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Abstract

Cancer vaccines consisting of intact tumor cells genetically modified to secrete the cytokine
granulocyte-macrophage colony-stimulating factor (GM-CSF) have undergone extensive
preclinical development. These vaccines induce the massive accumulation of dendritic cells at the
injection site, which engulf, process, and present tumor antigens to activate tumor-specific T cells.
Early phase clinical testing demonstrated promising evidence of safety and bioactivity, although
initial Phase 111 clinical trials were unsuccessful. Together, the preclinical and clinical data argue
for the continued clinical development of these vaccines, integrating them with standard and novel
cancer therapeutics that enhance vaccine activity by overcoming immune tolerance and
suppression, and or augmenting co-stimulatory pathways of T cell activation.

Introduction

Immunotherapy, including monoclonal antibodies, adoptive cellular therapy, and vaccines,
is becoming increasingly important in cancer treatment. Antibody therapy is a critical
component of the treatment for many cancers, particularly lymphoma and HER-2-driven
breast cancer. Adoptive cellular therapy is also commonly used in the treatment of
hematologic malignancies after bone marrow transplantation, and is under active
investigation alone for both solid and liquid tumors. As an alternative to reconstituting
immunity with these passive immunotherapies, cancer vaccination can actively harness the
intrinsic power of the immune system to target and destroy tumors. The primary objective of
cancer vaccination is to actively generate an antigen-specific immune response to proteins
differentially expressed by tumor cells. Tumor vaccines can coordinately activate distinct
components of the immune system, including dendritic cells (DCs), antibodies and T cells.
Compared to traditional cancer therapies, the antitumor immune response elicited by cancer
vaccines stands out by having the advantages of high specificity, minimal toxicity, and the
possibility of a lasting treatment effect due to immunologic memory. Therapeutic cancer
vaccines have been developed and tested in phase I, Il and 11 clinical trials both as single
agents, or in combination with other cancer treatments (Emens and Jaffee, 2003). The
majority of phase Il cancer vaccine trials, however, have been largely unsuccessful due to
poor trial design and a lack of understanding of the host-tumor interaction. Here we will
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review progress in the development of GM-CSF-secreting cancer vaccines for solid tumors
to date, and touch on some new strategies for cancer vaccine development.

GM-CSF-Secreting Tumor Vaccines: Mechanism of Action

In a seminal preclinical study, Dranoff and colleagues used a B16 melanoma mouse model
to systematically evaluate the immunologic potency of a panel of ten distinct B16 melanoma
vaccines in preventing the outgrowth of a subsequent tumor challenge (Dranoff et al., 1993).
These ten vaccines consisted of B16 tumor cells modified to incorporate immune
modulators either presented on the surface of or secreted by the B16 melanoma cells. This
study demonstrated that the immune modulator which most effectively induced long-lasting,
specific anti-tumor immunity was granulocyte-macrophage colony-stimulating factor (GM-
CSF), and laid the foundation for the subsequent clinical development of GM-CSF-secreting
tumor vaccines.

These vaccines consist of whole tumor cells genetically-modified to secrete GM-CSF in a
paracrine fashion, while simultaneously delivering a variety of tumor-associated antigens
(TAAs) (Figure 1). Local GM-CSF secretion causes the influx and activation of bone
marrow-derived DCs, which process and present TAASs delivered by the tumor vaccine cells.
These DCs prime tumor-specific CD4* and CD8* T cells to mediate direct tumor lysis
(Huang et al., 1996). Because the tumor-specific T cells are primed by antigens in the
context of MHC alleles present in host bone marrow-derived APCs (DCs) and not the
vaccine cells themselves, there is no need to match the MHC haplotypes of the vaccine and
the patient with this vaccine strategy (Huang et al., 1994).

