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ABSTRACT

In the current decade, new insights in the interaction between tumors and the immune system have led
to the development of immunotherapy as a fundamentally new concept for the treatment of non-small
cell lung cancer. This type of cancer is a promising target for the next generation of immune-based
strategies. The goal of immunotherapy in lung cancer is to induce or re-induce a cell-mediated immune
response, mainly of T-cells that can selectively destroy cells that display tumor-associated antigens.
Modern non-small cell lung cancer vaccine strategies rely on better identification of antigenic targets,
the addition of strong immunoadjuvants, and use of more efficient delivery systems. These treatments
have convincingly demonstrated to elicit potent immune responses and have shown promising efficacy
signals and excellent tolerability in phase Il randomized studies. This review examines the most promising
active immunotherapy using protein or peptide vaccines, whole-cell vaccines, and dendritic cell vaccines
and examines current phase |, Il, and Il clinical trial data on some novel immune checkpoint inhibitors
such as anti-programmed death 1. (J CANCEROL. 2014;1:23-31)
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INTRODUCTION

New therapeutic strategies have been developed
over the past decade to treat lung cancer. Unlike
first-line treatments such as platinum-based chemo-
therapy or radiotherapy, these new approaches
have focused on the properties and functions of
the tumor itself as well as on understanding the
surrounding microenvironment. From this perspec-
tive, new drugs have been developed that enhance
antitumor response while reducing toxic side ef-
fects in patients.

Immune surveillance is an essential mechanism in
the prevention of cancer development and is de-
pendent on the cells in the immune system recog-
nizing the antigens expressed by tumor cells as
foreign and as precursors of cancer and subse-
guently eliminating them'. Tumor antigens may be
expressed as a result of the aberrant expression
of mutated genes, viral antigens, or the overex-
pression of self-antigens?. The immunoediting hy-
pothesis posits that once intrinsic tumor suppres-
sor mechanisms such as apoptosis fail, neoplastic
transformation begins. Immunoediting consists of
three phases: elimination, equilibrium, and escape?.
During the initial phase of elimination, the host’s
innate and adaptive immune system works to elim-
inate incipient subclinical tumors. If tumor cells
survive beyond the elimination stage, they enter
the equilibrium phase, in which tumor growth and
metastasis are checked by the competent host
immune system. However, some tumor variants
can evade immune responses, either by defective
antigen presentation or by mechanisms of resis-
tance to cell-mediated cytotoxicity. These resistant
cell clones lead to the development of clinically
apparent disease*. During the escape phase, the
mechanisms of tumor escape protect each other
to allow tumor development and therapeutic inter-
ventions are ineffective.

The goal of immunotherapy in cancer is to induce
or re-induce a cell-mediated immune response,
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mainly of CD4* T-cells and CD8* (cytotoxic T-cells)
that can selectively destroy cells that display tumoy-
associated antigens®”.

Immunotherapy for non-small cell lung cancer
(NSCLC) can be broadly classified into two catego-
ries: passive and active®. Passive immunotherapy
consists in the administration of therapeutic mono-
clonal antibodies to patients so that they will recog-
nize antigens expressed on the surface of tumor
cells that are functionally involved in oncogenesis.

The immune system works by distinguishing anti-
gens from other organisms such as viruses and
bacteria or by detecting malignant transformed
cells. This response can damage healthy tissue |if
left unchecked or if it is exaggerated. To avoid
such damage, the immune system has multiple
mechanisms to decrease the response, involving
various molecules that are collectively called im-
mune checkpoints®. Various monoclonal antibodies
directed against these immune checkpoint mole-
cules have been developed and are currently in
various phases of clinical trials.

Alternatively, active immunotherapy seeks to stimu-
late the patient’s own immune system so that it will
recognize tumor cells more efficiently and eliminate
them (Fig. 1)8. This approach includes vaccination
with tumor cell lysate, dendritic cells, recombinant
DNA vectors, or with peptides and proteins.

