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Abstract

With the recent approval of sipuleucel-T for metastatic castration-resistant prostate cancer and

ipilimumab for metastatic melanoma, there is increasing excitement in the field of cancer

immunotherapy. A large number of clinical trials are currently testing various vaccine vectors in a

diverse array of cancer types. Which of these strategies will ultimately prove successful has yet to

be determined. However, a better understanding of the complex interplay of tumor-specific T cells

and the challenges faced at the tumor microenvironment, advances in biotechnology, and lessons

learned from prior successes and failures will likely lead to approvals of other therapeutic cancer

vaccines.

With the approvals of sipuleucel-T and ipilimumab, immunotherapy has become a treatment

option for more oncology patients. Sipuleucel-T is an autologous cellular product

immunotherapy used to prime tumor antigen-specific T cells, and ipilimumab targets

cytotoxic T lymphocyte antigen 4 (CTLA-4) on activated T cells to block negative signals to

the T cell.1–7 Future successes are predicted as a result of blocking a second T-cell

inhibitory signaling pathway, programmed death-1 (PD-1) and its ligand PD-L1.8–10

Furthermore, vaccination with patient-specific hybridoma-derived idiotype vaccine may

prolong disease-free survival in patients with follicular lymphoma after chemotherapy-

induced remission,11 and a survival benefit was seen for patients with advanced melanoma

treated with gp100 peptide vaccine plus high-dose interleukin 2 (IL-2) over those treated

with IL-2 alone.12 Importantly, the success of sipuleucel-T for prostate cancer and the

predicted success of agents that block the PD-1/PD-L1 pathway for non–small cell lung

cancer (NSCLC) challenges for the first time the dogma that immunotherapy will only be

successful against immunogenic cancers like malignant melanoma. In addition, immune

checkpoint inhibitors have received increasing attention because of their ability to produce

actual tumor regressions, challenging the long-held belief that immunotherapy will only

work well in patients with minimal residual disease. Acceptance of therapeutic vaccines,
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however, continues to be hampered by questionable proof of activity as single agents.

Schlom13 recently provided an excellent summary of current vaccine platforms, targets, trial

design, combinatorial strategies, biomarkers, and future approaches. The present article

expands on the discussion of recent immunotherapy successes, and highlights new advances

that will undoubtedly lead to future clinical successes.

Sipuleucel-T

In 2010, the FDA approved sipuleucel-T for the treatment of metastatic castration-resistant

prostate cancer (mCRPC) based on an improvement in overall survival (OS) from 21.7 to

25.8 months over placebo (hazard ratio [HR], 0.78; P=.03). The product is generated using

patient’s cells as the source of the antigen-presenting cells (APCs) obtained through

leukapheresis. Enriched monocytes are incubated with a construct that fuses prostatic acid

phosphatase (PAP) with granulocyte-macrophage colony-stimulating factor (GM-CSF). The

PAP serves as the tumor antigen and the GM-CSF targets the antigen to the APC while

simultaneously providing maturation signals. The vaccine is then administered biweekly for

3 doses. The OS benefit seen in the phase III trial was demonstrated despite lack of

improvement of progression-free survival (PFS) in any of the studies. Other concerns

included the use of patients with advanced disease and prior therapies; the targeting of a

single antigen, which might result in selective pressure and antigen escape; the technical

limitations of this complex approach, which limits the ability to continue boosting; and the

use as a single agent without targeting any of the postulated immune inhibitory mechanisms

in the periphery or the tumor microenvironment. Despite these concerns, sipuleucel-T

proved to be efficacious.

Recent studies have shown that RECIST responses and effects on progression cannot

substitute for OS in immunotherapy trials.1,14 This has been best demonstrated in the

sipuleucel-T trial and the ipilimumab trials in melanoma showing no effects on PFS but

showing an OS benefit, which led to the approval of each agent in their respective

indications. A recent study evaluated tumor growth rates in prostate cancer in 4

chemotherapy trials and 1 vaccine trial using the PSA-Tricom vaccine, which expresses

transgenes for prostate-specific antigen (PSA) and costimulatory molecules (B7.1, ICAM-1,

and Lfa-3). With chemotherapy, tumors can regress, but once resistance develops, the

growth rate returns to baseline. For the PSA-Tricom vaccine, deceleration of tumor growth

rate occurred, which showed no effect on response rate or PFS but improved OS.15–17

Although the concept of continued, albeit slower, growth can be unsettling to providers and

patients, this strategy can be used in a cancer indication in which the median survival is

relatively long even in the control group (22 months).1 Because immunotherapy works on

the immune system and a delayed effect is expected, RECIST may not be reliable. However,

the converse is also true that objective responses provide assurance when applying this

philosophy to individual patients. In fact, objective PSA effects were seen using sipuleucel-

T-T, and imaging stabilization, response, and delayed response were seen with ipilimumab.

