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The immunological synapse between T cells and tu-
mor cells is believed to be important for effective
tumor clearance. However, the immunological syn-
apse has never been imaged or analyzed in detail in
human tissue. In this work, intercellular interactions
between T cells and tumor cells were analyzed in
detail in human glioblastoma. After characterization
of the population of infiltrating T cells by multiple
immunofluorescence staining and stereological quan-
tification, the microanatomy of T cell-tumor cell
intercellular communication was analyzed in detail
using confocal microscopy and three-dimensional
rendering. Cytotoxic T lymphocytes that infiltrated
human glioblastoma underwent rearrangement when
in contact with tumor cells, to form a three-dimen-
sional structure in the intercellular contact area; this
was characterized by microclusters of the CD3/TCR
complex, re-arrangement of the cytoskeleton, and
granzyme B polarization. In addition, such T cell-
targeted cells show fragmentation of the microtubular
system and increased expression levels of cleaved
caspase 3, which suggests that cytotoxic T lympho-
cytes likely provoke changes in tumor cells and sub-
sequently induce cell death. These results show that
the formation of the cytotoxic T lymphocyte immu-
nological synapse occurs in human tissue and may be
relevant for the effective immune-mediated clearance
of tumorigenic cells, therefore opening up new ave-

nues for glioblastoma immunotherapy. (Am J Pathol

2009, 175:786–798; DOI: 10.2353/ajpath.2009.081034)

Cytotoxic T lymphocytes (CTL) facilitate the specific kill-
ing of target cells by forming a complex structure, the
immunological synapse (IS).1–3 After T cell receptor
(TCR) signaling, T cells undergo massive conformational
changes characterized by the three-dimensional ar-
rangements of membrane molecules and polarization of
cellular organelles toward the area of intercellular con-
tact.4–7 After antigen recognition, CD3/TCR complex is
recruited to the area of contact where it forms a central
cluster. This is followed by rearrangement of the T cell
cytoskeleton, which is crucial for granule-mediated se-
cretion.5,7–11 The TCR rich central area is surrounded by
a ring of lymphocyte function associated (LFA)-1 mole-
cules clustered in the peripheral area of intercellular con-
tact.6 Importantly, this peripheral cluster formation also
involves the cytoskeleton since LFA-1 molecules are con-
nected to the F-actin filaments through Talin molecules,
forming a peripheral ring around the central TCR cluster
equivalent to LFA-1.12

Tumor cells are one of the targets of the immune sys-
tem.1 In fact, many tumors, including glioma, are usually
infiltrated by T cells.13–15 Previous studies, performed in
tumor animal models in vivo, revealed that CTL make
contact with tumor cells, where they induce apopto-
sis.16,17 However, tumor-infiltrated T cells have scarcely
been studied in human tissue in situ and their exact
function is not well understood. In the present work, we
image the intercellular communication between T cells
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and tumor cells in specimens obtained from patients with
glioblastoma multiforme (GBM). We characterize in situ
the T cell infiltration occurring in tumor areas and image
the CD3/TCR polarization-clustering and the microtubular
arrangement of the cells, analyzing the �-tubulin cy-
toskeleton, the microtubule organizing center (MTOC)
and the F-actin filaments. This study is the first evidence
of IS formation in human tissue and suggests that micro-
cluster rearrangement and cell polarity in T cells may be
crucial for an effective immune response in vivo, opening
up new therapeutic perspectives for GBM treatment
through the stimulation of IS formation.

Materials and Methods

Patients and Samples

Four patients from the General Hospital of Valencia
(Spain) were diagnosed with GBM and were cited for
intracranial surgery. The four cases showed the typical
features of GBM, with the classic clinical evolution,
neuroimaging, spectroscopy, and anatomo-pathologi-
cal study (Figure 1). One of the cases (case HC484) was
undergoing surgery for the second time. Case HC481
was diagnosed as an astrocytoma grade II with stereo-
taxic biopsy, which became malignant three years later.
Surgery was performed and a second biopsy was ob-
tained for this study. The study was performed accord-
ing to the approved protocols of all of the institutions
involved.

Blood analysis revealed moderate leucocytosis in
three cases (near 10,500) with a higher number of neu-
trophils than lymphocytes: ratio 9:1 (normal ratio: 7.5:2.5).
The carcinoembryonic antigen was only expressed slightly
in one case. The acute phase proteins were slightly in-
creased in two cases (C-reactive protein and speed of
sedimentation). The brain tumors presented a charac-
teristic GBM morphology. Sections stained with H&E
showed marked cellularity with hyperchromatism and
pleomorphism, with aberrant mitosis. Sections also
showed gemistocytic differentiation, gomeruloid vessels,
and necrotic palisades (Figure 1).

