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Abstract
Cells from many tumors produce transforming growth factor (TGF)-βwhich facilitates their escape
from control by the immune system. We previously reported that non-immunogenic cells from
either of two transplantable mouse tumors became effective as therapeutic tumor vaccines after
lentivirus-mediated shRNA interference to ‘silence’the TGF-β1 gene. We now show that cells
from in vitro cultured human ovarian carcinomas (OvC) make large amounts of TGF-β1 and that
this can be prevented by ‘silencing’ the TGF-β1 gene. We further show that in vitro sensitization
of peripheral blood mononuclear cells (PBMC) in the presence of either mitomycin-treated OvC
cells whose TGF-β1 gene was silenced or in vitro matured dendritic cells (DC) which had been
pulsed with homogenates from OvC cells with silenced TGF-β1 generated a stronger Th1/Tc1
immune response to the respective WT OvC and also to the OvC antigens mesothelin and HE4 as
measured by ELIspot assays. The percentage of interferon (IFN)-γ and tumor necrosis factor
(TNF)-α-producing CD4+ and CD8+ T cells increased while there were fewer cells expressing
markers characteristic for regulatory T cells or myeloid derived suppressor cells. Similar results
were obtained when PBMC from a patient with OvC were sensitized to DC pulsed with
homogenate from autologous TGF-β1-silenced tumor cells, and a cytolytic lymphocyte response
was generated to autologous OvC cells. Our results support clinical evaluation of TGF-β1-silenced
tumor vaccines for immunotherapy of OvC.
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Introduction
Although most patients with advanced OvC can be brought into clinical remission, relapses
are frequent. Since preclinical studies have shown that therapeutic tumor vaccines are often
effective against micrometastases, immunization against antigens expressed by OvC cells
may provide a beneficial addition to conventional therapy by destroying remaining small
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nests of cancer cells. The high mutation level in cancer cell populations makes it unlikely
that a vaccine against one or two targets would be effective and favors the use of vaccines
that encompass many tumor antigens.1 This need may be met by immunizing with modified
whole tumor cells2-6 or with dendritic cells (DC) that have been pulsed7 or transfected8 with
tumor material so as to engage a large part of the patient's immunological repertoire.
However, the efficacy of tumor cell based vaccines has, as a rule, been low.

Many tumors,9-13 including most OvC,14, 15 make large amounts of TGF-β, which is a
potent suppressor of the immune system with broad activity on T cells, natural killer (NK)
cells, monocytes/macrophages, and DC.16-20 Active TGF-β binds to the TGF-βreceptors of
tumor-infiltrating lymphocytes, including CD4+, CD8+, or NK cells and inhibits their
proliferation, differentiation and cytokine secretion.21 Tumor-infiltrating DC secrect TGF-β
and respond to TGF-β and IL-10 with markedly down-regulated expression of the
costimularoty molecules CD80, CD86, and CD40, and decreased secretion of TNF-α, IL-12,
and CCL5/RANTES.22 In addition, a DC subpopulation (CD4-CD8-DC) secrecting TGF-
βhas been implicated in the generation and effector function of CD4+FoxP3+ regulatory T
cells (Treg),23 which deliver inhibitory signals to CD4+, CD8+ cytolytic T cells, and NK
cells to induce host tolerance to tumor.24 TGF-β is thus a key factor in the suppression of
antitumor immunity and its action needs to be counteracted to improve the efficacy of
immunotherapy.25

The SW1 clone of the K1735 mouse melanoma does not normally respond to
immunotherapy. It makes large amounts of TGF-β1 and ‘silencing’of the TGF-β1 gene via
lentivirus-mediated shRNA interference can make SW1 cells effective as a therapeutic
vaccine.26 We hypothesized that production of TGF-β1 by OvC cells, likewise, contributes
to their limited clinical efficacy for cell-based tumor vaccination. Applying an approach
similar to that taken for SW1 we now show that OvC cells with a silenced TGF-β1 gene are
more effective immunogen for in vitro sensitization, both when whole cells are used as a
source of antigen or mature DC are pulsed with material from OvC cells with a silenced
TGF-β1 gene.

