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ABSTRACT
Purpose: We investigated the ability of the fusion pro-

tein granulocyte-macrophage colony-stimulating factor and
carbonic anhydrase IX (GMCA-9)1 to induce an immune
response in vitro and in vivo for the development of a
GMCA-9-based kidney cancer vaccine.

Experimental design: Human dendritic cells (DCs) were
transduced with a recombinant adenovirus containing the
GMCA-9 gene and tested for their capacity to induce CA9-
specific cytotoxic T lymphocytes in vitro. Tumor growth was
studied in severe compromised immunodeficiency disease
(SCID) mice s.c. injected with R11-GMCA-9, a human renal
cell carcinoma cell line stably transfected with the GMCA-9
gene. Involvement of natural killer (NK) cells in the antitu-
mor activity of GMCA-9 was determined in SCID mice
treated with the NK-blocking agent anti-asialoGM-1.

Results: DC and R11 cells transduced with GMCA-9
produced a GMCA-9 protein that is targeted to the cell
membrane and partially processed to granulocyte macro-
phage colony-stimulating factor- and CA9-like products.
Furthermore, GMCA-9 was capable of inducing DC matu-
ration, as well as CA9-specific cytotoxic lymphocytes in
vitro. Tumor growth of R11 cells in SCID mice was signifi-
cantly inhibited after transfection with the GMCA-9 fusion
gene (P < 0.01). In mice treated with anti-asialoGM-1,
R11-GMCA-9 tumors grew significantly faster than those of
control mice (P < 0.05), suggesting an involvement of NK
cells.

Conclusions: Our results suggest that the fusion protein
GMCA-9 is capable of generating an immune response both
in vitro and in vivo. Additional studies will confirm the utility
of ex vivo GMCA-9-transduced DCs as a kidney cancer
vaccine.

INTRODUCTION
The relative immunogenicity of RCC2 and existence of

RCC-specific, MHC-restricted CTLs in RCC patients (1) appear
to indicate that RCC expresses antigenic determinants that can
generate tumor-specific immune responses. Reports of sponta-
neous regressions and the demonstration of tumor-reactive
CTLs indicate the importance of the host’s immune system in
patients with RCC (2). A limited number of kidney cancer-
specific tumor antigens has been identified thus far, including a
mutated HLAA2 protein (3) and a renal tumor antigen protein
(4). More recently, a renal antigen known as G250 (5) has been
identified as the first widely expressed tumor antigen for RCC
(6). This tumor antigen, also known as CA9, is a member of the
carbonic anhydrase family that is thought to play a role in the
regulation of cell proliferation in response to hypoxic conditions
and may be involved in oncogenesis and tumor progression (7,
8). Previous studies using a monoclonal antibody against CA9
have shown that CA9 is induced constitutively in certain tumor
types but is absent in most normal tissues, with the exception of
epithelial cells of the gastric mucosa (4). Furthermore, previous
immunobiochemical studies of malignant and benign renal tis-
sues revealed that CA9 was also highly expressed in RCC,
suggesting that CA9 expression may be a useful diagnostic
biomarker (9, 10). More recently, we reported in a large series
of 321 patients that CA9 was expressed in 95% of clear cell
carcinoma and higher expression of CA9 is associated with
better prognosis of kidney cancer patients, as well as a better
response to IL-2 immunotherapy (11).

CA9 contains an epitope that has been shown to be
HLAA2.1 restricted and both naturally processed and immuno-
genic (11). Some tumor-infiltrating lymphocytes lines isolated
from kidney tumors are able to react in a CA9-specific manner,
although the reaction is weak, as expected from a nonmutated
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tissue-specific antigen (13). Despite the immunological proper-
ties of CA9 and its selective high expression in kidney cancer,
RCC is nonetheless capable of evading the immune surveillance
through a variety of local immune suppression mechanisms that
have been formidable obstacles to effectiveness of immune
stimulation in kidney cancer patients (14). In addition, the poor
prognosis of the patients with advanced or metastatic RCC
suggests that the CA9 expression is not sufficient to promote a
host antitumor response.

In an attempt to enhance the immunogenicity of the CA9
for potential use as an RCC vaccine, we recently reported an
innovative approach that combines CA9 and the potent cytokine
GM-CSF into a single fusion gene, designated here GMCA-9.
DCs pulsed with recombinant GMCA-9 protein in vitro were
able to induce CA9-specific CTLs (15). The rationale for this
approach is based on the fact that GM-CSF has been shown to
have clinical activity for RCC (16), and therefore, the addition
of GM-CSF to CA9 as a fusion molecule may enhance the
immunogenic potential of CA9-based vaccines. In addition,
GM-CSF has been shown to be superior to other cytokines in
generating a systemic, long-lasting immune response (17) at-
tributable to its critical role for development and differentiation
of DCs, the most potent antigen-presenting cells (18–20).

Studies comparing the efficacy of DC-based vaccines have
shown that DCs transduced with tumor antigens are superior to
peptide-pulsed DCs for eliciting both CD8� and CD4� T-cell
responses (21). In addition, DCs transduced with recombinant
adenoviruses encoding a tumor antigen have been shown to be
efficient for in vitro CTL generation (22, 23). Adenovirally
transduced DCs have the potential to express a variety of tumor
antigen epitopes on the surface of DC potentially reducing the
problem of antigen loss variants that could evade the immune
response (24). Moreover, processing and peptide presentation
through endogenous routes are more efficient for cell surface
display than exogenous loading of synthetic peptides (21, 25),
thereby offering a unique advantage for raising immunity
against weak tumor antigens (26), such as CA9 (13). On the
other hand, antigen-presenting cells in cancer patients are often
functionally impaired, which is likely to reduce the efficacy of
protocols dependent on antigen transfer (27).

Here, we report two new approaches for a GMCA-9-based
RCC vaccine, both based on the intracellular delivery of the
fusion protein: (a) an RCC cell line stably transfected with the
GMCA-9 gene; and (b) DCs transduced with a recombinant
adenovirus containing the fusion gene. Moreover, we describe
the ability of DCs expressing GMCA-9 to generate CA9-specific
CTLs.

MATERIALS AND METHODS
Cloning of the GMCA-9 Gene into a Mammalian Ex-

pression Vector. Generation of a plasmid containing the
GMCA-9 fusion gene, pVL1393/GM-CSF-G250, was described
previously (15). The nucleotides coding for the His-Tag were
removed by PCR (Expand High Fidelity PCR System; Boeh-
ringer Mannheim) using pVL1393/GM-CSF-CA9 as a template
and specific forward (5�-TCATGGTACCATGTGGCTGCA-
GAGCC-3�) and reverse (5�-ATCCTCGAGCTAGGCTC-
CAGTCTCGGCTACCTC-3�) primers containing a KpnI and

XhoI site, respectively. The conditions for the reaction were: 3�
at 95°C (1�), 40� at 95°C, 30� at 60°C, 2� at 72°C (10�), 40�
at 95°C, 30� at 60°C, 2� at 72°C (25�, with additional extension
of 5� per cycle), and a final extension of 7� at 72°C. Concen-
trations of the reactives were recommended by the manufacturer
plus 4% of DMSO. PCR product was subcloned in pGEM-T-
Easy vector (Promega, Madison, WI), and the resulting plasmid
was digested with KpnI and XhoI and ligated into KpnI/XhoI-
digested pCEP4 (Invitrogen, Carlsbad, CA), yielding pCEP4-
GMCA-9. The fusion gene was finally cloned into the mamma-
lian expression vector pcDNA3.1 after NotI digestion of the
plasmid and NotI partial digestion of pCEP4-GMCA-9, fol-
lowed by ligation with T4 DNA ligase (Promega). Orientation
of the gene was verified with SalI digestion. Plasmids were
purified using maxipreps and minipreps (Qiagen, Valencia, CA)
following standard procedures. To ensure the fidelity of the
sequence, the complete insert was sequenced by the UCLA
sequencing facility using a set of forward and reverse primers.
Enzymes for restriction analysis were obtained from Life Tech-
nologies, Inc. (Rockville, MD).

