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Abstract

Importance of the field—Novel approaches are needed for patients with small cell lung cancer
(SCLC), as response after relapse is poor with standard therapies. p53 gene mutations often occur,
resulting in tumoral protein overexpression and allowing for their recognition by p53-specific
cytotoxic T cells.

Areas covered in this review—We describe the characteristics and manufacturing of
INGN-225, a p53-modified adenovirus-tranduced dendritic cell vaccine, and review available
data, to understand INGN-225’s role in SCLC treatment. We discuss our pre-clinical, early Phase
I/11, and ongoing randomized Phase Il studies.

What the reader will gain—INGN-225 was well tolerated (all toxicities <grade 2) in the Phase
I/11 trial (54 patients receiving at least 1 dose). Specific antip-53 immune response was positive in
18/43 (41.8%) patients, with overall post-INGN-225 response observed in 17/33 (51.5%) and
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immune response data available in 29 (14 positive, 15 negative). Post-INGN-225 response was
observed in 11/14 (78.6%) and 5/15 (33%) patients with positive and negative immune responses,
respectively.

Take home message—INGN-225 is safe, induces a significant immune response, and appears
to sensitize SCLC to subsequent chemotherapy. Improvements in immune response induction and
understanding the chemotherapy—immunotherapy synergism will determine INGN-225’s future
role as an anticancer therapy.
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1. Introduction

1.1 Overview of small cell lung cancer

In the United States, 215,000 new cases of lung cancer were diagnosed and 161,840 patients
with lung cancer died in 2008 [1], with small cell lung cancer (SCLC) accounting for 13 —
15% of them. SCLC typically disseminates early, with 70 — 80% of patients diagnosed with
metastatic disease (extensive stage, ES-SCLC), and is initially also chemo-responsive, so
that considerable survival improvements are achieved with (first-line) chemotherapy [2-4].

Etoposide—platinum remains the preferred first-line treatment and the standard against which
new therapies are measured. By this standard, patients with ES-SCLC achieve overall
response rates (ORR) of > 70% and complete response rates of 20 — 30%, but rarely survive
beyond 2 years (10 — 20%), with median survival times (MST) ranging from 7 to 10 months
[2-4]. The ORR to second-line therapy is also very disappointing and dependent on the
previous chemotherapy response. Patients with “platinum-sensitive’ disease (ORR = 20 —
25%) progress > 90 days after initial chemotherapy, whereas those with ‘platinum-resistant’
disease (ORR < 10%) progress sooner [5-7].

Clearly, new therapies are urgently needed, and evidence suggests that immunotherapy may
have a potential role in SCLC treatment, particularly if used in conjunction with
chemotherapy [8-12].

1.2 p53 as atarget for cancer immunotherapy

The p53 tumor suppressor gene plays a central role in the control of cell growth and
differentiation. Normally, p53 is a short-lived protein localized in the nuclei of cells.
Approximately 50% of all human cancers and > 90% of patients with SCLC have altered
p53 function, mostly as a result of single-point mutations or abnormalities in degradation of
wild-type (wt) p53. This leads to accumulation of mutant (mu) or wt-p53 protein (whereas
normal tissues have low to undetectable levels) and expression of p53-derived epitopes on
the surface of tumor cells in the context of MHC class | [13]. Furthermore, since mutant
forms of p53 can result in oncogenic gain of function [14,15], it is unlikely that they can
escape anti-p53 cytotoxic T lymphocytes (CTLs) by restoring wt-p53 status (no antigen-loss
variants). Thus, p53 has many characteristics of an ‘ideal’ tumor-associated antigen (TAA),
which makes it a very attractive candidate target for immune recognition and anti-p53-based
cancer immunotherapy.

1.3 Anti-p53 dendritic cell-based immunotherapy

Different approaches to p53-based cancer immunotherapy have been explored. The role of
wt-p53 peptide sequences in the induction of anti-tumor CTL responses has been
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investigated in both human and animal in vitro studies, with encouraging results [13,16-20].
However, peptide-based approaches assume knowledge of precise HLA types and the
peptides present on particular tumors, leading to several limitations [21,22], such as
technical difficulties with generating custom mutant-specific peptides and clinical trial
designs that adequately assess this approach.