Tumors were excised with minimal manipulation (be-
fore alteration by electrical coagulation) and 2.5 ml of
tumor specimens were taken and immersed immediately
in 4% paraformaldehyde and 1 week later were washed
in 0.1 M/L PBS, pH 7.4, and stored in PBS with 0.1%
sodium azide until sectioning. Samples were sectioned
by vibratome (Leica Microsystems, Wetzlar, Germany)
into 60-�m sections. The biopsy included the different
layers of the tumor (from normal tissue to necrotic
areas).

Immunocytochemical Procedures

The 60-�m tumor sections were cut serially through the
entire sample, and immunofluorescence or diaminoben-
zidine detection was performed as described previous-
ly,4,18,19 using the following primary antibodies: human

CD3 (1:100, Rabbit, Dako, Glostrup, Denmark), phos-
phorylated ZAP-70 (1:50, rabbit, Cell Signaling, Danvers,
MA), vimentin (1:400, Mouse IgM, Sigma, St Louis, MO),
�-tubulin (1:100, Mouse IgG1, Sigma, St Louis, MO), �-tu-
bulin (1:500, Rabbit, Sigma, St Louis, MO), granzyme-B
(GzmB, 1:50, Rabbit, Abcam, Cambridge, UK), human CD8
(1:100, Mouse IgG2b, Serotec, Kidlington, UK), human CD4
(1:20, Mouse IgG1, Novocastra, Newcastle, UK), human
CD56 (1:100, Mouse IgG1, Novocastra), human CD11b
(1:100, Rat, Abcam, Cambridge, UK), and cleaved caspase-3
(cCASP3, 1:250, Rabbit, Promega, Madison, WI).

Immunohistochemical detection methods were opti-
mized during preliminary experiments to achieve full and

Figure 1. The four cases analyzed show typical features of GBM. A: MRI of
the four cases of GBM before surgery. A single tumor was located in the
frontal lobe in HC484 (1) and HC481 (3), and in the temporal lobe in HC702
(2), while case HC544 (4) presented two tumors, one in the right temporal
lobe and a small one in the left frontal parasagittal area. The compression of
the ventricles was evident in cases 1, 3, and 4. B: Brain Tumors presented a
characteristic GBM morphology. Sections stained with H&E showed marked
cellularity with hyperchromatism and pleomorphism (picture a from case 1),
with aberrant mitosis (indicated by arrows in pictures a and c from cases 1
and 2, respectively). Higher magnification of the mitosis is depicted in b, d,
and e). Sections also showed gemistocytic differentiation (asterisk in picture
c and f from cases 2 and 3, respectively), gomeruloid vessels (arrow in f)
and necrotic palisades (arrow in picture g from case 4).
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homogenous antibody penetration of the whole sections.
Adjacent 60-�m thick sections of each brain sample were
pretreated with citrate buffer for 30 minutes at 65°C to
increase antigen retrieval and penetration of the antibod-
ies into the tissues. Sections were blocked with 1% Triton
X-100 for 5 minutes and 3% normal horse serum in 0.1
M/L PBS, pH 7.4, for 60 minutes. Sections were incu-
bated at room temperature for 48 hours with combined
primary antibodies. For multiple staining, incubation with
primary antibodies was followed by 4 hours of incubation
with the appropriate secondary antibodies: Alexa 488,
Alexa 546, Alexa 594, and/or Alexa 647 (1:1000; Molec-
ular Probes, Carlsbad, CA). For F-actin staining sections
where incubated with Alexa Fluor 488-phalloidin (1:500 in
PBS; Molecular Probes) for 2 hours at room temperature
after immunostaining. After washing, sections were incu-
bated with 4,6-diamidino-2-phenylindole (DAPI) solution
for 30 minutes. The sections were washed again,
mounted, and examined by microscopy for normal fluo-
rescence (Zeiss) and analyzed by confocal microscope
(DMIRE2, Leica Microsystems).

Confocal Analysis

Brain sections were examined using a Leica DMIRE2
confocal microscope with a �63 oil objective and Leica
Confocal Software (Leica Microsystems). A series range
for each section was set by determining an upper and
lower threshold using the Z/Y Position for Spatial Image
Series, and confocal microscope settings were estab-
lished by Leica technicians for optimal resolution. [For
further details of in vivo imaging of immunological syn-
apses see previous publications].4,20 Synapsing con-
tacts were defined as areas where colocalization of both
markers occurs between two cells in at least two 0.5-�m
thick optical sections. Images can also be illustrated as
they appear throughout the stack of sections as a simple
0.5-�m layer or as a transparency of all layers merged
together. Randomly found synapses were captured in
high resolution and analyzed in close detail to observe
the pattern of distribution of CD3, �-tubulin, �-tubulin,
F-actin, and GzmB molecules in the region of intercellular
contact and along the membrane. By means of the Leica
confocal software, relative fluorescence intensity was
quantified along the membrane in a single 0.5-�m optical
section from the z stack at the center of the immuno-
logical synaptic interface (illustrated in the figures by
arrows traversing the corresponding optical planes).
Then, three-dimensional reconstructions at the inter-
face were obtained with � blending software (Imaris,
Bitplane, Zurich, Switzerland), which allowed the free
rotation of the stack of images and observation of how
the molecules were distributed at the interface. This
three-dimensional analysis, together with the relative
fluorescence analysis, permitted the type of synapses
to be identified from the ring or cluster formation. The
total number of synapses studied in detail with confo-
cal microscope in this study was 157.