Cell Lines. RCC cell lines R11 and R6 were obtained
from surgical specimens as described previously (28), cultured
in RPMI 1640 (Life Technologies), and supplemented with 10%
fetal bovine serum (Life Technologies) and penicillin/strepto-
mycin (50 units/ml each; GEMINI Bio-products, Woodland,
CA). Other cell lines used in this study were 293 (embryonic
kidney cell line), Daudi (Burkitt’s lymphoma cell line), K562
(erythroleukemia cell line), and a cell line stably transfected
with the gene encoding CA9 (CA9�) that was kindly provided
by Dr. Oosterwijk (13). Embryonic cell line 293 was cultured in
DMEM media (Life Technologies, Inc.) and 10% fetal bovine
serum plus antibiotics as detailed above.

Reverse Transcription-PCR Analysis of CA9 Expres-
sion. Total RNA was extracted from different cell lines (1 �
106 cells) using acid guanidine isothiocyanate-phenol-chloro-
form extraction. Reverse transcription of mRNA into cDNA was
carried out by incubating titrated RNA with avian myeloblasto-
sis virus reverse transcriptase, primer oligo(dT), deoxynucle-
otide triphosphate mix, and RNAase inhibitor for 1 h at 42°C.
One �l of each cDNA sample was amplified by PCR in a total
volume of 25 �l (30 ng of [32P]5�-oligonucleotide, 100 ng of
3�-oligonucleotide primer, 2.5 �l of modified 10 � PCR buffer,
and 1.25 units of Taq polymerase). The PCR mixture was
amplified for 25 cycles in a Thermocycler (Perkin-Elmer, Nor-
walk, CT). Each cycle consisted of denaturation at 94°C for 1
min and annealing/extension at 65°C for 2 min. The 32P-labeled
products were visualized by autoradiography after acrylamide
gel electrophoresis. Amplification of �-actin mRNA was used
as an internal control. The sequences of the oligonucleotides are
as follows: (a) �-actin (forward, 5�-CAACTCCATCATGAAGT-
GTGAC-3�; reverse, 5�-CCACACGGAGTACTTGCGCTC-3�);
and (b) G250 (forward, 5�-CGGATGCAGGAGGATTCCCCCT-
TGG-3�; reverse, 5�-GACTCTGGTCATCCCCTTCTTTGTC-3�).

Transfections and Western Blot Analysis. A CA9-neg-
ative RCC cell line, R11, was transfected with pcDNA3.1-
GMCA-9 using Effectene (Qiagen) following the manufactur-
er’s protocol and further selected with Neomycin for 3 weeks.
Expression of the fusion protein in the stably transfected cell
line R11-GMCA-9 was determined by SDS-PAGE and Western
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blots. Briefly, cells were harvested after incubation with 10%
trypsin (Sigma), washed twice with cold PBS, resuspended in
lysis buffer [50 mM Tris-HCl (pH 7.4), 0.1 mM EDTA, 0.5%
Triton X-100, 1 mM DTT, and 10% of a protease inhibitor
cocktail; Sigma], incubated 15� at room temperature, and cen-
trifuged 10� at 12000 � g. Supernatants were harvested and
quantified for protein concentration using the Bradford assay,
and 30 �g were electrophoresed on a 12% SDS-PAGE under
denaturing conditions. The gel was electrophoretically trans-
ferred to a nitrocellulose membrane that was probed with the
appropriate primary (anti-CA9 antibody, M75, 1:5000 dilution,
kindly provided by Dr. Eric Stanbridge; Ref. 29) or anti-GM-
CSF, 1:2000 dilution, purchased from Genzyme Co. (Cam-
bridge, MA), and horseradish peroxidase-conjugated secondary
antibodies (1:2000 dilution). Nitrocellulose membranes were
then developed using a light-emitting, nonradioactive method
(ECL Kit; Amersham Pharmacia Biotech, Buckinghamshire,
England) and exposed to films (Fujifilm) for autoradiography.

Generation of Adenoviruses Containing the GMCA-9
Gene. The AdEasy System (30) was used for the generation of
a recombinant adenovirus containing the GMCA-9 gene. The
plasmid pcDNA3.1-GMCA-9, and the plasmid from the AdEasy
system, pAdTrack-CMV (containing the GFP gene), were di-
gested using KpnI and XhoI. The GMCA-9 gene and digested
plasmid were gel purified and ligated obtaining pAdTrack-
CMV-GMCA-9. Bacteria were cotransformed with this plasmid
and pAdEasy-1 (containing the viral backbone) and selected
with Kanamycin (Life Technologies) to isolate the proper re-
combinants. The complete adenovector was linearized and used
for transfection of a mammalian-packaging cell line, 293, where
they were further amplified, purified, and titered using GFP-
transducing units. The resultant recombinant adenovirus was
called AdGMCA-9. Viruses were isolated from 293 cell lysates,
and viral DNA was extracted as reported previously (31), di-
gested with KpnI and XhoI, and electrophoresed in an agarose
gel that was stained with ethidium bromide for visualization.
The presence of the gene was determined by Southern blot using
a digoxigenine-labeled CA9 probe. Generation of the control
adenovirus containing the GFP gene was reported previously by
our group (32).

DC Generation and Transduction. DCs were generated
from healthy donor’s PBL after Ficoll purification. Briefly,
whole blood was harvested in EDTA-treated tubes as anticoag-
ulant, further mixed with Ficoll, and centrifuged at 250 � g for
5 min. The PBL ring was removed with a Pasteur pipette and
washed twice with sterile PBS. Cells were resuspended at a
concentration of 7 � 106 cells/ml in RPMI 1640 (Life Tech-
nologies), supplemented with 5% heat-inactivated human AB
serum (Omega-Scientific, Tarzana, CA) and antibiotics (peni-
cillin and streptomycin, 50 units/ml each), and then plated in
T25 flasks (Corning, Cypress, CA). After an incubation period
of 2 h at 37°C, nonadherent cells were removed and frozen for
further CTL generation. Fresh DC medium supplemented with
GM-CSF (50 ng/ml; R&D Systems) and IL-4 (40 ng/ml; BD
Biosciences, Bedford, MA) was added to the adherent cells and
incubated for 7 days. Nonadherent cells (immature DCs) were
then harvested and plated for further maturation. When needed,
TNF-� (100 ng/ml; BD Biosciences) was added to the medium
for 48 h to obtain mature DCs.