Materials and Methods
Reagents

A neutralizing mouse anti-human TGF-β1 (clone T0438) monoclonal antibody (mAb)27 and
control mAb (clone MOPC21) and mitomycin (MMC) were purchased from Sigma-Aldrich
(St. Louis, MO). Recombinant human GM-CSF, IL-4 and TNF-αwere purchased from
Promocell (Heidelberg, Germany). HLA-A2-restrcited mesothelin A2(531-539) peptide
VLPLTVAEV or HIV-gag A2(75-83) peptide SLYNTVATL were synthesized by
Biosynthesis (Lewisville, TX) and dissolved in 100% DMSO (Sigma). Recombinant human
mesothelin28 and HE4 protein29 were purified by immunoaffinity chromatography from
supernatants of cultured CHO-DG44 cells which had been stably transfected with genes
encoding human mesothelin or HE4. Recombinant HIV-gag p24 protein was purchased
from Bioclone Inc (San Diego, CA).

Cell Lines and PBMC
OvCar3 cells were obtained from ATCC (Manassas, VA) and 8 OvC lines (He109, He207,
He235, H3750, H3907, H3909, H4007 and H4020) had been established in our laboratory
from patients with stage III/IV OvC using published techniques.30 According to flow
cytometry performed as previously described,28 47% of OvCar3 cells, 43% of He207 cells
and 38% of He235 cells express mesothelin. ELISA assays demonstrated that OvCar3 cells
secrete HE429 antigen in culture supernatants (1342pM/1 million cell/24 h), while He207
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and He235 cells do not (data not shown); we also confirmed by real-time PCR that all 3
OvC lines express mesothelin while only OvCar3 also expresses HE4 (data not shown). T2
cells are human B and T lymphoblast hybrid that only expresses the HLA-A*0201 allele;
they were obtained from ATCC.31 All cell lines were maintained in DMEM supplemented
with 10% fetal bovine serum (FBS; Atlanta Biological, Norcross, GA), penicillin and
streptomycin. PBMC were isolated from buffy coats from 4 healthy adult volunteers and
from 1 patient #He235 with advanced ovarian cancer by Ficoll-Hypaque (GE Healthcare,
Piscataway, NJ) density gradient centrifugation and used immediately or after they had been
cryopreserved in liquid nitrogen. All PBMC samples were HLA-A2-positive as determined
by flow cytometry using HLA-A2-specific antibody (BB7.2).

Lentivirus Construction and Preparation
We used an approach similar to one applied to silence the TGF-β1 gene in mouse tumor
cells,26 applying a web-based program, BLOCK-iT RNAi Designer (Invitrogen, Carlsbad,
CA) for designing shRNA targets for human TGF-β1. Sense and antisense oligonucleotides
for TGF-β1 and control were synthesized by Sigma and ligated into pENTR/U6 to express
gene-specific shRNA under the U6-RNA promoter. The sequences of the oligonucleotides
were as follows: control, which doesn't have any homologue in human genome, sense
oligonucleotides, 5′-CACCCAGTCGCGTTTGCGACTGGCGAA
CCAGTCGCAAACGCGACTG-3′, and antisense oligonucleotide, 5′-AAAACAGTCGC
GTTTGCGACTGGTTCGCCAGTCGCAAACGCGACTG -3′; TGF-β1, sense
oligonucleotides, 5′-CACCGGCAGCTGTACATTGACTTCC (1754-1774)
CGAAGGAAGTCAATGTACAGCTGCC-3′, and antisense oligonucleotide, 5′-
AAAAGGCAGCTGTA CATTGACTTCCTTCGGGAAGTCAATGTACAGCTGCC-3′.
The resulting entry vectors were termed pENTR/sh control and pENTR/sh TGF-β1,
respectively. The LR recombination reaction was completed between the pENTR/sh control
(or pENTR/sh TGF-β1) vector and the pLenti6/BLOCK-iTTM-DEST construct to generate
pLenti6/BLOCK-iTTM expression constructs according to the manufacturer's instructions.
Lentivirus were produced by cotransfecting 293FT cells, which stably express the SV40
large T antigen from the pCMVSPORT6TAg.neo plasmid, with the lentivirus expression
plasmid and packaging plasmids using the Lipofectamine 2000 method (Invitrogen).

TGF-β1 Gene Silencing
OvCar3, He207 or He235 OvC cells (106) were plated in 6-well tissue culture plates
(Corning Inc., Corning, NY) 1 day before infection and incubated with 1 mL medium
containing lentivirus encoding shRNA specific for TGF-β1 or a control gene. After 24 h, the
lentivirus containing medium was replaced with fresh medium and the cells were cultured in
the presence of 10 μg/mL blasticidin for 5-7 days before assaying TGF-β1 production by
ELISA. Cells transfected to silence the TGF-β1 gene were referred to as OvCar3-TGF-β1,
He207-TGF-β1 and He235-TGF-β1 respectively, while the corresponding control cell lines
were called OvCar3-control, He207-control and He235-control.

