kinases
including ERK, PKA, and PI3K activities of Jurkat cells cultured
on the tumor cell monolayers (Fig. 7B, upper panel) and tumor
ECM-coated plates (Fig. 7B, lower panel). ERK activity of Jurkat

cells was quickly stimulated by the ECM of MCF-7 cells. Specif-
ically, the phosphorylation of ERK in Jurkat cells was strongly
upregulated within 10 min of contact with the MCF-7 monolayer,
which was sustained for .60 min. Jurkat cells in contact with
the U-118MG monolayer showed a delayed induction of ERK
phosphorylation that increased slightly at 60 min postcontact.
Similarly, the phosphorylation of ERK was mild and slow in
Jurkat cells on the ECM of U-118MG cells (Fig. 7B, lower panel).
In contrast to ERK, Jurkat cells have a high intrinsic level of PI3K
activity, shown by a high level of AKT phosphorylation. Jurkat
cells exposed to ECM from MCF-7 and U-118MG cells did not
change this status. Both the tumor ECMs of MCF-7 and U-118MG
cells significantly increased the phosphorylation of CREB in
Jurkat cells. Direct contact with the tumor monolayers of
MCF-7 and U-118MG cells also stimulated similar phosphoryla-
tion of CREB in Jurkat cells.
To evaluate the requirement of kinases for the transmigration of

Jurkat cells through the tumor cell monolayers, we inhibited ERK,
PI3K, and PKA activities with U0126, LY294002, andH-89, respec-
tively (Fig. 7C). The transmigration of Jurkat cells through the
MCF-7 cell monolayer was reduced to 40% of the control by
U0126, 50% by LY294002, and 50% by H-89. Inhibiting ERK and
PI3K had few effects on the transmigration of Jurkat cells through
the U-118MG cell monolayer. In addition, in the presence of U0126,
the amount of amoeba-like Jurkat cells on the MCF-7 matrix was
reduced by at least 30%, and round cells increased2-fold.U0126 also
slightly reduced the amount of rough Jurkat cells on the U-118MG
matrix (Fig. 7D).
Because suppression of tenascin-C converts U-118MG cells to a

transmigration-permissive phenotype, we hypothesized that ERK is
the target kinase affected by tenascin-C (Fig. 8A). Jurkat cells in
contact with the U-118MG (TNCshRNA) monolayer showed
a higher level of ERK phosphorylation as compared with that in
Jurkat cells on the control U-118MG. Because the chemotaxis-
associated signaling molecules are spatially regulated and asym-
metrically distributed in polarized migrating cells (30, 31), we
examined the intracellular localization of ERK in Jurkat cells.
Confocal images showed that the actin of Jurkat cells was partially
colocalized with phosphorylated ERK at the leading edge when
they were attached onto the ECM of U-118MG (TNCshRNA)
(Fig. 8B). The conclusion scheme for the inhibition of T cell
migration by tumor tenascin-C is shown in Fig. 9.

Discussion
Infiltration of T lymphocytes into tumor masses is critical for
successful antitumor immune surveillance, which is positively

FIGURE 5. The effects of blocking Abs and RDG peptide on the transmigration. A, To block the integrin-ECM interaction, Jurkat cells were pretreated

with integrin b1- and b2-blocking Abs (10 mg/ml) or RGD peptide (5 mM) for 30 min. Transmigration of Jurkat cells through the MCF-7, U-118MG, and

HepG2 cell monolayers in response to nutrition attraction was measured in the presence of blocking Abs. B, Transmigration of Jurkat cells through the U-

87MG, U-118MG, and U-373MG cell monolayers in response to nutrition attraction was measured in the presence of blocking Ab (BC-24) (10 mg/ml). The

mean 6 SEM obtained from three independent experiments is shown. pp , 0.05.