PASSIVE IMMUNOTHERAPY

Growth factor inhibitors

Under the concept of passive immunity, monoclo-
nal antibodies that recognize different antigens
that are important for tumor growth such as the
epidermal growth factor receptor (EGFR) or insu-
lin-like growth factor 1 receptor (IGF1R) have been
developed. Others, such as vascular endothelial
growth factor (VEGF), bind and neutralize ligands
secreted by tumor cells. Generally speaking, these
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Passive immunotherapy

Monoclonal antibodies
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— EGFR (Cetuximab)
— VEGF-A (Bevacizumab)
— IGFR (Figitumumab)

Immune
checkpoint inhibition

Anti-CTLA-4 (Ipilimumab)
Anti-PD-1 (Nivolumab)
Anti-PDL-1

Anti-KIR (Lirilumab)
Anti-CD137 (Urelumab)
Anti-CD223

Anti-PS (Bavituximab)
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Active immunotherapy

Vaccines

Tumor cells or lysates
— Allogeneic or autologous
— Genetically or chemically modified

Dendritic cells (from peripheral blood)

— Pulsed (peptides, protein, tumor lysate)

— Transfected (RNA, cDNA tumor antigens)
— Fused (with tumor cells)

Protein or peptide + adjuvant

Recombinant DNA or vectors
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Figure 1. Passive and active immunotherapy for lung cancer. Passive immunotherapy involves the administration of monoclonal antibodies
directed against extracellular domains of receptor tyrosine kinases (EGFR and IGFR) or vascular endothelial growth factor receptor ligand
VEGF-A, by modifying the signaling pathway required for tumor formation and development. Active immunotherapy seeks to stimulate tk
immune system so it will recognize known and unknown tumor antigens and eliminate tumor cells. These types of immunotherapies a
based on the release of tumor antigens by different means to initiate the capture, processing, and presentation of these antigen-presentirig
cells. This leads to the activation and expansion of antigen-specific T-cells that recognize and attack tumor cells presenting peptides derive

from tumor antigens on their surface.

EGFR: epidermal growth factor receptor; IGFR: insulin-like growth factor receptor; VEGF: vascular endothelial growth factor.

antibodies interfere with the activity of tyrosine ki-
nase (TK) receptors, which play a key role in tu-
morigenesis. These adenosine triphosphate (ATP)-
dependent receptors play an essential role in the
transduction of extracellular signals as they cas-
cade down the Ras/Raf/MAPK, PI3K/Akt and JAK/
STAT intracellular signaling pathways that regulate
cell proliferation, differentiation, metabolism, mi-
gration, or apoptosis. The aberrant activation of
these tyrosine kinase receptors has been linked
with the initiation and progression of several dis-
eases. Monoclonal antibodies used in immuno-
therapy against these molecules bind to either the
extracellular domain of the receptor or to the ligand
itself, thus preventing ligand receptor binding or
activation of the receptor and thereby limiting
tumor growth.

Inhibition of the activity of growth factor receptors

with tyrosine kinase activity (TKR) is done by usin
small-molecule inhibitors that have been studie
during the past 10 years'®. Members of the Erb

family, which includes EGFR, are among the moat?iD

studied TK receptors. In human tumor cells, th

EGFR pathway is constitutively activated due to mu-
tation in the EGFR gene as a result of amplification,

overexpression, or autocrine ligand production. |
NSCLC, overexpression of EGFR has been reporte
in 62% of cases''. Aberrant signaling through EGF
has been associated with increased tumor proli
eration, increased metastatic potential, resistanc
to chemotherapy, and a poor prognosis'®.

Two EGFR tyrosine kinase inhibitors (TKI) have bee
developed for the treatment of NSCLC, gefitini
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Table 1. Mechanisms of action of anti-tyrosine kinase monoclonal antibodies and clinical studies for lung cancer

Antibody Target Mechanism of action Clinical studies*
molecule
Cetuximab EGFR Prevents endogenous ligand from binding to its FLEX phase III: First-line in

(Erbitux®; Bristol-

Myers Squibb)

chimeric

human-mouse
lgG1

Bevacizumab
(Avastin®;
Genentech/Roche)
humanized 1gG1

receptor, thus blocking activation.
Binding of antibody induces receptor

internalization, inhibits cell proliferation, inhibits

invasion, angiogenesis, and metastasis and
induces apoptosis of tumor cells as well as
antibody-dependent cell-mediated cytotoxicity
and complement-dependent cytotoxicity.