Measurement of TGF-β1 Secretion
The level of TGF-β1 was measured in culture supernatants using a commercially available
TGF-β1 ELISA kit (R&D Systems, Minneapolis, MN). Wild type (WT) OvC cells, as well
as OvC cells transfected with a lentivirus vector specific for TGF-β1 or control were seeded
into 6 well plates with 106 cells per well at 37°C in 2 mL DMEM containing 2% FBS. The
supernatants were harvested after 48 hours and assayed for TGF-β1 secretion following the
manufacturer's instructions. Results were expressed as pg/mL after subtracting the amount
of TGF-β1 in medium alone.

Wei et al. Page 3

J Immunother. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In Vitro Sensitization with MMC Treated Tumor cells
MMC-treated tumor cells (TGF-β1 silenced or control) were plated at a density of 5 ×105/
well in 6-well tissue culture plates containing 2 mL complete PRMI-1640 medium
(Invitrogen) with 10% human AB serum (Valley Biomedical, Winchester, VA), 2 mM
glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin. 5 ×106 PBMC
(encompassing T and B cells as well as monocytes as a source of DC) were added to each
well, and the cultures were maintained for 7 days with the addition of 20 U/mL IL-2 on days
3 and 5. On the 7th day, T cells were gently removed, purified and tested with ELIspot
assays to evaluate responses to WT ovarian cancer cells. In order to evaluate the effect of
TGF-β1 antibody during the sensitization, 10 μg/mL anti-TGF-β1 was added into the culture
containing PBMC with MMC treated WT ovarian cancer cells. After 7 days, PBMC were
purified by Ficoll-Hypaque density gradient centrifugation and tested for IFN-γproduction
by ELIspot assay.

Preparation of Mature DC and Tumor Cell Lysates
Monocytes were purified from PBMC by positive selection with CD14 microbeads
according to the manufacturer's instructions (Miltenyi Biotec, Auburn, CA). Monocytes
(>95% pure) were cultured for 6 days with medium change every 2 days in complete
RPMI-1640 medium with 2% human AB serum in the presence of 800 U/mL GM-CSF and
500 U/mL IL-4. After 6 days, the loosely adherent or non-adherent cells displayed typical
DC morphology and surface markers (CD11c, CD80, CD86, HLA-DR). For maturation, DC
were plated at a density of 106/mL and incubated with 10-50 ng/mL TNF-α for 48 h.

We cultured OvC cells with control or TGF-β1 silence for 2 weeks before lysate preparation.
Tumor cells (107) were washed in PBS and subjected to five freeze (liquid nitrogen) and
thaw (37 °C water bath) cycles to obtain a crude lysate. After removal of large particles by
centrifugation (2000 g for 10 min at 4 °C), the lysate was aliquoted and stored at −80 °C
until use.

In Vitro Sensitization of PBMC with Lysate-Pulsed DC
1 ×106 DC in one mL were incubated for 18 h with TGF-β1-silenced or control tumor cell
lysates at 3:1 cell equivalent ratio. After washing 3 times with medium, the pulsed DC were
added to 10 ×106 monocyte-depleted autologous PBMC at the ratio of 1:10 and cultured in
complete RPMI-1640 medium containing 20 U/mL IL-2 at 37 °C for 6-7 days.

For treating cells with anti-TGF-β1 antibody, we cultured OvCar3 cells in the presence of 10
μg/mL anti-TGF-β1 or control antiobdy for 2 weeks with media/antibody change every 3
days. The antibody-treated OvCar3 cells were then subjected to intracellular phospho-
smad2/smad3 analysis by flow cytometry and lysate preparation by repeated freeze and
thaw.