Confocal Quantifications and Stereology

The number of cells was estimated in the tumor areas by
stereological methods using the optical fractionator
probe as described previously.21 Approximately 15
stacks of confocal images were captured and quantified
per brain tumor and per cell type. Positive cells were
quantified using the principle of the optical dissector.22

Positive cells were only counted when they cut the top
and left hand border of the dissector as was previously
described.22,23 The results are expressed as an estima-
tion of the number of positive cells per mm3, since the
thickness of the sections and the number of the series of
sections was considered. The density of synapsing cells
was also quantified using the confocal microscope.
Images containing positive cells were randomly cap-
tured from the whole tumor area. In each stack of
images, the number of positive cells and the number of
cells engaged in synapses were counted using stereo-
logical criteria, while the number of synapsing cells per
mm3 and their percentage of the total number of cells
were calculated.

Results

Tumor Areas Are Infiltrated by T Cells That
Establish Synapsing Contact with Tumor Cells

Specimens obtained from GBM patients (Figure 1)
were stained for T cells and tumor cells to analyze the
specific infiltration of T cells in affected areas. Tumor
cells, which were detected by the expression of vimen-
tin immunoreactivity, presented a very variable mor-
phology (Figure 2A). Normal tissue did not show vi-
mentin-positive (�) cells and was easily differentiated
from tumor tissue (Figure 2A). Since it has been shown
that vimentin can also been expressed in activated
macrophages,24 a multiple immunofluorescence stain-
ing was performed combining antibodies against
CD11b, vimentin and CD3. We observed that CD11b�

tumor-infiltrated macrophages do not express detect-
able levels of vimentin (supplemental Figure S1 avail-
able at http://ajp.amjpathol.org).

CD3 staining revealed a massive infiltration of T cells
confined to the tumor areas (Figure 2, A and B). To
characterize the lymphocytes infiltrated in glioblas-
toma, the tumors were stained by multiple fluorescence
labeling. Areas with vimentin� cells showed a specific
infiltration of CD8� and CD4� T cells in all four cases
studied (Figure 2, C and D), where similar proportions
of CD8� and CD4� T cells were found, except in
HC484 where CD4� T cells were much more numer-
ous. CD8� T cells were observed mingled with the
tumor tissue, but CD4� T cells were mainly found
around blood vessels (supplemental Figure S2 avail-
able at http://ajp.amjpathol.org).

Multiple immunofluorescence and stereological quantifi-
cation showed the evidence of TCR signaling, demon-
strated by the expression of phosphorylated ZAP70
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(pZAP70) in both CD8� and CD4� T cells (Figure 2, E
and G).

Multiple staining also demonstrated that both CD8�

and CD4� T cells could express GzmB in the tumor areas

(Figure 2, F and G). The percentage of CD8� and CD4�

cells expressing pZAP70 or GzmB per mm3 was also
estimated by stereological quantification (Figure 2G). The
proportion of GzmB� and pZAP70� T cells was variable

Figure 2. Tumor areas are infiltrated by T cells. A: Confocal pictures show normal brain tissue and a brain tumor area stained by DAPI (nuclei) as a counterstaining
(blue), CD3 (green), and vimentin (red). The MERGE of the three channels is also shown. Brain tumor areas, detected by the presence of vimentin� cells, were
specifically infiltrated by CD3� T cells (green). Scale bar � 100 �m. B: Stereological estimation of the number of infiltrated CD3� T cells by mm3. C: Percentage
of CD8� and CD4� T cells infiltrated in the tumor areas of all four cases studied. D: Stereological estimation of the density of infiltrated CD8� and CD4� cells
in the tumor areas. E, F, and G: Representation of the characterization of tumor infiltrated T cells. The confocal pictures in E and F illustrate the staining for CD8
or CD4 (red) combined with GzmB or pZAP70 (green) and DAPI as a counterstaining (blue). The graphs in G show the percentages of CD8�GzmB�,
CD8�GzmB�, CD8�pZAP70�, and CD8�pZAP70�, and the percentages of CD4�GzmB�, CD4�GzmB�, CD4�pZAP70�, and CD4�pZAP70�.
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in the cases studied, ranging from a high proportion of
CD8� GzmB� T cells (representing a potentially effective
CTL response as in HC481) to a low proportion of CD8�

GzmB� T cells (representing a poor CTL response as in
HC484). Analysis of the number of tumor-infiltrated T cells
per mm3 and the age of the patients revealed that CD3�

T cell infiltration increased with age, while the number of
CD8�GzmB� T cells decreased (supplemental Figure S3
available at http://ajp.amjpathol.org). Given that natural
killer cells are also able to express pZAP70 and GzmB, a
multiple immunofluorescence was performed combining
antibodies against CD56, pZAP70, or GzmB, and vimen-
tin in brain tumor sections. Since some tumors cells have
been described as expressing CD56, we character-
ized the natural killer cells as CD56�vimentin�. Some
natural killer cells were seen to express pZAP70 or
GzmB in the tumor areas, but in lower numbers than T
cells (supplemental Figure S1B available at http://ajp.
amjpathol.org).