Phase I/ll Clinical Trials of Autologous GM-CSF-Secreting Tumor Vaccines

Early studies evaluated GM-CSF-modified autologous tumor cell vaccines in patients with
advanced kidney cancer, melanoma, or prostate cancer (Table 1). The first clinical trial to
provide proof of principle for GM-CSF vaccines in humans evaluated their safety and
bioactivity in patients with metastatic renal cell carcinoma (RCC) (Simons et al., 1997). This
phase I trial enrolled 18 RCC patients in a randomized, double-blind, dose-escalation study
with equivalent doses (4 x 10° to 4 x 108 cells) of autologous, irradiated unmodified RCC
vaccine cells alone (n=9), or autologous, irradiated RCC vaccine cells modified by retroviral
gene transfer to secrete GM-CSF (n=9). Infiltrates of eosinophils developed at the DTH sites
of only those who received the GM-CSF-transduced vaccine cells, not those who received
the control unmodified vaccine. One vaccinated patient who developed the largest DTH
conversion also displayed an objective partial clinical response.

Two subsequent studies administered GM-CSF-secreting melanoma vaccines to metastatic
melanoma patients. In both studies, DTH responses of =1 cm were observed in 100% of
vaccinated patients (Soiffer et al., 1998; Luiten et al., 2005). Another trial in metastatic
prostate cancer patients demonstrated DTH of 1 cm in 5 of 6 vaccinated patients (Simons et
al., 1999). Together, these three clinical trials showed that this type of vaccine is
biologically active, and that the vaccine sites themselves were typically infiltrated by DCs,
macrophages, eosinophils, neutrophils and T cells. In addition, these trials showed that
vaccine-related toxicities are generally limited to local injection-site reactions, including
swelling, redness, and itching. VVaccine-related side effects also included rash, urticaria,
eosinophilia, low-grade fever and other transient flu-like symptoms.

Early phase, second generation trials tested autologous GM-CSF-secreting vaccines
modified by adenoviral transduction, and enrolled patients with metastatic melanoma or
early-stage/metastatic non-small cell lung cancer (NSCLC). One trial of autologous GM-
CSF-secreting melanoma cells in 26 evaluable patients with metastatic melanoma
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demonstrated DTH > 1 cm in 68% of patients, as well as 1 complete, 1 partial, and 1 mixed
response, and 5 cases of stable disease (Soiffer et al., 2003). In two studies conducted in
patients with metastatic NSCLC, DTH > 1 cm developed in 82% of vaccinated patients in
one study, and increased from 13% to 34% of patients post-vaccination in the other (Salgia
et al., 2003; Nemunaitis et al., 2006). In the former study, the vaccine consisted of GM-CSF-
secreting tumor cells modified by adenoviral transduction; of 25 evaluable patients, 1 patient
had a mixed response and 5 displayed stable disease (Salgia et al., 2003). In the latter study,
the vaccine consisted of autologous tumor cells admixed with GM-CSF-secreting bystander
cells; clinical outcomes included 4 mixed responses and 7 cases of stable disease
(Nemunaitis et al., 2006). In a third study of 43 patients with early-stage or metastatic
NSCLC, longer survival was observed in vaccinated, advanced-stage NSCLC patients who
developed serum levels of GM-CSF> 40 ng compared to those who developed lower peak
GM-CSF levels (Nemunaitis et al., 2004). This provides initial clinical evidence that a
threshold level of GM-CSF is required for the induction of effective immunity.