ELIspot Assays
T cell responses to OvC cells or mesothelin or HE4 were determined by ELIspot assays as
previously described.26 For responses to tumor cells, MMC-treated WT OvC cells were used
as antigen-presenting cells (APC) at ratio of 1:10. For T cell responses to the OvC antigens,
autologous mature DC pulsed with 10 μg/mL of recombinant mesothelin, HE4 or irrelevant
HIV-gag protein (as control) were used as APC at ratio of 1:20. Sensitized PBMC (50,000/
well) were cocultured with APC in triplicate wells of ELIspot assay plates (R&D Systems),
which were coated with rat IgG1 anti-human IFN-γ mAb. After incubating for 40 hours at
37 °C, 5% CO2, the plate was washed with PBS/Tween 20, incubated with biotinylated rat
IgG1 anti-human IFN-γ mAb for 2 h at room temperature, washed with PBS, incubated with
avidin-peroxidase complex for 1 h at room temperature, washed, incubated with substrate 3-
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amino-9-ethylcarbazole (AEC; BD Bioscience, San Diego, CA) at room temperature and
spot development stopped by distilled water rinse. Plates were dried and counted by AID
ELIspot Reader System (Autoimmun Diagnostika GmbH, Strassberg, Germany). Results
were expressed as the mean spot-forming cells (SFC)/105 PBMC of triplicates.

CTL Assays
We used OvC cells (allogeneic or autologous to the PBMC donor as indicated in Results) or
T2 cells pulsed with either 10 μg/mL HLA-A2-restricted mesothelin,32 HLA-A2-restricted
HE4 (H.Wei, data to be published) or an antigenically irrelevant HIV-gag peptide as target.
Experiments were initially performed using the CytoTox 96®Non-Radioactive Cytotoxicity
Assay kit (Promega, Madison, WI) to determine target cell killing, following the
manufacturer's instructions. In brief, target cells were incubated with varying numbers of
effector cells for about 4 h, and supernatants were then analyzed for lactate dehydrogenase
release. After obtaining clearance to work with 51Cr, we shifted to label target cells with 100
μCi Na2

51CrO4 in cell culture medium containing 10% FCS for 60 min at 37°C. The cells
were washed twice in culture medium. After 4 to 6 h of incubation, 25 μL of the assay
supernatant were placed into a 96-well Lumaplate (Perkin-Elmer, San Jose, CA). Scintillant
(100 μL) was added and radioactivity was counted using a Microbeta scintillation counter
(Perkin-Elmer). The results are expressed as percent specific lysis, calculated as
(experimental release −spontaneous release / total release −spontaneous release) ×100. The
two assays gave similar results.

Flow Cytometry Analysis
The sensitized PBMC were preincubated with human Fc receptor binding inhibitor for 10
min prior to staining with antibodies of CD4, CD8, CD56, CD14, B220, CD11b, HLA-DR,
and CD33 (eBioscience, San Diego, CA) for 30 min. For the intracellular staining of Foxp3
or phospho-smad2 (Ser465/467)/smad3 (Ser423/425), the cells were fixed and
permeabilized with the Cytofix/Cytoperm reagent (BD Bioscience) for 30 minutes at 4°C.
This was followed by two washings with PermWash buffer and staining with anti-human
Foxp3 (eBioscience) or anti-phospho-Smad2/Smad3 (D6G10; Cell signaling) at 4°C for 30
minutes. For intracelluar cytokine staining, sensitized PBMC were restimulated with 1 ×
PMA and ionomycin in the presence of brefeldin A and monensin (Cell stimulation cocktail
with transporter inhibitors; eBioscience) for 5 h, then stained with antibodies of CD4, CD8
and CD56 for 30 min at 4 °C. Thereafter, the cells were fixed and permeabilized as
described above and stained with anti-human IFN-γ and anti-human TNF-α (BD
Bioscience). The flow cytometry was performed using FACSCalibur (Becton Dickinson,
Mountain View, CA) and data were analyzed by FlowJo software.

Statistics
The results presented in the study were analyzed by 2-way ANOVA or student's t test using
Prism 5.0 software. P < 0.05 was considered significant.

Results
Cultured OvC Cells Release TGF-β1 into Supernatants Which Can be Prevented by
Silencing the TGFβ1 Gene

As shown in Fig. 1A, all of 9 human OvC lines released TGF-β1 into culture supernatants,
although there was a substantial variation between individual lines. The experiment was
repeated twice with similar results. Supernatants from OvCar3, He207 and He235 cells
contained high levels of TGF-β1 and we selected these three cell lines for the studies
described below.
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We next tried to silence the TGF-β1 gene using lentivirus-mediated shRNA interference.
Fig. 1B shows that TGF-β1 was almost completely absent from supernatants of cultured
OvCar3-TGF-β1 cells, He207-TGF-β1 or He235-TGF-β1 cells, while supernatants of cells
from the respective tumors that had been transfected with the control lentivirus produced as
much TGF-β1 as the WT cells. The experiment was repeated twice with similar results. We
also confirmed the TGF-β1 silence using real-time PCR (data not shown).

