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Abstract
Ovarian cancer is responsible for the highest mortality rate among patients with gynecologic
malignancies. Therefore, there is an emerging need for innovative therapies for the control of
advanced ovarian cancer. Immunotherapy has emerged as a potentially plausible approach for the
control of ovarian cancer. In the current study, we have generated heat shock protein 70 (Hsp70)-
secreting murine ovarian cancer cells that express luciferase (MOSEC/luc). Hsp70 has been shown
to target and concentrate antigenic peptides in dendritic cells and is also able to activate dendritic
cells. We characterized the antigen-specific immune response and the antitumor effect of the
MOSEC/luc cells expressing Hsp70 using noninvasive luminescence images to measure the
amount of ovarian tumors in the peritoneal cavity of mice. We found that mice challenged with
MOSEC/luc cells expressing Hsp70 generate significant antigen-specific CD8+ T-cell immune
responses. Furthermore, we also found that mice vaccinated with irradiated MOSEC/luc cells
expressing Hsp70 generate significant therapeutic effect against MOSEC/luc cells. In addition, we
have shown that CD8+, natural killer, and CD4+ cells are important for protective antitumor effect
generated by irradiated tumor cell–based vaccines expressing Hsp70. Moreover, we also found
that CD40 receptor is most important, followed by Toll-like receptor 4 receptor, for inhibiting in
vivo tumor growth of the viable MOSEC/luc expressing Hsp70. Thus, the use of Hsp70-secreting
ovarian tumor cells represents a potentially effective therapy for the control of lethal ovarian
cancer.

Introduction
There is an emerging need for innovative therapies for the control of advanced ovarian
cancer. Ovarian cancer is responsible for the highest mortality rate among patients with
gynecologic malignancies. Metastatic ovarian cancer is extremely difficult to cure and
accounts for ~20% of total cancer mortalities among women. Current efforts to reduce this
mortality rate, including improvements in early detection and treatment, have been relatively
unsuccessful. Existing standard therapies for advanced disease, such as primary
cytoreductive surgery followed by chemotherapy, rarely result in long-term benefits for
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patients with locally advanced and metastatic disease (1–3). Thus, identification of an
alternative approach to control ovarian cancer represents an urgent concern.

Immunotherapy has emerged as a potentially plausible approach for the control of ovarian
cancer. The ideal cancer therapy should have the potency to eradicate systemic tumors at
multiple sites in the body as well as the specificity to discriminate between malignant and
normal cells. In both of these respects, the immune system is an attractive candidate. The
immune system is composed of several effector cells that are capable of killing target cells.
B and T cells can generate tumor-specific responses because they have a vast array of
clonally distributed antigen receptors, which can recognize antigens expressed only by
tumors. It is well established that T cells recognize peptide fragments of cellular proteins
bound to MHC molecules on the surface of cells, and any cellular protein (including those
from which tumor antigens derive) can be presented to T cells in this way. However, few
therapies that augment the host immune response have been applied to patients with ovarian
cancer. One of the novel therapeutic approaches is the use of tumor cells secreting heat
shock proteins (Hsp).

Hsps isolated from tumor extracts have been shown to generate tumor-specific T-cell
responses and antitumor effects (4, 5). We have shown that linkage of Hsp70 to a model
tumor antigen, human papillomavirus (HPV) E7, elicits strong antitumor immunity against
tumors expressing HPV E7 (6). Secreted Hsps, such as gp96, gp170, and Hsp70, bound with
antigenic peptides are targeted to and concentrated in dendritic cells. Furthermore, Hsps are
able to activate dendritic cells (5, 7, 8). An advantage to using the secreted form of Hsp is
there is a consistent availability of Hsp70 rather than only after apoptosis of Hsp70-
containing cells. All of these features enhance the priming of antigen-specific T cells and
lead to a strong antitumor effect. Recently, tumor cell–based vaccines engineered to secrete
Hsp70 have been shown to effectively control tumor growth (9–11). We (12) and others (13)
have also shown that DNA vaccines encoding secreted Hsp70 linked with HPV E7 could
generate potent immune responses against E7 and a stronger antitumor effect against E7-
expressing TC-1 tumor cells. Thus, tumor cell–based vaccines using Hsps could potentially
play an important role in ovarian cancer immunotherapy.

One of the major limitations to ovarian cancer immunotherapy is the difficulty of generating
ovarian cancer mouse models. Without suitable ovarian cancer models in immune intact
mice, it will be difficult to test new therapies for ovarian cancers. Mouse ovarian surface
epithelial cells (MOSEC) from immune intact mice were developed in vitro by Roby et al.
(14). The MOSEC ovarian cancer model was created by isolating ovarian surface epithelial
cells from virgin, mature mice and culturing in vitro for >20 passages. I.p. injection of late-
passage MOSEC cells into immune intact mice resulted in the formation of ascitic fluid and
multiple tumor implants in the peritoneal cavity that resembled those seen in stage III and IV
ovarian cancer patients. Another significant challenge in the field of ovarian cancer
immunotherapy is the difficulty in assessing tumor load in the peritoneal cavity. Recently,
we (15) and others (16) have developed noninvasive bioluminescence images to measure the
amount of ovarian tumors in the peritoneal cavity of mice. We found that luciferase
activities correlated with the tumor loads of ovarian cancer injected in the peritoneal cavity
of mice. Furthermore, the luminescence activity correlated inversely with mouse survival
rate. Thus, the noninvasive bioluminescence imaging system represents a suitable method to
assess the ovarian cancer tumor load.