Human DCs were transduced with AdGMCA-9 at an m.o.i.
of 50, and after 24 h, autologous nonadherent PBLs (PBL:DC
ratio of 5) were added and incubated 2 weeks in the presence of
low concentration IL-2 (40 units/ml).

Cytotoxicity Assays. To determine specific cytotoxicity,
we used the CytoTox 96 Nonradioactive Cytotoxicity assay (Pro-
mega) based on the calorimetric detection of the released enzyme
LDH. Target cells were harvested, washed, counted, and diluted to
5 � 104 cells/ml, and 50 �l/well were plated in a 96 � well plate.
Lymphocytes were washed, counted, diluted, and added at an
effector:target cell ratio of 5:1. All of the conditions were assayed
in quadruplicate. After 4 h at 37°C, 50 �l of supernatants were
assayed for LDH activity following the manufacturer’s protocol.
Controls for spontaneous LDH release in effector and target cells,
as well as target maximum release, were prepared. The calculation
of cytotoxicity percentage was as follows:

% cytotoxicity �

�Experimental � effector spontaneous
� Target spontaneous	

�Target maximum � target spontaneous	

� 100

Only targets with spontaneous release of LDH �10% of the
maximum release were considered.

Immunocytochemistry. Tumor cells or DCs were har-
vested, washed, and resuspended in PBS at 1 � 106 cells/ml before
staining. Briefly, cytopreps were made using Shandon Cytospin 2
(Shandon, Pittsburgh, PA). After air drying, slides were fixed in
cold methanol and then cold acetone for 10 min each and rinsed in
PBS. Slides were then incubated in 2% BSA for 10 min, and
primary antibody [rabbit anti-GM-CSF 1/500, mouse anti-G250
1/700, or mouse IgG1 (DAKO Corp., Carpinteria, CA) 1/200] was
added and incubated at 4°C overnight. The following morning, the
slides were rinsed in PBS and stained on a DAKO AutoStainer
using a 1:1 mixture of peroxidase-conjugated Envision plus anti-
mouse or antirabbit immunoglobulins (DAKO) for 30 min and the
3,3�-diaminobenzidine/hydrogen peroxide as the chromogen for 10
min. Finally, slides were counterstained with Harris hematoxilin
and methyl green. Monoclonal antibodies G250, specific for CA9
(provided by Dr. Oosterwijk; Ref. 5), and polyclonal anti-GM-CSF
(Genzyme) were used for the stainings.

Animal Studies. Transgenic male 6–8-week-old mice
with SCID were obtained from the breeding program at the
UCLA and manipulated under sterile conditions following
UCLA-approved protocols. All animals were anesthetized with
ketamine and xylazine before inoculation with cancer cells. For
the tumorigenicity studies, tumor cells were harvested, washed
in sterile PBS, counted, and inoculated (5 � 106 cells/300 �l of
PBS) s.c. in the right flank. For the functional depletion of NK
cells, SCID mice were injected with 200 �l of a 1:10 dilution in
PBS of the original stock of the antibody ASGM-1 (Wako
Chemicals, Richmond, VA), 3 days before the tumor challenge
and then on a weekly basis. Mice were sacrificed when tumor
diameters reached 10 mm, according to UCLA policies. Each
experimental condition consisted of four mice per group.

ELISA. For the determination of GM-CSF concentration,
3 � 105 PBLs or 293 cells were seeded in a 6 � well plate with 5
ml of complete RPMI medium. PBLs were incubated with low
concentration of IL-2 (50 ng/ml). 293 cells were infected with
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AdGMCA-9 at an m.o.i. of 50:1 for 24 h. Cell culture supernatants
were harvested and centrifuged at 250 � g to remove cell debris
and assayed for GM-CSF by ELISA using the Quantikine Kit
(R&D Systems) according to the manufacturer’s instructions.
Briefly, wells coated with a murine monoclonal antibody against
human GM-CSF were blocked with a buffered protein assay dilu-
ent, and after extensive washing, 100 �l of supernatant were added
in duplicate, incubated for 2 h at room temperature, and thoroughly
washed to remove unbound substances. A horseradish peroxidase-
linked antibody against GM-CSF was then added and developed
using a substrate solution. After stopping the reaction, absorbance
at 450 nm was measured for each well and compared with the
GM-CSF standard curve.

Flow Cytometry. Samples of 1 � 105 DCs or PBLs were
harvested, washed, and resuspended in 50 �l of PBS. An addi-
tional 50 �l of PBS containing 5 �l of the FITC- and/or
PE-conjugated antibody were added per reaction. After incuba-
tion at 4°C for 30 min, cells were washed with PBS, resus-

pended in 300 �l of buffer, and analyzed on a Benton Dickinson
FACScan flow cytometer that simultaneously acquires forward
and side scatters as well as FL1 (FITC) and FL2 (PE) data.
Processing of the data were carried out with CellQuest Software
(Becton Dickinson, San Jose, CA). The following antibodies
were used for the characterization of DC and PBL phenotype:
(a) CD4; (b) CD8; (c) CD56; (d) TcR; (e) CD83 (all purchased
from Becton Dickinson); and (f) HLA DR (Immunotech)

Statistical Analysis. Data are represented as mean val-
ues 
 SD. Statistical significance was analyzed using Student’s
t test, and a probability value of �0.05 was considered signif-
icant (Excel; Microsoft, Redmond, WA).

RESULTS
Generation of a Universal RCC Cell Line Expressing

the GMCA-9 Fusion Protein. A panel of RCC cell lines
generated in our laboratory was tested for CA9 mRNA expres-

Fig. 1 Expression of GMCA-9 in an RCC cell
line. A, CA9 mRNA expression in different
RCC cell lines determined by reverse transcrip-
tion-PCR. A cell line stably transfected with the
CA9 gene was used as a positive control
(CA9�). B, Western blots for GMCA-9 in R11
control (mock-transfected) and R11-GMCA-9
using GM-CSF or CA9 antibodies. C, immuno-
cytochemical stainings for GMCA-9 using anti-
CA9 (left panels) or anti-GM-CSF antibodies
(right panels) of R11 control (a and b), R11-
GMCA-9 (c and d), and a CA9-positive RCC
cell line R6 (e and f).
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sion (Fig. 1A). A CA9-negative cell line, R11, was stably
transfected with pcDNA3.1-GMCA-9 generating the transfec-
tant R11-GMCA-9. Expression of the fusion protein GMCA-9
in the transfectant was assessed by Western blot analysis after
denaturing SDS-PAGE and also by immunocytochemistry using
monoclonal antibodies for CA9 and GM-CSF. In Western blots,
the fusion protein appears as an Mr 80,000 band when stained
either for CA9 or GM-CSF (Fig. 1B). The immunocytochemical
study (Fig. 1C) with CA9 antibody demonstrates a cell mem-
brane distribution pattern of the GMCA-9 fusion protein in
addition to some cytoplasmic staining. Although a codistribu-
tion of the CA9 and GM-CSF stainings was expected, GM-CSF
staining was less pronounced and with a cytoplasmic pattern of
distribution.

