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Astrocytoma infiltrating lymphocytes include
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Abstract

Anaplastic astrocytoma and glioblastoma are frequent and malignant brain tumors that are
infiltrated by T lymphocytes. Whether these cells result from non-specific inflammation following
blood–brain barrier disruption or an antigen-driven specific immune response is unknown. In this
study, an in-depth characterization of TCR diversity in tumor and blood RNA biopsies was
performed in a series of 16 patients with malignant astrocytoma. Whilst there was no obvious
restriction of the AV and BV gene segment usage, complementarity-determining region 3 size
analysis and sequencing of amplified TCR transcripts revealed multiple T cell oligoclonal
expansions in all astrocytomas analyzed. Unique T cell clones were present in different adjacent
areas of a given tumor, but never detected in the blood. Quantification of the number of TCR clonal
transcripts per µg of tumor RNA indicated that certain T cell clonal expansions may represent at
least 300 cells/10 6 tumor cells. Furthermore, we demonstrated that the in vivo expanded clones
were almost exclusively confined to the CD8 1 subset. Overall, these data suggest that
spontaneous antigen-driven immune responses may be elicited against human astrocytoma
despite the immunosuppressive microenvironment generated by the brain and the tumor itself.
However, the ultimate failure of the immune system to control tumor growth could be the
consequence of a deficient CD4 T h component of the response. This observation could have
important consequences for the development of immunotherapies for astrocytoma patients.

Introduction

Several clinical and experimental observations now support
the view that the immune system may exert some control over
cancer development and growth. Direct demonstration came
from immunization experiments in mice in which killed tumor
cells or tumor cell lysates used as vaccines were shown to
induce both tumor destruction and specific protective immun-
ity (1). Detailed analysis of the effector mechanisms involved
in tumor rejection revealed an essential role for T cells (2).
There is also evidence for similar T cell-mediated anti-tumor
responses in man, although this is more indirect. T lympho-
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cytes with MHC-restricted specific recognition of autologous
tumor cells were generated in vitro from peripheral blood
mononuclear cells (PBMC), lymph nodes or the tumor site
(3). Some of these T cells were detected in vivo in significant
quantities (4–7), occasionally associated with spontaneous
tumor regression (8). Moreover, therapies designed to aug-
ment T cell anti-tumor responses are now yielding interesting
results in man. In melanoma, some clinical regressions have
recently been achieved with peptidic tumor antigens (9,10)
or dendritic cells loaded with specific peptides or tumor
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lysates (11), sometimes correlated with the detection of T cell
effectors (10,11). The therapeutic potential of T cells is not
limited to melanoma. Patients with relapsing leukemia or
lymphoma after allogeneic bone marrow transplant can be
rescued by the injection of donor lymphocytes (adoptive
immunotherapy) (12,13).

Arising from astrocytes, astrocytomas are the most common
primary brain neoplasms that represent 3% of human tumors.
They are classified according to histological criteria. Malignant
forms include anaplastic astrocytoma (grade III) and glioblas-
toma (grade IV). Although it is clear that immune reactions
can and do occur in the central nervous system (CNS) (14–
17), this particular localization in a long thought immune
privileged site may have consequences for putative anti-
tumor immune responses. Indeed, special features of the
brain microenvironment (e.g. absence of MHC molecules
expression on the normal brain parenchyma and exclusion
of components of the immune system by the blood–brain
barrier) suggest that the rules governing immune responses
in the brain should not be directly extrapolated from those
observed in other tissues.

Most astrocytomas are infiltrated by T lymphocytes (18),
but these cells are poorly characterized and may have a
reduced proliferative potential in culture (19,20). Therefore,
looking for immune responses only by standard cellular
approaches may significantly underestimate the frequency of
specific cells (19,21,22). Here, to better appraise the global
T cell immune response in astrocytoma, we take advantage
of a high-resolution RT-PCR method based on the determina-
tion of the TCR β chain complementarity determining region
(CDR) 3 length. The CDR3 region carries the principal anti-
genic specificity of a T lymphocyte, a conclusion further
validated by recent crystallography studies (23,24). V–D–J
recombination and the action of the terminal deoxynucleotidyl
transferase give rise to CDR3 regions of variable sequences
and lengths (5–15 amino acids) at the V–J junction. Therefore,
the analysis of CDR3 size distribution among the different BV
families is a powerful approach to study TCR diversity, and
to evaluate the dynamics and specificity of immune responses
taking place in vivo (25,26). TCR molecular analysis can
also be performed on cell populations sorted according to
expression of certain phenotypic markers (27,28), greatly
enhancing the possible applications of this technique.