In the current study, we have generated Hsp70-secreting murine ovarian cancer cells
(MOSEC) that express luciferase. We found that mice challenged with MOSEC-luciferase
(MOSEC/luc) cells expressing Hsp70 generate significant antigen-specific CD8+ T-cell
immune response. Furthermore, we also found that mice vaccinated with irradiated MOSEC/
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luc cells expressing Hsp70 generate significant therapeutic effect against MOSEC/luc cells.
In addition, we have shown that CD8+, natural killer (NK), and CD4+ cells are important for
protective antitumor effect generated by irradiated tumor cell–based vaccines expressing
Hsp70. We also found that CD40 receptor is most important, followed by Toll-like receptor
(TLR) 4 receptor, for inhibiting in vivo tumor growth of the viable MOSEC/luc expressing
Hsp70. Thus, the use of Hsp70-secreting ovarian tumor cells represents a potentially novel
therapy that may generate an effective therapeutic approach for the control of lethal ovarian
cancer. The clinical implication of the current study is discussed.

Materials and Methods
Mice

Female C57BL/6 mice were acquired from the National Cancer Institute. Female CD40–/–

(B6.129P2-CD40tm1Kik/J) mice, TLR4lps-del (C57BL/10ScNJ) mice, and TLR2–/–

(TLR2tm1Kir/TLR2tm1Kir, B6.129-TLR2tm1Kir/J) mice were purchased from The Jackson
Laboratory. All animals were maintained under specific pathogen-free conditions, and all
procedures were done according to approved protocols and in accordance with
recommendations for the proper use and care of laboratory animals.

Plasmid DNA constructs and DNA preparation
For generation of retroviral plasmids encoding murine secretory Hsp70-T2A peptide
(sHsp70)-green fluorescent protein (GFP) and the control T2A peptide-GFP, murine Hsp70
was first cloned into pSecTag2 B (Invitrogen) by PCR cloning using the forward primer 5′-
CCCAAGCTTATGGCCAAGAACACGGCGAT-3′ containing a HindIII enzyme site and
the backward primer 5′-CGGGATCCATCCACCTCCTCGATGGTGG-3′ containing a
BamHI site. The sequences between NheI and BamHI, which contains one murine
immunoglobulin κ-chain signal peptide fused with Hsp70, were subcloned into the NotI
(blunted) and BamHI sites of a retroviral vector pMSCV-FLAG. Two complementary
oligonucleotides encoding Thosea asigna virus 2A peptide EGRGSLLTCGDVEENPGP
(17) containing BamHI site on one and EcoRI site on the other were synthesized, annealed,
and cloned into the corresponding sites of pMSCV-FLAG. Enhanced GFP (EGFP) gene
was inserted between EcoRI and XhoI. The control plasmid pMSCV-T2A-GFP consists of
the same arrangements of genes but devoid of sHsp70. A retroviral construct pLuci-thy1.1
expressing both luciferase and thy1.1 was reported before (15). The amplified luciferase
cDNA was inserted into the BglII and HpaI sites of the bicistronic vector pMIG-thy1.1.
Both luciferase and thy1.1 cDNA are under the control of a single promoter element and
separated by internal ribosomal entry site. All of the constructs were verified by restriction
analysis and DNA sequencing using ABI 3730 DNA Analyzer by Johns Hopkins DNA
analysis facility.

Cell lines
The MOSEC and TC-1 cell lines were generated as shown previously (14, 18). The MOSEC
cell line was originally derived from mouse ovarian surface epithelial cells (14). TC-1 cell
line was generated by in vitro culture of primary lung epithelial cells and transduction with
HPV-16 E6 and E7 transformative genes, which immortalized the cells, as well as the c-Ha-
ras oncogene (18). MOSEC/luc or TC-1-luciferase (TC-1/luc) cells were generated as
described previously (19). For stable expression of sHsp70-GFP and GFP on these two cell
lines, pMSCV-FLAG/sHsp70-T2A-GFP or GFP was transfected into Phoenix packaging
cell line using LipofectAMINE (Invitrogen) and the virion-containing supernatant was
collected 48 h after transfection. The supernatant was then filtered through a 0.45-mm
cellulose acetate syringe filter (Nalgene) and used to infect MOSEC/luc cells in the presence
of 8 mg/mL polybrene (Sigma). Transduced cells were isolated using preparative flow
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cytometry of stained cells with GFP signal sorting. The growth rate of MOSEC/luc (or
TC-1/luc)/Hsp70-GFP cells was comparable with those of MOSEC/luc (or TC-1/luc)/GFP
cells (data not shown).