GMCA-9 Inhibits Tumor Growth of a RCC Cell Line in
SCID Mice. An RCC cell line expressing the fusion protein
R11-GMCA-9 did not exhibit any significant change in the in
vitro growth when compared with the same cell line mock
transfected, R11-control (Fig. 2A). We then examined the in
vivo effect of the GMCA-9 expression. Previous studies dem-
onstrated that the RCC cell line R11 is tumorigenic in SCID
mice (28). We elected to inject SCID mice s.c. with the trans-
fected cell line R11-GMCA-9 and the mock-transfected control
cell line R11-control. After 4 weeks, tumors were growing
significantly slower in mice injected with R11-GMCA-9 (Fig.
2B) than in those injected with the control cell line (week 5, 1 

1.15 versus 10.25 
 2.06, P � 0.01), suggesting that the
expression of the fusion protein GMCA-9 is associated with a
significant inhibition in the tumor growth of the RCC cell line
R11 in SCID mice. These in vivo studies were reproducible, and
the same tumor growth inhibition was observed in two addi-
tional experiments (n � 5 and 4/group; data not shown).

Role of NK Cells in the in Vivo Inhibition of Tumori-
genicity of R11-GMCA-9 Cell Line. SCID mice are partially
immunodeficient and lack B and T cells but still have functional
NK cells, macrophages, and DCs (Langerhans cells). To deter-
mine the role of NK cells in the inhibition of tumorigenicity,
R11-GMCA-9 and R11-control cells were injected in mice
control as well as in mice treated with the antibody antiasialo
GM-1 (anti-ASGM-1) that has been demonstrated to inhibit NK
function in mice (33). Tumor growth of RCC-control line was
similar in the untreated and NK-depleted SCID mice (Fig. 2C).
In contrast, R11-GMCA-9 tumors grew significantly faster in
NK-depleted SCID mice compared with control SCID (week 5,
5 
 1.41 versus 1 
 1.15, P � 0.05), although their growth was
slower than R11-control tumors, suggesting that NK cells are at
least partially involved in the inhibition of tumorigenesis in
these mice.

Characterization of a Recombinant Adenovirus Ex-
pressing the GMCA-9 Fusion Gene. A replication-deficient,
E1- and E3-deleted, recombinant adenovirus containing the
fusion gene GMCA-9 (AdGMCA-9) was used to express the
GMCA-9 protein. Confirmation of the intact GMCA-9 gene was
determined by restriction analysis (Fig. 3A, a) and Southern blot
analysis (Fig. 3A, b) of the purified recombinant viral DNA. The
expression and cellular location of GMCA-9 protein in 293 cells
infected with the AdGMCA-9 were determined by Western blot
and immunocytochemistry. By Western blot, an additional band
at Mr 85,000 was identified in 293 cells that were transduced

with AdGMCA-9 (Fig. 3B), which was not present in the
R11-GMCA-9 cell line that had stable expression of GMCA-9.
Immunocytochemical analysis of 293 cells infected with adeno-
GMCA-9 (Fig. 3C) exhibited a similar pattern of cell membrane
distribution compared with R11-GMCA-9 but with higher
amounts of GMCA-9 protein confirming that AdGMCA-9 was
providing stronger expression of the fusion gene.

Transduction with AdGMCA-9 Produces Secretory
GM-CSF. Construction of the GMCA-9 fusion gene involved
combining the full-length coding regions of both the GM-CSF
and CA9 genes, including the CA9 signal peptide. Therefore,
despite the protein appearance as a well-defined single or double
band in the Western blots of transfected or infected cells, re-
spectively, processing of the fusion protein was still a possibil-
ity. To determine the presence of the GM-CSF, normally a
secreted cytokine, produced by our GMCA-9 construct, we
precipitated proteins from culture supernatants using a standard

Fig. 2 Effect of the GMCA-9 expression on the in vitro and in vivo
growth of the RCC cell line R11. A, comparison of the in vitro growth
of RCC cell line control R11 (mock transfected) and R11-GMCA-9. No
statistically significant differences were found. B, tumorigenicity of
these cell lines in SCID mice (n � 4). C, effect of the NK-blocking
agent ASGM-1 on the tumorigenicity of R11 control and R11-GMCA-9.
�P � 0.05, ��P � 0.01 by Student’s t test.
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TCA precipitation protocol but failed to identify a GM-CSF
product. However, using a GM-CSF ELISA Kit capable of
detecting concentrations as low as picograms per milliliter, we
found significant amounts of GM-CSF in the AdGMCA-9-
infected 293 cells and none in noninfected cells (Fig. 4A). The
result suggested that some of the GMCA-9 fusion protein was
proteolytically processed into both GM-CSF and CA9 moieties.
Considering the number of cells, volume of medium, and time
of incubation (see “Materials and Methods”), the amount of
secreted GM-CSF was determined to be 7.3 ng/106 cells/24 h.
Viability of the cells after harvesting was determined to be close
to 100%, thereby precluding the possibility that the GM-CSF
detected was from GMCA-9 protein released from dead cells.

We then further investigated the presence of the partially
processed GMCA-9 in Western blots of cell pellets of the
transfectant R11-GMCA-9 and could observe the presence of
GM-CSF- and CA9-like products when incubated with anti-
GM-CSF (Fig. 4B) or anti-CA9 (Fig. 4C), respectively. Consid-
ering the molecular weight of Mr 80–85,000 for the fusion
protein, molecular weights for the partially processed GMCA-9
were found to be in the expected size, at Mr 
54–58,000 for
CA9 and Mr 30,000 for the GM-CSF-like product. The amount
of processed protein was determined from Fig. 4C to be 
30%.

Expression of GMCA-9 in Human DCs Transduced
with AdGMCA-9. Human immature DCs were generated
from PBLs in the presence of GM-CSF and IL-4 for 7 days as
described in “Materials and Methods.” These DCs were subse-
quently harvested and transduced with adenoGMCA-9 at an
m.o.i. of 50. After 24 h of incubation, GFP expression was
determined by fluorescence microscopy showing a 100% effi-
ciency of infection (Fig. 5, A and B). Cells were detached,
washed twice with PBS, and further stained with anti-CA9 (Fig.
5C) or anti-GM-CSF (Fig. 5D), revealing the presence of high
amounts of the fusion protein GMCA-9 in the cell membrane,
comparable with CA9-expressing RCC cell lines (R6; Fig. 1e).
An adenovirus containing the GFP gene driven by the CMV
promoter was used as a control for staining (Fig. 5, E and F).
Interestingly, DCs transduced with the control adenovirus were
also positively stained for GM-CSF, albeit with lower intensity,
suggesting that some of the GM-CSF used for the DC genera-
tion was still present in the surface of these DCs after 24 h.