VEGF Neutralizes all isoforms of VEGF-A preventing it
from binding to its receptors. Blocks the
formation and growth of new blood vessels.
Improves migration, maturation, number, and
function of dendritic cells.

combination in advanced NSCLC

in patients with positive EGFR.
BMS-099 phase IlI: First-line in

combination in advanced NSCLC.

ECOG 4599 phase IlI: First-line in
combination in advanced non-
squamous NSCLC.

AVAIL phase II: First-line in
combination in advanced non-

Enhances the effect of dendritic cell-based

immunotherapy.

squamous NSCLC.

Modulates the production of regulatory T-cells.

Figitumumab IGF1R

tumor growth.

Prevents binding of IGF1 to its receptor, reducing
the anti-apoptotic activity of IGF and inhibiting

ADViGO phase IlI: First-line
treatment in combination.

EGFR: epidermal growth factor receptor; VEGF: vascular endothelial growth factor; NSCLC: non-small cell lung cancer; IGF: insulin-like growth factor. *Adapted from Gérard and Debruyne, 20098,

(Iresa®) and erlotinib (Tarceva®). Both agents bind
competitively to ATP in the EGFR catalytic domain,
suppressing receptor self-phosphorylation and sub-
sequent downstream signaling. Both agents have
been tested as monotherapy and in combination
with other treatments with different results'314,

Immunoglobulin G antibodies bound to membrane
receptors have the ability to activate antibody-
dependent cellular cytotoxicity mechanisms. Ce-
tuximab (Erbitux®), bevacizumab (Avastin®) and
figitumumab (CP-751871) belong to this family of
products®. Their mechanisms of action and clinical
studies are summarized in table 1.

Immune checkpoint inhibitors

As with other epithelial tumors, lung cancer employs
various mechanisms to evade immune surveillance
and elimination carried out by the host immune sys-
tem (Fig. 2). Lung cancer undergoes a slow process
of immunoediting during which the precancerous
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cells gradually adapt and evolve to thwart immune
surveillance. Tumor cells in this type of cancer se-
crete soluble proteins that prevent the processing
and presentation of antigens such as transcription
factor STAT3, indoleamine 2,3-dioxygenase, trans-
forming growth factor beta, and interleukin 109.
Similarly, tumor cells decrease their expression of
major histocompatibility complex class | molecules
to avoid being recognized and eliminated by cyto-
toxic cells. They may also induce the aberrant
expansion of CD4* FoxP3+* regulatory T-cells or
myeloid-derived suppressor cells, which inhibit the
activity and proliferation of CD4* and CD8* [T
lymphocytes through the overexpression of proin-
flammatory factors such as PGE2'°.

On the other hand, as part of the regulatory
mechanisms of cell activity, some surface recep-
tors play a role in attenuating or inhibiting thesge
signals to prevent excessive tissue damage when
repair mechanisms are activated. These recep-
tors are known as immune checkpoints. In can-
cer, these receptors and molecules exert these
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Activating
receptors

Inhibiting
receptors

Agonistic
antibodies T-cell
stimulation

Blocking
antibodies

Figure 2. Therapeutic targets for T-cell immune regulation. T-cell
activation is regulated through a balance between positive and
negative signals provided by costimulatory receptors. These surface
proteins are members of the tumor necrosis factor (TNF) family or
the B7 family of molecules. Agonistic antibodies directed against
activating molecules and antagonistic antibodies block inhibitory
molecule signaling. Both types of antibodies are intended to increase
T-cell stimulation to promote tumor destruction.

functions without any controls, resulting in exagger-
ated activation that promotes tumor development
and maintenance.

The most noteworthy monoclonal antibodies that
have been developed to block these immune
checkpoints include anti-CTLA-4, anti-PD-118, anti-
PD-L1, killer-cell immunoglobulin-like receptors
antibodies, anti-CD137", anti-CD223™ and anti-
phosphatidylserine antibodies'®. The mechanisms
of action of these antibodies and clinical studies
underway are summarized in table 2.

Due to their promising results in the field of immu-
notherapy, monoclonal antibodies directed against
CTLA-4, PD-1, and PDL-1 stand out in particular.