However, these responses were often not considered responses based on standard

definitions. These clinical signs do support the potential efficacy of these agents.
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In addition to using OS as the primary objective, the patient population was also critical to

the success of this trial. These patients had minimally symptomatic disease. Again, even in

mCRPC, the median survival in the control group was 22 months, which points to the

relatively indolent nature of the disease. In a phase II trial of the PSA-Tricom vaccine,

patients who were predicted to have indolent disease using the Halabi prediction nomogram

lived a median of more than 37.3 months. This suggests that if the kinetics of tumor growth

outpace the kinetics of immune induction, then immunologic treatments are unlikely to be

successful. Many trials are now limiting patient populations to earlier-stage disease, such as

resected disease, marker-only elevations, or localized (not yet metastatic) cancer. The

growth rate in metastatic disease clearly depends on the disease biology of the various

cancer types, but certainly trying to limit the patient population to those with lower-burden

metastatic disease may also improve outcomes. A maintenance strategy in patients whose

disease responds to chemotherapy could also be envisioned in several disease types (NSCLC

and colon and pancreatic cancers). Theoretically, the adjuvant setting may seem the most

ideal for immunotherapy; however, definitive results thus far have only been seen in

metastatic disease. It is possible that more active agents may play a role in this setting in the

future, or that perhaps choosing patients at very high risk for recurrence is similar to

choosing patients with less-indolent disease.

Two additional features of study design may have contributed to the success of sipuleucel-T

but the failure of another prostate cancer vaccine, GVAX (allogeneic prostate cancer cells

modified to express GM-CSF). In the Vaccine Immunotherapy with Allogeneic Prostate

Cancer Cell Lines (VI-TAL)-1 study, men with asymptomatic mCRPC received GVAX or

docetaxel plus prednisone, which is a therapy that has shown activity in symptomatic

mCRPC.18 In contrast, the placebo in the sipuleucel-T study was APCs cultured in media.

GVAX actually fared well in this trial. However, the trial did not meet the end point of

establishing superiority over an effective therapy. The median survival was 20.7 versus 21.7

months (GVAX vs chemotherapy; HR, 1.03; 95% CI, 0.83, 1.28; P=.78), with a lower grade

3 adverse event rate in the GVAX arm (8.8% vs 43.0%). Furthermore, the Kaplan-Meier

curve shows GVAX crossing over to chemotherapy at 22 months.

The VITAL-2 study tested GVAX plus docetaxel versus docetaxel plus prednisone in

symptomatic mCRPC.19,20 Not only was this study performed using an active comparator,

but also the experimental arm of full-dose immunosuppressive chemotherapy plus vaccine

had not been previously tested. This is not to say that newer, potentially expensive agents

should not have a high bar to cross, but to point out that trial design can influence outcomes.

Update on Selected Vaccine Vectors

At the center of every vaccine approach is the delivery of tumor antigen to APCs, which will

ultimately orchestrate the immune response. Antigen delivery must occur in the context of

other immune stimulatory signals or the result will favor a tolerogenic response over an

immunogenic one. Strategies range from providing peptides in combination with immune

adjuvants, to ex vivo loading of antigen on APCs that have been provided additional

maturation signals (eg, GM-CSF, IL-4; Table 1). These ex vivo strategies are cumbersome

and technically difficult, and limit immune-boosting capabilities. Peptide strategies are the
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simplest in terms of manufacturing, administration, and quality control, and could easily be

adapted to target multiple antigens, but they lack efficiency in terms of antigen delivery to

the APC. However, a few other strategies are in phase II and III development with large-

scale capacity that have the potential for multiepitope targeting with simultaneous delivery

of maturation signals to APCs. Viral and bacterial vectors are particularly interesting

because of their inherit capacity to deliver “danger signals” and antigens directly to APCs.

These vectors engage toll-like receptors (TLRs) and other pattern recognition receptors

(PRRs) that recognize pathogen-associated molecular patterns. However, even with the most

effective vectors, the choice of antigen may not be relevant. As one way to address this

issue, some vectors allow integration of multiple antigens. Furthermore, targeting a few

antigens may, through epitope spreading, result in a broader antitumor response. The

previously mentioned PSA-Tricom vaccine is a combination of a vaccinia prime followed

by fowlpox boosts, both of which express transgenes for PSA and costimulatory molecules

(B7.1, ICAM-1, and Lfa-3). This sequential strategy reduces immune-mediated viral

neutralization. A phase II randomized trial showed an improvement in OS of 8.5 months

over placebo, which led to an ongoing phase III study in minimally symptomatic mCRPC.