Western blot
To detect Hsp70 protein expression in the culture medium and cells, 1 × 105 MOSEC/luc/
sHsp70-T2A-GFP and MOSEC/luc/GFP cells were seeded in six-well plate. Forty-eight
hours after seeding the cells, medium from culture was collected and cells were lysed with
protein extraction reagent (Pierce). Equal amounts of proteins (10 μg) or medium (30 μL)
were loaded and separated by SDS-PAGE using a 10% polyacrylamide gel. The gels were
electroblotted to a polyvinylidene difluoride membrane (Bio-Rad Laboratories). Blots were
blocked with PBS/0.05%, Tween 20 (TTBS) containing 5% nonfat milk for 2 h at room
temperature. Membranes were probed with rabbit anti-Hsp70 antibody (StressGen) for 1 h,
washed four times with TTBS, and then incubated with sheep anti-mouse IgG conjugated to
horseradish peroxidase (Amersham) at 1:1,000 dilution in TTBS containing 5% nonfat milk.
Membranes were washed four times with TTBS and visualized under ChemiDoc XRS
chemiluminescent detection system (Bio-Rad Laboratories).

Tumorigenesis assay
Naive C57BL/6 mice were challenged i.p. with 1 × 106 live TC-1/luc/sHsp70-GFP and
TC-1/luc/GFP or 1 × 106 MOSEC/luc/sHsp70-GFP and MOSEC/luc/GFP. CD40–/–,
TLR4lps-del, and TLR2–/– mice were challenged with 1 × 106 live MOSEC/luc/sHsp-GFP
and MOSEC/luc/GFP cells. Detection of luminescence activity indicating relative tumor
loading was done by Xenogeny IVIS 200 Imaging System on a weekly basis.

Tumor protection assay
Naive C57BL/6 mice were i.p. injected with 1 × 106 live or irradiated MOSEC/luc/GFP
cells and MOSEC/luc/sHsp70-GFP cells. The irradiated MOSEC/luc/GFP or MOSEC/luc/
sHsp70-GFP tumor cells were prepared using an irradiation dosage of 90,000 cGy/10 min.
Luciferase activity was checked 2 weeks later. For those mice in which tumor luminescent
activities have declined by 2 weeks (except live MOSEC/luc/GFP group), 1 × 106 MOSEC/
luc cells were used to i.p. challenge again 2 weeks after vaccination. Differences in the
luminescence activity of tumor growth were monitored once weekly.

Tumor treatment
C57BL/6 mice were i.p. injected with 1 × 106 MOSEC/luc cells. After 5 days, mice were
treated with irradiated 1 × 106 MOSEC/luc/GFP or MOSEC/luc/sHsp70-GFP cells.
Differences in the luminescence activity of tumor growth were monitored once weekly.

Depletion of lymphocyte subsets in vivo
Those mice vaccinated with irradiated 1 × 106 MOSEC/luc/sHsp-GFP or MOSEC/luc/GFP
cells were injected i.p. with blocking antibody using a protocol similar to one described
previously (20). Mice were injected with 100 Ag of purified rat monoclonal antibody (mAb)
GK1.5 (anti-CD4), 2.43 (anti-CD8), and PK136 (anti-NK1.1). Depletion was started 1 week
after cell-based vaccination and continued every other day for the first week and then once
every week. Depletion was assessed 1 day after the third administration of antibodies and 1
day after the fourth administration of antibodies by flow cytometry analysis of spleen cells
stained with 2.43, GK1.5, or PK136. We found that >90% depletion of CD8, CD4, or NK
cells was achieved. These mice were challenged with MOSEC/luc tumor cells 2 weeks after
vaccination. Depletion was maintained by continuing the antibody injections weekly for the
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duration of the tumor imaging follow-up. Differences in the luminescence activity of tumor
growth were monitored once weekly.

Intracellular cytokine staining and flow cytometry analysis
Mice were vaccinated with 1 × 106 irradiated MOSEC/luc/Hsp70-GFP or MOSEC/luc/GFP
or 1 × 106 irradiated TC-1/luc/Hsp70-GFP or TC-1/luc/GFP cells twice at 1-week interval.
Splenocytes were harvested from mice 1 week after the last vaccination. Pooled splenocytes
(5 × 106) from each vaccination group were incubated for 7 days with 1 μg/mL murine
mesothelin peptide (for MOSEC cell lines, amino acids 406–414; ref. 21) or with no peptide
as control. For TC-1 cell lines, pooled splenocytes were stimulated with 1 μg/mL murine E7
peptide (amino acids 49–57; ref. 22) or no peptide overnight directly. Cell surface marker
staining for CD8 and intracellular cytokine staining for IFN-γ as well as flow cytometry
analysis were done under conditions described previously (20). Analysis was done on a
Becton Dickinson FACScan with CellQuest software (Becton Dickinson Immunocytometry
System). Each group was measured in triplicate and data were shown as mean ± SD in
numerical bar.

Statistical analysis
All data expressed as mean ± SD are representative of at least two different experiments.
Comparisons between individual data points were made using a Student's t test. Differences
in survival between experimental groups were analyzed using the Kaplan-Meier approach.
The statistical significance of group differences will be assessed using the log-rank test.