Cytotoxic T-lymphocyte antigen 4
inhibition

Cytotoxic T-lymphocyte antigen 4 (CTLA-4; CD152).
Once it is expressed on the cell surface, CTLA-4
competes with CD28 for ligands B7-1 (CD80) and

B7-2 (CD86), which are expressed on the antigen-
presenting cells. This balance restricts cytotoxic
activity by limiting over activation of T-cells?°. Lung
cancer tumor cells stimulate abnormal expressior
of CTLA-4 by inducing anergy in the cells that
express it?!. This makes it a target for therapy in
order to restore T-cell function.

Two anti-CTLA-4 antibodies, tremelimumab (CPR-
675.206) and ipilimumab (MDX-010) have been
developed and tested in controlled clinical trials:
In phase Il clinical trials, tremelimumab has shown
a 7% partial response rate and it is currently being
tested in phase Il studies for advanced mesothe-
lioma (NCT01843374).

Ipilimumab has been the subject of several clinical
studies, but results have been variable. Most notable
have been those observed in squamous cell lung
cancer subtypes, which showed a radiological
response rate of 60% in 10 patients in combination
with platinum-based chemotherapy (NCT01285609)
(Table 2).

Programmed cell death receptor-1 inhibition

Programmed cell death receptor 1 (PD-1) plays a
central role in the immune checkpoint pathway.
Like CTLA-4, PD-1 is a cell-surface receptor be-
longing to the B7-CD28 superfamily. It is expressed
on different cell types, including activated T-cells;
B-cells and natural killer (NK) cells??23. The PD-1
binds to its ligand PD-L1 (B7-H1, CD274) on anti-
gen-presenting cells. This interaction inhibits nu-
clear factor kappa B (NFkB) transcription, down-
regulating interferon gamma (IFN-y) secretion and
inducing T-cell tolerance?*. The PD-1 also binds to
PD-L2 (B7-DC, CD273) present in dendritic cells;
although the precise functional consequences of
this interaction are not known?®. Overexpression of
PD-L1 induces T-cell anergy, altering antigen rec-
ognition and processing. In lung cancer, PD-L[1
overexpression has been identified in approximate-
ly 19% of patients with NSCLC, in particular those
with adenocarcinoma, and has been associated
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Table 2. Mechanisms of action of immune checkpoint inhibitor antibodies and clinical trials in lung cancer

Target Antibody Mechanism of action Clinical studies
molecule
CTLA-4 Ipilimumab (Yervoy®; IgG1 monoclonal antibody directed NCT01285609 Phase Ill: NSCLC, stage
Bristol-Myers Squibb) against CTLA-4. IV/ recurrent.
1gG1 High binding affinity for inhibitory NCT01820754 Phase II: in combination
Tremelimumab (CP- receptor CTLA-4. T-cell anergy is with chemotherapy.
675,206) 1gG2 reversed when CTLA-4 is blocked. NCT00527735 Phase II: in combination
with chemotherapy.
NCT01844505 Phase II: in combination
with nivolumab.
NCT01843374 Phase Il for advanced
mesothelioma.
PD-1 Nivolumab (BMS-936558)  IgG4 monoclonal antibody. It binds to NCT01642004 Phase IIl: monotherapy
lgG4 PD-1 restoring cytokine secretion and in metastatic squamous NSCLC.
Lambrolizumab CD8* T lymphocyte proliferation. NCT01673867 Phase Ill: monotherapy
(Pembrolizumab) in non-squamous NSCLC.
(Merck) NCT01840579 Phase I: advanced NSCLC.
PD-L1 MPDL3280A (RG7446) Binding this antibody to PDL-1 restores  NCT01846416 Phase Il: advanced or
Roche 1gG1-kappa T-cell-mediated tumor cell destruction. metastatic NSCLC.
BMS-936559 NCT01903993 Phase II: advanced
NSCLC, 2nd line after platinum failure.
NCT00729664 Phase I: NSCLC.
CD137 Urelumab (BMS-663513)  Anti-CD137 agonist monoclonal antibody  NCT01471210 Phase I: solid tumors,
1G4 stimulates activated NK cells increasing monotherapy.
antibody-mediated cytotoxicity.
KIR Lirilumab Blocks KIR receptors leading to sustained  NCT01714739 Phase II: in combination
activation of NK cells. with nivolumab in NSCLC.
NCT01750580 Phase II: in combination
with ipilimumab in NSCLC.
LAG3 BMS-986016 The binding of soluble LAG-3 to Preclinical.
(CD223) antigen-presenting cells induces a
positive signal and activates regulatory
molecules that enhance the immune
response. Induces the immediate
release of proinflammatory cytokines
in NK and memory CD8* T-cells.
PS Bavituximab Blocks phosphatidylserine expression NCT01323062 Phase II: in combination
1gG3 inhibiting stimulation of myeloid- with chemotherapy in NSCLC.
chimeric 3G4 derived suppressor cells and type 2

macrophages.
Restores antigen presentation by
dendritic cells.