Areas of T cell infiltration were then analyzed in
detail by confocal microscopy. CD3� T cells were
found synapsing with tumor cells in all of the samples
studied (Figure 3, A and B). Similarly, pZAP70� cells
were also found in contact with tumor cells (supple-
mental Figure S4 available at http://ajp.amjpathol.org).
All four cases showed CD8� T cells establishing syn-
apses with tumor cells but only two of them (case
HC484 and HC702) showed CD4� synapsing T cells
(Figure 3C). CD8� synapsing T cells were normally
found in parenchyma and blood vessels in all four
cases but CD4� synapsing T cells were mainly found in

the perivascular compartment (especially high in case
HC484).

Polarization of GzmB Immunoreactivity toward
Brain Tumor Cells in CD8� T Cells

Since GzmB is one of the key effector molecules involved
in the CTL-mediated killing and clearance of tumor
cells,10,25 we analyzed in detail the CD8�GzmB� syn-
apsing T cells. Imaging of the CD8� T cells in contact
with tumor cells showed polarization of the GzmB immu-
noreactivity toward the tumor cells (Figure 4A). GzmB
was observed polarized and was located in the nuclear
notch formed in CD8� T cells (Figure 4, B and C). Quan-
tification of the percentage of the CD8�GzmB� synaps-
ing T cells revealed a low percentage of synapses in all
four cases studied (Figure 4C).

MTOC of T Cells Is Polarized toward Tumor
Cells in Human GBM

As is known, MTOC polarization is needed for effective
CTL immunological synapse and the release of cyto-
lytic granules.5,7 We therefore studied the localization
of MTOC in infiltrated CD8� T cells and CD4� T cells,
as evidenced by the accumulation of �-Tubulin immu-
noreactivity. Detailed confocal analysis demonstrated
that CD8� and CD4� T cells infiltrating the tumor re-
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Figure 3. T cells establish immunological synapses with tumorigenic cells. A: Confocal pictures of two
CD3� T cells synapsing with a tumor cell (synapse 1 and 2). Confocal images represent 0.5-�m optical
sections shown in the three different channels: DAPI nuclear staining (blue), CD3� T cells (green), and
vimentin for tumor cells (red). In the merged images, CD3� T cells are observed in contact with tumor
cells. Scale bar � 15 �m. B: Estimation of the number of synapses between CD3� T cells and vimentin�

tumor cells per mm3 formed in the four cases studied. C: The percentage of T cells (CD3�, CD8�, or
CD4�) establishing synapses.

790 Barcia Jr et al
AJP August 2009, Vol. 175, No. 2



Figure 4. Polarization of GzmB toward tumor cells in CTL. Panel A illustrates three synapses between a CD8� T cell and a human GBM tumor cell. Confocal
images of GzmB (green), CD8 (magenta), and vimentin (red) combined with DAPI as a nuclear counterstaining (blue). The overlapping of all channels is also
shown (MERGE). In the three cases the nuclei (DAPI) present the characteristic indentation toward the tumor cell (arrows in DAPI). GzmB immunoreactivity
(green) is observed polarized toward the tumor cell and is located in the region of the nuclear notch (arrows in GzmB/DAPI). CD8 is also found polarized toward
the tumor cell (CD8/DAPI). A lateral view of the perpendicular plane of the area of contact is also depicted (lat). Panel B illustrates a higher magnification of the
three T cell nuclei analyzed in panel A combined with GzmB. It can be seen in detail that GzmB is located at the nucleus indentation in all three synapses.
Measurements of the relative fluorescence were performed along the membrane of the cells (broken orange line) and are represented in the graphs. Maximum
fluorescence was oriented to the area of contact and is indicated with an arrow in the three cases analyzed. Panel C shows the quantification of the percentage
of CTLs synapsing with tumor cells in all four cases studied. Scale bar � 15 �m.
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gion polarize their MTOC toward the tumor cells (Figure
5, A and B, and supplemental Figure S5, available at
http://ajp.amjpathol.org). Similarly to GzmB, MTOC was
usually located in the indentation or notch that the T
cell nucleus forms in mature immunological synapses
(Figure 5, A and B, and supplemental Figure S5 avail-
able at http://ajp.amjpathol.org). We occasionally ob-
served the MTOC located in a uropod-like structure in
CD8� T cells toward the intercellular contact (supple-
mental Figure S6 available at http://ajp.amjpathol.org).