Results
Cells transduced with retrovirus encoding Hsp70-GFP express the secreted form of the
mouse Hsp70 protein

We generated the retrovirus encoding sHsp70-T2A-GFP (referred to as Hsp70-GFP) or
T2A-GFP (referred to as GFP). The GFP expression in cells allowed us to distinguish
transfected cells from untransfected cells. Furthermore, T2A is a self-cleavage peptide from
T. asigna virus that cleaves cotranslationally and allowed us to determine the effect of
secreted Hsp70 (17). To characterize whether MOSEC/luc cells transduced with retrovirus
encoding Hsp70-GFP or GFP express comparable levels of the gene encoded by the
retrovirus, we did flow cytometry analysis for GFP expression. As shown in Fig. 1A,
comparable levels of GFP expression were observed in both the MOSEC/luc cells
transduced with Hsp70-GFP and MOSEC/luc cells transduced with GFP. To further
determine if MOSEC/luc cells transduced with retrovirus encoding Hsp70-GFP led to
secretion of the mouse Hsp70 protein in the culture medium, we did Western blot using the
supernatant from cultured MOSEC/luc cells transduced with Hsp70-GFP or GFP. As shown
in Fig. 1B, the supernatant of MOSEC/luc cells transduced with Hsp70-GFP contained a 70-
kDa protein, consistent with the secreted form of mouse Hsp70 protein, as well as an ~100-
kDa protein, which represents the uncleaved fusion protein of sHsp70 and EGFP. We also
determined the total amount of secreted Hsp70 from irradiated MOSEC/luc/sHsp70-GFP
cells in culture using the ELISA. Purified recombinant Hsp70 protein from bacteria was
used to generate a standard curve. We found the concentration of Hsp70 from the
supernatant of 1 × 106 of irradiated MOSEC/luc/sHsp70-GFP cells seeded on the culture
dish for 24 h to be 74.36 ± 2.87 ng/mL. Because the whole amount of the supernatant is 2
mL, the total amount of Hsp70 protein secreted from 1 × 106 of irradiated MOSEC/luc/
sHSp70-GFP cells in 24 h is 148.72 ng. Thus, our data indicate that MOSEC/luc cells
transduced with Hsp70-GFP express the secreted form of Hsp70 protein.
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Mice challenged with MOSEC/luc cells expressing Hsp70-GFP fail to develop tumor growth
We then tested the in vivo tumor growth in mice challenged with MOSEC/luc cells
expressing Hsp70-GFP or GFP. The tumor growth of the challenged mice was characterized
using bioluminescent imaging systems. As shown in Fig. 1C, the mice challenged with
MOSEC/luc cells expressing Hsp70-GFP showed a significant reduction in luciferase
activity over time. In contrast, the mice challenged with MOSEC/luc cells expressing GFP
showed increased luciferase activity over time. The luciferase activity of the tumor-
challenged mice was quantified in the form of bar graphs (Fig. 1D). Our data suggest that
viable MOSEC/luc cells expressing Hsp70-GFP failed to grow in tumor-challenged mice.
We also characterized the in vitro proliferation rate and in vivo growth rate in nude mice of
MOSEC/luc cells expressing Hsp70-GFP and MOSEC/luc cells expressing GFP, and we
found no significant difference in proliferation (data not shown). Thus, the fact that
MOSEC/luc cells expressing Hsp70-GFP failed to grow in tumor-challenged mice is not due
to differences in proliferation of MOSEC/luc cells expressing Hsp70-GFP and MOSEC/luc
cells expressing GFP or to the toxicity of transfection of cells with GFP.

We also did an ELISA to determine the serum levels of secreted Hsp70 in vaccinated mice.
Purified recombinant Hsp70 protein from bacteria was used to generate a standard curve.
Mice were vaccinated with MOSEC/luc/sHsp70-GFP or MOSEC/luc/GFP (control) cells at
doses of 1 × 106 or 2 × 107 cells per mouse. Sera from vaccinated mice were taken on× days
0, 3, and 7. We found that Hsp70 was only detectable after injection of MOSEC/luc/sHsp70-
GFP cells at a dose of 2 × 107 cells per mouse on day 3 (see Supplementary Fig. S1). The
concentration of the serum Hsp70 was determined to be 18.17 ± 4.3 ng/mL. Because Hsp70
is bound to scavenger receptors such as CD91 (23), which are commonly expressed in
macrophages and other types of cells in vivo, the secreted Hsp70 may be easily absorbed
from the serum, resulting in low serum levels. Thus, it is difficult to detect serum Hsp70
unless large amounts of MOSEC/luc/sHsp70-GFP cells were injected.

Mice previously challenged with MOSEC/luc cells expressing Hsp70-GFP generate long-
term protective antitumor effects against MOSEC/luc and prolonged survival

To determine if the mice previously challenged with MOSEC/luc cells expressing Hsp70-
GFP generate long-term antitumor effects against MOSEC/luc, we did an in vivo tumor
protection experiment. The previously challenged mice were rechallenged i.p. with MOSEC/
luc cells. Naive mice were also challenged with MOSEC/luc as a control. The tumor growth
of the MOSEC/luc cells in challenged mice was monitored using bioluminescent imaging
systems. As shown in Fig. 2A, the mice previously challenged with MOSEC/luc cells
expressing Hsp70-GFP showed a significant reduction in luciferase activity over time. In
contrast, the naive mice challenged with MOSEC/luc cells showed increased luciferase
activity over time. The luciferase activity of the tumor-challenged mice was quantified in the
form of bar graphs, as shown to the right. These data indicate that the mice previously
challenged with MOSEC/luc cells expressing Hsp70-GFP generated long-term protective
antitumor effects against MOSEC/luc cells. We further characterized the survival of tumor-
challenged mice using the Kaplan-Meier survival analysis. As shown in Fig. 2B, prolonged
survival was observed in mice previously challenged with MOSEC/luc cells expressing
Hsp70-GFP compared with naive mice control. Taken together, our data suggest that mice
previously challenged with MOSEC/luc cells expressing Hsp70-GFP generate a long-term
protective antitumor effect and prolonged survival.