GMCA-9 Is Capable of Inducing DC Maturation. Pre-
vious experiments have shown that the purified GMCA-9 pro-
tein is able to induce DC differentiation, when combined with
IL-4, and also induce further DC maturation (15). The pheno-
type of the DCs was assessed by flow cytometry after transduc-

Fig. 3 Generation of a replication-defective ade-
novirus containing the GMCA-9 gene. A, (a), aga-
rose gel of KpnI � XhoI restriction digestions of:
1, AdEasy plasmid as a negative control; 2, pCEP-
4-GMCA-9; and 3, viral DNA purified from Ad
GMCA-9-infected cells. b, Southern blot of this
agarose gel, incubated with a digoxigenin-labeled
CA9 probe, revealing the presence of the GMCA-9
gene (1.8-kb band). In B, Western blot for
GMCA-9 protein was incubated with anti-GM-
CSF antibody. 1, 293 cells; 2, 293 cells infected
with AdGMCA-9. C, immunocytochemical stain-
ing of 293 cells alone (a and b) or infected with
AdGMCA-9 (c and d) using anti-CA9 (left panels)
or anti-GM-CSF (right panels).
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tion with AdGMCA-9 to determine the ability of GMCA-9 to
induce DC maturation. DCs transduced with Ad-GMCA-9 ex-
hibited a strong up-regulation of HLA-DR expression compared
with control adenovirus, as well as TNF-�-maturated DCs (Ta-
ble 1). In addition, up-regulation of the maturation marker CD83
was also observed in transduced DCs when compared with the
controls. Together, these results suggest that GMCA-9 protein
alone expressed inside the DCs is capable of inducing matura-
tion of these cells and up-regulate the antigen presentation
machinery.

CA9-specific CTL Induction by AdGMCA-9-trans-
duced DCs. Although induction of PBL proliferation was
determined to be lower for PBLs stimulated in the presence of
DC cells transduced with the AdGMCA-9 (Fig. 6A), this spe-
cific group of PBLs demonstrated a significant up-regulation of
T-cell receptor expression, compared with PBLs stimulated with
control DCs. The percentages of CD4�CD8�, CD56�TcR�,
and CD56�TcR� were also higher in PBLs stimulated with
AdGMCA-9-transduced DCs (Fig. 6B), suggesting an increase
in the amount of T-helper cells, as well as NK-T cells.

To determine the ability of DCs transduced with
AdGMCA-9 to generate CA9-specific CTLs, cytotoxicity was
assessed using a CA9-negative cell line, R11, and a CA9-
positive cell line, CA9� (13). As shown in Fig. 6C, a CA9-

specific cytotoxicity was shown only in the case of PBLs
incubated with DCs transduced with AdGMCA-9, suggesting
that GMCA-9-transduced DCs are able to stimulate the gener-
ation of CA9-specific CTLs in vitro.

DISCUSSION
We have shown previously that DCs pulsed with the puri-

fied recombinant GMCA-9 protein are capable of differentiation
and maturation in the presence of IL-4 without the addition of
exogenous GM-CSF. Moreover, these GMCA-9-pulsed DCs
generated CA9-specific CTLs that included both CD8� and
CD4� T cells (15).

Here, we report two new approaches for the characteriza-
tion of the in vitro, as well as in vivo, immunomodulatory
capabilities of this fusion protein in an attempt to establish its
utility as an GMCA-9-based RCC vaccine. Both approaches are
based on the intracellular delivery of the protein: (a) a RCC cell
line stably transfected with the GMCA-9 gene; and (b) DCs
transduced with a recombinant adenovirus containing the fusion
gene.

Our studies of the GMCA-9 expression in the RCC stably
transfected cell line show that the fusion protein is synthesized
as a polypeptide of Mr 80,000. This is in contrast with the
theoretical size of Mr 66,000, the same size reported previously
for the GMCA-9 protein when obtained using a baculoviral
system in insect cells (15), suggesting that when expressed
inside the cell, our fusion protein GMCA-9 undergoes post-
translational modification. This is likely attributable to glyco-
sylation as has been reported for each one of its components,
GM-CSF (34, 35) and CA9 (29). Moreover, defective post-
translational modifications have been reported in insect cells,
which often results in lower levels of glycosylation and/or
phosphorylation of the target protein (36, 37). Interestingly, in
Western blots of AdGMCA-9-infected cells, GMCA-9 appears
as a doublet. Similar variations in the pattern of the protein in
Western blots have been reported for CA9, depending on the
cell line studied (6). Although the immunocytochemical stain-
ings with the CA9 antibodies together with the results in West-
ern blots sufficiently demonstrate that the GMCA-9 is expressed
in a stable way and mainly located in the cell membrane,
stainings with anti-GM-CSF showed a weak cytoplasm-associ-
ated pattern, most likely caused by the partial processing of the
protein and secretion of a GM-CSF-like product, as suggested
by the detailed study of Western blots and cell culture superna-
tants of the AdGMCA-9-infected cells. Partial processing of the
fusion protein, with the subsequent secretion of a GM-CSF-like
product, is especially interesting, because it could establish a
gradient that could enhance the potency of this vaccine, partic-
ularly in the case of transduced DCs. Recently, similar protein
processing in GM-CSF-containing fusion proteins engineered to
be bound to the cell membrane has been reported (38).

Ex vivo culture of DCs can restore their immunostimula-
tory functions, circumventing tumor-induced impairment of
antigen presentation (18). Thus, a recombinant replication-
defective adenovirus containing the GMCA-9 fusion gene was
generated for the ex vivo transduction of DCs as an approach for
a GMCA-9-based kidney cancer vaccine. Transduced DCs pro-
duce high amounts of GMCA-9 protein only 24 h after the

Fig. 4 Partial processing of GMCA-9 protein and delivery of GM-
CSF. A, GM-CSF ELISA of cell culture supernatants of PBLs stimu-
lated with low dose IL-2 (50 ng/ml) as a positive control, 293 cells
alone, and infected with Ad GMCA-9. No CPE was present in infected
cells. In B, Western blots for GMCA-9 of R11 (Lane 1) and R11-
GMCA-9 cells (Lane 2) were revealed using anti-GM-CSF or anti-CA9
antibodies, revealing in each case the presence of the fusion protein (Mr


80,000) plus two bands with molecular weights corresponding to a
GM-CSF-like product (Mr 
35,000), when stained with anti-GM-CSF,
and CA9 (Mr 
55,000), when stained with antiCA9 antibodies.
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transduction and express the protein at the cell membrane.
Moreover, the fusion protein is able to induce DC maturation as
shown by the significant increase of CD83� and HLA-DR� in
AdGMCA-9-transduced DCs that could be attributable either to
the processing of the GMCA-9 by the DC and/or to the presence
of the GM-CSF part of the fusion protein in the cell surface and
further binding to the GM-CSF receptor.

Using a cell line stably transfected with the CA9 gene, we
determined the GMCA-9-mediated, CA9-specific cytolytic ac-

tivity of CTLs generated from PBLs. Study of the phenotype of
these CTLs shows the priming of CD4�CD8�, CD56�TcR�,
and CD56�TcR� in PBLs stimulated with AdGMCA-9-trans-
duced DCs in the presence of low concentrations of IL-2,
suggesting an involvement of T-helper and NK cells, as well as
the recently characterized NK-T cells (39, 40). If this is the case,
involvement of the T-helper cells is especially interesting, be-
cause although most tumor vaccines are designed to maximize
the CTL response, new evidence points to the central role of

Fig. 5 Expression of GMCA-9 in human DCs transduced with AdGMCA-9. Human immature DCs generated from PBLs in the presence of IL-4 plus
GM-CSF were transduced at an m.o.i. of 50:1 with AdGMCA-9, incubated for 24 h, and visualized using a phase contrast microscope under normal
light (a) or UV light (b), revealing the presence of the virus that contains the GFP gene in addition to GMCA-9. DCs transduced with an adenovirus
(AdPSE-SR39) containing also the GFP gene were used as a control (e and f). DCs were then harvested, washed with PBS, and stained using anti-CA9
(c and e) or anti-GM-CSF (d and f).
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CD4� T cells in directing both innate and adaptative antitumor
immune responses (14, 41–43), being particularly important for
the development of cancer vaccines in kidney cancer because
CD4� tumor-infiltrating lymphocytes with antitumor reactivity
have been isolated from RCCs (44). Recent findings show that
the CA9 epitope presented through MHC class I molecules is
also effective in stimulating T-helper cells through MHC class II
molecules, which is essential for an effective immunotherapy
(45).