T Cells in Contact with Tumor Cells Rearrange
CD3 and the �-Tubulin and F-Actin
Cytoskeleton

Since the MTOC drives the cytoskeleton polarization
and is crucial for the formation of CD3/TCR microclus-
ters in CTL,8,26 we analyzed the �-tubulin distribution
together with the formation of CD3/TCR clusters in T
cells infiltrated in human GBM. T cells in contact with
tumor cells, when analyzed in detail, were seen to

Figure 5. MTOC is polarized toward tumor cells in CD8� T cells. Two synapses between a CD8� T cell and a tumor cell are shown in detail. Each synapse was
stained for nuclei (DAPI) (blue), CD8� T cells (green), vimentin (red), and MTOC (�-Tub) (magenta). The panels illustrate three synapses between a T cell and
a tumor cell. �-Tub/DAPI and the overlapping of all four channels (MERGE) are also shown for each case. In A, a tumor cell with an aberrant nucleus is contacted
by a CD8� T cell. A magnification of the MERGE is shown in Aa and the CD8� T cell is shown at higher magnification in images 1–4 [vimentin, (1) CD8 (2),
�-tubulin (3), and �-tubulin�DAPI(4)]. The CD8� T cell(2) is establishing a synapsing contact with the tumor cell (1) and the MTOC (�-Tub)(3) is oriented toward
the tumor cell. The MTOC is located in the indentation that the T cell nucleus forms and is oriented toward the intercellular contact (4). Image Ab illustrates a
schematic drawing of the intercellular contact. B illustrates another tumor cell contacted by a CD8� T cell, illustrated in the same way as in A. Magnification of
MERGE is shown in Ba. Polarization of the MTOC (�-Tub) (magenta) toward a tumor cell can be observed in T cell. The MTOC of the tumor cell can also be seen
in the same optical plane. Magnification of the T cell is illustrated in images 1–4. The CD8� T cell (2) in contact with the tumor cell (1) displays its MTOC (3)
polarized toward the tumor cell and is also located at the notch formed by the T cell nucleus. (4) A schematic representation of the synapse is illustrated in Bb.
Scale bar � 15 �m.
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rearrange their CD3 molecules and the �-tubulin cy-
toskeleton. The staining of CD3, �-tubulin, and vimen-
tin combined with DAPI as a nuclear counterstaining,
showed CD3 and �-tubulin to be polarized toward the

tumor cell, concentrating molecules at the center of the
synaptic interface (Figure 6, A and B). Furthermore
CD3 formed a central supramolecular cluster at the
interface between the T cell and tumor cell, as demon-

Figure 6. T cells polarize the �-tubulin cytoskeleton and form CD3 central microclusters. Confocal analysis of three synapses between T cells and tumor cells in human
GBM is shown in detail. A: Confocal pictures of the immunohistochemistry of CD3 (green), �-tubulin (�-Tub) (red), vimentin (Vimt) (magenta), and DAPI (blue) as a
counterstain. In the left column, the interaction between the T cell (CD3) and tumor cell (Vimt) is depicted schematically over the grayscale of �-tubulin staining
(grayscale). The confocal images show three cases of synapses where CD3 and �-tubulin present an area of higher density at the center of the intercellular contact (white
arrows). B: Measurements of the relative fluorescence of CD3 and �-tubulin at the membrane of the three T cells analyzed in (A). In all three cases, CD3 and �-tubulin
have a similar pattern of fluorescence, with a higher signal at the center of the intercellular contact (white arrows). C: A schematic representation of the interaction
between the T cell and the tumor cell. D: A three-dimensional study of the three synapses analyzed in A and B. The channels for CD3, vimentin, CD3/vimentin/DAPI
(MERGE), and CD3/vimentin (CD3/Vimt) are shown. In the CD3/Vimt column of images, the plane of the interface (broken yellow line) and the angle of vision of the
three-dimensional rendering (broken yellow triangle) is depicted. Each stack of images was rendered three dimensionally and clipped at the interface. The white
arrow indicates the area of maximum relative fluorescence of CD3. In the column of images 3D/CD3/Vimt, the three-dimensional reconstruction of the three synapses
is shown. Two perpendicular planes are illustrated crossing the interface (broken yellow arrow) and the area of maximum fluorescence of CD3 (white arrow). The
plane orientation (PO) is depicted for each synapse. The plane of the intercellular contact (interface) is illustrated and the white arrow indicates the cluster of maximum
CD3 fluorescence at the center of the interface.
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strated by three-dimensional reconstruction (Figure 6,
C and D).