Mice immunized with irradiated MOSEC/luc cells expressing Hsp70-GFP show significant
decrease in tumor load and prolonged survival

For clinical translation, it is important to use irradiated tumor cell–based vaccines instead of
live tumor cell–based vaccines. We thus did an in vivo tumor protection experiment using
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irradiated MOSEC/luc cells expressing Hsp70-GFP. C57BL/6 mice were immunized i.p.
with 1 × 106 per mouse of irradiated MOSEC/luc cells expressing either Hsp70-GFP or
GFP. The irradiated MOSEC/luc/GFP or MOSEC/luc/sHsp70-GFP tumor cells were
prepared by using an irradiation dosage of 90,000 cGy/10 min. Two weeks later, the mice
were challenged with MOSEC/luc cells. The tumor growth of the challenged mice was
characterized using bioluminescent imaging systems. As shown in Fig. 2C, the mice
immunized with irradiated MOSEC/luc expressing Hsp70-GFP showed a significant
reduction in luciferase activity over time. In contrast, the mice immunized with irradiated
MOSEC/luc cells expressing GFP showed increased luciferase activity over time. The
luciferase activity was quantified in the form of bar graphs, as shown to the right. These data
suggest that immunization with irradiated MOSEC/luc cells expressing Hsp70-GFP
generates a protective antitumor effect. We characterized the survival of the tumor-
challenged mice using Kaplan-Meier survival analysis. As shown in Fig. 2D, we observed
prolonged survival in mice immunized with irradiated MOSEC/luc cells expressing Hsp70-
GFP compared with mice immunized with irradiated MOSEC/luc cells expressing GFP.
Taken together, our data suggest that immunization with irradiated MOSEC/luc cells
expressing Hsp70-GFP generates a protective antitumor effect and prolongs survival.

Mice challenged with TC-1/luc cells expressing mouse Hsp70-GFP show slow
development of tumor growth and longer survival

To determine whether the effect observed in mice immunized with MOSEC/luc tumor cells
expressing Hsp70-GFP is applicable to other tumor models, we observed the tumor growth
in the TC-1 tumor cell line. This is a highly potent tumor cell line and expresses highly
specialized tumor antigens. The C57BL/6 mice were challenged with viable TC-1/luc cells
expressing either Hsp70-GFP or GFP and were characterized using bioluminescent imaging
systems. We observed a significant reduction in luciferase activity over time in the mice
challenged with TC-1/luc cells expressing Hsp70-GFP. The luciferase activity was
quantified in the form of bar graphs (see Supplementary Fig. S2). Thus, our data suggest that
viable TC-1/luc cells expressing Hsp70-GFP showed slow tumor growth in challenged mice
similar to what is observed in the case of MOSEC/luc cells expressing Hsp70-GFP.
Furthermore, when mice were immunized with irradiated TC-1/luc cells expressing Hsp70-
GFP, the vaccinated mice also generated potent protective antitumor effects (data not
shown).

Mice vaccinated with irradiated tumor cells expressing Hsp70-GFP generate significantly
high frequency of activated antigen-specific CD8+ T cells

To determine the antigen-specific CD8+ T-cell immune responses in mice vaccinated with
irradiated tumor cells expressing Hsp70-GFP, we did flow cytometry analyses to determine
the number of antigen-specific IFN-γ–secreting CD8+ T cells using splenocytes from
vaccinated mice. C57BL/6 mice were vaccinated i.p. with either TC-1/luc cells expressing
Hsp70-GFP or GFP (Fig. 3A and B) or MOSEC/luc cells expressing Hsp70-GFP or GFP
(Fig. 3C and D). Because the TC-1 has been shown to express HPV-16 E7 and MOSEC
cells have been shown to express mesothelin, we focus on characterizing the E7 or
mesothelin-specific CD8+ T-cell immune response in mice vaccinated with irradiated TC-1
cells expressing Hsp70-GFP or irradiated MOSEC/luc cells expressing Hsp70-GFP,
respectively. Splenocytes from vaccinated mice were stimulated with either E7- or
mesothelin-specific peptides. The E7-specific antigenic peptide (amino acids 49–57; ref. 22)
and the mesothelin-specific peptide (amino acids 406–414; ref. 21) have been characterized
as a MHC class I–restricted CD8+ T-cell epitope in C57BL/6 mice. Thus, these peptides
allow us to characterize the E7- or mesothelin-specific immune response in vaccinated mice.
As shown in Fig. 3A and C, significantly higher number of antigen-specific IFN-γ–secreting
CD8+ T cells was observed in mice vaccinated with irradiated tumor cells expressing
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Hsp70-GFP compared with mice vaccinated with irradiated tumor cells expressing GFP. A
graphical representation of the number of IFN-γ+ CD8+ T cells is depicted in Fig. 3B and D.
Our data indicate that mice vaccinated with irradiated tumor cells expressing Hsp70-GFP
are capable of generating a potent antigen-specific CD8+ T-cell immune response.