These difficulties can be circumvented with the use of TAA proteins and dendritic cells
(DCs). DCs are the most potent antigen presenting cells (APCs) and the most effective in
inducing a primary CTL response. There are numerous methods of loading DCs with a
variety of different TAAs, and animal models show that the approach of using viral vectors
to introduce these TAAs into DCs is practical, safe, and effective [23-25]. Because cells
with mu-p53 usually overexpress the protein and because there is a large human experience
in melanoma with targeting overexpressed but not mutant proteins such as MAGE and
MART, a much more practical approach would be to develop a strategy that targets the non-
mutant portions of the p53 overexpressed in tumors.

Therefore, we have focused on utilizing DCs transfected with the full-length p53 gene. The
rationale for this approach is based on i) the assumption that multiple MHC class | and 11
matching p53-derived epitopes are present on the surface of DCs, eliminating the need for
selecting matching patients as well as providing conditions for activation of CD4* T cells;
and ii) the fact that previous studies have demonstrated that each of the different minimal
epitopes combined in a single fusion protein can be recognized by specific CTLs (Figure 1)
[26].

2. INGN-225 (Ad.p53-DC)

Adenovirus (Ad) provides a high-level transduction efficacy for many cell types, regardless
of their mitotic status [27], and replication-defective Ad (deletions in the E1 region) has
been safely injected into patients [28]. Successful transduction of DCs with model antigens
has been reported, and transduced DCs have effectively presented the recombinant protein
antigens [29-31]. In this case, DCs grown by culturing PBMC in the presence of GM-CSF
and IL-4 were infected with an adenoviral construct containing wt-p53 (Ad.p53 vector,
Advexin, Invitrogen Technologies; Contusugene Ladenovec) to generate INGN-225 (Box 1,
Figure 2).

2.1 Manufacture of INGN-225

PBMC:s are collected by leukapheresis, separated over a Ficoll density gradient, washed,
suspended in Plasmalyte-A solution, supplemented with autologous plasma and DMSO, and
cryostored in liquid nitrogen. After thawing, cells are washed, suspended in X-VIVO 15
culture medium, and transferred to tissue culture flasks for repetitive incubation with GM-
CSF and IL-4. Preliminarily, non-adherent cells are removed; however, after full incubation,
all non-adherent cells are harvested and tested by flow cytometry for the fraction of
recovered DCs. DCs are centrifuged, resuspended in medium, and reincubated with
adenovirus (Ad.p53). After viral incubation, cell product samples are taken to determine the
quality of INGN-225 (Ad.p53-DC).

2.2 Preclinical animal studies with INGN-225

To determine the optimal dose of Ad.p53 vector that produces the highest level of human
p53 expression with the least amount of toxicity to the DCs, mice were given a human p53-
transduced DC vaccine [32,33]. We found that infecting murine DCs with the Ad.p53 vector
at a multiplicity of infection (MOI) of 50 — 200 viral particles per cell (vp/cell) did not
adversely affect DC viability. MOI in excess of 500 significantly reduced DC viability.
However, transduction of DCs at an MOI of 100 produced very good transduction
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efficiency, with 40 — 45% of the DCs becoming positive for p53. Similarly, infecting human
DCs with the Ad.p53 vector at a concentration of 10,000 — 20,000 vp/cell did not adversely
affect DC viability and showed better transduction efficiency with the higher dose. At a
concentration of 40,000 vp/cell, DC viability was adversely affected despite transduction
rates similar to the lower doses. Thus, 20,000 vp/cell was the concentration chosen to
manufacture INGN-225.

Additionally, T cells recovered from immunized mice contained significant numbers of
CTLs that could specifically kill tumor cells previously modified to express the human p53
gene, and INGN-225-immunized mice developed a significant CTL response to murine p53,
probably due to the significant homology between murine and human p53. INGN-225-
induced anti-p53 CTL response resulted in protection of mice from challenges with tumor
cells that overexpressed human or murine p53. Furthermore, tumors that were established in
mice prior to immunization exhibited significantly slowed growth as a result of the
immunization with INGN-225 [32,33].

2.3 Preclinical experiments using human T cells

To determine whether this response was sufficient to recognize and eliminate tumor cells in
cancer patients, peripheral-blood-derived T cells and autologous DCs were obtained from
three healthy volunteers and nine cancer patients, all of whom were HLA-A2-positive [34].
T cells were in vitro primed with INGN-225 and then tested for their ability to kill (HLA-
A2-positive) target cells with normal to low or overexpressed levels of p53 protein.