Since the F-actin cytoskeleton has been described
as forming a lamella around the CD3/TCR complex, in the
forming of the peripheral ring,12 we also analyzed the
F-actin filaments in human GBM specimens. For this,
the tumor sections were stained with phalloidin, com-
bined with antibodies against CD3 and vimentin, and
analyzed in detail the interface of the T cell–tumor cell
interactions. In the area of contact, the F-actin mole-
cules were seen to segregate three-dimensionally to
the peripheral area of the intercellular interface, form-
ing a peripheral ring surrounding the central CD3 rich
area (Figure 7, A–C).

T Cells May Induce Fragmentation of the
�-Tubulin Cytoskeleton in Tumor Cells

Since it is known that CTL GzmB perturbs microtubular
polymerization and is able to cleave �-tubulin cytoskele-
ton,27–29 we analyzed the cytoskeleton of the tumor cells
in contact with T cells. It was seen that the tumor cells
synapsing with T cells had an �-tubulin cytoskeleton that

differed in appearance from the uniform and homoge-
neous �-tubulin cytoskeleton of tumor cells not in contact
(Figure 8, A, B1, and B2). This alteration was character-
ized by the formation of �-tubulin aggregates. Confo-
cal images of these cells showed that immunoreactivity
for �-tubulin is irregular and sketchy compared with
tumor cells not in contact with T cells, where the stain-
ing was regular (Figure 8A). This characteristic broken
appearance of �-tubulin was classified as fragmented,
and when quantifying the percentage of cells showing
such an appearance (whether or not in contact with T
cells), it was seen that those in contact with T cells
were more likely to show a fragmented �-tubulin cy-
toskeleton than the tumor cells not in contact with T
cells (Figure 8C).

cCASP3 Is Expressed in Tumor Areas in Cells in
Contact with CD8� T Cells

Since it has been demonstrated that tumor-infiltrated
CTLs are able to induce cCASP3 expression in vivo in
animal tumor models,16,17 we performed immunofluo-

Figure 7. Central and peripheral cluster formation at T cell-Tumor cell synapse. A: A detailed confocal image of a T cell synapsing with a vimentin� tumor cell.
In the top row a 1-�m optical section is shown in four different channels, DAPI for nuclei (blue), CD3 for T cells (green), phalloidin for F-actin (red), and vimentin
for tumor cell (magenta). Both nuclei can be observed at the same optical plane. The bottom row illustrates a higher magnification of the T cell–tumor cell
synapse. The CD3� T cell displays an area of high level of fluorescence at the central area of the interface (arrow 1). Phalloidin (F-actin) staining shows higher
fluorescence at the periphery of the interface (arrows 2 and 3) demonstrating the en face orientation of the cell membrane. Panel B shows the merge of CD3
and phalloidin channels indicating the CD3 cluster (arrow 1) and F-actin cluster (arrows 2 and 3). The graph illustrates the quantification of the relative
fluorescence of CD3 and phalloidin at the interface (indicated by the yellow broken arrow). The maximum peak of CD3 fluorescence is indicated by arrow
1 and the maximum peaks of phalloidin fluorescence are indicated by arrows 2 and 3. (C) illustrates the three dimensional reconstruction of CD3 and F-actin
at the plane of the interface (the three-dimensional plane is indicated by the broken orange arrow). The three-dimensional reconstructions revealed a CD3
central cluster surrounded by F-actin ring.
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rescence by combining antibodies against CD8 and
cCASP3. We observed cCASP3� cells in the tumor
areas, normally accompanied by a pyknotic or frag-
mented nucleus. Importantly, we observed cCASP3�

cells in close apposition with CD8� cells in the glio-
blastoma areas (Figure 8D). Quantification revealed
that 18% of the cCASP3� cells were in contact with
CD8� T cells.

Figure 8. Cells in contact with T cells show fragmentation of the �-tubulin cytoskeleton in tumor cells and expression of cCASP3. A: A confocal analysis of a human
GBM region stained to visualize CD3, �-tubulin, and vimentin, with DAPI as a nuclear counterstain. The overlapping of all four channels is shown in MERGE. (B) shows
the region but only superposing the channels for DAPI, CD3, and �-tubulin. Two areas of the region are illustrated in detail (1 and 2). Area 1 has no T cells and area
2 has T cells. Images 1� and 2� show a higher magnification of areas 1 and 2. The confocal resolution of the images is sufficient to distinguish the different appearance
of the �-tubulin cytoskeleton of tumor cells whether or not they are synapsing with T cells. Graphs show the relative fluorescence measurements of �-tubulin cytoskeleton
along the cell membrane (broken yellow arrow) of a tumor cell not in contact with T cells (a [cropped from 1]) and a tumor cell in contact with a T cell (b [cropped
from 2]). The measurements of the relative fluorescence of �-tubulin in the cell not in contact with T cells (a) shows uniform fluorescence levels, while the tumor cell
in contact with a T cell (b) displays broken fluorescence levels. C: The quantification of the percentage of tumor cells that present a cleaved appearance of �-tubulin,
whether they are in contact or not with T cells. Pie charts show that tumor cells in contact with T cells present a cleaved �-tubulin cytoskeleton more frequently than
the tumor cells not in contact with T cells (63% vs 24%). A total of 167 cells were analyzed for this quantification. D illustrates two CD8� T cells in contact with a cCASP3�

cell. The top row shows a CD8� T cell in contact with a cCASP3� cell displaying a fragmented nucleus. The bottom row illustrates a T cell in contact with a cCASP3�

cell showing a condensed and reduced nucleus. Scale bar � 15 mm.
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Discussion