Allogeneic GM-CSF-Secreting Cancer Vaccines

These early clinical studies required manufacturing times for autologous tumor vaccine cells
of up to 6-10 weeks. During this processing period, patients could develop progressive
disease and become ineligible for vaccination. In addition, it is often difficult to obtain
sufficient quantities of autologous tumor cells for full vaccine protocols. To overcome these
practical problems, the use of allogeneic tumor cells is an attractive alternative. The use of
allogeneic tumor cells as a generalized vaccine is supported by two observations. First, the
patient’s own DCs, not the vaccine cells themselves, activate tumor immunity (Huang et al.,
1994; Huang et al., 1996). Second, many tumor antigens are shared with a given histologic
tumor type (van der Bruggen et al., 2002), and some are universal tumor antigens thought to
be expressed by all tumors (Nadler and Schultze, 2002). Allogeneic GM-CSF-secreting
vaccines were first evaluated as single agents in pancreatic and prostate cancer. Two studies
in stage 2/3 pancreatic cancer patients delivered a GM-CSF-secreting pancreatic cancer cell
vaccine after primary surgical therapy (Jaffee et al., 2001; Laheru et al., 2007). The first
phase | study tested four different vaccine cell dose levels (1 x 107 to 5 x 108 cells) in 14
patients, and demonstrated new DTH> 1 cm to the patient’s own pancreas tumor cells in 1
of 3 patients at 1 x 108 cells and 2 of 4 patients at 5 x 108 cells (Jaffee et al., 2001) (Table
1). Disease-free survival of over 10 years was demonstrated in 3 out of 14 vaccinated
patients. The follow up phase 11 study tested the vaccine at the highest 5 x 108 cell dose in
60 patients (Laheru et al., 2007). The overall survival rate of vaccinated patients was 26
months, compared to a historical rate of 21 months with similarly treated non-vaccinated
patients. Based on the development of the allogeneic GM-CSF-secreting pancreas tumor
vaccine, an allogeneic GM-CSF-secreting breast tumor vaccine was developed and tested
alone in 6 patients with metastatic breast cancer, with evidence of new vaccine-induced
immunity after vaccination (Emens et al., 2009). The side effect profiles observed in all of
these trials were similar to those observed in the autologous GM-CSF-secreting vaccine
studies.

Multiple clinical trials have tested allogeneic GM-CSF-secreting vaccines in patients with
prostate cancer. Two studies enrolled patients with metastatic hormone-naive prostate cancer
(Simons et al., 2006; Urba et al., 2008). One study of 19 patients demonstrated a median
time to disease progression of 9.7 months (Urba et al., 2008), and the other study of 21
patients revealed 1 partial response and 16 minor responses, and 14 cases of stable disease
(Simons et al., 2006). Another study was conducted in patients with metastatic hormone-
refractory prostate cancer (Small et al., 2007). It enrolled 55 patients, 34 who had evaluable
disease, and 21 who had only a biochemical relapse (rising PSA only). This trial
documented a median survival of 26.2 months in patients with evaluable disease. Another
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trial demonstrated new antibody to filamin-B in 29 of 80 vaccinated patients with a median
survival of 43 months for a cohort with stable disease (35% of patients) and 19 months for a
cohort with progressive disease (Higano et al., 2008).

Two phase 111 randomized, controlled clinical trials (VITAL-1 and VITAL-2) tested the
allogeneic GM-CSF-secreting prostate cancer vaccine (Higano et al., 2009; Small et al.,
2009). These studies enrolled 626 and 408 hormone-refractory metastatic prostate cancer
patients respectively. In the VITAL-1 trial, the vaccine alone was compared to active
chemotherapy with an established clinical benefit (Higano et al., 2009). Patients were
randomized to receive either the vaccination regimen alone (12 cycles) or standard
chemotherapy (docetaxel plus prednisone for 9 cycles). In the VITAL-2 trial, the vaccine
was integrated into standard dose chemotherapy. Patients were randomized to receive the
vaccination regimen plus docetaxel for 10 cycles, or standard treatment with docetaxel plus
prednisone for 10 cycles (Small et al., 2009). The primary endpoint of both trials was
median overall survival. In August 2008, the VITAL-2 trial was terminated after an
Independent Data Monitoring Committee noted an imbalance of deaths, with 67 in the
experimental arm and 47 in the control arm. Importantly, with further follow up, this
imbalance lessened to 85 and 75 deaths respectively (Small et al., 2009). All deaths were the
result of disease progression and death from prostate cancer. Subsequently in October 2008,
the VITAL-1 trial was terminated after futility analysis predicted a < 30% chance of meeting
the primary endpoint (Higano et al., 2009).