CD8+, NK, and CD4+ cells are important for protective antitumor effect generated by
irradiated tumor cell–based vaccines expressing Hsp70-GFP

To determine the major subset of lymphocytes important for the protective antitumor effect
observed in mice vaccinated with irradiated MOSEC/luc cells expressing Hsp70-GFP, we
did in vivo antibody depletion experiments using mAbs specific for CD4+ T cells, CD8+ T
cells, or NK cells. C57BL/6 mice were vaccinated with irradiated MOSEC/luc expressing
Hsp70-GFP. Mice vaccinated with irradiated MOSEC/luc cells expressing GFP without
lymphocyte depletion were used as a control. Two weeks after vaccination, the mice were
challenged with MOSEC/luc cells. Depletion was initiated 1 week before tumor challenge.
Tumor growth was monitored using bioluminescent imaging systems. As shown in Fig. 4A,
we observed the high luciferase activity in Hsp70-GFP–vaccinated mice depleted of CD8+,
NK, or CD4+ cells compared with the vaccinated mice without depletion. A graphical
representation of the luminescent activity data is depicted in Fig. 4B. Thus, our data suggest
that the CD8+, NK, and CD4+ cells are important for protective antitumor immunity
observed in mice vaccinated with irradiated MOSEC/luc cells expressing Hsp70-GFP.

Vaccination with irradiated MOSEC/luc cells expressing Hsp70-GFP generates a
significant therapeutic antitumor effect and promotes long-term survival

To test the therapeutic effects of treatment with irradiated MOSEC/luc cells expressing
Hsp70-GFP, we challenged C57BL/6 mice i.p. first with MOSEC/luc cells and then treated
them 5 days later with irradiated MOSEC/luc cells expressing either Hsp70-GFP or GFP.
Tumor growth in tumor-challenged mice was then monitored using bioluminescent imaging
systems. As shown in Fig. 5A, we observed significant reduction in luciferase activity in
mice treated with irradiated MOSEC/luc cells expressing Hsp70-GFP over time. In
comparison, the tumor-challenged mice treated with irradiated MOSEC/luc cells expressing
GFP showed an increase in luciferase activity over time. A graphical representation of the
luciferase activity data is depicted in Fig. 5B. These data suggest that treatment with
irradiated MOSEC/luc cells expressing Hsp70-GFP leads to significant therapeutic
antitumor effect. We also characterized the survival of the treated mice using the Kaplan-
Meier survival analysis. As shown in Fig. 5C, we observed prolonged survival in mice
treated with irradiated MOSEC/luc cells expressing Hsp70-GFP compared with mice treated
with irradiated MOSEC/luc cells expressing GFP. Thus, our data indicate that treatment
with irradiated MOSEC/luc cells expressing Hsp70-GFP leads to significant therapeutic
antitumor effect and prolonged survival.

CD40 and TLR4 receptors are important for inhibiting in vivo tumor growth of the viable
MOSEC/luc expressing Hsp70-GFP

It has also been implicated that CD40, TLR2, and TLR4 (10, 24–29) can bind with Hsp70
and are important for Hsp70-mediated immune adjuvant effects. To determine if these
molecules are important for inhibiting in vivo tumor growth of the viable MOSEC/luc
expressing Hsp70-GFP, we tested the in vivo tumor growth in CD40, TLR2, or TLR4
knockout C57BL/6 mice. The mice were challenged with 1 × 106 per mouse of viable
MOSEC/luc cells expressing Hsp70-GFP. Naive mice were included as a control. The tumor
growth of the challenged mice was characterized using bioluminescent imaging systems and
luciferase activity was quantified in the form of bar graphs. As shown in Fig. 6, the naive
mice and TLR2 knockout mice challenged with MOSEC/luc cells expressing Hsp70-GFP
showed a significant reduction in tumor growth (luciferase activity) over time. In contrast,
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the CD40 knockout mice challenged with MOSEC/luc cells expressing GFP showed the
most significant increase in tumor growth (luciferase activity) over time. The TLR4
knockout mice challenged with MOSEC/luc cells expressing GFP showed moderate
increase in tumor growth (luminescent activity). Our data suggest that viable MOSEC/luc
cells expressing Hsp70-GFP failed to grow in tumor-challenged naive and TLR2 knockout
mice but did grow largely in CD40 and minimally in TLR4 knockout mice. Thus, CD40 is
the most important protein, followed by TLR4, in the mechanism of the inhibiting tumors
expressing Hsp70-GFP.

Discussion
In the current study, we have generated Hsp70-secreting murine ovarian cancer cells
(MOSEC) that express luciferase. We found that mice challenged with MOSEC/luc cells
expressing Hsp70-GFP generate significant mesothelin-specific CD8+ T-cell immune
responses and significant therapeutic effect against MOSEC/luc cells. Furthermore, the same
approach is applicable to other tumor models, such as E7-expressing TC-1 tumor cell
models. In addition, we have shown that the protective antitumor effect is mainly
contributed to by CD8+, NK, and CD4+ cells. We also found that CD40 and TLR4 receptors
are important for inhibiting in vivo tumor growth of the viable MOSEC/luc expressing
Hsp70. We have shown that the use of the noninvasive bioluminescence imaging systems
serves as great tool for characterizing the tumor load over time. Our observations serve as an
important foundation for future clinical translation.