Live-attenuated Listeria monocytogenes (Lm) strains are also undergoing testing in several

phase III studies. Listeria is an obligate intracellular organism that targets DCs and

monocytes and delivers antigen into both the major histocompatibility complex class I and II

antigen processing pathway, resulting in activation of both CD4+ and CD8+ T cells. It

stimulates innate immunity and, through stimulation of TLRs and other PRRs, works as its

own adjuvant. Repeated vaccinations do not result in neutralization, and the construct can be

designed to express multiple tumor antigens. Two different Lm-based vaccine platforms

have advanced into phase II clinical trials in pancreatic21 and cervical cancers.22

The safety and feasibility of intravenous administration of the L monocytogenes wild-type

vaccine (ANZ-100) and the Lm vaccine modified to deliver the pancreatic tumor antigen

mesothelin (CRS-207) have been reported, with 1 × 109 colony-forming units as a safe and

bioactive dose.21 Evidence showed immune activation as measured by chemokine and

cytokine levels, and natural killer cell activation. The CRS-207 study was performed in

subjects with treatment-refractory cancers known to express mesothelin (mesothelioma and

pancreatic, ovarian, and lung cancers). Of 17 subjects, 6 treated with the Lm-mesothelin

vaccine survived for 15 or more months; 100% (5/5) of evaluable long-term survivors had

vaccine-induced Lm-specific immunity versus 33% (1/3) who did not survive 15 months.

Mesothelin-specific T-cell responses were detected in 6 of 10 patients. Preclinical models

show that Lm works effectively as a boosting strategy to several different vaccines. A

randomized phase II study testing CRS-207 as a boost to pancreatic GVAX in patients with

advanced pancreatic cancer has completed enrollment. An early analysis will be available in

2013. Theoretical advantages of combining a whole-cell vaccine approach with an Lm boost

strategy include the targeting of a greater number of tumor antigens and the benefit of

antibody induction. Pancreatic and prostate GVAX have been shown to induce antibodies to

several proteins, including annexin A2, galectin-3, and PSMA. These proteins may have

clinical relevance, because annexin A2 is thought to play a role in invasion and metastases

of pancreatic cancer, galectin-3 promotes immune tolerance, and PSMA is expressed on

more than half of prostate cancers.23–25
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Lovaxin C (ADXS11-001, Lm-LLO-E7; Advaxis, Princeton, NJ) is based on a platform that

incorporates the human papillomavirus E7 oncoprotein. The construct was studied in 15

subjects with previously treated, metastatic cervical carcinoma.22 E7-specific T-cell

responses were detected in 1 of 3 subjects; 53% had stable disease (SD) and 30.8% had

tumor reduction. Lovaxin C is currently undergoing testing in patients with cervical

intraepithelial neoplasia 2/3. A second phase II study with Lovaxin C has been initiated for

the treatment of persistent or recurrent cervical carcinoma. Next steps for the Lm vaccines

will include multiepitope constructs and other combinatorial strategies.

Selected Combinatorial Studies

Several combination strategies have been proposed and tested to enhance the activity of

vaccines. For tolerogenic tumors, in which spontaneous immune infiltrates are less common,

a vaccine is likely necessary to induce antigen-specific T cells. For cancers that do have

spontaneous immune infiltrates, combinations will likely make these T cells more effective.

Synergistic strategies include combining vaccines with immune checkpoint inhibitors (eg,

CTLA-4, pd-1), agents that suppress populations (eg, regulatory T cells, myeloid-derived

suppressor cells), standard chemotherapy or radiation, or other vaccines in a prime/boost

strategy (Figure 1). In particular, several studies have been reported in combination with

ipilimumab, the inhibitor furthest along in development. Ipilimumab has been combined

with both prostate GVAX26 and pancreatic GVAX. Both studies showed both tumor marker

responses and objective CT scan responses. The prostate study was a dose-escalation study

in mCRPC. The 3-mg/kg dose was expanded because of signs of clinical activity. In 25% of

patients, 50% or greater PSA declines from baseline were observed. All of these patients

received either 3 or 5 mg/kg of ipilimumab; 50% of the patients had SD on bone scan, and

tumor regressions were seen. HLA-DR, a marker of T-cell activation, was only upregulated

at the higher dose levels. Induction of PSMA-specific antibody responses was associated

with improved OS. The median survival of the entire group was 29.2 months. The PSA-

Tricom vaccine was also combined with ipilimumab in a dose-escalation study in

mCRPC.27 In chemotherapy-naïve patients, 14 (58%) patients experienced a PSA decline,

with 6 patients having PSA declines of 50% or greater. Median OS was 34.4 months and has

not been reached for the chemotherapy-naïve patients. Both studies were small and

uncontrolled but nonetheless, the results are provocative.