Lessons Learned from GM-CSF-Secreting Vaccine Trials to Date

The failure of these Phase 111 clinical trials, together with information gained from the early
stage trials of a range of GM-CSF-secreting vaccines for diverse solid tumor types, greatly
informs the way forward in developing GM-CSF-secreting vaccines. First, initial results of
the VITAL-1 trial demonstrated that immunotherapy was better tolerated than chemotherapy
in terms of the rate and range of adverse events, without a significant difference in clinical
outcome (Higano et al., 2009). Second, the initial imbalance of deaths on the VITAL-2
study lessened with further follow up (Small et al., 2009), a finding consistent with an
emerging appreciation that immunotherapy responses occur more slowly and later than
responses to conventional cytotoxic chemotherapy (Hales et al., 2010). Third, it is likely that
utilizing cancer vaccines earlier in the natural history of cancer, before it becomes
metastatic, will be more effective. This principle is reflected in the choice of Stage 2/3
pancreas cancer patients in the first clinical trials of the GM-CSF-secreting pancreatic
cancer vaccine (Jaffee et al., 2001; Laheru et al., 2007). Fourth, the development of DTH
responses to autologous tumor cells has been an informative measure of the immune
response in small trials, but is not practical to implement on a larger scale. Finally, there is
an undeniable impact of conventional therapy on the vaccine-induced immune response
(Emens, 2010). This was observed in the Phase | study of the GM-CSF-secreting pancreas
vaccine (Jaffee et al., 2001; Thomas et al., 2005), and a negative effect of chemotherapy on
vaccine activity could (in part) account for the lack of success of VITAL-2.

Monitoring Immune Responses to GM-CSF-Secreting Cancer Vaccines

For the effective clinical development of cancer vaccines, monitoring the magnitude and
quality of the vaccine-induced immune response is essential. Perhaps the most effective
indicator of the ability of endogenous T cells to migrate to and recognize autologous tumor
cells is by monitoring the development of DTH to the patient’s own tumor cells. However,
this is not practical for large scale testing, and autologous tumor cells may not always be
available for DTH testing. In contrast to cancer vaccines that deliver a specific antigen,
whole cell vaccines pose a challenge for immune monitoring since they deliver a battery of
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antigens. Identifying one of these antigens as a sentinel measure of vaccine activity is one
approach for monitoring vaccine-induced immunity, and correlating it with potential clinical
benefit from the whole cell vaccine. This strategy has been developed for the pancreas,
prostate, and breast cancer GM-CSF-secreting vaccines by measuring immunity to
mesothelin (Jaffee et al., 2001; Thomas et al., 2004; Laheru et al., 2007), filamin B (Simons
et al., 2006; Small et al., 2007; Urba et al., 2008), and HER-2 respectively (Emens et al.,
2009).

Conventional Cancer Drugs Have Immune-Modulating Activity

Historically, successful cancer therapy requires the integration of distinct treatment
modalities, including surgery, radiation therapy, and systemic chemotherapy. Most
chemotherapy regimens combine drugs with non-overlapping toxicities in a complementary
and synergistic fashion to target multiple pathways involved in tumor growth and survival,
thus surmounting resistance pathways intrinsic to the cancer cell. Consistent with these
historical concepts, recent advances in molecular and cellular immunology reveal that the
basic host immune response as well as soluble factors secreted by tumor and host cells
generate a local tumor microenvironment that is immunologically complex, and an
overriding inhibitory systemic milieu. In addition, the immunologic mechanisms by which
some conventional chemotherapy drugs Kill tumors are now emerging (Zitvogel et al.,
2008). For example, anthracyclines and oxaliplatin work in part by cross-priming the tumor-
specific immune response through the uptake of dying tumor cells by DCs (Apetoh et al.,
2007; Tesniere et al., 2009). This new framework of knowledge has allowed researchers to
begin testing combinatorial immunotherapy in which drugs such as conventional cytotoxic
agents, monoclonal antibodies, and novel immune modulators are used in conjunction with
cancer vaccines to boost the antitumor response by targeting different elements of tumor
progression, including the host-tumor interaction.