Selective CTL killing of p53-overexpressing cells but not of cells with normal p53
expression levels was generated in blood from all three healthy donors and eight cancer
patients. Furthermore, when cells that expressed normal to low levels of p53 were forced to
overexpress p53 by gene transfection, they became sensitive to INGN-225-primed CTLs.
Additionally, when an excess of NK cell-sensitive target cells or an anti-CD4 antibody was
added to the cytotoxicity assays, very little effect or a small decrease in cytotoxicity activity
was seen. Conversely, when anti-CD8 was added, we observed a very significant decrease in
cytotoxicity, demonstrating that neither NK nor CD4 cells but CD8-positive CTLs are the
relevant effector cells primed with INGN-225.

3. Phase I/ll clinical trial of INGN-225 in SCLC

p53 gene mutations and p53 protein overexpression are present in > 90% of SCLC cases
[35,36]. With many characteristics of an ‘ideal’ TAA present, p53 is an attractive candidate
for cancer immunotherapy. Therefore, an approach where an adenoviral vector carrying the
intact human wt-p53 gene is used to overexpress the p53 protein in autologous DCs and that
allows endogenous processing mechanisms to select and present the appropriate p53
peptides for each individual’s HLA type encourages the use of these transduced cells
(INGN-225) as a vaccine.

3.1 Study design and patient characteristics

The trial was designed to assess the clinical and immune responses of SCLC to INGN-225
[37,38]. A total of 54 patients (24 male, 30 female) with extensive-stage disease (initial or
recurrent) were enrolled. All had previously been treated with chemotherapy. Patients with
stable disease or better underwent leukapheresis 8 weeks after the last dose of chemotherapy
to manufacture INGN-225. Patients received three doses of INGN-225 intradermally every
two weeks. If after reassessment, stable disease or better persisted, three more monthly
doses of INGN-225 were given.

Expert Opin Biol Ther. Author manuscript; available in PMC 2011 July 29.
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3.2 INGN-225 dose and safety

The number of p53* DCs (INGN-225 dose) was evaluated using flow cytometry. The initial
goal was to escalate the dose from 5 x 106 to 5 x 107 p53* DC. However, generation of > 5
x 108 p53* DC per dose was difficult to achieve (on average, 7.7 x 107 DCs and 8.6 x 108
p53* DCs were generated per dose and > 107 p53* DCs were generated in < 10% of cases).
Thus, to maintain consistency throughout the trial, the single doses of p53* DC were not
escalated beyond 5 x 10° cells. On average, each patient received 3.8 x 108 p53* DCs per
dose. However, five patients received < 108 p53* DCs because of production difficulties.

INGN-225 toxicities were infrequent and mostly mild. Only two patients experienced grade
2 toxicities (one fatigue, one arthralgia), and INGN-225 was never withheld. The most
frequent toxicities were grade 1 arthralgia/myalgia (nine patients), fatigue and injection site
erythema (five patients each), and injection site pain (four patients). Occurrence of toxicities
was independent of the number of INGN-225 doses received.

3.3 Immune response to INGN-225

The p53-specific immune response was evaluated by spot ELISA (ELISPOT) using
autologous PBMCs infected with a canary pox virus (ALVAC) containing wt-p53 or empty
vector as control. The number of IFN-y-producing cells was evaluated using an automated
ELISPOT reader [39]. In 12 HLA-A2-positive patients, immune responses were tested with
p53-derived or control HLA-A2 matched peptides pulsed onto autologous PBMCs and
tetramers. Response was considered significant if it was > 2 so higher than the response to
ALVAC or peptide controls. Increase over baseline (pre-INGN-225) was considered
significant if p53-specific responses (post-INGN-225) were > 2 s higher than p53-specific
responses pre-INGN-225 and at least 2 so higher than responses to ALVAC or peptides.
Because the generation of a p53-specific T-cell response not only depends on the quality of
antigen stimulation but also on the functional activity of T cells and DCs in the host, they
were also tested.

Full immune response evaluation was possible in 43 patients. Overall, 18 patients (41.8%)
had a statistically significant p53-specific response using ALVAC and 7 of 12 patients
(58.3%) using p53-derived peptide. Three patients with a significant response to INGN-225
using the p53-derived peptide were not tested with ALVAC (technical reasons). The
baseline p53-specific immunity level was similar in INGN-225-responsive and non-
responsive patients. The level of the p53-specific immune response decreased 2 months after
patients completed INGN-225, coinciding with the start of additional chemotherapy.

Both presence and functional activity of DCs were decreased, and the p53-specific immune
response to INGN-225 did not correlate with T cell functional activity, presence of Tregs, or
pre-existing levels of DC activity. Because myeloid-derived suppressive cells (MDSC) are
implicated in the host’s immunosuppressive state [40,41], we examined patients for the
presence of these cells. Pre-INGN-225 MDSC (Lin"HLA-DR~CD3") levels were elevated
compared with control donors (p = 0.01). Post-INGN-225 levels increased even further (p =
0.002). All patients with normal levels of MDSCs prior to INGN-225 developed a p53-
specific immune response compared to only 33% of patients who had elevated levels of
MDSC (p = 0.012).