In the present work, we demonstrate that immunological
synapses between CTLs and tumorigenic cells occur in
human GBM, which may have important implications for
brain tumor clearance. This intercellular contact is char-
acterized by the three-dimensional segregation of the
CD3/TCR complex in T cells, which forms a central clus-
ter at the interface, and also involves the relocation and
polarization of the T cell cytoskeleton, involving � and �
tubulin and F-actin. We show that CD3� T cells, infiltrated
in human glioma-affected regions, are active since they
show evidence of TCR signaling such as the expression
of phosphorylated ZAP70. As previously described, this
activation controls the clustering of CD3/TCR,11,30 which
is characterized by the formation of the central aggregate
at the interface of the IS, the so-called central su-
pramolecular activation cluster.6 Our immunofluores-
cence studies demonstrated that the three-dimensional
accumulation of CD3/TCR at the interface of antitumor
CTLs coincides with the re-arrangements of �-tubulin
microtubules. Analysis of the relative fluorescence re-
veals that polarization of the microtubules and CD3/TCR
follows a very similar pattern (Figure 6), suggesting that
central supramolecular activation cluster is facilitated by
�-tubulin relocation.

Our confocal images also show that MTOC relocates
toward the interface and may drive and polarize the
�-tubulin microtubules toward the tumorigenic cell (Fig-
ure 5). Previous studies performed in cell cultures, using
high resolution images and three-dimensional recon-
struction, demonstrated that microtubules undergo polar-
ization driven by the MTOC in T cells.8 Our studies
showed a similar distribution pattern of �-tubulin in the T
cells in contact with tumor cells, although the resolution of
our images in situ in human specimens was not sufficient
for the fine tubular structure to be appreciated. Further-
more, the microtubules of surrounding cells hinder the
more precise three-dimensional reconstruction of the
samples.

Our images also show that F-actin filaments form a ring
surrounding the central CD3/TCR cluster (Figure 7). This
finding correlates with previous studies described in vitro
in Jurkat T cells where a F-actin ring matches with the
peripheral supramolecular activation cluster formed by
LFA-1 and its distribution contributes to the shape and
maintenance of the characteristic bull’s-eye pattern of the
immunological synapse.12 F-actin filaments are linked to
LFA-1 molecules through Talin molecules and the inter-
action between these molecules appears to be crucial for
the rearrangements of adhesion molecules at the synap-
tic interface.12,31,32

Of all of the TIL populations studied in the present
work, CTL (CD8�GzmB�) may be relevant for brain tumor
clearance and is probably the only T cell subset able to
mediate an effective immune response and remit the
tumor mass. However, the percentage of CTL synapses
was very low in all cases, suggesting a deficient immu-
nological response in GBM (Figure 4). On the other hand,
CD4� T cells were mostly found in the perivascular area
and not all GBM cases showed CD4� synapsing T cells

(Figure 3 and supplemental Figure S2 available at http://
ajp.amjpathol.org). Previous studies, both from our group
and others, have found similar results regarding the an-
atomical position of CD4� T cells, which seems to be
crucial for the effectiveness of the immune response.4,33

The function of the CD4� T cells in blood vessels is
unclear, but they may help entry of the effector CTL into
the tissue.

CD8� T cells synapsing with tumor cells are seen to
express GzmB as effector molecule, which is polarized
toward the interface (Figure 4). This result suggests that
the polarization of GzmB in CD8� T cells may be crucial
for an immune-mediated antitumor response in human
GBM. Importantly, our images also show that the nucleus
of T cells establishing IS very often presents a particular
shape, consisting of an indentation oriented to the target
cell (Figure 4C). Both MTOC and GzmB immunoreactivity
are located in this notch (Figures 4 and 5 and supple-
mental Figure S5 available at http://ajp.amjpathol.org).
This nuclear appearance suggests that �-tubulin micro-
tubules, anchored in MTOC and the membrane, may
drag the cell toward the interface, changing the nuclear
morphology, concentrating the cytoplasm and forming a
chamber-like compartment toward the target cell. Since
MTOC polarization at IS is essential for the delivery of
secretory granules,7 this nuclear appearance may be
caused by the dynamics of microtubules and could ex-
plain how MTOC polarization provides a mechanism for
concentrating secretory vesicles on a particular target.34

Interestingly, our confocal images show that both
CD8� and CD4� T cells relocate the MTOC toward target
cells (Figure 5 and supplemental Figure S5 available at
http://ajp.amjpathol.org). Both CD8� and CD4� T cells
may display similar arrangements of clusters and cy-
toskeleton.35 However, CD8� T cells are more likely to be
found since they are more inclined to form rings than
CD4� T cells.36 Given also the fact that CD4� T cells are
mainly located in the blood vessels and only two of the
cases showed synapsing CD4� T cells, we believe that
the formation of these molecular arrangements in GBM
may be more frequent in CD8� T cells. In addition, since
CD4� T cells intervene in regulatory processes of the
immune response, the study of T cell–T cell interactions in
GBM may well deserve further analysis in the future.