TGF-β1-Silenced OvC Cells Have Increased Immunogenicity
To explore whether knockdown of TGF-β1 expression in OvC cells enhances their
immnogenicity, we utilized two different protocols for in vitro sensitization of PBMC to
OvC cells. We first cocultivated PBMC from each of 3 healthy donors for 7 days with
MMC-treated cells from TGF-β1-silenced or the corresponding control-silenced and WT
OvC lines, after which we measured IFN-γ production by the sensitized cells in ELISPOT
assays using MMC-treated WT cells as stimulators. In all of three independent experiments,
sensitization against MMC-treated OvCar3, He207 or He235 OvC cells whose TGF-β1 gene
had been silenced was significantly more effective than sensitization to cells whose TGF-β1
gene had not been silenced (Fig. 2A). No difference was observed in PBMC sensitized with
control-silenced cells and WT cells (data not shown).

Next we generated mature DC from CD14+ monocytes dervived from PBMC from 3 healthy
donors, after which we pulsed them with homogenates from OvC cells which had an intact
or silenced TGF-β1 gene and used them to sensitize the respective autologous monocyte-
depleted PBMC. As shown in Fig. 2B, sensitization against DC pulsed with homogenates
from TGF-β1-silenced OvC cells induced a significantly higher ELIspot response than seen
with DC pulsed with homogenates from the respective control cells. It is noteworthy that the
responses, as measured by ELIspots, were lower than when the PBMC had been sensitized
by cocultivation with MMC-treated cells, and also that the differences between PBMC
sensitized to DCs which had been pulsed with homogenates from OvC cells with silenced
versus intact TGF-â1 gene were smaller, albeit still statistically significant.

We could recapitulate these results by cultivating OvC cells in the presence of a TGF-β1
neutralizing mAb (10 μg/mL) for 2 weeks before they were used to prepare homogenates for
pulsing DC and sensitizing PBMC. Intracellular staining of phosphorylated SMAD2/3
demonstrated that the antibody treatment inhibited the TGF-β -associated signaling pathway
comparable to that in cells whose TGF-β1 gene was silenced (Fig. 2C). As shown Fig. 2D,
sensitization against DC pulsed with homogenates from anti-TGF-β mAb treated OvC cells
induced an increased ELIspot response similar to that seen in the same experiment with DC
pulsed with homogenates from cells with a silenced TGF-β1 gene and significantly higher
than with DC pulsed with homogenate from cells grown in the presence of a control mAb.
However, if the anti-TGF-β1 mAb was added to PBMC during the in vitro sensitization
against MMC-treated OvCar3 WT cells or to homogenates from OvCar3 WT cells used to
pulse DC we did not observe any increased IFN-γ release (data not shown).

Sensitization against TGF-β1-Silenced OvC Cells Induces an Immune Response to
Mesothelin and HE4, Two Ovarian Cancer Antigens

We sensitized lymphocytes obtained from PBMC with autologous DC that were pulsed with
homogenates from TGF-β1-silenced or control-silenced OvCar3 or He207 cells and
evaluated, in ELIspot assays, the sensitized lymphocytes for an immune response to
autologous DC which had been pulsed with mesothelin or HE4 as stimulators; OvCar3 cells
express both mesothelin and HE4 while He207 cells only express mesothelin. As shown in
Fig. 3A, sensitization of PBMC from a healthy donor with OvCar3-TGF-β1 lysate-pulsed
autologous DC induced a significantly increased IFN-γ response to both mesothelin and
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HE4. In contrast, lymphocytes that had been sensitized to DC that had been pulsed with
He207-TGF-β 1 lysate only gave significant ELIspots to mesothelin (Fig. 3B), i.e. the data
were consistent with the antigen expression profiles of the two cell lines. No IFN-γ
production was observed when tumor homogenate-sensitized PBMC were restimulated with
DC which had not been pulsed with antigen or were pulsed with HIV-gag.