In this study, we observe significant enhancement of antigen-specific immune response in
mice vaccinated with irradiated tumor cells secreting Hsp70. There are several properties of
Hsp70 that may contribute to the generation of antigen-specific CD8+ T-cell immune
responses. For example, Hsp70 has been shown to bind with antigenic peptides and is
capable of binding with CD91 receptor on antigen-presenting cells (23). Furthermore, Hsp
has been shown to facilitate cross-presentation of bound antigenic peptide (30–32).
Moreover, Hsp is capable of activating dendritic cells (33). Thus, a combination of these
factors significantly contributes to the generation of antigen-specific immune responses
generated by tumor cells secreting Hsp70.

In the current study, we observed that CD40 is most important for inhibiting tumor growth
of MOSEC/luc cells expressing Hsp70-GFP. CD40 is an extracellular receptor for binding
and uptake of Hsp70-peptide complexes (29). The binding of Hsp70-peptide complexes
from tumor cells with CD40 may facilitate the cross-presentation of tumor-antigenic
peptides by antigen-presenting cells. Furthermore, binding of Hsp70-peptide complexes to
antigen-presenting cells that express CD40 may also lead to activation of dendritic cells,
resulting in secretion of proinflammatory cytokines via p38/nuclear factor-κB signaling
pathway (29). Thus, the CD40 molecule is crucial for the inhibition of the growth of tumor
cells expressing Hsp70-GFP.

The newly created MOSEC/luc tumor model will serve as an important model for the
characterization of tumor load and distribution in tumor-challenged mice using noninvasive
bioluminescence imaging. Previous studies also validate the use of bioluminescence imaging
system for quantitatively measuring tumor load in vivo (16, 34–36). We also characterized
the tumor load by gross examination of the peritoneal cavity and found that the tumor
volume correlates with the intensity of the luminescence imaging. Furthermore, the
luminescence activity correlated well with mouse survival rate. Thus, the bioluminescence
imaging used in this study represents a plausible noninvasive approach to measure tumor
load and distribution in mice.
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Figure 1.
In vivo tumor growth experiments in mice challenged with MOSEC/luc cells expressing
either Hsp70-GFP or GFP following characterization of MOSEC/luc cell line transduced
with sHsp70-T2A-GFP or T2A-GFP. A, flow cytometry analysis showing GFP expression
level in MOSEC/luc cells transduced with retrovirus containing either sHsp70-T2A-GFP
(Hsp70-GFP) or T2A-GFP (GFP). The untransfected cells were used as a control. B,
Western blot analysis showing the expression of secreted mouse Hsp70 protein. The
supernatant from the culture medium of luciferase-expressing MOSEC cells (MOSEC/luc)
transfected with Hsp70-GFP (lane 1) or GFP (lane 2) was used for Western blot analysis
using antibody specific to Hsp70. Lane 1, the higher molecular weight band (~100 kDa)
represents the uncleaved fusion protein of sHsp70 and EGFP. C, luminescence images of
representative C57BL/6 mice (five per group) challenged with MOSEC/luc cells expressing
Hsp70-GFP or GFP on days 0 (D0), 7 (D7), and 14 (D14) after tumor challenge. D,
quantification of luminescent activity in mice challenged with MOSEC/luc cells transfected
with Hsp70-GFP or GFP on days 0, 7, and 14. Columns, mean; bars, SD. C57BL/6 mice
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(five per group) were i.p. challenged with 1 × 106 per mouse of viable MOSEC/luc cells
expressing either Hsp70-GFP or GFP. Tumor-challenged mice were imaged using the IVIS
Imaging System Series 200. Bioluminescence signals were acquired for 1 min. The P values
are included in the figure and the groups with statistical significance (P < 0.05) are indicated
by asterisks.
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Figure 2.
In vivo tumor protection experiment in mice immunized i.p. with live or irradiated MOSEC/
luc cells expressing Hsp70-GFP or GFP. C57BL/6 mice (five per group) that were
previously challenged with MOSEC/luc expressing Hsp70-GFP were rechallenged i.p. after
2 wk with 1 × 106 per mouse of MOSEC/luc cells. As a control, a group of naive mice was
challenged with 1 × 106 per mouse of live MOSEC/luc cells. Mice were imaged using the
IVIS Imaging System Series 200. Bioluminescence signals were acquired for 1 min. A,
representative luminescence images of naive mice challenged with MOSEC/luc cells and
mice rechallenged with MOSEC/luc cells on days 0, 7, and 14. Right, quantification of
luminescent activity in naive mice or mice rechallenged with MOSEC/luc cells on days 0, 7,
and 14. Columns, mean; bars, SD. B, Kaplan-Meier survival analysis showing long-term
survival in mice rechallenged with MOSEC/luc cells compared with naive mice control.
C57BL/6 mice (five per group) were also immunized with 1 × 106 per mouse of irradiated
MOSEC/luc cells expressing Hsp70-GFP or GFP. Two weeks after immunization, the
vaccinated mice were challenged with 1 × 106 per mouse of MOSEC/luc cells. Mice were
imaged using the IVIS Imaging System Series 200. Bioluminescence signals were acquired
for 1 min. C, luminescence images of representative mice immunized with irradiated
MOSEC/luc cells expressing Hsp70-GFP or GFP on days 0, 14, and 42. Right,
quantification of luminescent activity in mice immunized with irradiated MOSEC/luc cells
expressing Hsp70-GFP or GFP on days 0, 14, and 42. Columns, mean; bars, SD. D, Kaplan-
Meier survival analysis showing long-term survival in mice immunized with MOSEC/luc
cells expressing Hsp70-GFP compared with MOSEC/luc cells expressing GFP. The P
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values are included in the figure and the groups with statistical significance (P < 0.05) are
indicated by asterisks.
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Figure 3.
Flow cytometry analysis of IFN-γ–secreting antigen-specific CD8+ cell precursors in mice
vaccinated with TC-1 or MOSEC cell-based vaccines. A and B, C57BL/6 mice (five per
group) were vaccinated i.p. with 1 × 106 per mouse of irradiated TC-1/luc cells expressing
either Hsp70-GFP or GFP twice with a 1-wk interval. C and D, C57BL/6 mice were
vaccinated i.p. with 1 × 106 per mouse of irradiated MOSEC/luc cells expressing Hsp70-
GFP or GFP twice with a 1-wk interval. Determination of the CD8 cells was done by
culturing the splenocytes from vaccinated mice with E7 peptide (A and B) or mesothelin
peptide (C and D) and analyzed for CD8 and intracellular IFN-γ staining by flow cytometry.
A, representative flow cytometry data showing the number of E7-specific IFN-γ+ CD8+ T
cells in the mice vaccinated with irradiated TC-1/luc cells expressing Hsp70-GFP or GFP. B,
number of IFN-γ+ CD8+ T cells from each group with (white columns) or without (shaded
columns) stimulation by the E7 peptide. Columns, mean; bars, SD. C, representative flow
cytometry data showing the number of mesothelin-specific IFN-γ+ CD8+ T cells in mice
vaccinated with irradiated MOSEC/luc cells expressing either Hsp70-GFP or GFP. D,
number of mesothelin-specific IFN-γ+ CD8+ T cells from each group with (white columns)
or without (shaded columns) stimulation by the mesothelin peptide. Columns, mean; bars,
SD. The P values are included in the figure and the groups with statistical significance (P <
0.05) are indicated by asterisks.
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Figure 4.
In vivo antibody depletion experiment. C57BL/6 mice (five per group) were i.p. immunized
with 1 × 106 per mouse of irradiated MOSEC/luc cells expressing Hsp70-GFP or GFP. Two
weeks after vaccination, the immunized mice were challenged with 1 × 106 per mouse of
MOSEC/luc cells. One week after the vaccination, the Hsp70-GFP–vaccinated mice were
depleted of CD8, CD4, or NK cells using 100 μg each of purified rat mAbs 2.43, 100
GK1.5, and PK136, respectively. The mice were injected with antibodies every other day for
three times for the first week and then once every week using a protocol similar to one
described previously (20). Mice were imaged using the IVIS Imaging System Series 200.
Bioluminescence signals were acquired for 1 min. A, luminescence images in representative
mice challenged with MOSEC/luc cells expressing Hsp70-GFP with CD4 depletion, CD8
depletion, or NK depletion and MOSEC/luc cells expressing GFP. B, quantification of
luminescent activity in the tumors of mice challenged with MOSEC/luc cells expressing
Hsp70-GFP with CD4 depletion, CD8 depletion, or NK depletion and MOSEC/luc cells
expressing GFP. The P values are included in the figure and the groups with statistical
significance (P < 0.05) are indicated by asterisks.
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Figure 5.
In vivo tumor treatment. C57BL/6 mice (five per group) were i.p. challenged with 1 × 106