In the present study, TCR diversity was analyzed in the
whole T cell infiltrate, and compared with that of sorted CD41

and CD81 T cell subpopulations in order to assess their
relative importance in the response. Indeed, the question of
the requirement for CD41 T cells in the generation and function
of CD81 cytotoxic T lymphocytes (CTL) is an important issue
in many immune responses. For viral clearance, contrasting
results can be found depending on the source of the antigen
and the experimental system used (29–33). In the case
of chronic infections, CD41 help seems to be particularly
important for the continued maintenance of CD81 effector
functions (34). In cancer, tumor cells genetically modified to
express MHC class II molecules were more immunogenic
than the parental cell lines, suggesting that an optimal anti-
tumor response may depend on the recruitment of CD41 T
cells (35,36). Concerning the epitopes recognized by CD41

T cells in man, some MHC class II-restricted tumor antigens

have now been characterized (37–39). In certain experimental
conditions, CD81 T cells alone can nevertheless mediate
partial or complete anti-tumor effects (40–42). Recent data
indicate that the site of immunization may determine the
requirement for CD41 cells (43), an observation that may help
to reconcile some of these conflicting data. In the CNS,
several experimental results support the view that an efficient
CD81 response relies on appropriate CD41 help (14–17). For
example, CD4-depleted mice infected with the neurotropic
JHM strain of mouse hepatitis virus showed normal CTL
effector function in peripheral tissues, but failed to clear virus
in the CNS (14). Investigating the role of CD41 and CD81 T
cells in human astrocytoma could be invaluable for under-
standing why the immune system fails to control the develop-
ment and growth of these tumors.

In the present work, a fine characterization of TCR variability
was undertaken in a large series of human astrocytomas. Our
data demonstrate the presence of significant T cell clonal
expansions in the tumor bed, strongly suggesting an immune
response to as yet undefined astrocytoma antigens. Further-
more, we provide evidence that, in vivo, oligoclonality of T
cells is confined to the CD8 population.

Methods

Patients and samples

Peripheral blood samples and tumor biopsies were collected
during surgery from 16 Caucasian patients with grade III or
grade IV malignant astrocytomas. Patients (four females and
12 males) were 35–85 years old, mean 6 SD: 57 6 15
years. PBMC were separated by Ficoll-Hypaque (Pharmacia,
Uppsala, Sweden) density gradient centrifugation. Small
pieces of the tumor biopsy were washed with PBS. PBMC
and tumor biopsies were frozen and cryopreserved in liquid
nitrogen for subsequent RNA extraction. When sufficient
material was available (patients Ge10, Ge20 and Ge123), the
rest of the tumor sample was processed to obtain single-cell
suspensions (see below). Patients’ PBMC were characterized
for their HLA alleles by serology, by PCR and subsequent
oligonucleotide hybridization (44) or by PCR using sequence-
specific primers (45).

TCRAV and TCRBV gene segment usage

TCRAV and TCRBV gene segment usage was determined by
RT-PCR as previously described (46). Briefly, total RNA was
prepared from tumor (0.2–0.5 g tissue) or PBMC (2–53106

cells) using TRIzol (Gibco/BRL, Life Technologies, Paisley,
UK) and converted to cDNA by standard methods using
reverse transcriptase and an oligo(dT) primer. These cDNAs
were amplified in non-saturating PCR conditions (30 cycles)
with a panel of experimentally validated 59 sense primers
specific for the 22 BV subfamilies or the 29 AV subfamilies
and one 39 antisense primer specific for the BC gene segment
or the AC gene segment. The specificity of the amplified
products were assessed after Southern blotting and hybridiza-
tion with a labeled BC or AC oligonucleotide, and also by
verifying the length of the PCR products with values deduced
from the 59 and 39 primer positions. The comparative analysis
of each BV or AV product between the different samples was
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Fig. 1. Relative TCR BV gene segment expression in astrocytoma and PBMC samples from patients Ge22 and Ge21. Total RNA from
uncultured PBMC and tumor samples was reverse transcribed and amplified in non-saturating PCR conditions (30 cycles) using BV and BC
primers. The DNA fragments amplified by each BV–BC primer pair were hybridized with a BC oligonucleotide probe. Results are presented
according to the new nomenclature (78). For each sample, the autoradiographic spots obtained by Southern blot of PCR amplified TCR BV
gene segments were analyzed by densitometry, and each BV signal was calculated as a percentage of the sum of all BV spots and displayed
in the histograms.

achieved by densitometric analysis of the signals on the
autoradiographs.

CDR3 size analysis of TCRBV transcripts

The CDR3 region of the PCR-amplified TCRBV1–22 transcripts
was analyzed using a run-off procedure, as previously
described (26). Briefly, aliquots (2 µl) of BV1–22–BC PCR
products (40 cycles) were subjected to one to three cycle
run-off reactions, using dye-labeled oligonucleotide primers,
specific for either BC or one of the 13 human functional BJ
segments. The run-off products were then run on an auto-
mated sequencer in the presence of fluorescent size markers.
The length of the DNA fragments and the fluorescence
intensity of the bands were analyzed with Immunoscope
software (developed by C. Pannetier) or Genescan Analysis
software (Applied Biosystems, Forster City, CA).