Chemotherapy and GM-CSF-Secreting Cancer Vaccines

Conventional chemotherapy drugs, depending on type of drug, dosage, and schedule, can
inhibit or augment the tumor immunity induced by cancer vaccines (reviewed in Emens et
al., 2001). Vaccination after high dose chemotherapy (as in after bone marrow
transplantation) can re-boot the immune system, and skew the T cell population toward the
desired tumor-specificity (reviewed in Emens, 2010). Conversely, low dose chemotherapy
also has immunologic effects (reviewed in Emens, 2010). Low dose Cyclophosphamide
(CY) given 1-3 days prior to vaccination can inhibit the suppressive activity of regulatory T
cells, allowing an effective antitumor T cell response to emerge. Low dose CY also
promotes T helper type 1-mediated immunity, enhances DC activation, maturation and
cytokine secretion, and upregulates type 1 interferons for immunologic memory. Low dose
paclitaxel (PTX) also favors T helper type 1-mediated immunity, and promotes DC
activation (Machiels et al., 2001; Pfannenstiel et al., 2010). Low dose doxorubicin favors the
emergence of tumor-specific CD8* T cells (Nigam et al., 1998; Machiels et al., 2001). Proof
of principle for the use of these low doses of chemotherapy to enhance the activity of GM-
CSF-secreting tumor vaccines has been demonstrated in the HER-2/neu transgenic mouse
model of breast cancer, where giving the vaccine in sequence with CY one day prior to
vaccination and DOX given one week after was more effective than either vaccine alone, or
combined with only one chemotherapy agent (Machiels et al., 2001). Other chemotherapy
drugs that can be effectively combined with GM-CSF-secreting vaccines in preclinical
models include docetaxel and cytosine arabinoside (ara-C) (reviewed in Emens, 2010).

Two clinical trials have been published that combine immune-modulating doses of
chemotherapy with GM-CSF-secreting cancer vaccines to enhance the immune response
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(Table 2). In one study, 50 patients with metastatic pancreatic cancer were given an
allogeneic GM-CSF-secreting pancreas tumor cells (5 x 108 cells) (Laheru et al., 2008).
Thirty patients were given vaccine alone, while 20 were given vaccine with 300 mg/m?2 CY
one day before vaccination. The median survival rates of patients who received vaccination
alone and those who received vaccination with CY were 2.3 and 4.3 months respectively.
The addition of CY did not potentiate vaccine-related toxicities, and patients who received
CY-modulated vaccination were more likely to develop mesothelin-specific T cell
responses. Another study administered an allogeneic GM-CSF-secreting HER2* breast
tumor cell vaccine to 28 metastatic breast cancer patients along with varying low doses of
CY (0, 200, 250 and 250 mg/m?2) one day prior to vaccination and DOX (0, 15, 25, 35, mg/
m?2) one week later to determine the doses of CY followed by DOX optimized the
immunologic outcome (Emens et al., 2009). The vaccine as a single agent induced HER2-
specific DTH. The DTH response was maintained, and the HER2-specific antibody response
enhanced, when the vaccine was sequenced with doses of 200 mg/m2 CY one day prior and
35 mg/m2 DOX one week later. Interestingly, CY doses of 250 mg/m? or higher abrogated
vaccine-induced immunity.

Therapeutic Monoclonal Antibodies and GM-CSF-secreting Cancer

Vaccines

Monoclonal antibodies are able to modulate the immune system and tumor-host response in
a diverse ways (reviewed in Emens et al., 2005). Their Fc regions engage host immune
effectors, thus facilitating tumor cell destruction via antibody-dependent cellular
cytotoxicity (ADCC). They may enhance the lytic activity of antigen-specific CD8* T cells
against tumor cells by promoting the processing and presentation of the antigen. Monoclonal
antibodies also may augment immune priming when used in conjunction with a cancer
vaccine by engaging the Fc receptor on phagocytes at the vaccine site and its draining lymph
nodes (Kim et al., 2008). Finally, monoclonal antibodies may also influence the tumor
microenvironment. Trastuzumab and bevacizumab decrease VEGF levels, thus inhibiting
the angiogenesis required for progressive tumor growth (reviewed in Emens and Jaffee,
2007). Consistent with these activities, HER-2-specific monoclonal antibodies can enhance
CY-modulated vaccination in the HER-2/neu transgenic mouse model of breast cancer,
resulting in greater numbers of T cells, improved tumor-free survival, and the evolution of a
memory T cell response (Wolpoe et al., 2003; Kim et al., 2008). Based on these data,
ongoing clinical trials are testing CY-modulated vaccination with GM-CSF-secreting tumor
cells combined with cetuximab in pancreatic cancer patients and trastuzumab in breast
cancer patients.