per mouse of MOSEC/luc cells. Five days later, the mice were treated with 1 × 106 per
mouse of irradiated MOSEC/luc cells expressing either Hsp70-GFP or GFP. Mice were
imaged using the IVIS Imaging System Series 200. Bioluminescence signals were acquired
for 1 min. A, luminescence images in representative mice treated with MOSEC/luc cells
expressing Hsp70-GFP or GFP on days 0, 7, and 42. B, quantification of luminescent
activity in mice treated with MOSEC/luc cells expressing Hsp70-GFP or GFP on days 0, 7,
and 42. C, Kaplan-Meier survival analysis showing long-term survival in mice treated with
irradiated MOSEC/luc cells expressing Hsp70-GFP compared with the mice treated with the
irradiated MOSEC/luc cells expressing GFP. The P values are included in the figure and the
groups with statistical significance (P < 0.05) are indicated by asterisks.
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Figure 6.
In vivo tumor growth experiment in CD40, TLR2, and TLR4 knockout mice challenged with
MOSEC/luc cells expressing Hsp70-GFP. Quantification of tumor load (luminescent
activity) in CD40, TLR2, or TLR4 knockout C57BL/6 mice (five per group) challenged with
viable MOSEC/luc cells expressing Hsp70-GFP on days 0, 14, and 28. Naive C57BL/6 mice
challenged with MOSEC/luc cells expressing Hsp70-GFP were used as control. C57BL/6
mice (five per group) were i.p. challenged with 1 × 106 per mouse of the viable Hsp70-
secreting tumor cells. Bioluminescence signals were acquired for 1 min. Columns, mean;
bars, SD. The P values are included in the figure and the groups with statistical significance
(P < 0.05) are indicated by asterisks.
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