Sequencing of PCR products

TRCBV1–BC PCR products derived from astrocytoma
samples were cloned into pBS-SK1 vector (Stratagene, La
Jolla, CA). Competent XL-1 blue Escherichia coli (Stratagene)

were transformed and plated for blue/white color selection on
media containing X-gal. Plasmid DNA was extracted from
white colonies using the Qiagen Plasmid Mini-kit (Qiagen,
Hilden, Germany) and sequenced using the Dye Terminator
Cycle Sequencing kit (ABI PRISM; Perkin Elmer, Foster City,
CA) according to the manufacturer’s instructions.

Quantification of BV1 clonal expansions

To quantify the respective proportions of recurrent BV1 tran-
scripts in the total BV1 mRNAs, we adopted the approach
described elsewhere (27). Briefly, clonotypic primers hybridiz-
ing with the CDR3 region of the recurrent BV1 sequences
found in the astrocytoma samples were synthesized and
labeled with a 6-Fam fluorophore (GENSET, Paris, France).
Primer sequences were 59-ATAGGAATTGGACCAGGCTAC-39
for patient Ge10 and 59-GTAAAGCCCCTGTGGATTTAC-39 for
patient Ge22. cDNA samples were amplified using a BV1
and a BC primer, then aliquots of the BV1–BC PCR products
were subjected to an elongation (one cycle) with either a 6-
Fam-labeled and nested BC primer (26) or with the clonotypic
primer. The two run-off products were then mixed in equal
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Fig. 2. CDR3 size distribution profiles of selected TCR BV–BC run-off products from PBMC and tumor RNA samples in eight patients. Total
RNA from uncultured PBMC and tumor samples was extracted, reverse transcribed and amplified by PCR using BV and BC primers. Amplified
cDNA was copied by a fluorescent BC primer in a run-off reaction and subjected to electrophoresis on an automated sequencer. The patterns
obtained show the size and intensity distribution of in frame BV1–BC, BV13–BC, BV14–BC and BV16–BC amplification products. Horizontal
axis: size in amino acids of the CDR3 region deduced from the fragment length. Vertical axis: relative fluorescence intensity. The graphs
representing CDR3 size patterns were normalized to 100% for the most intense peak. The BV13 profile of Ge33 is reproduced from (19) with
permission.

amounts and size-fractionated in the automated sequencer.
The proportion of the specific sequence in the total BV1
mRNA population was calculated by dividing the area under
the curve (AUC) obtained with the clonotypic primer by the
sum of the AUC obtained with the BC primer. The obtained
ratio was corrected by the relative specific activity of the
clonotypic primer, which was calculated by dividing the AUC
obtained with the clonotypic primer by the AUC obtained with
the BC primer when amplifying plasmid DNA encoding the
recurrent BV1 sequence.

The frequency of clonal BV1 cells in tumors was then
determined as previously described (47). Briefly, cDNA of
astrocytoma samples of interest were co-amplified with serial
dilutions of a standard plasmid (105–102 copies). The standard
plasmid used displayed .85% homology with the astrocytoma
BV1 transcripts but with a shorter CDR3 size (8 amino
acids). Regions for primer hybridization were totally identical.
Mismatches were located in the CDR3 and BJ regions. The
run-off reaction was performed as described. The ratio of the
AUC for standard and AUC for astrocytoma samples was
calculated in each CDR3 profile, and plotted against the
number of standard DNA copies mixed with the cDNA

samples. This allowed the determination of the number of
specific clonal transcripts present in 1 µg of tumor RNA.

Purification of CD41 and CD81 T cells

Tumor tissue was enzymatically digested for 1–2 h at 37°C in
RPMI medium containing 0.1% collagenase type IA, 0.002%
DNase type II and 0.05% protease type I. The resulting cell
suspensions were centrifuged over a Ficoll-Hypaque gradient
(Pharmacia, Uppsala, Sweden) and incubated for 48 h in
Iscove’s medium to allow re-expression of CD4 and CD8
molecules degraded by the digestion procedure (G. Perrin,
unpublished data). All enzymes were obtained from Sigma
(St Louis, MO) and media were from Gibco/BRL, Life Technolo-
gies (Paisley, UK). Non-adherent cells were then subjected
to triple staining with an FITC–anti-CD3 (clone UCH-T1), a
phycoerythrin–anti-CD8 (clone LT8) and a biotinylated anti-
CD4 antibody (clone B-B14) followed by streptavidin–TriColor
(Caltag, Burlingame, CA) and sorted on a FACS Vantage
(Becton Dickinson, Mountain View, CA). mAb were purchased
from Serotec (Oxford, UK). Equal numbers of sorted CD41

and CD81 T cells were loaded with 106 P815 cells and
pelleted for RNA extraction with Qiagen Rneasy Mini-kits
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Fig. 3. CDR3 size distribution profiles of TCR BV–BC run-off products from distinct tumor regions. For each of the four patients, total RNA was
extracted from two different pieces of the tumor biopsy and analyzed as described in Fig. 2. The patterns obtained show the size and intensity
distribution of in frame BV–BC amplification products. For each patient, BV–BC profiles that are not represented either include multiple CDR3
lengths or were only at background levels.