We decided to test the in vivo effects of GMCA-9 RCC in
SCID mice that, despite defective T- and B-cell development,
still have intact NK cells, macrophages, and Langerhans cells.
More importantly, it has been shown that NK cells are cytotoxic
for tumor cells in mice (46), and this cytotoxicity is enhanced by
injection of human GM-CSF (47). Similarly, Langerhans cells,
which are DCs located in the skin epithelium (48), are modu-
lated by GM-CSF and TNF-� (49) and are able to maturate and
migrate to the lymph nodes, even in the absence of T cells (50).
The apparent decreased tumorigenicity of the RCC cell line that
constitutively expresses GMCA-9 in vivo suggests a possible
role of NK cells in mediating this antitumor response. In con-
trast, CA9 alone does not appear to be slowing the growth of
tumors, because RCC cell lines which constitutively express
CA9 still grow aggressively in SCID mice. Therefore, we be-
lieve that the GM-CSF moiety of GMCA-9 fusion protein is
responsible for slowing tumor growth. Whether this effect is
attributable to the presence of the GM-CSF in the membrane of
the cells, to the GM-CSF delivery after the protein processing,
or both remains to be elucidated. The fact that the amount of
GM-CSF secreted by our vaccine is about five times lower than
the reported threshold for an effective vaccine (51) is suggesting
that the GM-CSF moiety of the fusion protein attached to the
membrane could be essential in our model. These in vivo studies
agree with previous reports (52, 53) in suggesting that human
GM-CSF has the ability to bind murine GM-CSF receptors in
vivo and generate a response despite the fact that GM-CSFs
from human and murine fail to cross-react in their colony-
forming assays in vitro (54).

In conclusion, our results show that transduction of the
fusion protein GMCA-9 into DCs using an adenoviral vector
generates a CA9-specific immune response in vitro. In addi-
tion, our studies in mice suggest a role for the GM-CSF
moiety of the fusion protein in vivo, suggesting that GMCA-9
could be a promising molecule for an RCC vaccine. Addi-
tional in vivo models of DC-mediated stimulation of immune
effector cells by GMCA-9 will be important in demonstrating

tumor treatment and prevention for future clinical trials in
patients with advanced RCC.

REFERENCES
1. Schendel, D. J., and Gansbacher, B. Tumor-specific lysis of human
renal cell carcinomas by tumor-infiltrating lymphocytes: modulation of
recognition through retroviral transduction of tumor cells with interleu-
kin 2 complementary DNA and exogenous alpha interferon treatment.
Cancer Res., 53: 4020–4025, 1993.
2. Figlin, R. A. Renal cell carcinoma: management of advanced disease.
J. Urol., 161: 381–386, 1999.

Fig. 6 Growth, phenotype, and cytotoxicity profiles of healthy donor’s
PBLs stimulated with autologous DCs transduced with AdGMCA-9. A,
growth expansion of PBLs using four different strategies: (a) low dose
IL-2 (50 ng/ml); (b) IL-2 plus DCs maturated with TNF-� (500 ng/ml);
(c) IL-2 plus DCs transduced with the adenovirus control; and (d) IL-2
plus DCs transduced with Ad GMCA-9. PBLs (3 � 105/ml, 3:1 of
PBL:DC) were stimulated for 14 days, adding fresh IL-2 every 4 days,
and on day 7, PBLs were restimulated with fresh mature or transduced
DCs (1 � 105/ml). B, phenotype of PBLs stimulated with the conditions
described above. 1 � 105 cells were harvested and incubated with the
indicated PE- and FITC-conjugated antibodies, and the fluorescence
was determined by flow cytometry as described in “Materials and
Methods.” C, cytotoxicity of PBLs against heterologous cell lines.
GMCA-9-induced, CA9-specific cytotoxicity was determined using
CA9-positive (CA9� cell line, provided by Dr. Oosterwijk) or CA9-
negative (RCC cell line R11) targets. Activated PBLs were incubated
with target cells (5 � 103) at a 5:1 ratio for 4 h, and supernatants were
harvested for determination of LDH activity. Lytic units were calculated
as described in “Materials and Methods.”

Table 1 Maturation markers in dendritic cells transduced with
AdGMCA-9a

Controlb TNF-� AdPSE-SR39 AdGMCA-9

CD83 5.2 5.4 5.7 18.3
HLA-DR 222 204 382 1012

a Numbers represent the mean fluorescence intensity, MFI.
b Control condition consisted in iDCs incubated with RPMI media

alone. TNF-� was added at 500 ng/ml; adenovirus control (AdPSE-
SR39) and AdGMCA-9 were added at an m.o.i. of 50:1. All the exper-
iments were carried out in duplicate.

1914 GMCA-9-based Kidney Cancer Immunotherapy



3. Brandle, D., Brasseur, F., Weynants, P., Boon, T., and Van den
Eynde, B. A mutated HLA-A2 molecule recognized by autologous
cytotoxic T lymphocytes on a human renal cell carcinoma. J. Exp. Med.,
183: 2501–2508, 1996.

4. Gaugler, B., Brouwenstijn, N., Vantomme, V., Szikora, J. P., Van der
Spek. C. W., Patard, J. J., Boon, T., Schrier, P., and Van den Eynde, B. J.
A new gene coding for an antigen recognized by autologous cytolytic T
lymphocytes on a human renal carcinoma. Immunogenetics, 44: 323–
330, 1996.

5. Oosterwijk, E., Ruiter, D. J., Hoedemaeker, P. J., Pauwels, E. K.,
Jonas, U., Zwartendijk, J., and Warnaar, S. O. Monoclonal antibody G
250 recognizes a determinant present in renal-cell carcinoma and absent
from normal kidney. Int. J. Cancer, 38: 489–494, 1986.

6. Pastorek, J., Pastorekova, S., Callebaut, I., Mornon, J. P., Zelnik, V.,
Opavsky, R., Zatovicova, M., Liao, S., Portetelle, D., Stanbridge, E. J.,
Zavada, J., Burny, A., and Kettmann, R. Cloning and characterization of
MN, a human tumor-associated protein with a domain homologous to
carbonic anhydrase and a putative helix-loop-helix DNA binding seg-
ment. Oncogene, 9: 2877–2888, 1994.

7. Wykoff, C. C., Beasley, N. J., Watson, P. H., Turner, K. J., Pastorek,
J., Sibtain, A., Wilson, G. D., Turley, H., Talks, K. L., Maxwell, P. H.,
Pugh, C. W., Ratcliffe, P. J., and Harris, A. L. Hypoxia-inducible
expression of tumor-associated carbonic anhydrases. Cancer Res., 60:
7075–7083, 2000.