The pancreatic GVAX study randomized patients with previously treated advanced

pancreatic cancer to receive ipilimumab at 10 mg/kg with or without pancreatic GVAX.

Despite having a small sample size, the survival benefit (5.7 vs 3.6 months; HR, 0.51; P=.

072) has meaning in the context of other signals of activity. Delayed SD and CT scan

responses in association with declines in CA19-9 were only observed in patients receiving

the combination therapy. Among patients with OS greater than 4.3 months, an increase in

the peak mesothelin-specific T cells (P=.014) and enhancement of the T-cell repertoire (P=.

031) were seen. The repertoire was defined as the percentage of mesothelin peptides for

which enhanced T-cell responses were measured. A randomized multicenter phase II study

of this combination in patients who have been stabilized on chemotherapy is being pursued.
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Personalized Vaccines as a Potential for Future Combinations

Although the development of powerful vaccine vectors continues to advance, efficacy in

human clinical trials may be limited by the lack of proven immunogenic antigens that are

meaningful in individual patients. Furthermore, targeting multiple antigens to minimize

immune escape will likely be necessary. Increasingly efficient DNA sequencing methods

along with optimization of vaccine vector technologies provide a unique opportunity to

generate personalized vaccines integrating patient-specific tumor epitopes. Large-scale

genomic analyses of a variety of tumor types have been completed. Most of the mutations

are unique to an individual patient’s tumor and not expressed by normal tissues. The

mutations could generate a unique epitope that could be recognized by patient T cells.

Studies in breast and colon cancer suggests that approximately 1 of every 10 mutations

generates an HLA-A*0201–binding epitope.28 Sequencing analysis of genomic DNA

isolated from a series of pancreatic cancer cell lines suggests that pancreatic cancers

accumulate an average of 63 genetic mutations.29 Panc 10.05, one of the cell lines used in

GVAX, has undergone DNA sequencing analysis. Of the 54 somatic mutations identified,

16 of these were in genes confirmed to be expressed by the tumor cells. Furthermore, HLA-

A*0201– restricted mutant peptide-specific CD8+ T cells using ELISPOT assays were

detected in 2 patients after treatment with the vaccine. Castle et al30 tested the question of

whether the “mutanome” could identify antigens that can induce tumor-specific T-cell

responses in a B16 murine melanoma model. Using next-generation sequencing exome

resequencing, they identified nonsynonymous somatic point mutations in expressed genes in

melanoma cells. Fifty mutations were tested through immunizing mice with long peptides. A

third of these peptides were immunogenic. Peptide immunization resulted in tumor control

in mice, showing that mutated peptides were immunogenic. As sequencing technologies and

vaccine manufacturing are becoming more efficient, proposals are being developed to test

these personalized strategies using peptide, DCs, and Lm-based vaccines in clinical trials.

Future of Vaccines

Immunotherapy will undoubtedly continue to have an expanding role in cancer treatment.

Although a great deal of interest has been shown in immune checkpoint inhibitors, they may

not prove effective as a single agent in several cancers. Preclinical studies suggest that

vaccines are necessary to induce tumor-specific T cells in the more immune-tolerant tumors.

Thus, vaccine combinatorial strategies hold the greatest promise for clinical efficacy in

larger groups of patients with multiple types of cancers. A great deal of need exists to

optimize vectors, antigens, schedule of administration, combinations, and patient selection.

However, investigators are poised to use the knowledge gained from prior studies and the

explosion of antibody, vaccine vector, and sequencing technologies to move the field

forward in a meaningful way for more patients.
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Figure 1.
Combinatorial strategies simultaneously use vaccines to prime tumor antigen-specific T

cells and other agents to block T-cell inhibitory signals. Commercial grade agents are

available or will become available to test in combinations. Examples include: 1)

bevacizumab; 2) celecoxib; 3) GCS-100; 4) GC-1008; 5) cyclophosphamide, daclizumab,

denileukin diftitox; 6) 1-MT; 7) BMS-936558, BMS-936559, CT-011, MPDL3280A,

MEDI4736, AMP-224, MK-3475; 8) ipilimumab, tremelimumab; and 9) BMS anti-lag-3.
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