CTLA-4: cytotoxic T-lymphocyte-associated antigen 4; PD-1: programmed cell death protein-1; PD-L1: PD-1 ligand; KIR: killer cell immunoglobulin-like receptor; LAG3: lymphocyte-activatioh
gene 3 protein; PS: phosphatidylserine; NSCLC: non-small cell lung cancer.

with a worse prognosis®®. Nivolumab (BMS-936558)
is a monoclonal IgG4 antibody that has been test-
ed in combination with different first-line treatment
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regimens (NCT01642004) and in combination with
other immune checkpoint inhibitors (ipilimumap
NCT01928394) (Table 2).
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Programmed death-ligand 1 inhibition

Another immune checkpoint inhibition
strategy is to block PD-L1.

Programmed death-ligand 1 is the ligand for PD-1
that is expressed in tumor cells. The anti PD-L1
antibody does not interfere with the PD-1 pres-
ent in T-cells binding to antigen presenting cells
through other ligands such as B7-H2 (ICOS-L)%.
However, it has been reported that selective inhi-
bition of PD-L1 induces overexpression of other
PD-1 inhibitory ligands such as B7-DC (PD-L2)%.
Four PD-L1 antibodies are currently being tested
in different clinical trials, although whether inhibi-
tion of PD-1, PD-L1 or the combination of both
can yield more efficient results in the reduction
of solid tumors is still being studied. Of note
have been the results seen in a phase | clinical
trial of the BMS-936559 (human IgG4) antibody,
which reported a 10% response rate and sur-
vival in 49 patients with NSCLC who were en-
rolled in the study? (Table 2).

ACTIVE IMMUNOTHERAPY

Vaccines for non-small cell lung cancer

Vaccines for treatment of NSCLC can be classified
according to their main ingredient: those that con-
tain peptides or proteins as an active ingredient
and those containing whole cell lysates. The latter
can be subdivided into: (i) autologous cell lines with
or without genetic modifications such as cell sus-
pensions from surgically removed tumors trans-
fected with granulocyte-macrophage colony-stim-
ulating factor, and (ii) autologous tumor cell lines.

There are currently six different vaccines for NSCLC
that are in the latter stages of clinical development:
MAGE-A3, liposomal BLP25 and TG4010 for early
stage NSCLC and the EGF vaccine, belagenpu-
matucel-L and tergenpumatucel-L for advanced
disease.

Melanoma-associated antigen A3 vaccine

Melanoma-associated antigen A3 (MAGE-A3) is a
tumor-associated antigen that is expressed on the
surface of certain cell types that are not normal,
therefore making it a good candidate for vaccine
development. Expression of MAGE-A3 has been
associated with various solid tumors, including
NSCLC. Studies indicate that between 17 and 50%
of NSCLC tumors express MAGE-A3 on their suf-
face and this has been associated with a worsge
prognosis®?3°, This vaccine consists of purified
recombinant MAGE-AS protein in a liposomal for-
mulation containing the AS15 adjuvant system.

Liposomal BLP25 vaccine

Mucin-1 (MUC1) is a membrane glycoprotein also
considered to be a tumor-associated antigen that
is found overexpressed or glycosylated in NSCLC
tumors3'. Two vaccines have been developed far
MUC1: BLP25 and TG4010. Both have shown
activity in clinical trials and are being tested in
phase IlI clinical trials3233,

Liposomal BLP25 (L-BLP25, tecemotide, Stimu-
vax®) is a liposomal vaccine consisting of a chain
of 25 amino acids from the variable region of MUC/1
combined with immunoadjuvant monophosphory!
lipid A% In a phase Il study of patients with stage
1B or IV NSCLC who were stable or responding
to chemotherapy as first-line treatment, L-BLP25
was administered following a low dose of cyclo-
phosphamide and was associated with a median
survival of two years more than in the subgroup of
patients with stage IIIB locoregional disease®.