8. Ivanov, S., Liao, S. Y., Ivanova, A., Danilkovitch-Miagkova, A.,
Tarasova, N., Weirich, G., Merrill, M. J., Proescholdt, M. A., Oldfield,
E. H., Lee, J., Zavada, J., Waheed, A., Sly, W., Lerman, M. I., and
Stanbridge, E. J. Expression of hypoxia-inducible cell-surface trans-
membrane carbonic anhydrases in human cancer. Am. J. Pathol., 158:
905–919, 2001.

9. Murakami, Y., Kanda, K., Tsuji, M., Kanayama, H., and Kagawa, S.
MN/CA9 gene expression as a potential biomarker in renal cell carci-
noma. B. J. U. International, 83: 743–747, 1999.

10. Uemura, H., Nakagawa, Y., Yoshida, K., Saga, S., Yoshikawa, K.,
Hirao, Y., and Oosterwijk, E. MN/CA IX/G250 as a potential target for
immunotherapy of renal cell carcinomas. Br. J. Cancer, 81: 741–746,
1999.

11. Bui, M. H., Seligson, D., Han, K. R., Pantuck, A. J., Dorey, F. J.,
Huang, Y., Horvath, S., Leibovich, B. C., Chopra, S., Liao, S. Y.,
Stanbridge, E., Lerman, M. I., Palotie, A., Figlin, R. A., and Belldegrun,
A. S. Carbonic anhydrase IX is an independent predictor of survival on
advanced renal clear cell carcinoma: Implications for prognosis and
therapy. Clin. Cancer Res., 9: 802–811, 2003.

12. Vissers, J. L., De Vries, I. J., Schreurs, M. W., Engelen, L. P.,
Oosterwijk, E., Figdor, C. G., and Adema, G. J. The renal cell
carcinoma-associated antigen G250 encodes a human leukocyte antigen
(HLA)-A2.1-restricted epitope recognized by cytotoxic T lymphocytes.
Cancer Res., 59: 5554–5559, 1999.

13. Grabmaier, K., Vissers, J. L., De Weijert, M. C., Oosterwijk-
Wakka, J. C., Van Bokhoven, A., Brakenhoff, R. H., Noessner, E.,
Mulders, P. A., Merkx, G., Figdor, C. G., Adema, G. J., and Oosterwijk,
E. Molecular cloning and immunogenicity of renal cell carcinoma-
associated antigen G250. Int. J. Cancer., 85: 865–870, 2000.

14. Rosenberg, S. A. Progress in human tumour immunology and
immunotherapy. Nature (Lond.), 411: 380–384, 2001.

15. Tso, C. L., Zisman, A., Pantuck, A., Calilliw, R., Hernandez, J. M.,
Paik, S., Nguyen, D., Gitlitz, B., Shintaku, P. I., de Kernion, J., Figlin,
R., and Belldegrun, A. Induction of G250-targeted and T-cell-mediated
antitumor activity against renal cell carcinoma using a chimeric fusion
protein consisting of G250 and granulocyte/monocyte-colony stimulat-
ing factor. Cancer Res., 61: 7925–7933, 2001.

16. Berns, A. J., Clift, S., Cohen, L. K., Donehower, R. C., Dranoff, G.,
Hauda, K. M., Jaffee, E. M., Lazenby, A. J., Levitsky, H. I., and
Marshall, F. F. Phase I study of non-replicating autologous tumor cell
injections using cells prepared with or without hGM-CSF gene trans-
duction in patients with metastatic renal cell carcinoma. Hum. Gene
Ther., 6: 347–368, 1995.

17. Dranoff, G., Jaffee, E., Lazenby, A., Golumbek, P., Levitsky, H.,
Brose, K., Jackson, V., Hamada, H., Pardoll, D., and Mulligan, R. C.
Vaccination with irradiated tumor cells engineered to secrete murine
granulocyte-macrophage colony-stimulating factor stimulates potent,
specific, and long-lasting anti-tumor immunity. Proc. Natl. Acad. Sci.
USA, 90: 3539–3543, 1993.

18. Banchereau, J., and Steinman, R. M. Dendritic cells and the control
of immunity. Nature (Lond.), 392: 245–252, 1998.

19. Inaba, K., Inaba, M., Romani, N., Aya, H., Deguchi, M., Ikehara, S.,
Muramatsu, S., and Steinman, R. M. Generation of large numbers of
dendritic cells from mouse bone marrow cultures supplemented with
granulocyte/macrophage colony-stimulating factor. J. Exp. Med., 176:
1693–1702, 1992.

20. Borrello, I., and Pardoll, D. GM-CSF-based cellular vaccines: a
review of the clinical experience. Cytokine Growth Factor Rev., 13:
185–193, 2002.

21. Yang, S., Vervaert, C. E., Burch, J., Jr., Grichnik, J., Seigler, H. F.,
and Darrow, T. L. Murine dendritic cells transfected with human gp100
elicit both antigen-specific CD8(�) and CD4(�) T-cell responses and
are more effective than DNA vaccines at generating anti-tumor immu-
nity. Int. J. Cancer, 83: 532–540, 1999.

22. Butterfield, L. H., Jilani, S. M., Chakraborty, N. G., Bui, L. A.,
Ribas, A., Dissette, V. B., Lau, R., Gamradt, S. C., Glaspy, J. A.,
McBride, W. H., Mukherji, B., and Economou, J. S. Generation of
melanoma-specific cytotoxic T lymphocytes by dendritic cells trans-
duced with a MART-1 adenovirus. J. Immunol., 161: 5607–5613, 1998.

23. Kaplan, J. M., Yu, Q., Piraino, S. T., Pennington, S. E., Shankara,
S., Woodworth, L. A., and Roberts, B. L. Induction of antitumor
immunity with dendritic cells transduced with adenovirus vector-encod-
ing endogenous tumor-associated antigens. J. Immunol., 163: 699–707,
1999.

24. Jager, E., Ringhoffer, M., Altmannsberger, M., Arand, M., Karbach,
J., Jager, D., Oesch, F., and Knuth, A. Immunoselection in vivo: inde-
pendent loss of MHC class I and melanocyte differentiation antigen
expression in metastatic melanoma. Int. J. Cancer, 71: 142–147, 1997.

25. Hahn, Y. S., Hahn, C. S., and Braciale, T. J. Endogenous presen-
tation of a nascent antigenic epitope to CD8� CTL is more efficient
than exogenous presentation. Immunol. Cell Biol., 74: 394–400, 1996.

26. Wan, Y., Bramson, J., Pilon, A., Zhu, Q., and Gauldie, J. Geneti-
cally modified dendritic cells prime autoreactive T cells through a
pathway independent of CD40L and interleukin 12: implications for
cancer vaccines. Cancer Res., 60: 3247–3253, 2000.

27. Gabrilovich, D. I., Corak, J., Ciernik, I., Kavanaugh, D., and Car-
bone, D. P. Decreased antigen presentation by dendritic cells in patients
with breast cancer. Clin. Cancer Res., 3: 483–490, 1997.