(Qiagen). After reverse transcription, CDR3 size analysis was
performed on both populations as described above.

Results

Diverse TCR AV and BV gene segment usage in astrocytoma
patients

TCR AV and BV gene segment usage was analyzed in PBMC
and tumor samples from the first nine astrocytoma patients.
The AV gene segment usage was not restricted (data not
shown). Relative expression level of BV gene segments in
the tumor biopsies generally did not reveal any significant
deviation from the PBMC as illustrated for patient Ge22 in
Fig. 1. However, some BV were missing from the tumor sample
of certain patients, showing a complete repertoire in the
PBMC (e.g. Ge21 in Fig. 1). Among these patients, there was
no recurrent pattern of BV overexpression, making stimulation
by a putative superantigen unlikely.

Numerous T cell clonal expansions are detected in uncultured
astrocytoma samples by CDR3 size analysis

Recurrent identical size transcripts of TCR β chains are found
after specific T cell clonal expansion in response to defined
antigens (26,27,48,49). To further investigate the T cell
response in uncultured astrocytoma samples, we used a
high-resolution RT-PCR method based on the determination
of the spectrum of sizes of the CDR3 regions. Polyclonal T
cell populations give rise to a bell-shaped profile of CDR3
size distribution. In contrast, expansion of specific T cell
clones over a polyclonal population can be detected by
significant perturbations in the CDR3 distribution profiles
induced by the accumulation of recurrent size transcripts. In
a first step, the CDR3 size variability of TCR BV transcripts was
studied in blood and tumor samples from eight astrocytoma
patients. BV1–24–BC products were copied with a nested
fluorescent BC primer and the size of the fluorescent run-off
products was determined by electrophoresis on an automated
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Fig. 4. Clonal BV1–BC transcripts with identical CDR3 size observed in astrocytoma samples display a variable BJ gene segment usage and
different CDR3 sequences. (A) BV1–BC run-off products from astrocytoma samples of patients Ge22, Ge10 and Ge21 are shown as in Fig.
2. BV1–BC PCR products were copied in 13 different run-off reactions using the 13 BJ-specific labeled primers and subjected to electrophoresis
on an automated sequencer. Only the profiles of BV–BJ rearrangements responsible for the 10 amino acids CDR3 peak are indicated. The
profiles of other BV–BJ combinations either include multiple CDR3 lengths or were only at background levels. (B) BV1–BC PCR products
derived from three astrocytoma samples were cloned and sequenced as described in Methods. CDR3-like boundaries were defined according
to (79) and encompass residues 95–106.

DNA sequencer. In the majority of astrocytoma samples,
significant perturbations in CDR3 size distribution profiles
were found among different BV subfamilies (Fig. 2). In contrast,
most (.90%) of the BV–BC PCR products from PBMC dis-
played a bell-shaped profile with several 3-nucleotide-spaced
peaks (see representative patterns from BV1 and BV13; Fig.
2), as found in healthy human donors (50).

To exclude the possibility that these peaks reflect stochastic
PCR amplification, the reproducibility of the profiles was
tested for several tumors, starting either from the same cDNA
sample or from cDNA samples derived from different pieces
of the tumor. Profiles obtained after different PCR from the
same cDNAs yielded identical results (data not shown).
Interestingly, CDR3 distribution profiles were highly reprodu-
cible in different tumor regions for most patients (as shown
for Ge10, Ge03 and Ge87 in Fig. 3), showing that the
prominent peaks generally reflect dominant T cell clonal
expansions widely represented in the tumor. In contrast, the
important variations in CDR3 size profiles observed in Ge21
(Fig. 3) may be a consequence of tumor heterogeneity.