We also demonstrated here that a large proportion of
tumor cells in contact with T cells show alteration of the
�-tubulin microtubules. This finding is in line with previous
reports demonstrating that, in vitro, GzmB targets the
cytoskeleton and alters microtubule polymerization.27,37

In fact, �-tubulin has been described as a physiological
substrate for GzmB in CTL-mediated apoptosis.28 It is not
fully understood why GzmB cleaves �-tubulin and what
consequences there may be for the target cell.29 It has
been proposed that GzmB delivered to target cells may
induce cell death mediated by �-tubulin cleavage,27,28

but another effect of the GzmB mediated cleavage of
�-tubulin may be to prevent cellular reorganization or to
prevent the proliferation of tumor cells.29 In view of our
results, it seems that GzmB-mediated CTLs may try to
arrest tumor growth in human GBM through �-tubulin
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fragmentation, although the response is evidently not
sufficient to cause the tumor mass to remit.

Finally, our images show the expression of cCASP3 in
the tumor areas, where cCASP3-expressing cells display
a very small nucleus, fragmented and/or with condensed
chromatin (Figure 8D). In some cases cCASP3� cells
were found isolated, close to CD8� T cells but, impor-
tantly, in contact with CD8� T cells (Figure 8D).

The three-dimensional segregation of CD3/TCR and
the rearrangement of cytoskeleton observed in T cells,
together with the evidence of ZAP70 phosphorylation in
human GBM, suggest that T cells are able to detect and
recognize a specific antigen capable of activating TCR
signaling. A non-antigen-specific response is also in-
volved in the clearance of GBM. In fact, we observed
infiltration of natural killer cells, the major components of
the innate immune system, but their level of homing is
very low compared with the CD3� T cell infiltration (see
supplemental Figure S2 available at http://ajp.amjpathol.
org). The fact that CD3/TCR central clusters are formed in
GBM suggests that the CTL response observed may be
antigen-specific. Although it is known that the formation
of other clusters, such as the LFA-1/Talin ring junction,
can be observed in non-antigen-specific responses, the
polarization and granule translocation to the interface
seem to be only triggered by antigen recognition.36 The
formation of rings may have implications for the mecha-
nism of effective CTL hunting for antigen in tissues, but
we consider that CD3/TCR polarization suggests antigen-
specific response.

Antitumor immune response has been described in
many human cancers and it has been demonstrated that
some tumor antigens induce a specific T cell response.38

However, the action of this antigen-specific immune re-
sponse seems to be blocked or altered by not very well
understood mechanisms. One of the possibilities that
could explain tumor tolerance is the alteration of IS for-
mation. CTLs obtained from infiltrated tumors in mice
show alterations of the mechanisms driving the polariza-
tion of the cell, such as a defective MTOC, which results
in deficient IS formation.39 In contrast with this experi-
mental observation, we observed the normal accumula-
tion of �-tubulin in T cells and also the polarization of
MTOC in CD8� T cells toward tumor cells. Defective
MTOC does not necessarily mean the impossibility of
synapse formation but, more likely, a defect in or a lower
rate of IS formation.

It has also been postulated that unbalanced regulation
of the T cell population could contribute to tumor growth.
Patients with GBM show deficiencies in CTL and an in-
creased population of regulatory T cells.40–42 In the
present work, we observe an infiltration of CD4�GzmB� T
cells that could correspond to regulatory T cells. In this
way, CTLs would attempt to destroy the tumor cells, while
regulatory T cells would struggle to stop the action of the
CTLs. Indeed, experimental studies have demonstrated
that blocking regulatory T cells facilitates the anti-tumor
CTL action, resulting in tumor clearance.25,43

In summary, a strategy for tumor immunotherapy would
involve stimulating the action of the CTLs on tumori-
genic cells. This stimulation should facilitate TCR sig-

naling, the formation of three dimensional microclus-
ters and the segregation of GzmB granules toward
intercellular contact with tumorigenic cells. Impor-
tantly, recent experimental studies performed in mice
have demonstrated that the stimulation of IS formation
results in a potent tumor rejection involving GzmB po-
larization.44 The demonstration here that CD8� T cells
establish GzmB-mediated IS with tumorigenic cells in
human GBM points the way toward strategies for tumor
immunotherapy and identifies potential molecular tar-
gets,45– 47 which will permit the stimulation of CTL syn-
apse formation.
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