Sensitization with TGF-β1-Silenced OvC Cells Enhanced Th1/Tc1 Type Immune Responses
We next analyzed by flow cytometry populations of monocyte-depleted PBMC which had
been cocultured with autologous DC that had been pulsed with homogenates from OvC cells
whose TGF-β1 gene had, or had not, been silenced. There was a significantly higher
percentage of IFN-γ- and TNF-α-producing CD4+ and CD8+ T when the homogenates were
derived from cells with a silenced TGF-β1 gene (Fig. 4A), which was consistent with
elevated concentrations of IFN-γand TNF-αin the corresponding supernatants (Fig. 4B). The
increase in IFN-γ- and TNF-α-positive T cells was accompanied by fewer cells expressing
markers characteristic for Treg (CD4+CD25+Foxp3+; ref 24) or myeloid derived suppressor
cells (MDSC; Lin-HLA-DR-CD33+; ref 37) in the cultures, and a representative dotplot is
shown in Fig. 4C. We obtained similar results with both He207 or He235 OvC cells (data
not shown). Importantly, there was a significantly increased CTL activity of PBMC
sensitized to homogenate from TGF-β1-silenced OvCar 3 cells as compared control-silenced
OvCar3 (Fig. 4D) and the CTL activity was higher against OvCar3 than against a different
OvC line, He207.

TGF-β1-Silenced Autologous OvC Cells Induce an Increased Immune Response by PBMC
from a Patient to Her Own OvC Cells and to Mesothelin

To further explore the clinical relevance of sensitization with TGF-β1-silenced OvC cells,
we performed experiments similar to those described above sensitizing PBMC from a
patient (#235) with OvC ovarian cancer against antigens expressed by her autologous tumor
cells. DC isolated from the patient's DC were pulsed with homogenate from her autologous
OvC whose TGF-β1 gene had either been silenced or left intact as a control. As shown in
Fig. 5A and B, silencing of the TGF-β1 gene induced a significantly elevated immune
response of DC pulsed with the corresponding homogenate to both tumor cells and
mesothelin, as indicated by significantly increased ELIspots; it is notworthy that there was
no increased response to HE4 which is not expressed by HE235 cells. Immunological
phenotyping showed that PBMC sensitized with homogenates from cells with a silenced
TGF-β1 gene contained many more IFN-γ or TNF-α-producing CD4+ and CD8+ T cells and
fewer cells with markers characteristic of Treg (Fig. 5C); a representative dotplot is shown
in Fig. 5D. Furthermore, PBMC sensitized against homogenates from He235 cells with a
silenced TGF-β1 gene exhibited an increased CTL response to both autologous He235 OvC
cells (Fig. 5 E) and to T2 cells that had been pulsed with a mesothelin-derived HLA-A2-
restricted peptide (Fig. 5F).

Discussion
Ovarian carcinomas are attractive targets for therapeutic cancer vaccination both because of
a great clinical need for patients with advanced disease and because conventional therapy
can effectively reduce the tumor load, providing a situation similar to that when several
cancer vaccines can cure tumors in preclinical models. Vaccination with engineered tumor
cells or DC that have been ‘pulsed’7, 37-39 or transfected8 with tumor material is likely to
engage a much larger part of the immunological repertoire and thereby be more efficacious
than a vaccine that is specific for one or a few epitopes. However, the ability of many
tumors to make immunosuppressive molecules, among which TGF-β is most powerful,20,24

may dramatically decrease their efficacy as source of a vaccine.
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Previous studies have demonstrated that silencing of the TGF-β gene in tumors of mouse, rat
or human origin increases their immunogenicity.31-36 In this study, we confirmed published
data demonstrating that cultured cells from human OvC cells make TGF-β114,15and
demonstrated that this production can be prevented by silencing the TGF-β1 gene via
lentivirus-mediated shRNA interference. We then showed that PBMC from 3 healthy adult
volunteers, according to ELIspot assays, were more effective when sensitized during 7 day
cocultivation with MMC-treated OvC cells whose TGF-β1 gene had been silenced.
Likewise, silencing of the TGF-β1 gene increased the immunogenicity of homogenates from
OvC cells used to pulse DC for sensitization of autologous lymphocytes. There was an
increased immune response to known OvC antigens, mesothelin and HE4, consistent with
the expression of these antigens on the sensitizing OvC cells,28,29 implying that the immune
responses detected with PBMC from healthy donors were not just directed to alloantigens
expressed by the OvC but not by the PBMC. While previous studies demonstrated cell-
mediated immunity to mesothelin,37 the demonstration of a Th1 type immune response to
HE4 is novel.

Finally, we sensitized PBMC-derived lymphocytes from a patient, #235, who has stage IV
serous OvC by pulsing her DC with a homogenate from autologous He235 OvC cells whose
TGF-β1-gene had either been silenced or remained intact. There was a significantly more
potent ELIspot response when the DC were pulsed with a homogenate from He235 cells
whose TGF-β1 gene had been silenced, and there was increased CTL activity, both against
autologous He235 OvC cells and against mesothelin which is expressed by the He235 OvC
but not against HE4 which is not expressed.