BV1 clonal expansions with identical CDR3 size in different
astrocytoma samples

The recurrent transcripts inside each BV subfamily usually
had different CDR3 sizes in the different samples tested (e.g.
BV14 and BV16 in Fig. 2), with the exception of the BV1

subfamily where the majority of overwhelming expansions
were due to β chains with the same CDR3 size of 10 amino
acids (Ge3, Ge21, Ge22, Ge10, Ge14 and Ge24 in Fig. 2).
Further analysis of BV1 transcripts in eight additional malig-
nant astrocytoma RNA samples revealed clonal expansions
with a CDR3 size of 10 amino acids in eight of 16 of the
patients (data not shown). To further define the clonality of
BV1 transcripts and to determine the BJ usage, BV1–BC PCR
products from the first eight astrocytoma samples were copied
in 13 different run-off reactions using the 13 BJ-specific
labeled primers. In seven cases, a single BV1–BJ rearrange-
ment was responsible for the 10 amino acids CDR3 size peak
detected at the previous level of analysis using the BC specific
labeled primer (Ge22 and Ge21 as representative examples
in Fig. 4). However, there is also the possibility that two
different BV1–BJ rearrangements can contribute to create
such a peak, as in the case of Ge10. The BJ usage was
generally different from one sample to another (Fig. 4A and
data not shown). Results obtained with the run-off analysis
were confirmed by sequencing the BV1–BC PCR products of
three astrocytoma samples (Fig. 4B). Alignments of CDR3-
encoded amino acids indicated the presence of predominant
BV1 clonotypes with a CDR3 size of 10 amino acids. However,
despite their length homogeneity, the CDR3 regions of recur-
rent sequences did not include conserved amino acids res-
idues. Moreover, HLA typing of patients’ PBMC did not
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Table 1. HLA-A, -B and -C class I alleles, and HLA-DRB class II alleles of astrocytoma patients

Age (years)/ Diagnosis HLA-A HLA-B HLA-C HLA-DRB1 HLA-DRB3
sex

Ge 03 65/F grade IV A2, A11 B44, B60 Cw*0304, Cw*0501 DRB1*0701, DRB1*1302 DRB3*0301
Ge 08 55/F grade IV A3, A32 B7, B61 Cw*0202, Cw*04 DRB1*14, DRB1*16 DRB3*02
Ge 10 64/M grade III A2, A11 B57, B35 Cw*04, Cw*0602 DRB1*0402, DRB1*14 DRB3*02
Ge 14 61/M grade III A1, A26 B44, B60 Cw*0501, Cw*0304 DRB1*13, DRB1*x DRB3*0101,

DRB3*0301
Ge 20 69/M grade IV A24, A25 B7, B18 Cw*0702, Cw*1203 DRB1*0301, DRB1*08 DRB3*0101
Ge 21 41/F grade IV A1, A2 B8, B27 Cw*0102, Cw*0701 DRB1*01, DRB1*0301 DRB3*0101
Ge 22 73/M grade IV A1, A2 B44, B17 Cw*0501, Cw*0602 DRB1*04, DRB1*0701
Ge 24 38/M grade III A28, A32 B44, B62 Cw*0602, Cw*0302/04 DRB1*0102, DRB1*04
Ge 33 71/M grade IV A2, A24 B51, B35 Cw*04, Cw*1502/03 DRB1*15, DRB1*11 DRB3*02
Ge 34 54/M grade IV A*03, A*32 B*07, B*15 Cw*0702, Cw*0303 DRB1*0101, DRB1*1501
Ge 57 69/M grade IV A*0201, A*23 B*4403, B*39 Cw*04, Cw*0702 DRB1*04, DRB1*x
Ge 78 35/M grade IV A*0205 B*41, B*58 Cw*17, Cw*0701 DRB1*11, DRB1*13 DRB3*02, DRB3*0301
Ge 85 85/M grade IV A*11, A*30 B*13, B*51,52 Cw*0602, Cw*1202 DRB1*0701, DRB1*1502
Ge 87 39/M grade III A*02, A*0301 B*07, B*4001 Cw*0304, Cw*07 DRB1*04, DRB1*1501
Ge 90 36/F grade III A*02, A*11 B*07, B*35 Cw*04, Cw*0702 DRB1*11, DRB1*1501 DRB3*02
Ge 123 56/M grade III A*02, A*0301 B*07, B*40 Cw*0202, Cw*07 DRB1*11, DRB1*13 DRB3*02, DRB3*0301

Grade IV, glioblastoma; grade III, anaplasic astrocytoma.

reveal any obvious correlation with particular HLA haplotypes
(Table 1).

Some T cell clones are highly expanded in astrocytoma

Despite the absence of sequence homology, the presence of
clonal BV1 transcripts with the same CDR3 size in a high
proportion of astrocytoma samples was an unexpected obser-
vation needing further investigation, particularly since multiple
sampling of the same tumors suggested that many of these
clones were quite widely distributed within the tumor. The
proportion of infiltrating T cells bearing such a receptor among
the total tumor infiltrating lymphocyte (TIL) population was
determined in two steps using quantitative PCR assays (47).
First, the proportion of the recurrent BV1 transcripts in the
total BV1 mRNAs was determined for patients Ge10 and
Ge22 using a clonotypic primer hybridizing with the CDR3
region of the recurrent BV1 sequence (Fig. 4B) as previously
described (27). The BV1 clone with a CDR3 size of 10 amino
acids in patient Ge10 represented 53 and 41% of the total BV1
mRNAs in two independent samples from different regions of
the tumor, whereas it was undetectable in autologous PBMC.
In the case of Ge22, 70% of the total BV1 RNA population
was accounted for by a T cell clonal expansion with a CDR3
size of 10 amino acids (data not shown).