FIGURE 6. The expressions of tenascin-C and CD3+ T cells in the

glioma tissue. Five-micrometer serial tissue sections were prepared and

mounted on slides. After blocking with PBS containing 10% FBS, the

slides were incubated overnight at 4˚C with a mouse anti-human tenas-

cin-C mAb and a goat polyclonal anti-human CD3 Ab. Secondary incu-

bation was done with anti-mouse secondary Ab (Alexa Fluor 594

conjugated) and anti-goat Ab (Alexa Fluor 488 conjugated). Cell nuclei

were stained with Hoechst 33258. Signals from CD3 and tenascin-C were

merged. Stained cells were observed with a fluorescent microscope.
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correlated with better survival. In this study, we found that human
leukemia T cell lines and primary T cells showed markedly low
migration rates across monolayers or ECM of glioblastoma cells as

compared with those of MCF-7 and HepG2. The lowmigration rate
across glioblastoma cell monolayers is unlikely to be due to strong
adhesion between Jurkat and glioblastoma cells, which potentially
restrains cell motility by physical force. Jurkat cells were able to

FIGURE 8. The expression and location of pERK of Jurkat cells adhered

to the monolayer or ECM of U-118MG–derived cells. A, ERK phos-

phorylation of Jurkat cells on a monolayer of U-118MG–derived cells.

B, After Jurkat cells were plated on tumor cell matrix for 1 h, pERK and

actin were observed using confocal microscopy.

FIGURE 9. Scheme for the inhibition of T cell migration by tumor

tenascin-C. Migration-permissive ECM, such as fibronectin, engages the

integrin a/b of T cells to activate ERK, resulting in elevated actin poly-

merization and amoeba-like moving. This process will facilitate T cell

infiltration into the tumor area. Tenascin-C secreted by glioblastoma to

tumor stroma interferes the interaction of ECM and integrin that would

blunt T cell migration.

FIGURE 7. FAK, ERK, PI3K, and PKA kinases activity are required for the transmigration of Jurkat cells. Jurkat cells were added on the tumor ECM or

cell monolayer and harvested at the indicated time points. A, FAK and pFAK of Jurkat cells containing 1% FBS/RPMI 1640 exposed to tumor cell

monolayers or ECM for 10 min. B, Total proteins were extracted and subjected to Western blot analysis for ERK, pERK, AKT, pAKT, CREB, and pCREB.

C, Jurkat cells were pretreated with U0126 (25 mM), LY294002 (25 mM), or H89 (10 mM) in 1% FBS/RPMI 1640 for 30 min. Cells transmigrated through

tumor cell monolayers in a transwell unit were counted at 4 h. D, The morphological changes of Jurkat cells treated with or without U0126 (25 mM) were

observed for 1 h using time-lapse microscopy. The mean6 SEM obtained from three independent experiments is shown. pp, 0.05. pAKT, phosphorylated

AKT; pCREB; phosphorylated CREB; pERK, phosphorylated ERK.
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adhere firmly onto HepG2, but still showed a high transmigration
rate, indicating that the regulation for cell motility of T cells in tu-
mor sites appears to be different than that for adhesion.
ECM extracted from tumors had similar effects as those of living

cells. Using Abs or RGD peptide to block b1- and b2-integrin
activation suppressed the transmigration rate of Jurkat cells, sug-
gesting integrin-ECM interaction mediated this migration process.
Blocking of a5b1 integrins reverses the inhibitory effect of
tenascin-C on chemotaxis of human monocytes and neutrophils
(28); however, the real receptor for effective tenascin-C binding is
yet to be confirmed. Although Ab (BC-24) recognized an epitope
located within the N-terminal EGF-like sequence of the human
tenascin-C molecule and reduced the migration and proliferation
of glioma cells (29), it reduced cell adhesion (32) but did not affect
the transmigration rate of T cells through glioma cell monolayers
(this study). It is thus possible that cell adhesion requires the EGFL
domain but migration is blocked by other parts of tenascin-C.
By analyzing the ECM constituents of tumor cells, we detected fi-