Vaccine TG4010 contains a genetically modifieg
virus that expresses MUC1 and IL-2, which acti-
vates T lymphocytes and NK cells. This vaccing
was evaluated in patients with stage IlIB or MUC 1+
positive NSCLC in conjunction with chemotherapy
(cisplatin plus gemcitabine) in a phase IIB clinical
study. Progression-free survival at six months wals
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higher with TG4010 compared to chemotherapy
alone (43 vs. 35%)%.

Epidermal growth factor vaccine

Epidermal growth factor receptor is overexpressed
in many tumor types, including NSCLC. Signaling
through this receptor has been associated with
cell proliferation, decreased cell death, cell migra-
tion, and angiogenesis. This makes it an obvious
therapeutic target in the development of vaccines.
The vaccine was designed to reduce EGFR signaling
and thus limit tumor growth. It is composed of recom-
binant EGF protein produced in yeast, chemically
conjugated to a recombinant bacterial protein, P64k
of Neisseria meningitidis, produced in Escherichia
coli (E. cali). This vaccine has been tested in patients
with advanced NSCLC as second-line treatment in
patients younger than 60 years old who showed im-
provement in survival as compared with patients who
did not receive the vaccine (median survival 11.6
vs. 5.3 months; p = 0.0124). This vaccine is well
tolerated with no grade 3 or 4 adverse events re-
ported®. Phase Ill clinical trials are now underway
in the UK with estimated completion in 2015. There
are currently no reports of clinical trials in the USA%.

Belagenpumatucel-L

Transforming growth factor beta (TGF-p) is a multi-
functional cytokine that promotes epithelial differen-
tiation and inhibits cell growth both in normal and
pathological conditions®®. In cancer, defective TGF-
B-mediated signaling has been associated with a
more aggressive phenotype and poorer survival in
advanced NSCLC, just as elevated levels of TGF-p
have also been linked to a state of immunosuppres-
sion and worse prognosis®°. Belagenpumatucel-L is
an allogeneic whole cell vaccine composed of four
irradiated NSCLC cell lines (two adenocarcinoma,
one squamous, and one large cell), that have been
transfected with a plasmid that contains the TGF-p2
antisense gene, which causes the inhibition of
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cellular expression of this molecule, resulting in an
increased immunogenicity of the cancer cells.

Three different doses of the vaccine have been
tested using the same treatment schedule in
patients with NSCLC after prior chemotherapy*!.
In this study, a dose-dependent increase in sur-
vival was observed in patients receiving thg
higher doses compared to those who received
lower doses (5681 vs. 252 days; p = 0.0186).

Tergenpumatucel-L

The tergenpumatucel-L vaccine is composed of
three allogeneic tumor cell lines that have been
modified to express the a-galactosyltransferase en-
zyme (a-GAL), which enhances immune recogni-
tion of tumor cells. In a phase Il study, 28 patients
with advanced NSCLC received sets of eight shots
every two weeks. Immunogenicity was measured
by testing serum samples for presence of a-GAL
and IFN-y. Median survival was 11.3 months and
31% of patients who received the vaccine subse-
quently responded to chemotherapy. This vaccine is
currently in a phase lll clinical trial comparing it with
second-line chemotherapy in advanced NSCLC*2.

CONCLUSION

Until recently, NSCLC was considered non-immu-
nogenic or poorly immunogenic; however, immune-
based strategies have shown initial promise for
early and advanced-stage NSCLC. At the present
time, there is limited data from phase Il trials show-
ing a clear clinical benefit for vaccines in lung
cancer. Most of these trials are focused on pa-
tients with advanced-stage disease; however, the
ideal candidates for lung cancer vaccines may be
patients with stage | or Il disease who are consid-
ered at high risk of recurrence post-resection. It is
hoped that ongoing studies will provide addition-
al information on optimal patient selection and
vaccine administration needed to bridge the gap
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between promising concept and therapeutic real-

ity.

On the other hand, clinical trials on immune

checkpoint inhibitors have shown promising but
limited results. The model of single molecules is
no longer viable. It is becoming clear that being
able to treat a cancer in a particular tumor setting
is going to require a much more complex series of
targeted molecules. The opportunity is that those
multiple targets can much more accurately treat
complex diseases such as lung cancer.
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