Based on these latter data, we calculated the number of
clonal BV1 transcripts per µg of astrocytoma RNA, using a
competitive RT-PCR assay (47). Aliquots of cDNA correspond-
ing to 20 ng tumor RNA were co-amplified with defined copies
numbers of a standard BV1 plasmid displaying high homology
(.90%) with the astrocytoma clonal BV1 transcripts. Both
templates were distinguishable based on their six nucleotides
difference in CDR3 length (Fig. 5A). The ratio of the intensities
of the two peaks (at different quantities of standard plasmid)
yielded the number of BV1 transcripts with a CDR3 size of
10 amino acids (Fig. 5). By integrating the percentage of the
clonotype of interest among these transcripts, we found that

142,000 and 111,500 clonal BV1 transcripts were contained in
1 µg astrocytoma Ge22 and Ge10 RNA samples respectively.
Assuming that a T cell contains ~400 TCR β transcripts (51),
we estimated 350 and 280 clonal BV1 T cells per µg RNA in
the two samples tested respectively. Considering that 1 µg
RNA corresponds to 105–106 cells and that T cells represent
0.1–1% of the entire cell population as determined by
FACS (G. Perrin, unpublished results), the BV1 clonal cells
in Ge22 and Ge10 can be estimated to represent at
least 3.5% (350/10,000) and 2.8% (280/10,000) of all TIL
respectively.

Most expanded clones in astrocytoma are CD81 cells

We determined whether in vivo expanded T cell clones were
of CD41 or CD81 phenotype by flow cytometric sorting of
CD31CD41 and CD31CD81 T cell populations from dissoci-
ated tumors. CDR3 size analysis was performed on both
populations and compared with results obtained from non-
dissociated astrocytoma RNA samples. Figure 6 shows that,
for patient Ge10, all predominant peaks detected in the
tumor biopsy segregated with the CD8 marker. To definitively
demonstrate that the expanded cells detected in the CD81

population corresponded to the expanded clones detected
in the unmanipulated biopsy, BV1, BV4 and BV14 transcripts
from the tumor biopsy were sequenced, and clonotypic
primers specific for the CDR3 region of the recurrent
sequences identified were synthesized. cDNAs derived from
CD41 and CD81 sorted cells were subjected to the run-off
analysis with the clonotypic primers. All three clones clearly
appeared in the CD81 cells as shown for the BV1 clone in
Fig. 7. The same CD4/CD8 sorting experiment was performed
in two other astrocytoma samples. With the exception of one
minor peak found in CD41 cells, the other five oligoclonal
expansions analyzed in these two additional patients segreg-
ated with the CD8 marker (data not shown).
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Fig. 5. Frequency of clonal BV1 T cells in Ge22 and Ge10 astrocytoma
samples. (A) Copies (105) of the standard plasmid were amplified
using BV1 and BC primers. PCR products were copied by a
fluorescent BC primer in a run-off reaction (one cycle) and subjected
to electrophoresis on an automated sequencer. The CDR3 size
pattern obtained confirmed the clonality of the plasmid with a CDR3
size at 8 amino acids. The CDR3 profiles obtained for the astrocytoma
samples Ge22 and Ge10 are shown as in Fig. 2 to facilitate the
comparison. cDNA corresponding to 20 ng tumor RNA was co-
amplified with serial dilutions of the standard plasmid (from 105 to
102 copies). Note the progressive appearance of the peak with a
CDR3 size at 10 amino acids. (B) The ratio of AUC for standard and
AUC for astrocytoma samples was calculated in each CDR3 profile,
and plotted against the number of standard DNA copies mixed with
Ge10 or Ge22 cDNA respectively.