28. Belldegrun, A., Tso, C. L., Sakata, T., Duckett, T., Brunda, M. J.,
Barsky, S. H., Chai, J., Kaboo, R., Lavey, R. S., McBride, W. H., and
de Kernion, J. B. Human renal carcinoma line transfected with inter-
leukin-2 and/or interferon alpha gene(s): implications for live cancer
vaccines. J. Natl. Cancer Inst. (Bethesda), 85: 207–216, 1993.
29. Pastorekova, S., Zavadova, Z., Kostal, M., Babusikova, O., and
Zavada, J. A novel quasi-viral agent. MaTu, is a two-component system.
Virology, 187: 620–626, 1992.
30. He, T. C., Zhou, S., da Costa, L. T., Yu, J., Kinzler, K. W., and
Vogelstein, B. A simplified method for generating recombinant adeno-
viruses. Proc. Natl. Acad. Sci. USA, 95: 2509–2514, 1998.
31. Pantuck, A. J., Matherly, J., Zisman, A., Nguyen, D., Berger, F.,
Gambhir, S. S., Black, M. E., Belldegrun, A., and Wu, L. Optimizing
prostate cancer suicide gene therapy using herpes simplex virus thymi-
dine kinase active site variants. Hum. Gene Ther., 13: 777–789, 2002.
32. Wu, L., Matherly, J., Smallwood, A., Adams, J. Y., Billick, E.,
Belldegrun, A., and Carey, M. Chimeric PSA enhancers exhibit aug-
mented activity in prostate cancer gene therapy vectors. Gene Ther., 8:
1416–1426, 2001.
33. Kasai, M., Iwamori, M., Nagai, Y., Okumura, K., and Tada, T. A
glycolipid on the surface of mouse natural killer cells. Eur. J. Immunol.,
10: 175–180, 1980.

1915Clinical Cancer Research



34. Metcalf, D. The molecular control of cell division, differentiation
commitment and maturation in haemopoietic cells. Nature (Lond.), 339:
27–30, 1989.
35. Clark, S. C., and Kamen, R. The human hematopoietic colony-
stimulating factors. Science (Wash. DC), 236: 1229–1237, 1987.
36. Hoss, A., Moarefi, I., Scheidtmann, K. H., Cisek, L. J., Corden,
J. L., Dornreiter, I., Arthur, A. K., and Fanning, E. Altered phospho-
rylation pattern of simian virus 40 T antigen expressed in insect cells by
using a baculovirus vector. J. Virol., 64: 4799–4807, 1990.
37. Kuroda, K., Veit, M., and Klenk, H. D. Retarded processing of
influenza virus hemagglutinin in insect cells. Virology, 180: 159–165,
1991.
38. Poloso, N. J., Nagarajan, S., Mejia-Oneta, J. M., and Selvaraj, P.
GPI-anchoring of GM-CSF results in active membrane-bound and par-
tially shed cytokine. Mol. Immunol., 38: 803–816, 2002.
39. Bendelac, A. Mouse NK1� T cells. Curr. Opin. Immunol., 7:
367–374, 1995.
40. Bix, M., and Locksley, R. M. Natural T cells. Cells that co-express
NKRP-1 and TCR. J. Immunol., 155: 1020–1022, 1995.
41. Pardoll, D. M., and Topalian, S. L. The role of CD4� T cell
responses in antitumor immunity. Curr. Opin. Immunol., 10: 588–594,
1998.
42. Toes, R. E., Ossendorp, F., Offringa, R., and Melief, C. J. CD4 T
cells and their role in antitumor immune responses. J. Exp. Med., 189:
753–756, 1999.
43. Mumberg, D., Monach, P. A., Wanderling, S., Philip, M., Toledano,
A. Y., Schreiber, R. D., and Schreiber, H. CD4(�) T cells eliminate
MHC class II-negative cancer cells in vivo by indirect effects of IFN-
gamma. Proc. Natl. Acad. Sci. USA, 96: 8633–8638, 1999.
44. Yannelli, J. R., Hyatt, C., McConnell, S., Hines, K., Jacknin, L.,
Parker, L., Sanders, M., and Rosenberg, S. A. Growth of tumor-infil-
trating lymphocytes from human solid cancers: summary of a 5-year
experience. Int. J. Cancer, 65: 413–421, 1996.
45. Vissers, J. L. M., de Vries, J. M., Engelen, L. P. H., Scharenborg,
N. M., Molkenboer, J., Figdor, C. G., Oosterwijk, E., and Adema, G. J.
Renal cell carcinoma-associated antigen G250 encodes a naturally pro-

cessed epitope presented by human leukocyte antigen-dr molecules to
CD4� lymphocytes. Int. J. Cancer, 100: 441–444, 2002.

46. Li, Y., Newby, S. A., Johnston, J. V., Hellstrom, K. E., and Chen,
L. Protective immunity induced by B7/CD28-costimulated gamma delta
T cells to the EL-4 lymphoma in allogenic athymic mice. J. Immunol.,
155: 5705–5710, 1995.

47. Nishijima, I., Nakahata, T., Watanabe, S., Tsuji, K., Tanaka, I.,
Hirabayashi, Y., Inoue, T., and Arai, K. Hematopoietic and lymphopoi-
etic responses in human granulocyte-macrophage colony-stimulating
factor (GM-CSF) receptor transgenic mice injected with human GM-
CSF. Blood, 90: 1031–1038, 1997.

48. Kraal, G., van Wilsem, E., and Breve, J. The phenotype of murine
Langerhans cells from skin to lymph node. In Vivo, 7: 203–206, 1993.

49. Takashima, A., and Bergstresser, P. R. Cytokine-mediated commu-
nication by keratinocytes and Langerhans cells with dendritic epidermal
T cells. Semin. Immunol., 8: 333–339, 1996.

50. De Creus, A., Van Beneden, K., Taghon, T., Stolz, F., Debacker, V.,
Plum, J., and Leclercq, G. Langerhans cells that have matured in vivo in
the absence of T cells are fully capable of inducing a helper CD4 as well
as a cytotoxic CD8 response. J. Immunol., 165: 645–653, 2000.
51. Jaffee, E. M., Thomas, M. C., Huang, A. Y., Hauda, K. M.,
Levitsky, H. I., and Pardoll, D. M. Enhanced immune priming with
spatial distribution of paracrine cytokines vaccines. J. Immunother.
Emphasis Tumor Immunol., 19: 176–183, 1996.
52. Small, E. J., Fratesi, P., Reese, D. M., Strang, G., Laus, R., Peshwa,
M. V., and Valone, F. H. Immunotherapy of hormone-refractory pros-
tate cancer with antigen-loaded dendritic cells. J. Clin. Oncol., 18:
3894–3903, 2000.
53. Wang, S. Y., Hsu, M. L., Su, C. Y., Lin, C. K., Hu, C. P., and
Chang, C. M. In vivo stimulation of myelopoiesis in cyclophosphamide-
treated mice by purified human GM-CSF. Zhonghua Yi Xue Za Zhi
(Taipei), 48: 171–176, 1991.
54. Kaushansky, K., Lin, N., and Adamson, J. W. Interleukin 1 stimu-
lates fibroblasts to synthesize granulocyte-macrophage and granulocyte
colony-stimulating factors. Mechanism for the hematopoietic response
to inflammation. J. Clin. Invest., 81: 92–97, 1988.

1916 GMCA-9-based Kidney Cancer Immunotherapy