3.4 Clinical efficacy of INGN-225 and enhanced effect on salvage chemotherapy

Using Response Evaluation Criteria In Solid Tumors (RECIST), two patients (3.7%)
achieved a partial response, and 13 had stable disease with INGN-225. All but five patients
developed progressive disease, and response data were available for 33 patients who
received additional chemotherapy post-INGN-225 progression. The ORR for all 33 patients
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treated with ‘second’-line chemotherapy was 51.5 and 45.5% for the 22 platinum-resistant
patients. The MST (from the date of the first INGN-225 dose) for platinum-resistant patients
was 10.5 months (95% CI = 5.3 — 14.4) and 8.8 months (95% CI = 5.2 — 11.8) for all 54
patients.

We also evaluated the relation between immune response to INGN-225 and clinical
response (RECIST) to second-line chemotherapy. Out of 14 patients with a positive immune
response 11 (78.6%) experienced a clinical response to second-line chemotherapy compared
with 5 of 15 patients (33.3%) with a negative immune response (p = 0.014). Patients with a
positive immune response had a trend towards improved survival; however, the difference
did not reach statistical significance (MST = 12.6 versus 8.2 months, p = 0.131) [38].

4. Current advances in INGN-225 immunotherapy strategies
4.1 Rationale for the use of ATRA in combination with INGN-225

Because all-trans-retinoic acid (ATRA) causes differentiation of acute promyelocytic
leukemia cells and lineage features between MDSCs and myeloid acute promyelocytic
leukemia cells are similar, the effect of ATRA on DC differentiation and function was tested
in patients with metastatic renal cell carcinoma [42]. As expected, patients had a
substantially increased proportion of MDSCs, decreased presence of DCs, and decreased
MDSC:DC ratio. Treatment with ATRA significantly decreased the presence of MDSC and
improved MDSC:DC ratio to control levels. Patients had profound defects in the ability to
respond to tetanus toxoid and to stimulate allogeneic T cells and treatment with ATRA
improved those defects as well, although not significantly.

Gr-1* cells (analogous to human MDSC) inhibit antigen-specific T cell response and are
present in excess in tumor-bearing mice. ATRA differentiates these cells in vitro and
removes their immunosuppressive effect [43,44]. Furthermore, in vivo administration of
ATRA to tumor-bearing mice dramatically reduces the presence of Gr-1* cells and improves
the effect of tumor vaccines [45]. Similarly, in vitro treatment of human MDSCs with
ATRA results in their differentiation (two thirds become DC-like and one third myeloid)
[46]. These data confirm the effect of ATRA on DCs and MDSCs and strongly suggest a
valuable role in cancer immunotherapy.

4.2 Randomized Phase Il clinical trial in SCLC

We are currently conducting a randomized Phase Il study where untreated patients with ES-
SCLC, after receiving initial chemotherapy, are randomized to i) observation (standard of
care); i) INGN-225; or iii) INGN-225 plus ATRA. Upon progression, all patients are treated
with single-agent paclitaxel (salvage chemotherapy). Our hypotheses are i) salvage
chemotherapy in combination with INGN-225 results in a substantial improvement in
clinical outcomes; and ii) ATRA, by reversing the immunosuppressive influence of MDSCs,
substantially improves the p53-specific immune response to INGN-225 and hence clinical
outcomes.

Even though topotecan is the only second-line therapy approved for SCLC, paclitaxel has
shown reasonable activity in this setting [47]. Furthermore, paclitaxel was chosen as salvage
chemotherapy due to our previous observation of improved response post-INGN-225
therapy [37], consistency in the new trial design, and pre-clinical laboratory data suggesting
paclitaxel-induced upregulation of DR5 levels [48] when loss of DR5 is a recognized
mechanism of immune escape in SCLC [49,50].

Expert Opin Biol Ther. Author manuscript; available in PMC 2011 July 29.
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5. Conclusions

Very little progress has been made in SCLC using conventional treatment modalities, and
applying novel modalities represents a rational approach. Immunotherapies that target
normal proteins overexpressed in tumor cells have shown selective killing of these tumor
cells without killing of cells with normal protein expression levels. Due to mutations, p53
protein overexpression occurs in = 90% of SCLC, and selective killing of p53-
overexpressing tumor cells by anti-p53 CTLs has been demonstrated. Thus, given that DCs
represent the most potent APCs and can be cultured from PBMCs of cancer patients and that
wt-p53 is a good antigenic target that can be exploited to prime a tumor-specific T cell
response, we developed and tested a DC vaccine transfected with the wt-p53 gene
(INGN-225) in SCLC.