bronectin and laminin-g1 at various levels. Notably, only glioblastoma
cells expressed collagen IV and tenascin-C. Tenascin-C is highly
expressed during embryogenesis but is downregulated in most adult
tissues except for wound-healing regions and tumors (33). Recently,
tenascin-C was identified as a prognostic marker for tumor recurrence
and shown to play a role in glioblastoma growth and invasion (29).
Tenascin-C inhibits b1-integrin–dependent T lymphocyte adhesion to
fibronectin (34) and thus potentially inhibits the transmigration
processes of Jurkat cells across glioblastoma cells. This speculation
is supported by the finding that suppression of tenascin-C in glioma
cells using the shRNA technique enhanced the transmigration rate of
Jurkat cells and CD3/CD28-activated T cells in our transwell assay.
Accordingly, adding human tenascin-C protein toMCF-7 and HepG2
effectively reduced the transmigration rate. (Figs. 3B, lower panels,
4A). Furthermore, CD3+ T cells were mostly located in the boundary
area that stained strongly for tenascin-C in glioma tissue (Fig. 7). Our
result is consistentwith afindingmade ina tenascin-Cknockoutmouse
model that spontaneously develops mammary tumors, in which en-
hanced infiltration of immunecellswasdetected in the tumor stromaof
tenascin-C-null mice (35).
To understand the mechanism by which ECM of glioblastoma

cells prevented the transmigration of Jurkat cells, we investigated
the cell morphology and localization of F-actin. The low migration
rate of Jurkat cells and plating on the tumor cell monolayer and
matrix is consistent with reduced lamellipodia formation and F-
actin polymerization at the leading front. Jurkat cells did not spread
out well on the ECM of glioblastoma cells, but instead formed short
podia-like protrusions that retracted frequently. In contrast, Jurkat
cells can move around on ECM from U-118MG (TNCshRNA), fur-
ther highlighting the pivotal role of tenascin-C on lymphocyte mi-
gration.
By analyzing the activation status and localization of migration-

controlling kinases, we found that delayed ERK phosphorylation
in Jurkat cells contacting U-118MG cells was associated with
tenascin-C expression. Impairing transmigration by U0126 further
demonstrated the requirement of ERK activity. In addition, Jurkat
cells that went through the tumor monolayer in the transwell ex-
periment always had higher ERK phosphorylation (data not
shown). Jurkat cells are defective in phosphatase and tensin homo-
logue deleted on chromosome 10, which antagonizes PI3K signal-
ing by dephosphorylating phosphatidylinositol 3,4,5-trisphosphate
(36). We detected consistently high AKT phosphorylation in
Jurkat cells. Although blocking PKA and PI3K activities reduced
the transmigration of Jurkat cells, we did not observe different
inductions of these two kinases in Jurkat cells by contact with
transmigration-permissive or nonpermissive tumor cells. It is

likely that PKA and PI3K are important components of the mi-
gration machine but are controlled separately by other integrin
signals. Migration-controlling kinases recruited to the leading
front of migrating lymphocytes can facilitate actin polymerization
(17, 18, 37). In agreement with these findings, the confocal images
showed that phosphorylated ERK partly colocalized with actin on
the leading edge of Jurkat cells. A higher migration of Jurkat cells
on the matrix of U-118MG (TNCshRNA) was correlated with
more phosphorylated ERK appearing on the leading edge.
It has been reported that brain tumor cells plated onto a mixed

fibronectin/tenascin-C substratum fail to spread, accompanied by
a lack of general FAK phosphorylation and autophosphorylation
of FAK at Tyr-397 (38, 39). Tenascin-C not only interacts with other
ECM molecules, such as perlecan and fibronectin, but also cell-
surface receptors including integrins a2b1, avb3 and a9b1,
annexin II, and syndecan (40). It is proposed that the inhibition of
syndecan-4, Rho, and FAK in cell spreading and the fibronectin
matrix assembly by tenascin-C are major mechanisms for cell de-
tachment operating in solid tumors (41, 42). However, T lympho-
cytes express little syndecan-4 (43, 44). In addition, Jurkat cells,
despite being defective in migration, showed normal phosphor-
ylation of FAK when making contact with glioblastoma cells (Fig.
6A). Obviously, the integrin signals for lymphocyte trafficking are
different from those for the migration of solid tumors.
In summary, tenascin-C expression of glioblastomas paralyzes

T cell migration (Fig. 9), supporting the idea that some types of
tumors may suppress local immune function by using ECMs to
impair lymphocyte infiltration. Our findings provide a plausible
explanation at the molecular level to explain why CD3+ T lym-
phocytes were less frequently observed in glioma tumor nodules
but scattered throughout the parenchyma (45, 46). Understanding
the mechanisms of lymphocyte migration and how they are mod-
ulated by a tumor matrix will illuminate new targets for boosting
immune surveillance against tumors.
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