Targeted Immune Modulators and GM-CSF-Secreting Cancer Vaccines

Combining tumor vaccines with molecular immune checkpoint inhibitors is another
potential strategy for altering pathways of immune tolerance and targeting the tumor
microenvironment. Cell surface molecules like cytotoxic T-lymphocyte antigen 4 (CTLA-4),
B7-H1, and B7-H4 control pathways that dampen tumor immunity, while CD28, B7, OX40
control regulatory pathways that amplify immunity (Pardoll, 2002).

Two clinical trials studied treatment with ipilimumab for metastatic melanoma or ovarian
carcinoma patients previously vaccinated with autologous GM-CSF-secreting melanoma or
ovarian cancer vaccines (Hodi et al., 2003; Hodi et al., 2008). Ipilumimab is a monoclonal
antibody immune checkpoint inhibitor that antagonizes the activity of CTLA-4, a negative
regulator of antitumor immunity (Fong and Small, 2008). Periodic infusions of ipilumimab
stimulated extensive tumor necrosis, or the reduction/stabilization of cancer antigen-125
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(CA-125) levels, suggesting that CTLA-4 blockade can unleash latent tumor immunity in
patients who have been previously vaccinated (Hodi et al., 2003; Hodi et al., 2008).

Building on these observations, a Phase I clinical trial combined ipilimumab with allogeneic
GM-CSF-secreting prostate tumor cells (Gerritson et al., 2008). Twelve patients were
vaccinated every two weeks, and also received ipilumimab (0.3, 1, 3, or 5 mg/kg) once
monthly. Five of 6 patients who received a 3 or 5 mg/kg dose of ipilumimab experienced
grade Grade 2/3 immune breakthrough adverse events, including hypophysitis and alveolitis.
Late onset PSA responses (declines >50%) were seen in these 5 patients with response
durations of 6.7, 8.6, 9.5, 13.8 (ongoing) and 23.1 months. Four of these five patients had
stable disease on bone scan for at least 12 months.

Conclusions

Immunotherapy is the next frontier of cancer treatment. Although GM-CSF-secreting tumor
cell vaccines hold promise for new ways that cancers can be targeted and destroyed by using
the power intrinsic to the host immune system, clinical trial results to date have only hinted
at meaningful clinical activity. Strategically integrating these vaccines with conventional
cancer drugs and novel immune modulators to break down immune tolerance will bring
GM-CSF-secreting cancer vaccines to the forefront of cancer therapy.
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Figure 1. Mechanism of Action of GM-CSF-Secreting Vaccines

The intradermal injection of tumor cells genetically-modified to secrete GM-CSF results in
the infiltration of dendritic cells at the injection site. The dendritic cells engulf, process, and
present tumor antigens delivered by the vaccinating tumor cells to the patient’s T cell,
resulting in T cell activation and expansion.
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Table 1

Seminal Clinical Trials of GM-CSF-Secreting Vaccines Alone

a boost at 6 months

Patient Number of Vaccine dose Clinical Ref
population patients observations
Metastatic 18 treated 4 %108 4 x 107, or 4 x 108 cells | 1 partial response at a 1
renal cell 16 evaluable | every 4 weeks for 4 cycles dose of 4 x 107 cells
carcinoma
Metastatic 26 treated 1 x 107 cells 1 partial, 1 mixed, 3 2
melanoma 21 evaluable | once per week for 12 cycles, or | minor responses
every 2 weeks for 6 cycles, or 2 patients disease free
every 4 weeks for 3 cycles after surgery and 1
after radiation survived
> 20 months
Metastatic 38 treated 5x 106 or 5 x 107 cells 6 patients with disease 3
melanoma 28 evaluable | every 3 weeks for 3 cycles free survival >5 years
2/6 developed vitiligo
Metastatic 8 evaluable 1 x 107 or 5 x 107 cells Not reported 4
prostate cancer every 3 weeks for at least 3
cycles
Stage 2/3 14 treated 1x107,5x107,1x 108 or5x | 3/14 patients disease 5
pancreas 14 evaluable | 108 cells free >10 years later
cancer every 4 weeks for 3 cycles, with

1Simons etal., 1997;
2. .

Soiffer et al., 1998;
3 .

Luiten et al., 2005;
4.

Simons et al., 1999;

5Jaffee etal., 2001.
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