According to flow cytometry, sensitization against cells with a silenced TGF-β1 gene
increased the frequency of CD4+ and CD8+ lymphocytes expressing IFN-γ and TNF-α while
decreased the frequency of CD4+CD25+Foxp3+ cells,21 and it also decreased the frequency
of cells with markers characteristic of MDSC.38 Importantly, there was an increase of
antigen-specific CTL activity when the PBMC had been sensitized by homogenates from
TGF-β1-silenced OvC cells. We conclude that sensitization against intact or homogenized
tumor cells whose TGF-β1 gene is silenced more effectively induces a Th1/Tc1 type
immune response as may be expected based on the known effects of TGF-β on the immune
response, as reviewed in the Introduction.

Importantly, we could recapitulate these results by culturing OvCar3 WT cells in the
presence of a TGF-β1-specific neutralizing mAb for 2 weeks before they were used to
prepare homogenate for pulsing DC. However, addition of anti-TGF-β1 mAb during the in
vitro sensitization of PBMC to DC pulsed with OvCar 3 WT cells did not improve the
immune response as measured by the ELIspot assay, indicating that the increased
immunogenicity of OvC cells whose TGF-β1 gene is silenced is not due to the removal of
soluble TGF-β1. Our preliminary results indicate that silencing of TGF-β1 promotes the
expression of mesothelin and HE4 antigens by OvC cells (supplementary Figure 1), and we
hypothesize that this may explain their increased immunogenicity.

Our findings are noteworthy in view of the substantial number of studies performed by
vaccinating with DC that have been pulsed with tumor homogenates both in animal
models7,39 and in human patients,40,41 and they have implications for the development of
therapeutic vaccines using whole tumor cells or DC which have been pulsed with
homogenates from tumor cells or transfected with RNA or DNA prepared from the tumor
cells. While pooled material from several cultured lines of the same tumor contain many
shared tumor antigens, ideally, a vaccine should also engage an immune response that is
directed to putative antigens that are unique for a patient's own tumor as a result of
mutations and other genetic events. While vaccines using tumor peptides or genes encoding
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a limited number tumor epitopes are not contaminated with immunosuppressive material,
their efficacy is hampered by the fact that they engage a much smaller part of the
immunological repertoire than a cell-based vaccine.

We speculate that silencing of some of the genes that encode other immunosuppressive
molecules, including other members of the TGF-β family, as well as B7-H1, IL-10,
indoleamine 2,3-dioxygenase (IDO), prostaglandin E2, nitric oxide etc in the tumor cells
used as source of a vaccine may also improve its therapeutic efficacy.42-46 The efficacy of
vaccination may be further improved by engineering the tumor cells to engage
immunostimulatory molecules such as GM-CSF, CD40, CD80, CD83, CD137 etc.4-6, 47-49