Discussion

T cell clonal expansions are detected in human malignant
astrocytoma

In this work, we studied the TCR diversity of T lymphocytes
in tumor and blood samples collected from Caucasian astrocy-
toma patients. By analyzing CDR3 size variability, several T
cell (oligo)clonal expansions were observed within different

BV subfamilies in all 16 astrocytoma biopsies tested, consist-
ent with immune responses to astrocytoma antigens. In con-
trast to this local reaction seen in the tumor bed, a systemic
immune response was not obvious, since only exceptional
(oligo)clonal expansions were detected in PBMC. It is there-
fore unlikely that T cells clonally expanded in astrocytoma
are the direct consequence of blood expansions, such as
those observed in certain healthy people (28,50,52). This was
further supported by data obtained with clonotypic primers,
showing that T cell clones highly represented in the tumor
were not detectable in autologous PBMC [below the threshold
of detection of the PCR, estimated at 1 in 105 (50)]. The T
cell clonal expansions found in our study showed conserved
TCR structural features in certain cases (e.g. many BV1
expansions with identical CDR3 size), but never conserved
CDR3 sequences. This contrasts with previous TCR molecular
analysis of astrocytoma infiltrating lymphocytes (but of non-
Caucasian patients) reporting preferential AV7 and BV13 gene
segment usage, with an identical BV13 transcript in different
astrocytoma samples (53,54). In our series of Caucasian
patients, this recurrent BV13 sequence was never detected in
eight astrocytoma samples, including two patients expressing
HLA-A24, the haplotype commonly (but not exclusively)
associated with the recurrent TCR previously described (54)
(G. Perrin, unpublished observations).

Intratumoral T cell clonal expansions have been reported
in various types of cancers (4,7,8,55,56). Their presence in a
tumor arising in the brain (i.e. astrocytoma) is more surprising.
Indeed, the immune response in the CNS is tightly regulated
to avoid deleterious consequences (57,58) and astrocytomas
may exert immunosuppressive effects via soluble factors (59)
or intercellular interactions (60). It was therefore interesting
to evaluate the magnitude of unique T cell clonal expansions
present in astrocytoma. Quantification of clonal TCR tran-
scripts revealed that each expanded T cell clone analyzed
was important in terms of absolute cell number and its
frequency among TIL. The estimation of the cell numbers was
confirmed by an independent experiment in which a tumor
RNA sample was mixed with a defined number of PBMC
(G. Perrin, data not shown). Other experimental data substanti-
ate the importance of these results. In vivo expanded T cells
detected by molecular analysis were found in significant
proportions among in vitro derived clones generated by direct
cloning of TIL from the tumor digestion (G. Perrin, unpublished
data). Furthermore, the reproducibility of the BV–BC profiles
and the detection of the same clonotypes in different areas
of a given tumor (Fig. 2 and data not shown) indicate that
such clones can be widely distributed within astrocytoma.
Overall, even if lymphocytic infiltration is not as overwhelming
as found in certain other tumors (e.g. melanoma, renal cell
cancer), these data suggest that astrocytoma may induce
specific immune responses despite their intracerebral loca-
tion. The identification of the in vivo expanded T cell popula-
tions by TCR molecular analysis guides our choice of T cell
clones for expansion in vitro, and subsequent testing of
specificity and function. For instance, CD81 BV11, BV41 and
BV141 clones from patient Ge10 are very attractive candidates
to identify the antigens recognized (61), and have already
been expanded in vitro (G. Perrin, unpublished data).
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Fig. 6. Oligoclonal expansions are preferentially found in the CD8 subset. CD41 and CD81 T cells were sorted from the tumor biopsy after
enzymatic digestion as described in Methods. cDNAs derived from CD41 and CD81 T cells were amplified using appropriate BV primers and
analyzed as described in Fig. 2.

Significance of conserved CDR3 size

Structural conservation of the TCR critical region for peptide
recognition might reflect repertoire selection by a common
MHC–peptide complex. Indeed, although TCR repertoires
against defined epitopes were shown to exhibit variable
levels of diversity (62), the CDR3 length was conserved
over primary and memory responses with a restricted T
cell repertoire (49,63). In human diseases, some restriction
in CDR3 size variability was also reported in CD81 T cells
specific for HIV (64). Moreover, in vitro stimulation of
lymphocytes with autologous tumor cells in mixed lympho-
cyte tumor cell culture assays can generate T cell clones
sharing common BV gene segments and CDR3 sizes but
different CDR3 sequences (65). Overall, these observations
suggest that CDR3 length homogeneity may be a useful
indicator of specific cells to unknown peptidic antigens
(49,63,64).

In this study, the CDR3 sizes of BV T cell clones were
random, except those present in the BV1 subfamily in
which a CDR3 size of 10 amino acids was found in 50%
of the astrocytoma samples. However, the presence of
these BV1 clones with conserved CDR3 size was apparently
not correlated with a given HLA allele and we did not find
any conserved amino acids motif in the different CDR3
sequences. We do not have a direct explanation for this
intriguing result but it may be interesting to analyze whether
it reflects a response driven by antigens presented by non-
classical MHC molecules such as CD1 (66).