Our Phase I/11 clinical trial demonstrated that INGN-225 is safe and results in substantial
immunological responses (40 — 50%). Furthermore, the absence of an immune response to
INGN-225 may be due to a close association with the accumulation of immunosuppressive
MDSCs present in the blood of these patients. However, the most significant finding from
the trial was the unusually high frequency of objective tumor regressions in patients treated
with chemotherapy immediately after INGN-225, particularly if a positive immune response
was observed. This observation was quite unexpected since the existing paradigm suggests
that chemotherapy is detrimental to the maintenance of an immune response. The paramount
implications and significance of this issue deserves further testing, currently underway.

6. Expert opinion

These trials represent the first steps toward defining the role that IGN-225 will play in the
treatment of SCLC and other p53-overexpressing tumors. This role will occur in the context
of additional therapies (sequential or concurrent), and two areas deserving of future
investigation to better define these associations are i) the synergistic mechanism observed
with immunotherapy and chemotherapy; and ii) combinations with drugs to enhance a
specific immune response.

The immunotherapy—chemotherapy synergism that we observed has been described with
other solid tumors [51-53], and proposed mechanisms are divided into local and systemic
[54-58]. Local effects include i) disruption of tumor stroma, resulting in improved
penetration of CTLs to the tumor site; ii) increased permeability of tumor cells to CTL-
derived granzymes; iii) increased TAA expression that enhances targeting by CTLS; iv)
upregulation of Fas-FasL on tumor cells and CTLs; and v) synergistic effects in caspase 3
activation between chemotherapeutics, granzymes, and Fas. Systemic effects include i)
chemotherapy and CTLs inducing apoptosis through different mechanisms; ii) tumor
debulking to reduce the immunosuppressed milieu; iii) elimination of immunosuppressive
cells (MDSCs, Tregs); iv) non-specific activation of APCs; v) improved cross-presentation
of TAAs; and vi) lymphopenia with resultant homeostatic T cell proliferation.

The second area of interest includes drugs with immunostimulatory properties, and we have
previously demonstrated that, by reducing and differentiating MDSCs, ATRA removes their
immunosuppressive effect, creating a positive immune stimulus. Many new agents, with
different molecular structures, pharmacokinetic and pharmacodynamic properties, biologic
activities, and mechanisms of action (sunitinib malate [59], 1-methyl-o.-tryptophan (1-MT)
[60], and anti-CTLA-4 [61] or anti-CD40 [62] monoclonal antibodies) but similar
immunostimulatory activity, have been developed and are under clinical investigation. Thus,
further research using any of these drugs as immunostimulatory agents is warranted, and we
and many other groups are currently pursuing trials with 1-MT, sunitinib, anti-CD40 and
anti-CTLA-4.
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Box 1. Drug summary
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Figure 1. Anti-p53 DC-based immunotherapy

A. Replication null adenoviral particles containing the wild-type (wt)-p53 gene are
transfected ex vivo into the patient autologous DCs (antigen presenting cells) to produce
INGN-225 (Ad.p53-DC). B. p53 protein is synthesized and processed by the DCs. p53
peptides (epitopes) are expressed on the DC surface in the context of MHC | molecules. C.
Naive T cells recognize the p53 peptide on the surface of the antigen presenting cell
(Ad.p53-DC/INGN-225) and are activated to proliferate and differentiate into effector T
cells capable of recognizing and eliminating any p53 (over)expressing cell (malignant cells).
D. Epithelial malignant cells (SCLC) with mutant (mu)-p53 gene and overexpressing p53
epitopes or TAAs are recognized and attacked by activated effector T cells. E. Cytokines
(IL-2, INF-y, granzymes) are produced, and malignant cells are destroyed.
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Figure 2. INGN-225 (Ad.p53-DC) manufacture

PBMCs are extracted from the patient through Ficoll separation of the leukapheresis product
and cultured ex vivo with GM-CSF and IL-4 to produce autologous DCs. Replication null
adenoviral particles containing the wild type p53 gene (Ad.p53) are transfected ex vivo into
the patient DCs (antigen presenting cells) for the final product (Ad.p53-DC/INGN-225).
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