However, to achieve therapeutic efficacy against tumors which are larger than a few mm in
diameter, the powerful immunosuppressive mechanisms at tumor sites need to be overcome.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
TGF-β1 production by cultured ovarian cancer cell lines. A, TGF-β1 production in
supernatants from 9 ovarian cancer cell lines was determined by ELISA. B, TGF-β1
production in supernatants from TGF-β1 silenced or control ovarian cell lines. Result is
representative of three experiments. *, p<0.001, silence vs control cell lines.
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FIGURE 2.
TGF-β1-silenced OvC cells have increased immunogenicity. A, PBMC from 3 healthy
donors were cocultured with MMC-treated TGF-β1 silenced or control-silenced OvC cells at
ratio of 10:1 in 6-well plates for 7 days. The sensitized PBMC were assayed for IFN-γ
production by ELISPOT using MMC-treated WT OvC cells as stimulators. B. PBMC were
sensitized with autologous DC pulsed with homogenates from TGF-β1-silenced or control-
silenced OvC cells at ratio of 10:1 in 6-well plates for 7 days. The sensitized PBMC were
assayed for IFN-γproduction by ELISPOT using MMC-treated WT OvC cells as
stimulators. C. OvCar3 WT cells were cultured in the presence of 10 μg/mL anti-TGF-β1 or
control mAb for 2 weeks with media change every 3 day. The OvCar3 WT cells, OvCar3-
control, OvCar3-TGF-β1 and antibody-treated OvCar3 cells were intracellularly stained
with anti-phospho-Smad2 (Ser465/467)/Smad3 (Ser423/425) followed by flow cytometric
analysis. Black and red lines denote, respectively, control and specific staining, and the
number in the histogram denotes the geometric mean of fluorescence intensity. D. PBMC
were sensitized against autologous DC which had been pulsed with homogenates from
OvCar3-TGF-β1 silenced or corresponding control OvCar3 cells or from OvCar3 WT cells
that had been grown for 14 days without added mAb, in the presence of a control mAb or
with a mAb specific for TGFβ1 as described in Materials and Methods. PBMC and pulsed
DC were cocultivated in 6 well plates for 7 days at a ratio of 10:1. and the sensitized PBMC
were assayed for IFN-γ production by ELISPOT using MMC-treated WT OvC cells as
stimulators. Data represented as mean ± SD of triplicate cultures. *, p<0.001, **, p<0.01,
silence vs control cell lines.
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FIGURE 3.
Increased antigen-specific immune responses induced by TGF-β1-silenced OvC cells. A,
PBMC from 3 healthy donors were sensitized with autologous DC pulsed with homogenates
from OvCar3-TGF-β1 or OvCar3-control OvC cells at ratio of 10:1 in 6-well plates for 7
days. The sensitized PBMC were evaluated for immune responses against mesothelin or
HE4 antigen by ELISPOT using mature DC pulsed with mesothelin or HE4 antigen as
stimulators. B, PBMC from 3 healthy donors were sensitized with autologous DC pulsed
with homogenates from He207-TGF-β1 or He207-control OvC cells at ratio of 10:1 in 6-
well plates for 7 days. The sensitized PBMC were evaluated for immune responses against
mesothelin or HE4 antigen by ELISPOT using mature DC pulsed with mesothelin or HE4
antigen as stimulators. Data represented as mean ±SD of triplicate cultures. *, p<0.001,
silence vs control cell lines.
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FIGURE 4.
Enhanced Th1/Tc1 immune response induced by TGF-β1-silenced OvC cells. A, PBMC
from 3 healthy donors were sensitized with autologous DC pulsed with homogenates from
OvCar3-TGF-β1 or OvCar3-control OvC cells at ratio of 10:1 in 6-well plates for 7 days.
The sensitized PBMC were evaluated for IFN-γ- and TNF-α-producing CD4+ or CD8+,
CD4+CD25+Foxp3+ and HLA-DR-CD33+ cells. B, The supernatants from A were assayed
for IFN-γ and TNF-α production by ELISA. C, A representative dotplot showing IFN-γ-
producing CD4+ or CD8+ T cells in sensitized PBMC. D, Sensitized PBMC were evaluated
for tumor cell-specific killing activity in 51Cr release assays using the sensitizing OvCar3
cells or cells from a different OvC, He207, as targets. Data were expressed as mean ± SD of
triplicate cultures. *, p<0.001, **, p<0.05, silence vs control cell lines.
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FIGURE 5.
Increased sensitization of PBMC by DC pulsed with homogenates of autologous TGF-β1-
silenced OvC cells. PBMC from a patient with advanced ovarian cancer were sensitized
with her DC pulsed with homogenates from autologous He235-TGF-β1 or He235-control
cells at ratio of 10:1 in 6-well plates for 7 days. A, Sensitized PBMC were evaluated for
tumor cell-specific immune response by ELIspot using MMC-treated WT He235 cells as
stimulators. B, Sensitized autologous PBMC were evaluated by ELISPOT using DC pulsed
with mesothelin or HE4 antigen as stimulators. C, Sensitized PBMC were evaluated for
IFN-γ- and TNF-α-producing CD4+ or CD8+, CD4+CD25+Foxp3+ and HLA-DR-CD33+

cells. D, A representative dotplot showing IFN-γ-producing CD4+ or CD8+ T cells in
sensitized PBMC. E, Sensitized PBMC were evaluated for tumor cell-specific killing
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activity in CytoTox 96®non-radioactive cytotoxicity assays using autologous He235 cells or
heterologous He207 cells as targets. F, Sensitized PBMC were evaluated for antigen-specific
CTL activity in CytoTox 96®non-radioactive cytotoxicity assays using HLA-A2-restricted
mesothelin peptide-pulsed T2 cells as targets. Data were expressed as mean ± SD of
triplicate wells. *, p<0.001, **, p<0.05, silence vs control cell lines.
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