T cell clones detected ex vivo by molecular analysis
are CD81

Recent experimental data have highlighted the importance
of a synergistic action of CD41 and CD81 T cells for the
induction of protective immunity in the CNS (14–17). In the
second part of our study, we asked whether T cells of
both subsets were clonally expanded in human astrocytoma.
Previous studies have shown that both CD41- and CD81-
specific T cell responses against defined antigens can be
detected in vivo by the appearance of certain BV populations
with restricted CDR3 size diversity (27,48,67). Consequently,

the CD4/CD8 phenotype of the in vivo expanded T cell
clones was defined by repeating the TCR molecular analysis
on CD41 and CD81 T lymphocytes sorted from three
dissociated astrocytomas. Although T cells of both subsets
were found among TIL (CD81 cells: 30–55% ; CD41 cells:
45–70%), expanded T cell clones were almost exclusively
confined to the CD81 subset, as definitively assessed with
clonotypic primers.

The lack of obvious CD41 T cell clonal expansions might
be the direct consequence of the low or absent constitutive
MHC class II expression by the CNS cells (68). However,
the expression of MHC molecules is a dynamic process
and can be induced in vitro on several CNS cell types
(e.g. microglial cells, endothelial cells, smooth muscle/
pericyte cells, astrocytes) that may potentially exhibit
antigen-presenting cell (APC) functions (58). Similar events
may also take place in vivo under the influence of
microenvironmental factors (e.g. cytokines, neuropeptides)
and indeed, specific CD41 T cells accumulate in the brain
following infection or autoimmune disease (69–72). It is
therefore unlikely that low MHC class II expression is the
sole explanation for our observations. Other hypotheses
may be envisaged. Firstly, the presence of specific CD41

cells with very broad CDR3 diversity that would have been
undetectable by our approach cannot be formally excluded.
Direct cloning of CD41 TIL and subsequent testing of
CD41 clones for specificity is currently being performed to
address this question. Secondly, the lack of CD41 clonal
expansions may suggest functionally deficient APC, as
described for dendritic cells present in skin and colon
cancers (73). Finally, the present results have to be
considered in the light of the new ‘licensing’ model proposed
for CD41 help (74), in which CD41 T cells would be
needed to activate inefficient APC (e.g. with low expression
levels of MHC and co-stimulatory molecules). This model
suggests that CD41 and CD81 cells could be sequentially
primed at different sites. Therefore, an interesting question
to address in the case of astrocytoma is whether oligoclonal
expansions of CD41 T cells can be found in cervical lymph
nodes that have been proposed to be the site of CNS
lymphatic drainage (75).
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Fig. 7. Expanded BV1 clone in patient Ge10 segregates with the CD8 marker. CD41 and CD81 T cells were sorted from the tumor biopsy
after enzymatic digestion as described in Methods. cDNA derived from CD41 and CD81 T cells was amplified with the BV1 primer. Each
product was separated in two equal aliquots: one was used as template for the elongation with the fluorescent BC primer, providing the peaks
on the right part of each panel. The other was used in the elongation with the clonotypic primer, providing the single peak on the left. These
two run-off products were then mixed and size-fractionated in an automated sequencer. Quantification of the clonotype was performed as
described in Methods.

With our current understanding of the importance of
CD41 help for the generation of efficient immune responses
in the CNS, it is tempting to speculate that the lack of
CD41 T cell clonal expansions infiltrating the tumors of
these patients may play a role in the ultimate failure of the
immune system to control tumor growth. This hypothesis is
in accordance with recent data further emphasizing the
critical role of CD41 cells for maintaining CD81 function.
For example, in transgenic mice expressing ovalbumin in
pancreatic β cells, it was reported that the biological effects
of specific CD81 cells (i.e. induction of diabetes by
destruction of islet cells) were strongly dependent upon
the presence of CD41 cells. One possible explanation is
that the CD41 T cells can activate APC (74) to induce
immunity rather than tolerance (76,77). In a similar way,
the oligoclonal CD81 T cells in astrocytoma may reflect
transiently expanded populations that are functionally com-
promised by insufficient CD41 help. It may be interesting
to extend this study to a broader panel of patients to see
if a CD41 deficiency is a common feature of all astrocytoma.
Another interesting question is whether a similar defect is
also observed in other human tumors progressing outside
the CNS or is restricted to astrocytoma.

In summary, this work is the first in-depth characterization
of the clonality, the quantity and the phenotype of human
astrocytoma infiltrating T cells. The presence of highly

expanded T cell clones in the tumor bed is a strong
argument for a spontaneous immune response being
initiated against putative astrocytoma antigens, even if
insufficient for tumor rejection. Some of these clones are
currently being tested for function and specificity, and
should help to identify the antigens recognized. An additional
new finding of this study is the apparent deficiency in the
CD41 response at the site of tumor growth. This observation
made in human astrocytoma raises important questions
concerning the site of antigen presentation and the cell
types involved in this critical biological process. Resolving
such questions in animal models may indicate the best
ways to reinforce the CD41 T cell help in novel treatment
strategies designed to elicit an anti-tumor immune response
against CNS tumors.
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